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RESUMO

Nas ultimas décadas, a citogenética molecular experimentou avangos significativos
na investigacao genética dos Disturbios do Neurodesenvolvimento (DsND), como a
Deficiéncia Intelectual (DI) e/ou o Transtorno do Espectro do Autismo (TEA), que
afetam em torno de 3-4% da populagdo mundial e podem estar associados a presencga
de anomalias congénitas (ACs) e/ou caracteristicas dismorficas (DF) (dismorfismos -
sindrdmicos). Em especial, os exames genéticos baseados em microarranjos
cromossOmicos, conhecidos como CMA (Chromosomal Microarrays), tornaram-se
uma ferramenta essencial na avaliagdo das Variagdes no Numero de Copias (CNVs),
que incluem microdelecdes e microduplicacdes, em pacientes afetados por DsND. As
CNVs envolvem ganhos e perdas de material gendmico e podem abranger regides
que contém genes expressos no cérebro ou que desempenham um papel crucial no
neurodesenvolvimento. Essas alteragdes na dosagem genética podem ter um papel
significativo na patogénese de disturbios do desenvolvimento. As plataformas
modernas de CMA com alta densidade combinam sondas de oligonucleotideos para
a detecgdo de CNVs com sondas para Polimorfismos de Nucleotideo Unico (SNPs).
Isso permite a identificacdo de regides de Homozigose Cromossémica Completa ou
Segmentar, conhecidas como Longos Trechos Contiguos de Homozigose (LCSH,
Long Contiguous Stretches of Homozygosity). A presenca destes LCSH pode ser
indicativa de Dissomia Uniparental (UPD), consanguinidade, endogamia,
caracteristicas populacionais especificas, bem como eventos de reparo replicativo de
DNA. Este estudo teve como principais objetivos: (1) Revisar a literatura quanto a
origem dos DsND, ao papel das CNVs como fator etioldgico para os DsND, as
aplicacgdes clinicas de varias plataformas de CMAs sua aplicagcdo mundial e as taxas
de diagnostico através do CMA; (2) Analisar, interpretar e caracterizar CNVs,
identificar a taxa diagnéstica do CMA em um coorte de individuos afetados DsND e/ou
ACs do sul do Brasil, com foco nos casos com TEA, bem como avaliar as frequéncias
fenotipicas e as implicacbes dos LCSHs detectados por exames de CMA. Para o
objetivo (1), no repositério PUBMED/MEDLINE, foi analisada a literatura publicada
entre 2010 e 2023 por palavras chave no titulo ou resumo. Dentre os 189 estudos de
coorte encontrados, 84 publicagdes que preencheram os critérios estabelecidos foram
selecionadas, mostrando uma taxa diagnéstica média de 16,8% para detecgédo de
CNVs patogénicas por CMA. Esses estudos contemplam diferentes populagdes e
etnias, com as maiores amostras em paises do hemisfério norte. Apesar do
sequenciamento de Exoma e os exames por CMA serem recomendados como testes
de primeira linha na investigacdo dos DsND, na realidade econdmica de paises menos
desenvolvidos o uso da citogenética classica ainda é predominante, quando néo é o
unico recurso. Para o objetivo (2), foi realizada uma analise retrospectiva de arquivos
de leitura de CMAs das plataformas da Affymetrix CytoScan®HD [41%] ou CytoScan®
750K [59%], assim como foram coletados e analisados os dados clinicos disponiveis
de 1.012 individuos afetados. Estes eram sua maioria criangas com DsND e/ou ACs,
cujos exames foram solicitados por geneticistas e neurologistas para fins de
diagndstico. A andlise revelou 206 CNVs consideradas patogénicas (PCNV),
incluindo 132 delegdes e 74 duplicagdes, fornecendo uma resposta diagndstica para
17% dos individuos da coorte. Além disso, 12% dos pacientes apresentaram variantes
raras de significado clinico incerto (VUS), em alguns casos consideradas
possivelmente patogénicas (LPCNV), porém sem uma concluséo diagndstica, como
principal CNV clinicamente relevante. Para 71% da coorte nenhuma CNV clinicamente



relevante foi encontrada. Considerados com crescente relevancia dentre os DsND, os
individuos com TEA representaram cerca de um tergo dos casos analisados (333).
Analisados como sub-coorte, a taxa de diagnostico para TEA foi de 10%, com
variagbes dependendo da presenga de caracteristicas dismorficas (16%) ou da
ocorréncia "isolada" do TEA (7%). Utilizando a capacidade destas plataformas de
reconhecer regides homozigotas, LCSH (=3 Mbp) foram analisados tanto no contexto
de seu possivel significado patogénico, quanto para identificar LCSH potencialmente
derivados de haplétipos ancestrais da populacdo. Esta analise foi possivel para 953
CMAs, revelando que LCSH estavam presentes em 91% dos exames. Em 11,5% dos
individuos, sugeriram consanguinidade do primeiro ao quinto grau entre seus
progenitores, com possivel impacto clinico, e em 2,8%, revelaram uma potencial UPD.
Aqueles LCSH encontrados com frequéncia de 5% ou mais na coorte foram
considerados LCSH comuns na populagdo em geral, permitindo delinear 10 regides
como sendo potenciais haplétipos ancestrais de relevancia clinica baixa. Em relacao
aos fenotipos clinicos desta coorte, as principais indicagdes para o CMA foram atraso
no desenvolvimento (56%), DI (33%), TEA (33%), e caracteristicas dismorficas (56%).
Certos fendtipos clinicos foram associados a uma maior probabilidade de indicar um
portador de uma CNV patogénica. As CNVs raras encontradas, assim como as LCSH
que possivelmente representem UPDs foram caracterizadas e registradas junto com
os principais fendtipos apresentados por cada paciente. As LCSH consideradas
potenciais haplétipos ancestrais segregando na populagdo do sul do Brasil, foram
registradas para auxiliar na interpretagéo e priorizagdo de LCHS que efetivamente tem
uma maior relevancia clinica. Este estudo representa o maior conjunto de dados de
CMA em uma coorte de pacientes com DsND e/ou ACs na regido sul do Brasil até o
momento. Este trabalho destaca a importancia da interpretagcdo de CNVs e LCSH na
pratica clinica, inclusive no contexto do TEA.

Palavras-chave: Microarray cromossémico, CNVs, deficiéncia intelectual, transtorno

do espectro do autismo, disturbios do neurodesenvolvimento, SNPs, LCSH.



ABSTRACT

In recent decades, molecular cytogenetics has seen significant advances in genetic
research on Neurodevelopmental Disorders (NDDs), such as Intellectual Disability (ID)
and/or Autism Spectrum Disorder (ASD), which affect around 3-4% of the global
population and can be associated with the presence of congenital anomalies (CAs)
and/or dysmorphic features (DF) (dysmorphisms - syndromic). In particular, genetic
tests based on chromosomal microarrays, known as CMA (Chromosomal
Microarrays), have become an essential tool in the assessment of Copy Number
Variations (CNVs), including microdeletions and microduplications, in patients affected
by NDDs. CNVs involve gains and losses of genomic material and can encompass
regions containing genes expressed in the brain or playing a crucial role in
neurodevelopment. These changes in genetic dosage can play a significant role in the
pathogenesis of developmental disorders. Modern CMA platforms with high density
combine oligonucleotide probes for CNV detection with probes for Single Nucleotide
Polymorphisms (SNPs). This allows the identification of regions of Complete or
Segmental Chromosomal Homozygosity, known as Long Contiguous Stretches of
Homozygosity (LCSH). The presence of these LCSH may be indicative of Uniparental
Disomy (UPD), consanguinity, endogamy, specific population characteristics, as well
as replicative DNA repair events. For goal (1), in the PUBMED/MEDLINE repository,
the literature published between 2010 and 2023 was analyzed by keywords in the title
or abstract. Among the 189 cohort studies found, 84 publications that met the
established criteria were selected, demonstrating an average diagnostic rate of 16.8%
for the detection of pathogenic CNVs by CMA. These studies encompass different
populations and ethnicities, with the largest samples from northern hemisphere
countries. Despite Exome sequencing and CMA tests being recommended as first-line
tests in the investigation of NDDs, in the economic reality of less developed countries,
classical cytogenetics is still predominant, if not the only resource. For objective (2), a
retrospective analysis of CMA reading files from the Affymetrix CytoScan®HD [41%]
or CytoScan® 750K [59%] platforms was performed, and clinical data were collected
and analyzed for 1,012 affected individuals. The majority of these individuals were
children with NDDs and/or CAs, whose tests were requested by geneticists and
neurologists for diagnostic purposes. The analysis revealed 206 CNVs considered
pathogenic, including 132 deletions and 74 duplications, providing a diagnostic answer
for 17% of the individuals in the cohort. Furthermore, for 12% of patients the only
clinically relevant CNV were Variants of Uncertain Significance (VUS), in some cases
interpreted as likely pathogenic (LPCNV), however not considered a clear diagnostic
conclusion. For 71% of the cohort, no clinically relevant CNVs were found. With a
growing significance among NDDs, individuals with ASD represented about one-third
of the cases analyzed (333). When analyzed as a sub-cohort, the diagnostic rate for
ASD was 10%, with variations depending on the presence of dysmorphic features
(16%) or when considered as having "isolated" ASD (7%). Using the capability of these
platforms to recognize homozygous regions, LCSH (=3 Mbp) were analyzed both in
the context of their potential pathogenic significance and to identify LCSH that could
potentially be derived from ancestral population haplotypes. This analysis was feasible
for 953 CMAs, revealing that LCSH were present in 91% of the tests. In 11.5% of
individuals, they suggested consanguinity from the first to the fifth degree among the
parents, with potential clinical implications, and in 2.8% they revealed a potential
Uniparental Disomy (UPD). Those LCSH found with a frequency of 5% or more in the
cohort were considered common LCSH in the general population, allowing the



delineation of 10 regions as ancestral haplotypes of potentially low clinical relevance.
Regarding the clinical phenotypes of this cohort, the primary indications for CMA were
developmental delay (56%), ID (33%), ASD (33%), and dysmorphic features (56%).
Certain clinical phenotypes were associated with a higher likelihood of indicating a
carrier of a pathogenic CNV. The rare CNVs found, as well as the LCSH that may
represent UPDs, were characterized and recorded along with the main phenotypes
presented by each patient. LCSH considered potential ancestral haplotypes
segregating in the population of southern Brazil were recorded to assist in the
interpretation and prioritization of LCSH that indeed have greater clinical relevance.
This study represents the largest dataset of CMA in a cohort of patients with NDDs
and/or CAs in the southern region of Brazil to date. This work highlights the importance
of interpreting CNVs and LCSH in clinical practice, including in the context of ASD.

Keywords: Chromosomal microarray, CNVs, intellectual disability, autism spectrum
disorder, neurodevelopmental disorders, SNPs, LCSH.
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1 INTRODUGAO

1.1 DISTURBIOS DO NEURODESENVOLVIMENTO.

Os disturbios do neurodesenvolvimento (DsND) ou simplesmente disturbios
do desenvolvimento, s&do condigdes heterogéneas, complexas e de dificil
conceituagdo, mas de forma geral se referem um grupo de condigbes que afetam o
correto desenvolvimento do cérebro e do sistema nervoso (THAPAR; COOPER,;
RUTTER, 2017).

Atualmente, os DsND acarretam, em sua maioria, em deficiéncia intelectual
(DI) e/ou transtorno do espectro do autismo (TEA), afetando em torno de 3—4% da
populagcao mundial (CAPPUCCIO et al., 2016; PEREIRA et al., 2014).

No entanto, em sua definicdo, os DsND também englobam outra gama ampla
de disturbios neurolégicos e psiquiatricos que séo clinica e causalmente dispares;
como sindromes genéticas raras, paralisia cerebral, anomalias neurais, esquizofrenia,
Transtorno de Déficit de Atencao/Hiperatividade (TDAH), disturbios motores do
neurodesenvolvimento, transtornos especificos de aprendizagem e epilepsia
(THAPAR, [s.d.])

Os DsND geralmente sdo observados e diagnosticados na infancia e podem
ter um impacto significativo no desenvolvimento do individuo afetado, resultando em
limitagdes funcionais nas suas atividades cotidianas, como no autocuidado,
receptividade e linguagem expressiva, aprendizagem, mobilidade, autodirecéo,
capacidade de vida independente, autossuficiéncia econémica' (D’AMOURS et al.,
2014).

Tais disturbios, quando isolados, sdo denominados nao sindrémicos e,
quando associados a presenga de dismorfismos ou de anomalias congénitas (ACs)
aparentes, sdo denominados sindrémicos (ABOU JAMRA et al., 2011).

A DI é uma parte importante dos DsND e varia em gravidade, com diferentes
graus de comprometimento cognitivo. Pode ser leve, moderada, grave ou severa,
afetando a capacidade do individuo de aprender e realizar atividades cotidianas
(BOAT et al., 2015). Os fatores genéticos desempenham um papel significativo na
etiologia da DI, com varias alteragbes genéticas associadas a diferentes graus de

comprometimento cognitivo. Fatores ambientais também desempenham um papel
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importante, como exposicao a toxinas e deficiéncias nutricionais durante a gravidez
(MICHELSON; CLARK, 2020; NAIR et al., 2022; SHAFFER, 2005).

Além da DI, o TEA é outra condicdo abrangida pelos DsND. O TEA é
caracterizado por dificuldades na interacado social, comunicagcdo e comportamentos
repetitivos (DSM-5 DIAGNOSTIC CLASSIFICATION, 2013). Sua prevaléncia tem
aumentado globalmente e tem uma forte base genética, embora os fatores ambientais
também desempenhem um papel (KOGAN et al., 2018; MAENNER et al., 2020). A
comorbidade entre DI e TEA é observada em muitos casos, destacando a
complexidade dos DsND. O diagnostico e a compreensédo dessas condigdes sao
essenciais para orientar o tratamento e o apoio apropriados (ROSELLO et al., 2014).

As relacdes dos DsND com alteragcbes estruturas submicroscépicas no
genoma, como fator etiolégico causal, sdo complexas e multifacetadas. Tanto a DI
quanto o TEA tém bases genéticas significativas (DEVLIN; SCHERER, 2012;
GAUGLER et al., 2014; VISSERS et al., 2003).

Dentro das variagbes estruturais no genoma humano, destacam-se as
Variagbes no Numero de Coédpias (CNVs, Copy Number Variation), que podem
envolver alteragcdes na quantidade de cépias de um trecho do DNA envolvendo um ou
mais genes. Essas variagdes podem variar em tamanho, desde dezenas de bases até
megabases, e podem afetar pequenas por¢gées de um gene, como regides exdnicas
ou regulatérias, até grandes segmentos cromossémicos contendo centenas de genes
(NOWAKOWSKA, 2017).

As CNVs podem ter impactos significativos na dosagem génica e na
intensidade da sinalizagdo molecular, pois a quantidade de proteina produzida esta
diretamente relacionada ao numero de copias do gene. Existem dois principais efeitos
relacionados as CNVs (RICE; MCLYSAGHT, 2017):

1. Haploinsuficiéncia - Isso ocorre quando um gene, quando em apenas uma
copia funcional (por exemplo, devido a uma microdelegdo ou inativagdo da outra
copia), ndo produz proteina suficiente para desempenhar sua fungdo normal. Isso

pode resultar em problemas fenotipicos.

2. Triplossensibilidade - Esse efeito ocorre quando genes séo sensiveis a

superexpressao devido a um aumento no numero de copias causado por uma
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microduplicagéo. Isso pode comprometer a fungdo normal desses genes e levar a
efeitos fenotipicos.

A sensibilidade a dosagem génica desempenha um papel importante na
patogenicidade das CNVs, determinando se uma CNV especifica causa uma
anormalidade fenotipica (DAVOLI et al., 2013; RICE; MCLYSAGHT, 2017).

As CNVs também podem afetar a fungao de genes de outras maneiras, como
levar a delecédo ou interrupgdo de genes, o que pode expor mutagdes recessivas
presentes no alelo do cromossomo homologo ou alterar a comunicagéo entre alelos.
Portanto, as CNVs tém o potencial de causar uma ampla gama de efeitos fenotipicos,
desde tragos adaptativos até problemas graves, incluindo letalidade embrionaria
(CAPPUCCIO et al., 2016; COOK; SCHERER, 2008; ZARREI et al., 2015).

Atualmente, a técnica de Microarray Cromossdémico (CMA, Chromosomal
Microarray), € amplamente utilizada para a deteccdo de CNVs no genoma humano.
Esta técnica permite a hibridizacdo de pequenos fragmentos de um genoma teste com
sondas isoladas em micropogos fixados em uma matriz solida, utilizando o mesmo
principio de comparagao de fluorescéncia (LAY-SON et al., 2015; RETTERER et al.,
2015).

Na pesquisa genética e na pratica clinica, identificar e interpretar o efeito de
CNVs, especialmente em relagao aos DsND, pode ser desafiador. Isso ocorre porque
a correlacao entre fendétipo e CNVs pode ser subjetiva, influenciada por fatores como
origem étnica e ambiente. Além disso, novas CNVs patogénicas continuam sendo
descobertas em diversas categorias de doencgas.

A interpretagdo das CNVs, de acordo com as diretrizes da American College
of Medical Genetics and Genomics (ACMG), € um processo crucial na avaliagéo
clinica de pacientes com suspeita de fatores genéticos (RIGGS et al., 2020).

A ACMG estabeleceu diretrizes especificas para ajudar na interpretacao das
CNVs detectadas em individuos afetados. Essas diretrizes consideram diversos
fatores, incluindo a relevancia clinica das CNVs, seu tamanho, impacto nos genes,
histérico de doengas em familias, bem como a existéncia de estudos de associagao
genética e evidéncias funcionais.

A interpretacdo das CNVs pode resultar em diferentes classificagbes, de
acordo com as diretrizes da ACMG (RIGGS et al., 2020):
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1. Patogénicas - CNVs que tém alta probabilidade de causar doenga e estao

associadas a fendétipos clinicos especificos.

2. Possivelmente patogénicas - CNVs que tém uma associagdo menos clara

com a doenga, mas ainda podem contribuir para o quadro clinico do paciente.

3. Variantes de significado clinico incerto - CNVs que n&o tém evidéncias
suficientes para serem consideradas patogénicas ou possivelmente patogénicas, mas

também nao podem ser consideradas benignas.

4. Benignas - CNVs que séo consideradas improvaveis de causar doencgas

ou ter relevancia clinica.

A interpretacdo precisa das CNVs ¢é fundamental para orientar o
aconselhamento genético, o diagndstico e o tratamento de pacientes com doengas
genéticas. E importante ressaltar que a interpretacdo das CNVs muitas vezes requer
uma abordagem multidisciplinar, envolvendo geneticistas clinicos, especialistas em
bioinformatica e geneticistas moleculares, bem como a integracao de dados clinicos
e gendmicos para uma avaliagao completa e precisa (QUINTELA et al., 2017).

A pesquisa sobre CNVs é importante porque elas desempenham um papel na
variabilidade genética e fenotipica ndo patoldgica entre os individuos, mas também
podem estar associadas ao desenvolvimento de varias patologias, incluindo disturbios
no desenvolvimento fisico e neuroldgico.

A inclusdo de sondas para Polimorfismo de Nucleotideo Unico (SNPs, Single
Nucleotide Polymorphisms) em plataformas de CMA permite a detec¢do de regides
com auséncia de heterozigose (AOH, Absence of heterozygosity). Estas incluem os
longos trechos contiguos de homozigose (LCSH, Long Contiguous Stretches Of
Homozygosity), que se refere a regides onde todas as copias cromossdmicas do
trecho sdo homozigotas, também conhecidos como corridas de homozigose (ROH),
assim como regides no DNA onde, devido a uma delecdo, ha perda de
heterozigosidade (LOH) (KEARNEY, 2012; LI et al., 2006).

Os LCSHs sao resultados de diversos fatores, como consanguinidade,
endogamia, forgas evolutivas e eventos de reparo apds quebras cromossdémicas.

Dependendo de sua quantidade e tamanho no genoma, podem indicar
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consanguinidade, dissomia uniparental ou simplesmente representar regides de baixa
recombinacao, nas quais certos haplétipos se tornam comuns em uma populagao
(CHIA, 2016; IOUROQV et al., 2015).

Embora ainda relativamente pouco estudados em comparagdo com as CNVs,
os LCSHs sao uma das variagdes genémicas mais comuns em humanos (CONRAD
et al., 2010; IOUROV et al., 2015; SIMON-SANCHEZ et al., 2012; VORSANOVA et
al., 2010). Eles fornecem informag¢des sobre diversidade genética, podem ser
relevantes para estudos de associagcdo genética de tragos complexos e foram
associados a patogénese de doengas. Varios estudos relacionaram LCSHs
encontrados como possivel causa de DsND (GAMSIZ et al., 2013; GANDIN et al.,
2015; IOUROV et al., 2015).

Quando ha excesso de LCSHs que englobam genes de doenga recessiva,
estudos evidenciaram que a quantidade de homozigosidade no genoma parece
modular o grau de comprometimento cognitivo (GANDIN et al., 2015). Da mesma
forma, a quantidade de LCSHSs revela parentesco e aumenta a probabilidade de
heranga de transtornos monogénicos recessivos (CHIA; LEISA; CHIA, 2016).

Embora a detecgado de LCSHs por si s6 ndo leve a um desfecho clinico ou
diagnodstico, muitas vezes eles revelam um alvo para investigacdes futuras e podem
ter significancia benigna. A interpretacdo de LCSHs pode ser um desafio para os
laboratoérios diagndsticos, mas o registro de LCSHs comuns na populagédo, que
geralmente n&o sdo de relevancia clinica, pode facilitar a analise e orientar a
investigacdo para eventos raros e genes candidatos (CHIA, 2016). A analise de
LCSHSs nao s6 traz uma melhor compreensao do fundo genético e evolugao historica
do individuo, como também fornece informagdes auxiliares para os projetos de
mapeamento de associagcdo de genes de doencgas, informagdes para deteccdo de
aberracao cromossOmica e ajuda na interpretacao dos resultados (YANG et al., 2011).

A compreensao das CNVs, LCSHs e sua relagcdo com os DsND desempenha
um papel fundamental na pesquisa e diagndstico dessas condi¢des, oferecendo
informagdes essenciais para identificar causas genéticas e desenvolver estratégias

na investigacao etioldégica dos DsND.
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2 OBJETIVOS

2.1 GERAL

O objetivo geral deste estudo € aprofundar o conhecimento sobre os
Disturbios do Neurodesenvolvimento (DsND) através da expansado da amostragem,
investigacao do papel da consanguinidade, taxas e casos potenciais de dissomia
uniparental (UPD) e identificacdo de haplétipos de LCSHs comuns na populagéo,
visando estabelecer padrdes e limiares para analise de resultados de Microarrays

Cromossémicos (CMA).

2.2 ESPECIFICOS

- Revisar a literatura, identificando as possiveis origem dos DsND, o papel das
CNVs como fator etioldgico, as aplicagdes clinicas de varias plataformas de CMAs, as
aplicagdes e taxas de diagndsticas mundiais em estudos de coortes com DsND,
investigadas com CMA;

- Analisar e caracterizar as CNVs encontradas no grupo de individuos
investigados de acordo com seu tipo, localizagdo, tamanho, genes presentes, e
presenca na populagao;

- Ampliar ou consolidar os dados obtidos no mestrado sobre os fenétipos mais
frequentes na coorte e aqueles mais associadas a detecgdo de CNVs patogénicas;

- Consolidar os dados obtidos durante o mestrado sobre a taxa e o papel da
consanguinidade nessa coorte;

-ldentificar e examinar padrées de LCSHs, que sugerirem dissomia uniparetal
(UPD);

-ldentificar e investigar quais sdo os haplotipos ancestrais de LCSHs comuns
nessa coorte e sua frequéncia;

- Identificar os pacientes com potenciais mutacdes autossémicas recessivas,

que tenham maior probabilidade diagndstica com uma investigagado por analise de
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sequenciamento exoma, para auxiliar os meédicos no prosseguimento da investigagao
diagnostica;
- Com os resultados das analises, propor novas regides e/ou genes

candidatos causais dos DsND.
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3 MATERIAL E METODOS

3.1 REVISAO DA LITERATURA

Para revisarmos a literatura quanto a origem dos DsND, ao papel das CNVs
como fator etiolégico para os DsND, as aplicagdes clinicas de varias plataformas de
CMAs e a aplicagdo mundial e as taxas de diagnostico através do CMA, realizamos
uma revisao bibliografica no repositério PUBMED/MEDILINE. Pesquisamos os termos
"CMA" ou "Chromosomal Microarray" ou "array-CGH" e "Neurodevelopmental
disorders" ou "intellectual disability" ou "ID" ou "autism spectrum disorder" ou "ASD"
ou "developmental delay" e "Cohort" em titulos ou resumo, publicados entre 2010 a
2023.

3.2 ASPECTOS ETICOS

O projeto foi submetido [ao] e aprovado pelo Comité de Etica em Pesquisa do
Hospital Infantil Joana de Gusmao (HIJG) de Florianépolis-SC, Brasil, sob o parecer
N° 2.339.104 (Anexo A), respeitando as diretrizes e critérios estabelecidos na
Resolucao 466/12 do Conselho Nacional de Saude.

Médicos(as) geneticistas, pediatras e neurologistas do Hospital Infantil Joana
de Gusmaéo (HIJG), Hospital Universitario Polydoro Ernani de Sdo Thiago (HU/UFSC)
e de clinicas particulares foram convidados a colaborar com a pesquisa através de um
Termo de Consentimento Livre e Esclarecido (TCLE) (Anexo B). Foram recrutados os
pacientes que realizaram o exame de CMA entre 2013 a 2019, que previamente
haviam consentindo e autorizando a divulgagao de todos os resultados identificados
no exame em publicagdes cientificas mediante o Termo de Consentimento Informado
do Laboratdrio Neurogene (Anexo C), e que aceitaram participar voluntariamente,
através da assinatura do TCLE do projeto (Anexo D) apresentado a eles durante suas
consultas rotineiras no HIJG e no HU. Nos casos em que 0s pais ou responsaveis
legais dos pacientes entre 6 a 18 anos e intelectualmente capazes consentiram na

participagdo da pesquisa, o Termo de Assentimento foi apresentado e devidamente
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explicado aos pacientes (Anexo E e F), assegurando seu direito de participagao ou
recusa na pesquisa, independente do aceite dos pais ou responsaveis legais.

Para aqueles casos em que os pacientes ja ndo eram mais acompanhados
pelos servigcos de atendimento do HIJG e do HU, o contato para convite a participacao
na pesquisa procedeu-se através de comunicagao telefénica pelo médico responsavel
ou com o auxilio de membros da equipe de pesquisa supervisionados pelo médico.
Nas ocasides em que, por algum motivo (6bito, mudanga de cidade, perda de contato),
nao era possivel o contato com o paciente, assumimos, mediante a Justificativa Da
Auséncia Do TCLE (Anexo G), o compromisso de, ao utilizar dados e/ou informagdes
coletadas nos prontuarios dos participantes da pesquisa, assegurar a

confidencialidade de tais dados e a privacidade dos envolvidos.

3.3 AMOSTRA

Foram selecionados aproximadamente 1020 exames de Microarrays
Cromossbémicos (CMA), solicitados por médicos geneticistas e neurologistas do
Hospital Infantil Joana de Gusmao, Hospital Universitario Professor Polydoro Ernani
de Sao Thiago e clinicas particulares de Floriandpolis, realizados através do
laboratério Neurogene, com consentimento dos pacientes ou dos seus responsaveis
(através do Termo de Consentimento Livre e Esclarecido) e disponibilidade dos
medicos para participar da pesquisa. Trata-se de estudo retrospectivo-prospectivo.
Além dos 430 exames provenientes do estudo anterior do laboratério (Trabalho de
mestrado do candidato, 2018), foram incluidos, cerca de 590 exames de pacientes
com DsND realizados no periodo de 2016 a 2019. Para os 430 exames anteriores,

aplicou-se uma reanalise a luz dos novos conhecimentos na area.

3.4 ANALISES GENOMICAS

As plataformas de Microarray, utilizadas nos exames realizados pelo
Laboratério Neurogene sdao a CytoScan® 750K, 750.000 marcadores genémicos
(550.000 sondas para detectar CNVs e aproximadamente 200.000 SNPs) e a

CytoScan™ HD, que oferecem mais de 2,7 milhdes de marcadores gendmicos (1,95
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milhdes de sondas distribuidas pelo genoma para detectar CNVs, e 750 mil sondas
para SNPs), ambas da Affymetrix (Thermo Fisher Scientific, Waltham, MA). Os
arquivos resultantes da leitura dos arrays foram analisados com o software
Chromosome Analysis Suite (ChAS) Affymetrix®, com base na versdo do genoma
humano de fevereiro de 2009 (GRCh37/hg19), dando-se énfase para as CNVs raras,
para as quais a relagao gendtipo-fenétipo ndo estava clara.

Para se tentar fazer a relagao fenotipo-genétipo, com o intuito de correlacionar
possiveis genes causais, bem como correlacionar fenotipos preditivos a CNVs
patogénicas, foi coletada a descrigao clinica detalhada dos individuos afetados junto

aos médicos através de um formulario pré-estabelecido.

3.4.1 Analise de CNVs -Viés Clinico

Em nossa analise, consideramos para fins de interpretacdo as CNVs com
tamanhos maiores que 100 Kb para dele¢des e maiores que 150 Kb para duplicagoes,
ambas com, no minimo, 50 marcadores, de acordo com as recomendacdes da ACMG
(REHDER et al., 2013). Para analisar e interpretar as CNVs quanto a sua fungao,
efeitos de dosagem (através de estudos de superexpressdo ou haploinsuficiéncia
conhecida) e efeitos das mutacgdes, utilizamos ferramentas de bioinformatica,
analisando os bancos de dados publicos, como o ISCA (International Standard
Cytogenomic Array), DGV (Database of Genomic Variants), OMIM (Online Mendelian
Inheritance in Man), DECIPHER (Database of Chromosomal Imbalance and
Phenotype in Humans Using Ensembl Resources), e bancos de dados privados, como
o CAGDB (Cytogenomics Array Group CNV Database). A maioria desses recursos é
acessivel através do navegador genémico da Universidade de Santa Cruz, EUA
(UCSC Genome Browser).

Todas as variaveis - como localizacao, tipo e tamanho de CNV, classificacéo
da CNV, descrigdes clinicas (fenétipos), dados de exames relevantes (cariotipo, X-
fraqgil etc.), faixa etaria, idade de realizacdo do exame, sexo do paciente e quantidade
- foram compiladas em uma planilha simples do Excel, para posterior aplicagdo de
anadlises estatisticas utilizando o software R (verséo 3.4.2, The R Foundation for
Statistical Computing). O objetivo era compreender a média e o desvio padréo do
tamanho das CNVs, a frequéncia dos fenoétipos clinicos, a taxa de diagndstico do
estudo, a idade média e a proporgédo de cada sexo na coorte estudada, a frequéncia
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de alteragbes gendmicas em cada cromossomo e a relagao entre fenétipos individuais
ou grupos de fenoétipos clinicos com a interpretagao das CNVs. Além disso, buscamos
identificar indicativos que pudessem auxiliar na selegdo dos pacientes mais
adequados para a submissdo ao CMA como teste de primeira linha.

Para estabelecer a relagao fenétipo-gendétipo, com o objetivo de correlacionar
possiveis genes causais, foi coletada junto aos médicos uma descricdo clinica
detalhada dos individuos afetados, por meio de um formulario preestabelecido
(Apéndice A). Esse formulario foi elaborado para obter informacdes abrangentes
sobre o quadro clinico de cada paciente, incluindo histérico de exames fisicos,

moleculares, metabdlicos, genéticos, comportamentais e o uso de medicagdes.

3.4.2 Selecao e analise dos LCSHs

A andlise dos exames que apresentaram LCSHs seguiu a metodologia
descrita em [3]. O Fluxograma 1 ilustra o fluxo da analise de amostras contendo
LCSHs.

Os arquivos resultantes foram analisados usando o software Chromosome
Analysis Suite (ChAS) Affymetrix®, que € baseado na sequéncia do genoma de
referéncia do banco de dados da Universidade da Califérnia, Santa Cruz
(https://genome.ucsc.edu/cgi-bin/ hgGateway). Usamos a versdo do genoma humano
de fevereiro de 2009 (GRCh37/hg19) para a analise. Para focar em dados
clinicamente relevantes e evitar confusdo na analise, aplicamos um limite de = 3
megapares de bases (Mbp) para a analise de LCSH. Esse limite € normalmente
usados em investigacgodes clinicas, ao contrario de estudos de base populacional, onde
o limite de corte geralmente € consideravelmente mais baixo [1]. Incluimos todos os
participantes que possuiam LCSHs que atendiam aos critérios acima,
independentemente de apresentarem uma variante do numero de copias patogénica
(CNV).



Fluxograma 01- Analise dos exames que apresentaram regides de LCSH

Analise das regioes de

LCSH (Mbp)
Exames que apresentam Exames que apresentam
LCSH 0 <5 (Mbp) LCSH > 5 (Mbp)
0>3 (Mbp) [3=5 (Mbp) | Regides de LCSH em Regides de LCSH em
1 dnico Cromossomo varios cromossomos
Dados ignorados
(ancestralidade / BIR?)
UPD / BIR i
i Investigacdo de
i consanguinidade
Regides de LCSH em -
VArios cromossomos Regides de LCSH em 1 unico

Investigacdo de consanguinidade

(Nos exames que apresentarem
pelo menos uma regiio > SMbp)

Cromossomo
Soma < 10 Mbp E
Soma > 10 Mbp BIR ou i
considerar UPD ancestralidade j

LCSH (longos trechos continuos de homozigose), BIR (replicagédo induzida por quebra) e ancestralidade (homozigosidade por hapléstipos ancestrais)
Fonte- Autor, 2023
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3.4.2.1 Analise da consanguinidade

Para verificar a frequéncia de consanguinidade na coorte, aplicou-se a
metodologia baseada no trabalho de Kearney, Kearney e Conlin (2011). Nos padrdes
de homozigose que sugeriram consanguinidade, foram somadas todas as regides de
LCSH >3 Mb distribuidas nos cromossomos, excluindo-se as LCSHs localizadas nos
cromossomos sexuais, dividindo-se o somatorio total em Mb pelos 2.881 Mb de
tamanho do genoma autossémico (GRCh37/hg19) e correlacionando-se a
porcentagem obtida com o coeficiente de endogamia (F), que é de 25% (1/4 - pai-
filho/irmao-irma), 12,5% (1/8 - tio-sobrinha/tia-sobrinho), 6,5% (1/16 - primos de
primeiro grau/meio-tio-sobrinha), 3,12% (1/32 - primos de primeiro grau afastado),

1,5% (1/64 - primos de segundo grau), 0,5% (1/128 — primos de terceiro grau).

3.4.2.2 Dissomia uniparental

Nos exames em que foi constatada a presenca de um ou mais LCSHs
restrito(s) a um unico cromossomo autossémico com tamanho ou soma (no caso de
multiplos LCSHs no mesmo cromossomo) = 10 Mb, foi considerada uma possivel
dissomia uniparental (isodissomia).

Como o software ChAS reconhece regides com perda de heterozigosidade
(LOH), que incluem ndo apenas regides homozigoticas, mas também regides
hemizigéticas geradas por uma delegao, todos os casos que tinham LOHs = 10 Mbp
de tamanho (ou soma dos tamanhos) em um unico cromossomo autossémicos,
independentemente da presenca de mais cromossomos com LOHSs, foram revisados
manualmente, para eliminar o efeito de confusdo de eventuais regides hemizigoticas

para chamar LSCHs e, finalmente, um UPD.

3.4.2.3 Analise das LCSH mais frequentes

Selecionamos e analisamos as corridas de CMAs para as citobandas, que
mais frequentemente apresentaram regides com LCSH = 3 Mbp em um cromossomo

autossdmico e aquelas presentes em mais de 5% dos individuos foram consideradas
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LCSHs comuns. Esse percentual foi escolhido porque a frequéncia de = 1%, que é o
limite usual para definir polimorfismos comuns de SNPs em uma populagéo, nao foi
considerada aplicavel aqui por se tratar de uma coorte afetada. Outros também
escolheram o mesmo limiar (ou inferior) para considerar o LCSH encontrado em uma
coorte afetada como variagdo comum, provavelmente sem significado clinico para sua
analise (282-286). Portanto, ao fazé-lo, acreditamos ter uma margem de seguranca
adequada para selecionar LCSHs comuns devido a haplétipos ancestrais, e nao
devido a consanguinidade ou outros mecanismos relacionados a patogénese.

Para delinear uma posigdo gendmica mais precisa para as LCSH mais
frequentes, as seg¢des de homozigose compartilhada foram sobrepostas e suas

posi¢cdes gendmicas obtidas com base na mediana de seu inicio e fim.

3.4.2.3.1 Bioinformatica nas analises de LCSHs.

Para analise de consanguinidade e analise comparativa de LSCH entre os
casos, bem como para UPD, todos os LOHs encontrados no CHAS para cada caso
foram copiados com identificagcdo codificada, compilados em planilhas de Excel para
analise.

Para uma analise mais adequada e precisa, o processo foi automatizado, e
todos os LCSHs encontrados na coorte foram importados para o Google Colab e
manipulados usando a linguagem de programagao Python. As bibliotecas usadas para
manipulacao e analise de dados foram Pandas e NumPy (para calculos numéricos).
O codigo utilizado para a analise esta disponivel na pagina GitHub do projeto:

https://github.com/tiagochavo87/LCSH_analysis
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4 RESULTADOS

Os resultados desta tese foram organizados na forma de artigos cientificos e

compreendem dois capitulos:

5.1 CAPITULO | - Copy number variations as a causal genetic factor in

neurodevelopmental disorders: a review of clinical applications.

5.2 CAPITULO Il - A cohort study of individuals with neurodevelopmental
disorders and/or congenital anomalies investigated by high-resolution chromosomal

microarrays in southern Brazil: The significance of autism spectrum disorder.
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4.1 CAPITULO I - COPY NUMBER VARIATIONS AS A CAUSAL GENETIC
FACTOR IN NEURODEVELOPMENTAL DISORDERS: A REVIEW OF
CLINICAL APPLICATIONS.

Variagbes Do Numero De Coépias Como Fator Genético Causal Nos
Disturbios Do Neurodesenvolvimento: Uma revisao das aplicagées clinicas.

Na ultima década, a citogenética molecular deu um salto na investigagao genética de
Disturbios do Neurodesenvolvimento (DsND), como a deficiéncia intelectual (D) e/ou
transtorno do espectro do autismo (TEA), que afetam cerca de 3-4% da populagéo
mundial. Em particular, as variagcbes do numero de copias (CNVs) (microdelegbes e
microduplicagbes cromossémicas), detectadas por Microarranjos Cromossémicos
(CMAs), desempenham um papel importante na etiologia dos DsND. Revisamos (1) a
origem dos DsND, (2) o papel das CNVs como fator etiolégico para os DsND, (3) as
aplicacgdes clinicas de varias plataformas de CMAs e (4) a aplicagdo mundial e as
taxas de diagnostico através do CMA, analisamos a literatura publicada entre 2010 e
2023, utilizando os termos: CMA ou Chromosomal Microarray ou array-CGH; e
Disturbios do Neurodesenvolvimento ou Deficiéncia Intelectual ou DI ou transtorno do
espectro do autismo ou TEA ou atraso no desenvolvimento; e Coorte, em titulos ou
resumo. Dos 189 estudos de coorte encontrados, 84 casos foram selecionados,
mostrando uma taxa diagnoéstica média de 16,8% para detecgcao de CNVs patogénicas
por microarranjos cromossémicos. Encontramos uma média diagndstica de 16% com
base em 84 estudos transversais que usaram CMAs para investigar a etiologia dos
DNs. Esses estudos publicados apresentam amostras de diferentes populacdes e
etnias, com as maiores amostras em paises do hemisfério norte. Apesar dos CMAs
serem recomendados como teste de primeira linha na investigacdo de DsND e, mais
recentemente, até mesmo o uso de dados de sequenciamento de nova geragéo (NGS)
para avaliar CNVs, na realidade econémica de paises menos desenvolvidos o uso da

citogenética classica ainda € predominante, quando nao € o unico recurso.

Palavras-chave: Microarrays, deficiéncia intelectual, transtornos do espectro autista,

transtornos do neurodesenvolvimento, microarranjos cromossOmicos.
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ABSTRACT.

In the last decade, molecular cytogenetics has taken a leap forward in the genetic
investigation of Neurodevelopmental Disorders (NDDs), such as intellectual disability
(ID) and/or autism spectrum disorder (ASD), which affect around 3-4% of the world
population. In particular copy number variations (CNVs) (chromosomal microdeletions
and microduplications), accessed through Chromosomal Microarrays (CMAs), were
found to play an important role in the etiology of NDs. We review (1) the origin of NDs,
(2) the role of CNVs as an etiological factor for NDs, (3) the clinical applications of
various platforms of CMAs and (4) worldwide application and diagnostic rates trough
CMA, analyzing the literature published between 2010 and 2023, using the terms: CMA
or Chromosomal Microarray or array-CGH; and Neurodevelopmental Disorders or
Intellectual Disability or ID or autism spectrum disorder or ASD or developmental delay;
and Cohort, in titles or abstract. Of the 189 cohort studies found, 84 cases were
selected, showing an average diagnostic rate of 16.8% for detection of pathogenic
CNVs by chromosomal microarray. We found a diagnostic mean of 16.8% based on
84 cross-sectional studies that used CMAs to investigate the etiology of NDs. These
published studies present sampling of different populations and ethnicities, with the
largest samples being in countries in the northern hemisphere. Despite the CMAs
being recommended as a first-line test in the investigation of NDs and more recently
even the use of next generation sequencing (NGS) data to evaluate CNVs, in the
economic reality of less developed countries the use of classical cytogenetics is still

predominant, when not the only resource.

Keywords: Microarrays, intellectual disability, autism spectrum disorders,

neurodevelopmental disorders, chromosomal microarrays.
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NEURODEVELOPMENTAL DISORDERS

Neurodevelopmental disorders (NDDs) are heterogeneous conditions,
complex, ambiguous and difficult to conceptualize. However, in clinical practice and
research, the term ND is consolidated as a reference to a group of characteristics that
compromises normal development of the central nervous system [1, 2]. Their clinical
signs usually are perceived in childhood before puberty, often since the initial postnatal
period and sometimes even detected during prenatal care (intrauterine) [1, 3].

NDDs mainly causes phenotypes such as intellectual disability (ID) and/or
autism spectrum disorder (ASD), neurological impairments that affect around 3-4% of
the world population [4, 5]. Clinical conditions may be present as isolated phenotypic
manifestations, being called non-syndromic, or may be associated with the presence

of apparent dysmorphisms or congenital anomalies (CAs), defined as syndromic [6].

Intellectual Disability

ID is a condition characterized by deficits in cognitive functioning, usually
accessed by an intelligence quotient test with an IQ <70, and in adaptive behavior,
beginning in childhood. There are several indices of cognitive impairment, such as
profound ID (IQ <20), severe ID (IQ <34) moderate ID (IQ 35 - 49) and mild ID (1Q 50
- 70). For a long time, this clinical aspect was referred to as mental retardation, a term
later considered inappropriate and currently in disuse [7].

The etiology of ID involves heterogeneous causes, such as environmental,
sociocultural, neurodevelopmental, and genetic factors, often correlated with each
other, during a "critical time window", as illustrated in Figure 1, in which different factors
affect neurodevelopment. The timing of gene expression, combined with
environmental factors, determines brain development, especially during the
intrauterine phase [8]. The degree of cognitive impairment can often be related to the
casual factor of ID, with perinatal asphyxia, prenatal infections or strokes, as well as
gross chromosomal imbalances being more common in cases where intellectuality is
most compromised [9].

Genetic factors account for about 4 to 15% of mild ID and 20% to almost 50%

of more severe ID [10]. When a history of parental consanguinity is present, autosomal
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recessive mutations predominate [11]. Considering hereditary ID in general, the fragile
X syndrome (OMIM), caused by amplification of a trinucleotide repeat (CGG) in the

gene FMR1, is the most prevalent monogenic disorder in mild to severe ID [12].
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Figure 1 Schematic representation of stages of Neurodevelopment, related to genetic and
environmental factors and their time window. Modified from Chiurazzi & Pirozzi, 2016.[9]. *For genetic
factors as etiologic causes of ID, the onset of clinical signs or the time of detection is shown.

Chromosomal aberrations (microscopic and submicroscopic) are one of the
most important genetic etiologies of ID and represent about 25% of the cases. With
trisomy 21 alone accounting for more than 7% of these cases, other typical
chromosomal changes include the trisomy’s of chromosomes 18 and 13, chromosome
X imbalances, like X monosomy, and recurrent microdeletions, primarily involving
chromosomal regions 1p36, 2q37, 4p16, 5p15, 7911.2, 8p23.1, 8923924, 9q34.3,
11p11.2, 15911.2, 16p13.3, 17p13.3, 17p11.2, 17921.3, 18923, 22q11.2, 22913 [13].
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Some environmental factors can act in a pervasive manner, depending on the
gestational phase, dose or exposure time. Environmental chemicals, pollutants, drugs,
smoking, and excessive ionizing radiation can lead to mutations in germ cell lines, that
can affect individual genes, that can cause aneuploidies, euploidies and structural
chromosomal changes via chromosomal breakage and DNA repair. DNA repair
mechanisms can also result in submicroscopic deletions or duplications in the
chromosomes, resulting in altered copy number of gene-containing DNA stretches,
often causing expression changes in neurodevelopment-related genes. Similarly,
maternal exposure during pregnancy to drug use, alcohol abuse, infections, and
metabolic conditions such as iodine deficiency and nutritional deficiency (mother and
fetus), diabetes or phenylketonuria, are environmental etiologies with varying effects
[9].

The diagnosis of ID is considered only after the age of five, since the available
cognitive assessment tools are generally not applicable before this age. For children
under five the term developmental delay (DD) is used, considering the possibility of a

mere delay which may eventually be overcome [11].

Autism Spectrum Disorder

Considered the second most common neurodevelopmental disorder after ID,
Autism Spectrum Disorder (ASD) affects approximately 1 in every 54 individuals [14].
According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-V)[15],
the hallmarks of ASD are deficits in social communication and interaction, restricted or
repetitive behaviors or interests that negatively impact their ability to function in school,
work, and other areas of life. ASD include individuals with and without ID, and
comprises the previously separate diagnostics of Autism, Asperger's Disorder and
Invasive Developmental Disorder, since they are considered to be several
manifestations of the same condition (DSM-V 2013). It is diagnosed in male subjects
at a 4:1 ratio, its incidence (or diagnosis) has increased noticeably over the years [12].
Asperger's syndrome (AS) is a subtype of ASD where linguistic and cognitive
development is preserved and represent the most prominent feature of autism (deficits
in social communication and interaction, restricted or repetitive behavior’s) [16].

ASD is considered one of the most heritable neurodevelopmental disorders,
with an estimated heritability of 83 to 93%. In approximately 5 - 15% of those affected,
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especially those accompanied with ID, de novo copy number variations (CNVs) or rare
single nucleotide variants (with a population frequency of < 0.05%) can be identified in
clinically relevant genes. It is noteworthy that even being of primarily genetic etiology,
in about 80% of cases it is still not possible to clarify the changes involved. To date,
more than 100 ASD susceptibility genes with widely indeterminate expressiveness and
penetrance variants are known, but the pathogenetic mechanistic is still unclear [16—
18].

Congenital Anomalies and other Frequent Comorbidities of NDDs

Congenital anomalies (CAs), which are often the cause or accompany NDDs,
consist of malformations of the normal anatomical pattern present at birth [19]. Their
presence seriously influences the quality of life of those affected and is a major cause
of child mortality worldwide. In developed countries, such as the United States, CAs
account for around 20% of child deaths [18]. In Europe, data from the European
Surveillance of Congenital Anomalies showed a perinatal mortality rate of around 9.3
newborns with CAs per 10,000 births between 2008 and 2012 [20]. In Latin American
countries, CAs are between the second and fifth causes of death in children under one
year of age [21], and in Brazil, more specifically, they are the second cause. Worldwide
estimates indicate that about 1 in 33 live births has at least one CAs, leading to a total
of 3.2 million newborns with CAs per year [22].

The etiology of CAs involves heterogeneous causes, environmental and
genetic factors, often correlated with each other, which lead to impairment of
differentiation and development of tissues, organs or body patterns (limbs, face, ears,
eyes, etc ...). Estimates suggest that about 10% of CAs are the result of the detrimental
effect of environmental factors on fetal development, i.e., the effects of teratogens. The
term teratogen defines any environmental factor that can produce an CAs. Genetic
factors such as autosomal or X-linked genetic inheritance, chromosomal imbalance or
de novo mutations represent 10 to 25% of the known causes of CAs and 65% remain
without clear etiology, involving polygenic, multifactorial genetic factors (gene-
environment interactions), stochastic developmental abnormalities or synergistic
interactions with teratogens as the cause [23].

Other less frequent phenotypes associated or not with DI, ASD and CAs, also
characterize NDDs, such as epilepsy that affects approximately 1% of the population.
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This condition has an estimated genetic etiology of 40%, and the phenotype is part of
the non-primary clinical condition of more than 200 Mendelian disorders, in addition to
its association with non-Mendelian disorders (complex diseases) and chromosomal
disorders affecting genes related to neuronal ion channels [24, 25].

Affected with NDDs due to their often-compromised adaptive skills, limited
intellectual capacity, and frequent association with other comorbidities, impact the daily
lives of family members responsible for their care, as well as needing greater support
from public health systems [3, 26].

Proper diagnosis is necessary for the clinical follow-up of individuals with
NDDs and to provide the family with appropriate genetic counseling to prevent the risk
of recurrence. [23] Due to the high clinical and genetic heterogeneity, studying and
diagnosing NDDs is one of the most complex fields in health, as both genetic and
environmental factors, alone or in combination, can play an important role in their
pathogenesis [24, 25].

Since the scope of this review is the relationship between copy number
variations (CNVs) and neurodevelopmental disorders, we will focus on the
Chromosomal Microarray (CMA) and Next Generation Sequencing (NGS)
technologies, since, as reinforced by Savatt and Myers (2021)[27], it is crucial that
pediatric clinicians understand these now common tests and their role in the care of

children with neurodevelopmental disorders.

COPY NUMBER VARIATIONS (CNVs)

The genetic sequence of the human genome, as well as that of all biological
organisms, is constantly changing, and stochastic mutations, through often
imperceptible phenotypic changes, are targets of natural selection. This process leads
to a possibility of evolution and adaptation. In particular, the genetic material of humans
is similarly shared between individuals around the world, and estimates point to a
difference in SNPs in only about 0.1% of the DNA sequence between people.
Detection, analysis and study approaches for this simple fraction were considered
responsible for the genetic variation among individuals, widely used for phenotypic
correlations and susceptibility to certain pathologies [24]. However, the study of

microduplications and microdeletions in the human genome using the Comparative
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Genome Hybridization techniques demonstrated that normal individuals, that is,
individuals not considered to be affected clinically by idiopathic genetic factors, carry
deletions and/or duplications in their DNA, including gene-containing genomic
stretches. These CNVs vary in size from dozens of bases (>50 bp) to megabases (Mb)
within a single human genome, differentiating human genomes by more than 1.2%,
due to CNVs, an unexpected source of hitherto unknown variation to be explored in
addition to SNPs [22, 23].

In one of the pioneering studies relating CNV to a phenotype, Bridges [25]
described the duplication of the Bar gene in Drosophila melanogaster, associated with
the small-sized eye phenotype, called the bar-eye (“bar”). Currently, CNVs have been
highlighted as an abundant form of variation in the human genome whose study has
increasingly demonstrated its association with genetic and phenotypic diversity [28,
29]. Recent work by Zarrei et al. [30], based on 55 studies of CNVs detected at high
resolution in unaffected individuals, demonstrated that approximately 100 genes can
be eliminated homozygously in the human genome without leading to apparent
phenotypic effects.

If, on the one hand, CNVs are abundant sources of genomic variation, on the
other hand, they are also important genetic factors in NDDs. CNVs can affect the
function of genes in several ways: (1) the deletion or interruption of one or more genes
can cause functional loss due to haploinsufficiency of the remaining allele(s) or by
unmasking recessive mutations or can alter communication between alleles by
suppressing regulatory elements; (2) duplications can alter the expression of dominant
or recessive alleles. In either case, there is the potential to cause relevant clinical
phenotypes [5, 31]. There is a continuous spectrum of phenotypic effects of CNVs,
from adaptive traits to embryonic lethality [30].

Identifying and interpreting the contribution of each variation to
neurodevelopment has been a challenge both in research and in clinical diagnostic
laboratories. There is a limit where the correlation of the phenotype with CNV starts to
be more subjective, as well as the contribution of other factors, such as ethnic origins
or environmental factors, make interpretation difficult, especially when these CNVs are
rare and there are no recurrences of association with the phenotype [30]. Essentially,

new pathogenic CNVs continue to be described for different classes of diseases [32].
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Molecular mechanisms that originate CNV's

Deletions, duplications, triplications, additional amplifications, CNVs, absence
of heterozygosity (AOH), copies of neutral inversions, insertions and translocations
within the DNA, are examples of structural variations that involve interrupting the
structure of the double strand of DNA, resulting in changes that encompass many base
pairs (bp), unlike variations like SNPs that result in a change restricted to one or a few
bases. These structural variations are the consequences of mechanisms based on
recombination and replication, involved in the synthesis, replication, recombination and
repair of genetic material [33].

Recent publications addressing the molecular mechanisms of DNA replication,
recombination and repair in humans have contributed to a better understanding of how
structural variations can occur in a specific genomic region and lead to changes in
gene expression, both locally or elsewhere in the genome, due to its restructuring [34—
38].

One of the ways to theorize the potential mechanisms for the formation of
genomic rearrangements involved in the formation of a variation in a specific locus is
to evaluate the characteristics of the genomic region in question regarding its
organization, observing the presence of repeated sequences, their relative orientation,
size, density and distribution. According to Lander et al. [39], repetitive sequences
account for approximately 50% of the entire human genome and consist of moving
elements, repetitions of simple sequences, repetitive tandem sequences (consecutive,
typical of centromeres, telomeres, short arms of acrocentric chromosomes and
groupings of ribosomal genes) and, in particular, low-copy repeats (LCRs). Also known
as segmental duplications, LCRs are elements from 10 to 400 Kpb in length, with a
sequence identity greater than 95%, that comprise up to 5% of the genome, being
present in two or more copies in the haploid reference genome [40].

For the formation of a CNV, initially it is necessary to have one or more breaks
in the DNA, followed by the junction of genomic sequences, with gain or loss of DNA
stretches. This can happen due to uneven crossover between non-allelic sequences

or by repair mechanisms [30, 40].

Recurrent CNVs
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Many CNVs that are found recurrently originated a long time ago, being
inherited from one generation to another, thus being typical of certain populations or
sub-populations. It is even possible that some are related to typical phenotypic
variations among populations. However, what draws attention are some CNVs that are
not inherited and are often shared by unrelated individuals. These probably have their
origin in rearrangements prone to recurrence by mechanisms involving repetitive
sequences. Recurrent CNVs can be inherited and are typical of certain populations or
sub-populations, while non-inherited CNVs may be caused by mechanisms such as

Nonallelic Homologous Recombination (NAHR) [41].

Nonallelic Homologous Recombination - NAHR

The NAHR (Nonallelic Homologous Recombination), also known as ectopic
recombination (crossover off the correct position), occurs during the crossover in
meiosis between direct homologous sequences paralogs (generated by duplication
during evolution) that are not in allelic positions.

The LCRs are quite prone to NAHR, especially among LCRs in the same
orientation (direct repeats). The affected regions may contain dose sensitive genes
and give rise to a pathogenic CNV after an NAHR [41]. With preserved break points,
the NAHR produces recurring and sometimes reciprocal deletions and duplications,
the frequency of which depends on the distance and length of the CSFs involved.

Currently, over 40 non-overlapping genomic loci associated with NAHR are
known to result in microdeletion and microduplication syndromes related to genomic
disorders [42]. Lupski [43], estimated the prevalence of recurrent CNVs at birth in the
DiGeorge-Velo cardiofacial (del22911.2), Williams- Beuren (del7g11.23) and Smith-
Magenis (del17p11.2 ) syndromes at 1/4,000, 1/10,000 and 1/25,000, respectively.

Non-recurring CNVs

Non-recurrent CNVs are most often associated with complex structural
rearrangements within or among chromosomes and have unique sizes due to the
random location of their break and junction points. They are usually CNVs of exclusive
genomic size in the individual, which makes CNVs challenging for clinical interpretation
[44].
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Eventually, non-recurring CNVs can also be delimited by LCRs. Carvalho et al
[33], exemplify the formation of a complex rearrangement of CNVs mediated by inverse
parallel repetitions, whose final product consisted of an inverted and interspersed
triplication and with duplicated genomic segments, described as DUP-TRP/INV- DUP.
The same authors report the formation of non-recurring CNVs involving genomic
regions with tandem LCRs, but point out that most pathogenic non-recurrent CNVs are
formed in regions without LCRs.

Non-recurring CNVs of different sizes that occur at a given locus in the genome
of individuals who share similar phenotypes can be aligned to reveal the smallest
overlapping region, delimiting candidate genes for the manifested phenotype [36].

The most common mechanism of formation of non-recurrent CNVs is by Non-

Homologous End Joining (NHEJ).

Non-Homologous End Joining — NHEJ

Non-Homologous End Joining is the main repair mechanism for chromosomal
breaks (double-strand breaks in DNA) that occur in human cells, mainly as a result of
oxidative damage and ionizing radiation, and is active throughout the cellular cycle. It
repairs DNA via a multiprotein-complex whose composition depends on the nature of
the double break, essentially recognizing and mending broken DNA ends [45][41]. The
repair by NHEJ is considered mutagenic, requiring in about 60% of the amendments,
only the alignment of the double chains with at least 1 or 2 bp of microhomology
between the ends. Besides being responsible for unique CNVs, NHEJ also generates
small deletions and insertion of random nucleotides at the junction of the break points.
Most pathogenic non-recurrent CNVs in NDDs have microhomologies of 2-33 bp in
length at these junctions. In addition, the insertion of short segments (<100 bp)
homologous to close genomic regions has been observed in up to 35% of non-
recurrent CNV junctions [46, 47].

For a more detailed and comprehensive discussion of structural variation in

the human genome, we suggest reading Carvalho and Lupski (2016) [33].

GENETIC SCREENING AND DIAGNOSTICS OF CNVs IN NDDs.
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Since the introduction of chromosomal banding techniques in the late 1960s
cytogenetic tests for screening and diagnosing NDDs are constantly evolving and
developing [48]. Conventional karyotype analysis has been a useful tool in genetic
diagnosis, being the gold standard cytogenetics test for a long time, detecting whole
or partial chromosome losses or duplications and eventual structural changes.
Considered a low resolution test, the classical karyotyping can only detect gains or
losses of DNA that are larger than 5-10 Mpb, depending on the chromosomal region,
and the technique used, thus resulting in a low diagnostic rate, identifying genetic
changes in only about 3% of individuals with neurodevelopmental disorders [7, 49].

To identify genetic syndromes involving deletions and duplications below 5-10
Mbp resolution, various techniques have been developed. Among them, Fluorescence
in Situ Hybridization (FISH) is widely used, which involves the use of fluorescent
genomic probes complementary to the known deleted or duplicated DNA region in the
investigated syndrome. These probes, along with a control probe to another region,
are labeled with fluorescent markers and then hybridized to the DNA of the patient's
cells, which are placed on a microscope slide [50]. Subsequently, in a fluorescence
microscopy analysis, metaphase cells are examined for the presence or absence of
fluorescent emissions from the probes, which allows the identification of
deletions/duplications in sizes of 2-5 Mb. However, this technique requires a clear
diagnostic hypothesis and knowledge of the exact sequence to be investigated. The
development and application of this technique marked the beginning of molecular
cytogenetics [51].

In 1992 a new method for detecting chromosomal imbalances emerged, called
Chromosomal Comparative Genomic Hybridization (CGH), where entire
chromosomes of a test genome, colored with fluorescence are hybridized (combined)
with a reference genome marked with fluorescence of a distinct color (usually the
fluorescent molecules used are red and green). When the DNA of the complementary
chromosomes of test and reference genomes hybridize together equally the resulting
fluorescence is yellow. When either green or red fluorescence predominates at a
specific chromosomal region, then this stretch of DNA is over or underrepresented,
allowing to infer duplications or deletions in one genome regarding the other. The
classic CGH has an average resolution of 10 - 20 Mbp and, even though it is not able

to detect minor chromosomal changes, it has been widely used in several types of
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cancer, in the search for duplications and/or deletions in tumor DNA as it allows direct
comparison of the genome of normal versus tumor cells from one individual [33].
Comparative genomic hybridization by arrays (array-CGH or aCGH) also
known as Chromosomal microarray (CMA) or simply genomic microarrays, emerged
as a development of the classical CGH, allowing to detect CNVs of much smaller size.
It allows the hybridization of small fragments of a test genome to probes of a reference
genome that are fixed in microwells to a solid matrix (microchip), using the same CGH

comparison principle (Figure 2).
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Figure 2- Array comparative genomic hybridization - array-CGH.

Modified from Colaianni; Mazzei and Cavallaro, 2016 [51].

There is however an important limitation of the microarray in relation to the
conventional karyotype. Because of the quantitative nature of this test, CMA does not
detect balanced changes, as can occur in some inversions and translocations, and
cannot specify where in the genome the additional DNA is located in the event of
dosage gain. Also, CMA fails to detect the often-complex chromosomal
rearrangements that may underlie an apparently simple duplication or deletion, which
occurs even more often when more than one significant CNV is found in the genome
[53, 54].

Technology based on Chromosomal Microarray
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Initially, the genomic microarray technology used probes whose matrix was
made from DNA segments cloned into vectors such as Bacterial Artificial
Chromosomes (BACs) and Yeast Artificial Chromossomes (YACs). These DNA clones
were relatively large, with sizes of approximately 150 and 200 Kpb, generating an
intense hybridization signal with a high signal-to-noise ratio. Targeting mostly
subtelomeric, pericentric and other regions involved with recurrent microdeletion or
microduplication syndromes already characterized, in the remaining genome the
clones (probes) were arranged to cover intervals of about 1 Mbp or larger. Although
this  resolution does not allow to detect minor or unknown
microdeletions/microduplications, the diagnostic yield of this technique is 7% to 11%
in cases already screened with classical cytogenetic analysis [9, 55].

With the improvement of the array technology, arrays based on oligonucleotide
probes emerged and are currently the predominant arrays in the detection of CNVs,
having replaced the BAC/YAC -based arrays in clinical practice. The great advantage
of the oligonucleotide CMA is the small size of the probes which vary between ~25 to
85 bp, allowing a higher resolution, depending on the number and spacing (density) of
the probes used, increases the diagnostic yield in 15% to 20% compared to
conventional karyotyping [48, 56, 57].

Currently, commercially available high-density oligonucleotide arrays have
available three different technologies: (1) Chromosomal Microarray (CMA) with non-
polymorphic oligonucleotides, (2) genotyping arrays of Single Nucleotide
Polymorphisms (SNP arrays) and (3) platforms which combine both, CMA and SNP
arrays.

As of 2011, the use of CMA has been clinically recommended as the preferred
cytogenetic diagnostic test for patients with NDDs, including delayed

neuropsychomotor development.

CMA Platforms

The main companies that work with commercial oligonucleotide platforms are Agilent,
[llumina and Affymetrix (Thermo-Fisher Scientific).

Agilent Technologies® and has several array-CGH oligonucleotide platforms (1x1M,
2x400K, 4x180K and 8x60K), for example the 8x60K platform has eight areas with ~
60,000 probes in each area, with probes dispersed throughout the entire genome
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(Agilent Technologies, Santa Clara, USA), with an average spacing of 40 Kpb between
the probes.

lllumina has the CytoChip Oligo 2x105K (2 x ~105k probes) and CytoChip ISCA
microarray platforms, which have a design developed with a focus on
neurodevelopmental disorders.

One of the most modern CMAs platforms is Affymetrix CytoScan®HD (Affymetrix,
Santa Clara, USA), currently purchased by Thermo Fisher, which offers more than 2.7
million genomic markers, including 1.95 million distributed probes by the genome to
detect CNVs, in addition to 750 thousand probes for single nucleotide polymorphisms
(SNPs). On this platform the average probe spacing for the RefSeq genes is 400 bp,
with 96% of the genes represented by probe coverage.

Another Affymetrix platform is CytoScan® 750K Arrays, with lower resolution and
probes empirically selected from CytoScan® HD, has 750,000 genomic markers,
consisting of 550,000 unique non-polymorphic probes and approximately 200,000
SNPs. For both, the recommendation as a parameter of analysis is 150 Kpb for gains
and 100 Kpb for genomic losses, according to the recommendations of the ACMG

(American College of Medical Genetics) [58].

Technology based on New Generation Sequencing (NSG)

Another major advance in molecular diagnostics and genetic testing has been
the advent and enhancement of next-generation sequencing (NGS) technologies, such
as targeted sequencing [59, 60], whole-exome sequencing (WES) and whole-genome
sequencing (WGS) [36, 59, 61, 62].

NGS involves sequencing millions of small DNA fragments in parallel, while
WGS sequences each of the three billion bases in the human genome multiple times
to provide high depth and accuracy. Bioinformatics analysis is then used to align and
piece together these fragments using the human reference genome as a guide. NGS
can be used to sequence entire genomes, as in WGS, or restricted to specific areas,
including the coding regions of all 22,000 genes (WES) or a small number of individual
genes [63]. That revolutionized the ability to simultaneously analyze multiple genes
accurately and efficiently and has made it possible for laboratories and clinical

research centers to create multigene panels for many clinical indications [64, 65].
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Most commercially available massively parallel sequencing platforms are
based on the sequencing by synthesis (SBS) concept. This method involves the
incorporation of nucleotides using enzymes and detection schemes, allowing the
platform to collect data during the synthesis step. The enzymatic synthesis occurs on
a model template, enabling high-throughput sequencing of millions of DNA fragments
in parallel [66]. However, currently, there are several different NGS platforms using
different sequencing technologies, the detailed discussion of which is beyond the
scope of this article, as the main purpose of NGS is the analysis of single nucleotide
variants (SNVs), also known as point substitutions or mutations and the detection of
insertion or deletion events ("indels"), in which one or more nucleotides were added or
deleted compared to the reference genome [66, 67].

Here, we will focus on the different technological features of the NGS that
enable the detection of CNVs.

Detecting structural variation and CNVs using NGS data requires different
bioinformatics algorithms than SNV calls.

Paired-end mapping — The method is based on comparing the average insert
size between the actual sequenced reading pairs with the expected size based on a
reference genome. However, this method cannot be applied to detect CNVs in regions
of low complexity with segmental duplication. An advantage of the paired-end mapping
method for reading pair is that it detects both CNVs and rearrangements
(translocations and inversions) [68, 69].

Split read - The method uses end-of-pair sequencing reads, where only one
read of the pair has a reliable mapping and the other fully or partially fails to map to the
genome. Unmapped reads are a potential source of single base pair level breakpoints
[69].

Read depth - They are based on the assumption that there is a correlation
between the depth of coverage of a genomic region and the number of copies of the
region. Read depth methods can be categorized into three classes: single sample,
paired case/control samples, and a large sample population. The advantage of the
read depth method is the ability to detect large CNVs and predict the actual number of
copies; counterpoint, this method cannot detect the exact breakpoint or detect
rearrangements [69, 70].

De novo Assembly — In this method, a contig/scaffold is first generated, which

is then compared with the reference genome to discover structural variation.
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Eukaryotic genomes contain a significant fraction of segmental repeats and
duplications, which makes these methods less accurate and more complex, performing
poorly in these complex regions [69].

Among these four strategies, RD-based methods are the most used, as they
can theoretically infer CNVs of any size and deduce the corresponding copy numbers
[71].

In practice, in routine CNV analysis, many clinical laboratories that are using
NGS data to detect CNVs and generally use a combination of 2 or more methods.

It should be noted that, although in the last decade, the chromosomal
microarray (CMA) has been considered the first-line clinical diagnostic test for
individuals with NDDs or congenital anomalies, as it allows a diagnostic yield of
approximately 15-20% [72], recent studies with WES, suggest a diagnostic yield of 30-
50%, because with the new analysis methods it detects from single nucleotide
mutations to CNV [61, 73, 74]. Therefore, the American College of Medical Genetics
and Genomics (ACMG) now strongly recommend the application of Exome as a first
line test in patients with NDDs [75].

CNVS INTERPRETATION AND CLASSIFICATION

Interpretation and classification of CNVs

The interpretation of CNVs by CMAs has been expanding the range of known
mutations for many clinical genetic disorders. Initially, platforms and software for
processing raw data by default exclude the most common CNVs, which are generally
related to population variations, contributing to a more careful interpretation.

In the clinical interpretation of the treated data, most laboratories approach a
flow of three steps aiming to characterize each detected CNV:

(1) initially seek to compare the detected CNVs with control data sets (genomic
variations in unaffected individuals, often parents of patients, or individuals whose
purpose of the microarray examination was otherwise biased) from their internal

databases, national databases and international ones deposited in online databases,
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thus eliminating frequent variations and also the less frequent, but still considered
‘common” in human beings [76].

Another form of comparison with control is the parental test to look for inherited
small and rare CNVs, identifying particular family variants, not previously seen in
patient cohorts or in a control group, in which case additional family samples such as
from unaffected siblings are still possible [77]. If a CNV that is detected in the affected
individual is also seen in an unaffected parent or sibling, it is less likely to be
pathogenic. However, in the case of comparison of familial variants, it is important not
to exclude these CNVs from the next stages of analysis, since there are reports of
hereditary pathogenic CNVs that may be of variable expression/penetrance or may be
a clue for investigating a recessive mutation in the remaining allele in the affected
individual [78];

(2) Comparing the CNVs detected with data already found and interpreted by
other affected individuals, both in their own databases and with databases of cohorts
of affected individuals. An important detail at this stage is the relative size of CNVs,
large CNVs (microscopically visible through classical cytogenetics, used for decades
in clinical practice) are very often associated with phenotypic consequences as they
encompass a significant number of genes, in addition to being the most characterized

in cohorts affected individuals.

(3) finally, the last step consists of a thorough analysis of the remaining CNVs,
considering whether it includes unique sequences, if it contains genes, regulatory

regions or if it is composed of repetitive elements and/or pseudogenes.

When CNV covers genes, the content of the gene and its expressed product
are considered in terms of their potential clinical associations, as well as data on their
sensitivity to dosage. In the case of CNVs involving a partial gene (deleting or
duplicating only one/a few exons, promoter regions, intronic regions), it is important to
analyze whether this structural variation in the gene affects its product, both in the
conformation of the protein or molecule, as in its amount. Both analyzes are based on
the role of the gene and its predicted or characterized function in model organisms in
studies published in the scientific literature. Finally, no conclusions about pathogenicity

can be drawn until the variant is well characterized in more affected individuals [76].
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In contrast to frequent or polymorphic CNVs, which occur in the population with
a frequency above 1%, some CNVs are characterized as rare CNVs when they occur
at a frequency below 1%. Both types of CNVs occur both in the normal population and
in affected individuals, but pathogenic changes are usually rare or very rare [79].

For an adequate interpretation of CNV and to define the main clinical
manifestations associated with microduplications of microdeletions found, the
phenotype-genotype correlation is crucial. Therefore, it is essential for the requesting
physician to describe the patient's clinical and dysmorphological phenotypes as
accurately as possible [77, 80]. The biggest challenge is still to distinguish, through the
analysis of CNVs, benign variations from those that may have clinical relevance [81].

Recently, in a joint effort between the American College of Medical Genetics
and Genomics (ACMG) and the Clinical Genome Resource (ClinGen), aiming to
promote greater consistency and transparency in the interpretations of CNVs, a series
of technical recommendations were published, in which they categorize the most
relevant evidence for the classification of a CNV like genomic content, dose sensitivity
predictions, predicted functional effect, clinical overlap with patients in the medical
literature, evidence from case and control databases, and inheritance patterns for
individual CNVs [82].

After nearly a decade from the first guidelines in 2011, the updated guidelines
classify the CNVs into one of five categories: benign, likely benign, a variant of
uncertain significance, likely pathogenic, or pathogenic.

Furthermore, to minimize the divergences between laboratories and
subjectivities in the interpretations of the CNVs, a semi-quantitative scoring system
based on points was developed, in which a relative weight was assigned to each
evidence. For gains (duplications) and losses (deletions), separate scoring metrics
were developed, due to the distinct properties and differences of the CNVs. Based on
genomic content, dosage sensitivity predictions, predicted functional effects, clinical
overlap with patients in the medical literature, evidence from case and control
databases, and inheritance patterns for individual CNVs, the scoring system
categorizes evidence as "very strong" if it receives = 0.90 points, "strong" with 0.45
points, "moderate" with 0.30 points and "evidence" with < 0.15 points. CNVs with an
endpoint value 20.99 are interpreted as pathogenic, while CNVs with values between
0.90 and 0.98 are considered likely to be pathogenic. Variants of uncertain significance

(VUS) have a wider range of scores corresponding to points between -0.89 and 0.89.
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CNVs with refuted evidence with scores between -0.90 and -0.98, or <-0.99 are

considered probably benign and benign, respectively.

DIAGNOSTIC RATE OF NDDs IN CNVs STUDIES

In order to review the diagnostic mean in cohort studies that evaluate CNVs
as genetic etiologies of NDDs, we set a bibliographic review in the
PUBMED/MEDILINE repository, in which the following terms were searched: ((((CMA
[Title/Abstract]) OR (chromosomal Microarray [Title/Abstract])) OR (array-CGH
[Title/Abstract])) and ((((((Neurodevelopmental disorders [Title/Abstract])) OR
(intellectual disability [Title/Abstract])) OR (ID [Title/Abstract])) OR (autism spectrum
disorder [Title/Abstract])) OR (ASD |[Title/Abstract])) OR (developmental delay
[Title/Abstract])) and (Cohort)), in publications between 2010 to 2023.

As a result, 189 indexed publications. After a thorough reading and evaluation,
in which we excluded review publications, case descriptions, investigations of
syndromes or specific genomic regions, duplicate results and a study without a clear
description of the number of individuals in the sample and/or diagnostic rate, we had
selected 84 studies published with the diagnostic rate of different ethnicities,
populations, age groups and with the most diverse NDDs. Table 1 exemplifies the
various studies of CNVs carried out in cohorts of affected individuals around the world
and their diagnostic rates.

To assess the mean diagnostic rate of CMA in these studies, outliers in
detection rate of pathogenic CNVs were identified (robust nonlinear regression [Q =
1%]), and excluded (1 study).

Table 1 - The 84 published studies that used CMA for diagnostic testing in the search
for genetic etiology in a cohort of affected individuals and fulfilled the selection criteria.

Detection rate of

Study Cohort CMA Platforms Sample pathogenic+
CNVs in %.
Ezugha et al, Children With NDDs or Epilepsy =~ BACs and custom microarray with 82 11
(2010)[83] from Philadelphia (USA) 1.8 million SNPs.

Patients with ASD from Boston 244k A, Affymetrix 500k or v5.0

Shen et al, (2010)[84] (USA) SNPs-array

848 7

Bartnik et al, Patients with epilepsy and NDDs V8.0 and V8.1 OLIGO (180 K) 102 23.5
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Detection rate of]

Study Cohort CMA Platforms Sample pathogenic+
CNVs in %.
(2012)[85] (Poland) (custom-designed)
Iourov et al, . . . slightly modified Constitutional
(2012)[86] Children with NDDs (Russia) BACs Chip®4.0 Perkin Elmer >4 28
Howell et al, Patients with neurological HumanCytoSNP-12 v2.1C or 2.7M 215 3.8
(2013)[87] conditions (Australia) arrays 2 '
Shoukier et al, Children with unexplained . A
(2013)[88] DD/ID (Germany) 244K or SurePrint G3 Human 342 13.2
Kashevarova et al, . . . N
(2014)[89] Russian patients with ID 44K e 60 K. 79 28
Bartnik et al, . . . .
(2014)[90] Polish patients with NDDs V8 OLIGO 180k (custom-designed) 256 19.8
Preiksaitiene et al, . . . A
(2014)[91] Lithuanians with NDDs 105k e 400k 211 13.7
Rosell6 et al, . . . A
2014)[80] Children with NDDs (Spain) 44K 246 29.7
Asadollahi et al, . . .
(2014)(ASADOLLAH Patients with (I)\i]i)]i)ns of European SNP 2:1:1&)(/: 6£,SS£%gglstchs 2.7 714 1
Tetal,2014) & y
CMAs from Johns Hopkins .
He:lz(:]elr“s;)[g;t al Hospital and Kennedy Krieger guxag%ﬁifllg/ﬁ;adggg 0£ 1.780 12.7
Institute (USA) uma cadtup
Pereira et al, Patients with ID from central B
(2014)[94] Brazil CytoScan® HD 83 21.7
Chong et al Custom-designed 44 K and ISCA
g ’ Patients with NDDs (Hong Kong) designed 180 K oligonucleotide 105 19
(20149[95] microarrays
Pfundt et al, . . CytoScan DX (Platform similar to
(2015)[96] North Americans with NDDs CytoScan® HD)? 960 13.8
Coutton f;la" @019 Rrench children with mild ID 180K A 66 21
Lay-son et al, Patients with NDDs from B
(2015)[56] Santiago (Chile) CytoScan® HD 40 2
Al-Qattan et al, Cohort of DD/ID (Saudi Arabia - SNP 6.0 array, Cyto-V2, 183 21
(2015)[97] consanguinity rate of 56%) CytoScan® HD B
Eriksson et al 180-k custom design (Oxford Gene
’ Children with ASD (Sweden) Technology Begbroke, Oxfordshire, 162 8.6
(2015)[98] UK)
Naseer et al, Epilepsy patients with and . A
2015)[99] without ID (Saudi Arabia) Sure print G3 Hmn CGH 2x 400K 22 36.4
Patients with ASD/DD/ID BlueGenome CytoChip v2
Xu et al, (2016)[100] recruited from Duke Children's BAC array C; v6.0 SNP 115 22.6
Hospital (USA) array and CytoScan® HD B
CMA to a CLIA-licensed FSDX plus (N = 5487) and
Ho et al ( )[101] aboratory for etiological todScan = 5.487 .
2016)[101 lab for etiological CytoScan® HD B 48 9.2
diagnosis (USA) 1172)
Wolfe et al, Adults with ID presenting with NimbleGen 135K 202 11

(2016)[102]

comorbid psychiatric disorders
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Detection rate of]

Study Cohort CMA Platforms Sample pathogenic+
CNVs in %.
(England)
Siu et al, (2016)[103] Chinese ASD patients NimbleGen CGX-135K 68 11.8
oligonucleotide arrays
D'Arrigo et al, . . . A
(2016)(D’ ARRIGO et Patients w1th(II\tIBD)s from Milan 4)é 1 8(())Ch ior Isli?th;l Li(l)eK 329 16
al., 2016) Y ytochip,
Quintela et al, .. . . Cytogenetics Whole-Genome 2.7 M
017)[105] Galician patients (Spain) and CytoScan® HD P 573 13.6
Anazi et al, Individuals with ID (Saudi B
Q017)[106] Arabia) CytoScan® HD 178 27
Faundes et al, Chilean patients with NDDs 8x60K 4, ISCA v2 224 19.2
(2017)[107) p ’ :
Berg et al 2017)[108]  Cnildren with early-life epilepsies Does not cite 188 17
(UsA)
Di Gregorio et al, . . A
Q017)[109] Patients with DD/ID (Italy) 60K 1015 16
Heide et al, Patients with corpus callosum 370CNV-Quad, cytoSNP-12, 149 133
(2017)[110] abnormality and ID (France) HumanOmniExpress-24 Illumina '
Hnoonual et al, Lo . Infinium CytoSNP-850K v1.1
@017)[111] Thai patients with ASD Beadchip © 114 6.1
Mak et al, . . . NimbleGen-CGX-135k or Agilent-
(2017)[112] Chinese children with ASD CGX 60k oligonucleotide array 258 35
Lintas et al, 19 Italians multiplex families A
(2017)[113] with ASD 180K 41 366
Peycheva et al, Bulgarian patients with epilepsy SurePrint G3 Unrestricted CGH 9 152
(2018)(133) and ID ISCA v2,4x 180K * '
Xu et al, (2018)[114] Han Chinese children with NDDs CytoScan® HD B 434 13.6
Adults with ID and comorbid 400 K A,CytoSure ISC* oligoarray
Thygesen et al, psychiatric disorders (Catalonia, :
- - set, NimbleGen 135K and 599 13
(2018)[115] Spain; Leuven, Belgium; and Cvioscan7SOK B
England, UK) y
Papuc et al Patients with epileptic
@ ({)1 8)[11 6], encephalopathies and NDDs from CytoScan® HD B 63 10
Zurich (Switzerland)
Fan etal, 2018)[117]  Chinese patients with DD/ID Cyt"sc““@ggg@d CytoScan 710 28
Leeetal, 2018)[118] " 2tients with DD/ID from Seoul 1%244K,, 4% 180K, or 8x60K 649 16.9
(South Korea)
Napoli et al, Individuals with essential ASD A
(2018)[119] (Italy) 4 < 180K 133 ?
Chan et al, Children with ID from Hong PerkinElmer CGXTM v2 60K 138 116
(2018)[120] Kong arrays ’
Maini et al, . . . .
Children with NDDs (Italy) 8x60K oligochips 339 20.6

(2018)[121]

Homma et al,
(2018)[122]

Children with NNDs,
dysmorphisms and short stature
from Sao Paulo (Brazil)

whole-genome 180 K platform,
SNP array CytoSNP-850K 229 13
BeadChip or CytoScan HD #
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Detection rate of]

Study Cohort CMA Platforms Sample pathogenic+
CNVs in %.
Children diagnosed with ASD A
Sys et al, (2018)[123] (Belgium) 60K 311 8.9
Vifias-Jornet et al Adult with mild-moderate ID and
’ co-morbid psychiatric disease 400K 86 12.8
(2018)[124] .
(pais?)
. Atypical and/or syndromic ASD
M(ggil;c)l[ll;ts?l’ patients with moderate to severe 60K A 388 8.8
ID (France)
Coppola et al, European patients with epilepsy A c
(2019)[126] (Paises?) Several arrays * and HumanCNV 1097 12.9
Chaves et al, Patients with NDDs from the CytoScan® HD and CytoScan 420 13
(2019)[53] south of Brazil 750K B
Patients with NDDs (South SurePrint G3 Human CGH
Han etal, (2019)[127] Korea) Microarray 8 x 60 K kit 65 384
Jang et al, Patients with NDDs (South SurePrint G3 Human CGH 617 198
(2019)[128] Korea) Microarray 8 X 60K '
Lindstrand et al, . . 4 x 180K custom oligonucleotide
(2019)[129] Patients with NDDs (Sweden) microarray 100 12
Wayhelova et al, . . .
Patients with NDDs ~ (Czech SurePrint G3 Human and Cytosure
(2019)(WAYHELOV - 542 17.7
Aetal, 2019) Republic) ISCA 4X180K UPD array
Micleaa et al, Romanian patients with obesity Infinium OmniExpress-24 36 222
(201 9)[131] and NDDs BeadChip array '
Capkova et al, Patients with ASD  (Czech A 15 C
2019)[132] Republic) Cytoscan HD * or CytoSNP-12 92 8.1
Monteiro et al, Portuguese children and A
(2019)[133] adolescents with ASD 4x 180K 253 1.5
Pinheiro et al, . . A
(2020)[134] Patients with NDDs (Portugal) 4x180K 215 233
Calderoni et al, Females with idiopathic ASD A
(2020)[135] from Italy 8x60K 9% 222
Mohamed et al, Unrelated patients with NDDs B
(2020)[136] (Saudi Arabia) CytoScan® HD 169 1
Espeche et al, . . . A
(2020)[137] Patients with DI (Argentina) ISCA v2 8 x 60 K 133 12
Farooqi et al, Reinterpretation of CMA from .
(2020)[138] UT Southwestern institutional customized CMA 998 10
o . . CytoScan® HD B, 244k/180k/60k *
Yuan et al, Pediatric patients with NDDs L ) .
2021)[139] (China) or custom-de51gnced chip, SNP chip 9.782 21.37
Milone et al, Patients with NDDs (Italy) 44K, 60K, 180K * and 6.0 Chip ® 593 16
(2021)[140] ’ ’ ’
Zacher et al, Adult/elderly with NDDs and
@2021)[141 epilepsy (Germany) CytoSNP-850K v 1.1. and 1.2 150 16
Yang et al, Korean children with DD/ID A
021)[142] (South Korea) CytoScan 750K 308 185
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Detection rate of]

Study Cohort CMA Platforms Sample pathogenic+
CNVs in %.
Moirangthem et al Patients with disorders with
g i overgrowth and ID from North CytoScan® HD ® 18 11.1
(2021)[143] .
India
Volo et al, Italian cohort of patients with ID, BACs array-CGH and a-CGH with 33 178
(2021)[144] MCA and ASD oligonucleotides '
Dai et al, (2021)[145] Chinese patients with ID CytoScan® HD B 105 46.67*
Yang etal, Patients with epilepsy (China) CytoScan 750K B 102 16.7
(2021)[146] ’
Costa et al, . . . A
2021)[147] Patients with ASD (Brazil) 180K 122 4.1
SurePrint G3 Human CGH
Perovic et al, Serbian patients with CAs and/or Microarray 8 x 60K, and SurePrint 430 16.3
(2022)[148] NDDs G3 Human CGH +SNP Microarray '
4 x 180K *
Chehbani et al, . . - CGH SurePrint G3 Microarray
(2022)[149] Children with ASD (Tunisia) 4 % 180 K Kit A 98 11.2
i Patients with NDDs
Nassir et al, Does not cite 98 53
(2022)[150] (United Arab Emirates)
Liu et al, (2022)[151] Han Chinese patients with NDDs ~ SNP Array 6.0 or CytoScan® HD & 402 20.9
. . GeneChip Genome-Wide Human
Lee et al, (2022)[152] ASD patients (Taiwan) SNP array 6.0 ® 80 33.8
Leite, et al, Patients with NDDs from Central B
2022)[153] Brazil CytoScan® HD 83 32.5
Retrospective study: Patients with CytoChip-180K Oligo and
Suetal, (2022)[154] NDDs from Colorado (USA) CytoSNP-850K © 4040 12.9
Krepischi et al, o . . Infinium CytoSNP 850K BeadChip
(2022)[155] Brazilian children with NDDs € and CytoScan 750K Array ® 5.788 19.5
patients with NDD and
Tolezano et al, microcephaly associated or not
(2022)[156] with other congenital anomalies 60 K or 180 K whole-genome 185 18.4
(Brazilian Patients)
Romanian patients with SurePrint G3 v2 8 x 60K (141
Streata et syndromic or non- patients), 4 x 180K (37 patients) *, 202 223
al,(2022)[157] syndromicglobal developmental and CytoSure ISCA V2 CGH 8 x '
delay /ID, 60K array (193 patients)
NimbleGen Array (CGX 1.4 M) (30
) patients; qChip Post (60 K; 5
Hungarian patients) and 180 K oligo-array (18
Lengyel et al. ) ) . A .
(2022)[158] patients with NDDs and/or patlents_) , CytoScan Optima (300 78 37.2
congenital anomalies K;5 patlents), CytoScan 750 K (17
patients), and CytoScan HD (3
patients) ®
Sheth et al, patient-parent trios of Indian . B
(2023)[159] origin diagnosed with ASD CytoScan Optima 300K 110 29
individuals over 3 years of age,
Sa“‘t"’l“(‘;'oTz‘;l)“[fg'o']‘tes who met DSM-5 diagnostic SurePrint G3 CGH 8 x 60 K * 212 13
et al criteria for ASD (Spain)
Akter et al, DDNs patients with ASD (India) ~ Global Screening Array-24 +v1.0 © 212 12.3

(2023)[161]




58

(NDDs) Neurodevelopmental disorders, (DD) developmental delay, (ID) Intellectual disability, (CAs)
Congenital anomalies, (ASD) Autism spectrum disorder, (CMA) Chromosomal microarrays. (A) Agilent
Technologies, Santa Clara, CA, USA, (B) Affymetrix, Santa Clara, CA, USA, (C) lllumina, San Diego,
CA, USA. +Detection rate including pathogenic and potentially pathogenic CNVs. * Outliers.

Our review involving 84 cohort studies of affected individuals with NDDs
investigated using CMA technology (of which 1 were excluded because they were
considered outliers), averaged 16.8% (95% CIl. 15.07-18.54) detection rate of
pathogenic CNVs. Figure 03, compared to the detection rate of pathogenic CNVs
before and after excluding outliers.

Comparing Pathogenic CNV Detection Rates in Individuals with Neurodevelopmental
disorders Before and After Outlier Exclusion.

Diagnostic rates of CMA studies

Diagnostic rates of CMA studies - After OQutlier Exclusion

o o D o © &
Detection rate of pathogenic CNVs in %
Figure 03: Comparing Pathogenic CNV Detection Rates in Individuals with NDDs Before and After
Outlier Exclusion. This figure illustrates the results of our comprehensive review involving 84 cohort studies of
individuals affected by NDDs, where CMA technology was employed for investigation. After excluding 1
outlier studies, the averaged pathogenic CNV detection rate was found to be 16.8% (95% CI: 15.07-18.54). This

figure visually presents the contrast between pathogenic CNV detection rates before and after outlier removal

In figure 04A we can see the comparison of the size (by country of origin of the
cohort) and of the different cohorts sampled in diagnostic studies of pathogenic CNVs
through CMAs in individuals with DNNs.



59

Figure 04

Comparison of sample size in number of individuals by cohort country in studies

of pathogenic CNVs.
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Figure 04A: Cohort Size and Geographic Distribution in Pathogenic CNV Diagnostic Studies. This
illustrates cohort size differences by country in diagnostic studies of pathogenic CNVs using CMA for
individuals with DDNs. Developed countries like the USA and China have larger cohorts, as do Europe

and the northern hemisphere, while less developed regions like South America and Africa have
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smaller cohorts. Latin America primarily uses classic karyotyping for genetic testing. Figure 04B:
Average Pathogenic CNV Detection Rate Across Sampled Cohorts. This figure displays the average
pathogenic CNV detection rate, as a percentage per cohort (countries), after excluding outliers from
the diagnostic analysis. Most studies fall within a 14% to 25% diagnostic range, indicating consistent

detection rates across different cohorts.

As we can see (figure 04A), the most economically developed countries, such
as the USA and China, are the ones with the largest cohorts of individuals with NDDs
studied for genetic diagnosis, through the CMA, as well as there are significant
samples in Europe and the northern hemisphere. In contrast to a low sample of
economically less developed countries, such as countries in the southern hemisphere,
as in South America and the African continent. In Latin America classic karyotyping is
still the predominant genetic test in clinical practice [53].

In figure 04B we can see the average detection rate of pathogenic CNVs in %
per sampled cohort (Countries), excluding outliers for the diagnostic rate. We can note
that most studies are within a diagnostic range of 14 to 25%.

The variance in the diagnostic rate of pathogenic CNVs, detected through the
CMA, occurs for different platforms used, the amount and spacing between probes,
the coverage of the entire genome, as well as the analytical power of each platform,
may compromise the size and location of diagnostically important CNVs.

Another important factor in the detection rate of pathogenic CNVs was the
knowledge added in the last decade about the pathogenic potential of new CNVs, as
new studies were being developed, new knowledge about the genotype x phenotype
relationship became clearer, thus increasing the efficiencies in the interpretation of
detected CNVs.

We also cannot fail to highlight that the diagnostic strategy, whether using CMA
as a first-line test in the diagnosis of NDDs, or as a complementary test, after screening
the classic cytogenetic test, such as karyotype or Fragile-X, thus influencing the final
efficiency rate of the CMA. Many of these cohort studies, due to their inclusion of multi-
center diagnostic and research centers, employ mixed and/or diverse genetic
screening diagnostic strategies, thereby becoming a limitation for diagnostic rate

comparison.
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CONCLUSIONS AND PERSPECTIVES

In recent years, there has been a significant advancement in the field of
genomic analysis, particularly in the use of CMA technologies for the detection and
evaluation of structural variations in the genome. This has led to an increase in cohort
studies of neuroaffected individuals, from diverse populations, aimed at understanding
the underlying pathophysiological pathways affected by CNVs.

Despite the growing availability and use of CMA as a first-line diagnostic test
in the investigation of neurodevelopmental disorders, the average diagnostic rate of
CNVs remains at 16.8% in cohorts of patients from different populations and
ethnicities. However, it is worth noting that most of these studies have been conducted
in the Northern Hemisphere, while in developing countries, such as those predominant
in the Southern Hemisphere, classical cytogenetics is still used as a first-line diagnostic
test in the investigation of neurodevelopmental disorders.

Therefore, there is a need for further research on CNVs and their implications
in diverse populations, particularly in developing countries, in order to increase the
efficiency and accuracy of diagnosis and management of neurodevelopmental
disorders. Additionally, ongoing research and advancements in technology are
expected to improve the detection and interpretation of CNVs, providing valuable
insights into the genotype-phenotype relationships and pathophysiological

mechanisms underlying these disorders.

LIST OF ABBREVIATIONS

NDDs — Neurodevelopmental disorders

ID - Intellectual disability

ASD - Autism spectrum disorder

CMA - Chromosomal microarrays

CNV - Copy number variants

NGS - Next Generation Sequencing

ACs - Congenital Anomalies

DGV - Database of Genomic Variant

OMIM - Online Mendelian Inheritance in Man

DECIPHER - Database of Chromosomal Imbalance and Phenotype in
Humans using Ensembl Resources

VOUS - Variant(s) of uncertain clinical significance

DD- Development delay

CAs - Congenital anomalys
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IUGR - Intrauterine growth restriction
Mbp - Mega base pairs
LCSH - Long continuous stretches of homozygosity
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4.2 CAPITULO Il - A COHORT STUDY OF INDIVIDUALS WITH
NEURODEVELOPMENTAL DISORDERS AND/OR CONGENITAL
ANOMALIES INVESTIGATED BY HIGH-RESOLUTION CHROMOSOMAL
MICROARRAYS IN SOUTHERN BRAZIL: The Significance of Autism Spectrum

Disorder.

Estudo de Coorte de Individuos com Disturbios do Desenvolvimento
Cerebral e Anomalias Congénitas Investigados por Microarray Cromossomico
de Alta Resolugdo no Sul do Brasil: A relevédncia do Transtorno do Espectro
Autismo.

Microarray cromossémico (CMA) é referéncia na avaliagdo de variagbes do numero
de cépias (CNVs) de individuos com disturbios do neurodesenvolvimento (DsND),
como deficiéncia intelectual (DI) e/ou transtorno do espectro do autismo (TEA), que
afetam cerca de 3-4% da populacdo mundial. As plataformas modernas para CMA
também incluem sondas para polimorfismos de nucleotideo unico (SNPs) que
detectam regides homozigodticas no genoma, como longos trechos contiguos de
homozigose (LCSH), que resultam de homozigose cromossémica completa ou
segmentar e podem ser indicativos de dissomia uniparental (UPD), endogamia,
caracteristicas populacionais, bem como eventos replicativos de reparo de DNA.
Neste estudo retrospectivo, analisamos os arquivos de leitura de CMA solicitados por
geneticistas e neurologistas para fins de diagndstico, juntamente com os dados
clinicos disponiveis. Nossos objetivos foram interpretar as Variagdes no Numero de
Copias (CNVs) e avaliar as frequéncias e implicagdes dos Longos Trechos Contiguos
de Homozigose (LCSH) detectados pelas plataformas Affymetrix CytoScan®HD
(41%) ou 750K (59%) em 1.012 pacientes do sul do Brasil. A maioria dos pacientes
era composta por criangas com DsND, e/ou anomalias congénitas (CAs). Um total de
206 CNVs foram interpretadas como patogénicas, incluindo 132 deleg¢des e 74
duplicagdes, encontradas em 17% dos pacientes da coorte e em todos os
cromossomos. Além disso, 12% apresentaram variantes raras de significado clinico
incerto, incluindo LPCNVs, como a unica CNV clinicamente relevante. Dentro do
contexto dos DsND o TEA possui importancia particular, devido a sua prevaléncia
crescente e suas crescentes repercussdes para individuos, familias e comunidades.
O TEA foi uma das fenotipagens clinicas, quando nado a principal razdo para a
realizacdo dos testes, em cerca de um terco da coorte, e esses pacientes foram
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analisados como uma subcoorte. Considerando apenas os pacientes com TEA, a taxa
de diagndstico foi de 11%, dentro da faixa relatada na literatura (8-21%). Foi mais alta
(16%) quando associada a caracteristicas dismorficas e menor (7%) para TEA
"isolado" (sem DI e sem caracteristicas dismorficas). Em 953 CMAs de toda a coorte,
os LCSH (=23 Mbp) foram analisados ndo apenas no contexto de seu potencial
significado patogénico, mas também foram explorados para identificar LCSH comuns
na populacdo do sul do Brasil. O CMA revelou pelo menos um LCSH em 91% dos
pacientes. Em cerca de 11,5% dos pacientes, o LCSH sugeriu consanguinidade do
primeiro ao quinto grau, com maior probabilidade de impacto clinico, e em 2,8%,
revelaram uma provavel Dissomia Uniparental (UPD). Os LCSH encontrados com
frequéncia de 5% ou mais foram considerados LCSH comuns na populagéo em geral,
permitindo-nos delinear 10 regides como potencialmente representando haplétipos
ancestrais de significado clinico negligenciavel. As principais indicagées para o CMA
foram atraso no desenvolvimento (56%), DI (33%), TEA (33%) e caracteristicas
sindrédmicas (56%). Alguns fenotipos nessa populagdo podem ser preditivos de uma
maior probabilidade de indicar um portador de uma CNV patogénica. Aqui,
apresentamos o maior relatério de dados de CMA em uma coorte com DsND e/ou
CAs do Sul do Brasil. Caracterizamos as CNVs raras encontradas junto com os
principais fenotipos apresentados por cada paciente e demonstramos a importancia e
utilidade da interpretacdo de LCSH nos resultados do CMA que incorporam SNPs,

bem como ilustramos o valor do CMA para investigar CNVs no TEA.

Palavras-chave: Autismo, Anomalias Congénitas, LCSH, Variagcbes No Numero De

Copias, transtornos do neurodesenvolvimento, Microarranjos Cromossémicos, Brasil.



80

A COHORT STUDY OF INDIVIDUALS WITH NEURODEVELOPMENTAL
DISORDERS AND/OR CONGENITAL ANOMALIES INVESTIGATED BY HIGH-
RESOLUTION CHROMOSOMAL MICROARRAYS IN SOUTHERN BRAZIL: THE
SIGNIFICANCE OF AUTISM SPECTRUM DISORDER.

Tiago Fernando Chaves'?, Maristela Ocampos?©, Ingrid Tremel Barbato®°, Louise
Lapagesse de Camargo Pinto*d, Gisele Rozone de Luca®?, Jorge Humberto Barbato
Filno®¢, Priscila Bernardi’¢, Yara Costa Netto Muniz82 and Angelica Francesca

Maris®P ¢,

1 Biologist, PhD student in cell biology and development, tiagochavo@msn.com
(corresponding author);

2 Biologist, PhD in biotechnology and molecular biology, m_ocampos@yahoo.com;

3 Biologist and MSc in chemical engineering, ingridtbarbato@gmail.com;

4 Medical geneticist, PhD in child and adolescent health, lapagesselou@gmail.com;
5 Medical geneticist and pediatrician, giselegenetica@gmail.com;

6 Medical neuropediatricia, jorgebarbato@yahoo.com.br;

7 Medical geneticist, pricila.bernardi@gmail.com;

8 Professor of the Department of Cell Biology, Embryology and Genetics, Biologist,
PhD in genetics, yara.muniz@ufsc

9 Professor of the Department of Cell Biology, Embryology and Genetics (Ret.) and
genetic counselor (volunteer), PhD in Genetics and Molecular Biology,
afmaris@gmail.com, angelica.maris@ufsc.br (corresponding author).

a Laboratério De Polimorfismos Genéticos (LAPOGE) - Universidade Federal de
Santa Catarina — Florianépolis —SC.

b Universidade Federal de Santa Catarina — Florianépolis —SC.

¢ Laboratory Neurogene — Florianépolis — SC.

d Children's Hospital Joana de Gusmao — Florianépolis — SC.

e University Hospital Professor Polydoro Ernani de Sao Thiago, Florianépolis — SC,
Brazil.

Email: tiagochavo@msn.com; afmaris@gmail.com



81

ABSTRACT

Chromosomal microarray (CMA) is the reference in evaluation of copy number
variations (CNVs) in individuals with neurodevelopmental disorders (NDDs), such as
intellectual disability (ID) and/or autism spectrum disorder (ASD), which affect around
3-4% of the world’s population. Modern platforms for CMA, also include probes for
single nucleotide polymorphisms (SNPs) that detect homozygous regions in the
genome, such as long contiguous stretches of homozygosity (LCSH). These regions
result from complete or segmental chromosomal homozygosis and may be indicative
of uniparental disomy (UPD), inbreeding, population characteristics, as well as
replicative DNA repair events. In this retrospective study, we analyzed CMA reading
files requested by geneticists and neurologists for diagnostic purposes along with
available clinical data. Our objectives were interpreting CNVs and assess the
frequencies and implications of LCSH detected by Affymetrix CytoScan®HD (41%) or
750K (59%) platforms in 1,012 patients from the south of Brazil. The patients were
mainly children with NDDs and/or congenital anomalies (CAs). A total of 206 CNVs
were interpreted as pathogenic, including 132 deletions and 74 duplications, were
found in 17% of the patients of the cohort and across all chromosomes. Further 12%
presented rare variants of uncertain clinical significance, including LPCNVs, as the
only clinically relevant CNV. Within the realm of NDDs, ASD carries a particular
importance, owing to its escalating prevalence and its growing repercussions for
individuals, families, and communities. ASD was one of the clinical phenotypes, when
not the main reason for referral to testing, for about one-third of the cohort and these
patients were further analyzed as a sub-cohort. Considering only the patients with
ASD, the diagnostic rate was 11%, within the range reported in the literature (8-21%).
It was higher (16%) when associated with dysmorphic features and lower (7%) for
"isolated" ASD (without ID and without dysmorphic features). In 953 CMAs of the whole
cohort, LCSH (=3 Mbp) were analyzed not only in the context of their potential
pathogenic significance but were also explored to identify common LCSH in the south
Brazilians population. CMA revealed at least one LCSH in 91% of the patients. For
about 11.5% of patients, the LCSH suggested consanguinity from the first to the fifth

degree, with a greater probability of clinical impact, and in 2.8%, they revealed a
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putative UPD. LCSH found at a frequency of 5% or more were considered common
LCSH in the general population, allowing us to delineate 10 regions as potentially
representing ancestral haplotypes of neglectable clinical significance. The main
referrals to the CMA were developmental delay (56%), DI (33%), ASD (33%) and
syndromic features (56%). Some phenotypes in this population may be predictive of a
higher probability of indicating a carrier of a pathogenic CNV. Here we present the
largest report of CMA data in a cohort with NDDs and/or CAs from the South of Brazil.
We characterize the rare CNVs found along with the main phenotypes presented by
each patient and show the importance and usefulness of LCSH interpretation in CMA
results that incorporate SNPs, as well as we illustrate the value of CMA to investigate
CNV in ASD.

Keywords: autism, congenital anomalies, LCSH, copy number variations,

neurodevelopmental disorders, chromosomal microarrays, Brazil.
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BACKGROUND

Neurodevelopmental  disorders (NDDs) predominantly = encompass
developmental delay (DD), intellectual disability (ID), and/or autism spectrum disorders
(ASD), impacting approximately 3-4% of the global population [1, 2]. These conditions
are classified as non-syndromic when they occur in isolation and syndromic when they
co-occur with dysmorphisms or evident congenital anomalies (CAs)[3].

With strong genetic underpinnings, ASD holds great significance within the
realm of NDDs due to its high prevalence and increasing impact on individuals,
families, and communities. The disorder's heterogeneity spans a wide spectrum of
symptoms and severity, usually accompanied by co-occurring conditions, being
characterized by impairment in social interaction and communication. According to the
Diagnostic and Statistical Manual of Mental Disorders - Fifth Edition (DSM-V), we can
understand the deficits in social interactions and social communications of individuals
with ASD based on three aspects: socio-emotional reciprocity; non-verbal
communicative behaviors used for social interaction, development, maintenance and
understanding of relationships; and restricted behaviors, such as repetitive patterns
exhibited as movements, use of objects or speech, unalterable routines or ritualized
behaviors (verbal or non-verbal), fixation on singular interests, and abnormal response
to variations in sensory aspects of the environment [4]. Based on common deficits, the
DSM-5 defines the current diagnosis of ASD that now, along with those of autistic
disorder (classical autism), also incorporates the diagnoses of childhood disintegrative
disorder, pervasive developmental disorder without other specification, and Asperger's
syndrome.

Sometimes ASD is the main diagnosis, sometimes it is comorbid to other NDDs
such as ID, frequent in the autistic spectrum. It can also be present in syndromic
conditions when apparent dysmorphic features (DF) or CAs are present [3].

It is estimated that ASD presents a heritability between 0.5 to 0.9% [5, 6]. A
recent review covering 74 studies with 30,212,757 participants concluded an estimated
global prevalence of ASD of 0.6%. It is highest in America (1%), Africa (1%) and
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Australia (1.7%) [7]. The prevalence of ASD worldwide has increased in recent
decades, for example in the USA, the Centers for Disease Control and Prevention
reported that the overall prevalence of ASD was 1,5% in 2010, 1.4% in 2012, 1.7 in
2014 and 1.9 in 2016, 2.3 in 2018 (CDC). The overall prevalence of ASD in Europe,
Asia has also been gradually increasing [8, 9]. In Brazil, as well as in Latin America in
general, epidemiological data on the prevalence of ASD are scarce. A single study
carried out in the Southeast region of Brazil in 2011, found an estimated prevalence of
0,3% [10], however, it is believed to be an underestimation due to methodological
issues. If we apply the prevalence of 1% estimated for the American population to the
Brazilian population (214 million), ASD should affect approximately 2 million individuals
[11].

Genetic and/or genomic factors such as single nucleotide polymorphisms
(SNPs) and CNVs [12-17] have been suggested as the etiological cause in 50-60% of
cases of ASD [18]. The SFARI Gene [6], one of the leading and constantly updated
genetic databases on ASD, associates 1,262 genes and 2,290 CNVs, including those
with rare frequency, to the condition (data from December 2022).

CNVs are structural variations in the DNA that involve gains or losses of large
segments of genetic material (from hundreds to several million base pairs) that may
be inherited or occur spontaneously during the formation of egg or sperm cells and can
affect gene dosage, causing loss of function, haploinsufficiency, or overexpression of
genes [19]. Specific CNVs have been shown to cause or increase the likelihood of
developing certain NDDs such as ID, ASD, schizophrenia, as well as CAs. However,
most people with CNVs do not have developmental disorders and for many CNVs
related to disorders the presence of the CNV per se does not implicate necessarily the
presence of the disorder, because their penetrance and expression is impacted by
other genetic and/or by environmental factors, which makes their interpretation
challenging.

For over a decade, Chromosomal microarray (CMA) technologies have been
clinically recommended as the primary cytogenetic diagnostic test for investigating
patients with NDDs [20] and in 2020 the ACMG reinforced this statement, along with a

more detailed guidance on interpreting results [21].
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Most modern microarray platforms along with genome-wide oligonucleotide
probes (depending on the CMA design) also integrate high-density SNP probes, that
test for single nucleotide changes in DNA sequences, allowing to detect regions of
homozygosity that can be associated with disease or other traits like ancestry.

Long contiguous stretches of homozygosity (LCSHs) are relatively common in
the general population and can occur due to the chance of unions among individuals
with a common ancestor, in these cases they rarely are related to disease, likely
characterizing regions of low recombination in the genome [22, 23]. However, larger
LCSHSs can also reveal consanguinity among parents, uniparental disomy (UPD) or
homologous recombinational DNA repair events and therefore be associated with an
increased risk for certain genetic disorders, particularly those caused by recessive
genetic mutations. In population studies, the minimal thresholds for calling LCSH are
usually set around 0.5-1.0 Mbp, while in clinical analysis, minimal thresholds are more
conservatively set at 3—10 Mbp [24].

The presence of multiple large LCSH = 5 Mbp, distributed throughout several
chromosomes suggests consanguinity between the individual's biological parents,
increasing the chance of inheritance of recessive monogenic disorders. However,
when large LCSH(s), reside in only one chromosome, this can reflect correction of
meiotic or early post meiotic errors that resulted in total or partial uniparental disomy
(UPD). UPD occurs when a person receives the two copies of a chromosome, or part
of a chromosome, from only one parent [25]. The two copies can be of maternal
(UPDmat) or paternal (UPDpat) origin. An UPD is not necessarily pathogenic, however
it is an important cause of genetic disease because several genes suffer genomic
imprinting, which silences one allele of the chromosomal pair in a gender-specific
manner and a series of imprinting disorders cause NDs associated with ID, autistic
behavior, DD and seizures, like the Angelman’s syndrome (UPD (15) pat), Prader-Willi
syndrome (UPD (15) mat), Beckwith-Wiedemann syndrome (UPD (11) pat), Silver-
Russell syndrome (UPD (7) mat), Temple syndrome (UPD (14) mat) and Kagami-
Ogata syndrome (UPD (14) pat) [26]. Even when not affecting imprinted genes, the
UPD can uncover recessive mutations in the uniparental homozygotic regions, for

which the sole transmitting parent of this region was heterozygous.
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Whole chromosome UPDs can arise as consequence of the correction of a
meiotic segregation error that resulted in a monosomic or a trisomic zygote, by
duplicating the only chromosome present in the monosomic zygote or by losing one of
the exceeding chromosomes in case of trisomy. In the monosomy rescue both
chromosomes of the pair will be from only one progenitor and completely homozygous
(isodisomic) whether in the trisomy rescue the UPD only occurs when the two
chromosomes that were retained are from the same progenitor. In later case they can
be totally isodisomic when the meiotic non-disjunction of the two sister chromatids
occurred in meiosis Il, however, when the meiotic error occurred in meiosis |, because
of the homologous chromosomal recombination they will be partially iso/heterodisomic
(one or more LSCHs on the chromosome) or completely heterodisomic (not originating
homozygous regions) since the outer sister chromatids do not recombine [27, 28].
Segmental UPDs can have complex causes, like rescue of a partial trisomy caused by
translocated chromosomes, DNA double-strand breaks or others involving a replicative
DNA repair mechanism [28-32].

The aims of this study included establishing the overall diagnostic rate of CMA
in our settings, to verify the contribution of LCSH, the significance of patients with ASD
phenotypes, to see if there is a difference in the diagnostic yield when considering only
those with ASD phenotypes, and to provide detailed genetic data of known causal

CNVs and/or of other rare, possibly causal, CNVs identified in the cohort.

METHODS

Ethical Aspects

The research project was reviewed and approved by the Research Ethics
Committee of the Hospital Infantil Joana de Gusméao, the children's hospital in
Floriandpolis-SC, Brazil, under the reference number 2,339,104, and was conducted
in accordance with the guidelines and criteria set forth in resolution No. 466/12 of the
Brazilian National Health Council. Patients or their caregivers provided informed
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consent to participate in the study. In cases where it was not possible to contact the
patient for justifiable reasons (such as loss of contact information), the data was still
used, and a Justification of Absence of Consent was signed by the research team. The
team committed to maintaining the confidentiality and privacy of the patients whose

data and/or information was collected in the records.

Cohort

The aim of this study was to investigate a significant cohort with developmental
disorders from South Brazil. We collected a total of 1120 chromosomal microarray
(CMA) read files that were performed by the Laboratério Neurogene in Floriandpolis,
Santa Catarina, Brazil, upon request by medical geneticists and neurologists for
investigative/diagnostic purposes, primarily from the Joana de Gusmao Children's
Hospital, but also from MDs from the University Hospital Professor Polydoro Ernani de
Sao Thiago and from private clinics in Florianépolis, State of Santa Catarina, between
2013 and 2019. These include also 420 previously published cases[28]. Furthermore,
68 out of 1120 cases were excluded because they belonged to unaffected family
members and 40 cases were excluded from the statistics of developmental disorders
due to insufficient clinical information. The analyzed sample, therefore, consists of
CMA read files and available clinical data from 1,012 patients, primarily children with
neurodevelopmental disorders, from southern Brazil.

For analysis of the significance of ASD in our cohort, we established a sub-
where we included every patient of the cohort where the clinical phenotype specifically
mentioned ASD, autistic disorder (classical autism), childhood disintegrative disorder,
pervasive developmental disorder without other specification or Asperger's syndrome
as the main reason for referral to testing or as one of the phenotypes of a broader
spectrum. We call "syndromic autism" those patients that had dysmorphic
features/congenital anomalies (accompanied or not by intellectual disability)
mentioned within their clinical phenotypes. In non-syndromic cases we have autism
with intellectual disability and what we call "isolated autism", which would be the non-

syndromic autism without intellectual disability. The ASD sub-cohort refers to 333
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patients from the south of Brazil, of which 134 are part of a previously published study

[33], for which CMA reading files and clinical data were available.

Collection of clinical data

To establish a correlation between the phenotype and potential causal genes,
we gathered the required phenotypic/clinical data in the exam request form and, when
possible, supplemented with direct information by their medical doctors. This was done
through a questionnaire that asked information about the individual's clinical
presentation, behavior, history of physical exams, previous genetic and metabolic tests
results, and prescription medication. No new appointments were arranged with the
patients for this study, and clinicians retrieved most of the data from their medical

records.

Genomic analysis

The investigative CMA platforms used were CytoScan® 750K (59%) and
CytoScan™ HD (41%) and the resulting files were analysed using the Chromosome
Analysis Suite (ChAS) Affymetrix® software, which is based on the reference genome
sequence of the University of California, Santa Cruz database (https-
//[genome.ucsc.edu/cgi-bin/hgGateway) using the human genome version of February
2009 (GRCh37/hg19). The analysis was retrospective, with the use of the CMA runs
obtained from a clinical diagnostic laboratory, with previous consent of the patients.

Typically, the filter criteria for interpreting CNVs for diagnostic purposes are
sizes larger than 100 Kbp for deletions and larger than 150 Kbp for duplications, both
containing at least 50 markers, according to ACMG recommendations [18, 19].
However, since this is a research study, that aims to identify potential new genes
involved in developmental disturbances, we reduced the filter parameters to >10 Kbp
for deletions and for duplications, both with at least 10 markers. To interpret the CNVs,
we followed the latest recommendations of the ACMG and the Clinical Genome

Resource [21].
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CNVs interpretation and classification

To interpret CNVs, regarding their function, dosage effects (known
haploinsufficiency or overexpression studies) and effects of mutations, the UCSC
Genome Browser with integrated databases was widely used, mainly ClinVar (NCBI),
DECIPHER (Database of Chromosomal Imbalance and Phenotype in Humans using
Ensembles Resources), DGV (Database of Genomic Variants), OMIM (Online
Mendelian Inheritance in Man), ISCA (International Standard Cytogenomic Array),
dbGaP (Database of Genotypes and Phenotype), dbVAR (Database of Large Scale
Genomic Variants), ECARUCA (European Cytogeneticists Association Register of
Unbalanced Chromosome Aberrations), PUBMED (Public Medline), ClinGen (Clinical
Genome Resource), MGl (Mouse Genome Informatics Database, from The Jackson
Laboratory), SFARI (Simons Foundation Autism Research Initiative) and the private
database CAGdb (Cytogenomics Array Group CNV Database). We also use the
interpretation of genomic variants as a tool, the Franklin platform [20], based on
Artificial Intelligence, for classification and interpretation based on scores, as
suggested by Riggs and coworkers [5].

The variants were classified into four types according to clinical interpretation
as benign variants, variants of uncertain significance (VUS), likely pathogenic VUS
(LPCNVs), or pathogenic variants (PCNVs), and the result in each case was assigned
based on the CNVs of greatest clinical relevance detected in the genome of the
patients [5].

Variables like location, type and size of each CNV, the CNV classification,
number of CNVs detected for each individual, age, gender, clinical descriptions
(phenotypes), previous genetic testing results (karyotype, fragile X, etc.), and other
relevant known clinical data to which we had access, were compiled (with coded
identification) into simple Excel sheet for data handling with the R software (version
3.4.2, the R Foundation for statistical Computing). This was done to understand the
phenotypic frequency, the diagnostic rates, the average age and the gender

distribution in the cohort, the frequency of genomic changes in each chromosome and
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to find if there are any phenotypic clues related to a higher diagnostic probability by
CMA (predictive phenotypes of a higher chance to be related to a pathogenic CNV),
that possibly in the future could allow to select the cases that would benefit the most

using CMA as a first-line test in settings of financial shortage.

Statistics

In the study, in addition to the descriptive biostatistical analysis, the univariate
analysis (Fisher's test) was applied to identify eventual predictive phenotypes for a
higher diagnostic result (greater chance of having a pathogenic CNV). To compare the
mean sizes, amounts of covered genes and quantities of covered OMINs genes in the
CNVs, by type of CNV found, multivariate analysis such as mean comparison test
(Tukey's Multiple test) was applied. A p-value less than 0.05 was considered

statistically significant.

Selection and analysis of LCSH

The analysis and selection of LCSH followed the methodology outlined in
Chaves & coworkers (2019), applying a threshold of = 3 megabase pairs (Mbp) for the
LCSH analysis. This threshold is typically used in clinical investigations, as opposed to
population-based studies, where the cut-off threshold is usually considerably lower [8].
All participants who had LCSHs satisfying the above criteria were included, regardless

of whether they had or not a pathogenic CNV.

Automation of LCSHs analyses.

For investigation of consanguinity and comparative LCSH analysis among
cases as well as for calling potential UPD, all the LCSH reported in ChAS for each
case were copied with coded identification and compiled into Excel sheets.

For a more adequate and precise analysis the process was automatized and all
LCSHs found in the cohort were imported into Google Colab and manipulated using

the Python programming language. The libraries used for data manipulation and
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analysis were Pandas and NumPy (for numerical computations). The code used for
the analysis is available on the project's GitHub page:

https://github.com/tiagochavo87/LCSH_analysis

Analysis of consanguinity

The frequency of consanguinity in the cohort was calculated according to
Kearney, Kearney and Conlin (2011). In short, when the homozygous patterns
suggested inbreeding, all the regions of homozygosity = 3 Mbp distributed throughout
the chromosomes were added, with exception of the LCSH located on the sex
chromosomes; the total sum in Mbp being divided by the size of the autosomal
genome, 2.881 Mbp (GRCh37 / hg19). The percentage obtained was correlated with
the inbreeding coefficient (F), which is: 25% (first grade; 1/4 - parent/child or full
siblings), 12.5% (1/8 — second grade: half siblings; uncle/niece or aunt/nephew; double
first cousins; grandparent/grandchild), 6% (1/16 - third grade: first cousins), 3% (1/32
fourth grade: first cousins once removed), 1.5% (1/64 — fifth grade: second cousins), <
0.5% (1/128 - seventh grade: third cousins) [8]. Kearney and co-workers emphasized
that this is a crude calculation, likely to represent an underestimate of the actual
homozygous proportion because of the applied threshold of LCSHs over 3 Mbp and
because the CMAs may not have SNP probes in certain regions like the acrocentric
short arms and the centromeric regions. On the other hand, depending on the degree
of inbreeding in the population, these correlations eventually could overestimate the

direct kinship relation of the proband.

Uniparental Disomy (UPD)

When only LCSHs 3 to < 5 Mbp were present in the genome, but in one single
autosomal chromosome the sum of two or three LCSHs (< 5 Mbp) exceeded 10 Mbp,
the homozygous regions were considered a potential isodisomy resulting from a
uniparental disomy (UPD) event that underwent previous recombination. When one or
more LCSH over 5 Mbp was present in a single chromosome with a size or sum (in the

case of multiple LCSHs) = 10 Mbp, it was considered a potential UPD (regardless of
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eventual LCSHs < 5 Mbp on other chromosomes). When more chromosomes had
LCSHSs over 5 Mbp, it was not considered a potential UPD case [28].

The ChAS software does not recognize homozygosity, but the absence of
heterozygosity named there as loss of heterozygosity (LOH). This includes
hemizygous regions generated by a larger deletion. Therefore, all cases with LOHs =
10 Mbp in size on a single autosomal chromosome, regardless of the presence of an
additional chromosome with LOH(s) over 10 Mbps in size (or sum of sizes), were
manually reviewed, to eliminate the confounding effect of eventual hemizygous regions
to call LSCHs and ultimately an UPD.

Analysis of the most frequent LCSH

Of the 953 files available for LCSH analysis we selected the 917 microarrays
for the cytobands that most frequently showed regions with LCSH = 3 Mbp on an
autosomal chromosome, and those LCSHs present in more than 5% of individuals
were considered common LCSH. This percentage was chosen because the frequency
of 2 1%, which is the usual threshold to define common polymorphisms of SNPs in a
population, was not considered applicable here because this is an affected cohort.
Also, others have chosen the same threshold (or lower) to consider LCSH found in an
affected cohort as a common variation, probably not having clinical significance for
their analysis [34-38]. Hence, in doing so we believe to have an adequate safety
margin for selecting common LCSH due to ancestral haplotypes rather than due to
consanguinity or other pathogenesis-related mechanisms.

To delineate a more accurate genomic position for the most frequent LCSH, the
shared homozygosis sections were superimposed, and their genomic positions

obtained based on the median of their beginning and end.

RESULTS
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Out of the 1,012 cases, 615 (61%) were male and 397 (39%) were female, with
ages ranging from 0 to 55 years, and a mean age of 10 years (median = 7.15, standard
deviation = 10.2).

Previous karyotyping results were available for 182 patients, with 122 normal
and 60 abnormal results for which CMA was requested to identify the specific
sequences involved. However, for most patients no information about previous genetic
assessments was available.

From the 1,012 microarrays, a total of 7,150 CNVs which fulfilled the filtering
criteria were selected; 3,747 duplications and 3,403 deletions which were interpreted
and classified into benign CNVs, pathogenic CNVs (PCNVs), variants of uncertain
clinical significance (VUS) and likely pathogenic CNVs (LPCNVs).

Phenotypic Characterization

Out of the 1,012 cases, four were excluded from the phenotypic characterization
due to the unavailability of clinical data.

The cohort is mostly characterized by individuals with neurodevelopmental
impairment (85%), and 83% of cases had ID and/or DD. In 56% of cases only DD was
present while ID was described in 33%. It should be noted that 420 (42%) were under

5 years of age, which is below the age range for intellectual disability diagnosis.

Phenotypic Characterization for cases with ASD

Cases with ASD represent 33% of our cohort, these 333 cases, 77 (23%) were
under 5 years of age, below the age for diagnosis of ID, and of these, 17 (22%) had
DF. Of the other 256 individuals 5 years or older, 68 had ID, of which 36 also had DF;
43 had only DF, and 145 had "isolated" autism (see cohort in methodology).

Of the 262 male cases, 59 (53%) were below age 5, the diagnostic age for ID,
and of these 12 had DF. Of the 203 male cases, aged 5 or more, 53 presented ID, and
of these 29 had DF, whereas 150 (74%) had no ID of which 30 presented DF and 120

presented what we call “isolated” autism.
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Of the 71 female ASD cases, 18 (25%) were under age 5, and of these 5 had
DF. Of the 53 females aged 5 or more, 15 had ID, and of these 7 also had DF, 38
(72%) had ASD without ID, 13 of them with dysmorphic features (DF) and 25 of them
presenting what we call “isolated” autism.

In figure 1 we summarize the phenotypic characterization of the cases that

presented ASD in the cohort.

Figure 1 - Summary of the phenotypic characterization of the cohort:

Cases < 5 years old Cases > 5 years old
77/333 (23%)* 256/333 (77%)
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Syndromic Autism X X X
“|solated" Autism X
Intellectual Disability X X

Figure 1: Phenotypic summary of the cohort, showing the number of cases in each category. The
arrow indicates a deriving subcategory. Above each percentage are the numbers used to derive
this percentage.
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Other phenotypes

In addition to the main neurodevelopmental phenotypes, most individuals have
syndromic features (56%) such as congenital anomalies or malformations or atypical
(dysmorphic) facial features (47% of the cohort). Psychiatric or behavioral problems,
variations in height or body weight were less frequent accompanying phenotypes.

The phenotypic characteristics recorded in our cohort are listed in Table 1.

Table 1 - The clinical characteristics recorded for patients with negative (only benign
CNVs) and pathogenic (only PCNV) CMA results®.

In the cohort Negative (N Pathogenic .
SIGNS / SYMPTOMS (N= 1008) =706)" (N =175)* p-value Odds ratio
CHARACTERISTICS
Obesity 3% (33) 2% (17) 5% (8) 0.076 0.46
Low weight 5% (55) 2% (34) 9% (16) 0.010* 0.44
Abnormal growth 3% (29) 3% (21) 3% (5) 1 1.04
Short stature 10% (104) 9% (67) 14% (23) 0.05 0.60
Slender build 3% (34) 3% (20) 5% (8) 0.233 0.61
Prenatal problems 4% (36) 3% (23) 4% (6) 0.817 0.95
NEURODEVELOPMENT 85% (854) 85% (600) 83% (146) 0.639 1.12
Developmental delay 56% (569) 53% (377) 70% (119) 0.0003*** 0.53
Motor development delay 8% (85) 7% (46) 12% (20) 0.036* 0.54
Deafness or hearing loss 3% (31) 3% (19) 4% (7) 0.218 0.58
Speech and language o o o
delay and/or dyslalia 21% (216) 21% (151) 26% (44) 0.224 0.79
Difficulty of learning 6% (60) 7% (47) 4% (9) 0.603 1.32
Intellectual disability 33% (330) 31% (216) 41% (69) 0.014* 0.65
Mild 4% (37) 3% (24) 2% (4) - -
Moderate 2% (16) 2% (11) 2% (4) - -
Severe 2% (19) 2% (11) 2% (4) - -
Not Specified 26% (258) 24% (170) 34% (57) - -
Intellectual disability
and/or developmental 83% (834) 65% (456) 76% (129) 0.025*% 0.65
delay
BEHAVIORAL - -

Behavioral changes
(Obsessive-compulsive
disorder, attention deficit
hyperactivity disorder, self 12% (122) 11% (79) 14% (23) 0.509 0.83
and hetero-aggression,
behavior disorder,

psychosis)
Autism Spectrum Disorder 33% (333) 36% (255) 20% (34) 0.0001**** 2.18
CONGENITAL
MALFORMATION(S) 56% (563) - -

AND/OR
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In the cohort Negative (N Pathogenic g .
SIGNS / SYMPTOMS (N= 1008) =706)* (N =175)* p-value Odds ratio
CHARACTERISTICS
DYSMORPHISM(S)
FACIAL
MALFORMATIONS/ 47% (471) 43% (305) 65% (110) 0.0001**** 0.42
DYSMORPHISMS
Long face 2% (23) - -
Wide face 1% (11) - -
Narrow face 1% (5) - -
Triangular face 1% (9) - -
Asymetrical face 1% (12) - -
Cleft palate 3% (31) - -
Micrognathia 2% (21) - -
Mouth/Lips (unusual) 5% (49) - -
Microcephaly
(Craniosynostosis 7% (67) - -
included)
Macrocephaly 3% (35) - -
Ears (dysmorphic) 7% (70) - -
Eyes (unusual) 14% (140) - -
Forehead (unusual) 1% (7) - -
Eyebrows (unusual) 1% (8) - -
Nose (unusual) 4% (42) - -
Hair (unusual) 2% (18) - -
Not Specified 22% (218) - -
OTHER CONGENITAL ) )
MALFORMATIONS
Musculoskeletal (scoliosis,
diaphragmatic hernia, 4% (42) 4% (29) 2% (4) 0.830 1.21
vertebral anomaly)
Upper limb anomalies 8% (79) 6% (40) 15% (25) 0.0003*** 0.36
Lower limb anomalies 8% (83) 6% (45) 15% (25) 0.0015*** 0.41
Heart anomalies and 8% (79) 7% (48) 12% (20) 0.018* 0.51
malformations
Gastrointestinal anomalies 4% (44) 4% (25) 6% (10) 0.1955 0.61
and malformations : :
Genitourinary anomalies 4% (44) 4% (26) 9% (15) 0.004" 0.38
and malformations
NEUROLOGIC
ABNORMALITY 24% (239) 22% (155) 29% (50) 0.071 0.70
Epilepsy 6% (62) 6% (42) 5% (8) 0.856 1.17
Ataxia 2% (18) 1% (10) 2% (4) 0.495 0.61
Hypotonia 7% (70) 7% (51) 8% (14) 0.746 0.90
Abnormal brain structure 1% (112) 10% (72) 14% (24) 0.177 0.71
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In the cohort Negative (N Pathogenic g .
SIGNS / SYMPTOMS (N= 1008) =706)* (N =175)* p-value Odds ratio
CHARACTERISTICS
Seizures 6% (61) 5% (37) 6% (10) 0.850 0.91
ENDOCRINOLOGICAL
ABNORMALITIES 4% (39) 3% (21) 5% (8) 0.340 0.64
CUTANEOUS
ABNORMALITIES
(hyper and
hypopigmentation, 3% (29) 2% (16) 4% (7) 0.192 0.56
hemangioma, freckles,
café-au-lait spots and
others)
HEMATOLOGIC 2% (19) 2% (14) 1% (2) 0.751 175

ABNORMALITIES

# Comparison groups diagnosed with pathogenic CNVs (diagnosed) versus the groups without
clinically relevant CNVs (no CNVs or only benign CNVs). Cases where VUS and LPCNVs was the
most relevant finding (128 individuals) were not considered in the correlation, because they represent

Diagnostic rate and interpretation of CNVs

inconclusive diagnosis.

Within our cohort of 1.012 individuals, we identified 358 rare CNVs (VUS,
LPCNVs and PCNVs), of which 203 were interpreted as pathogenic and were present

in 170 individuals, representing 17% of the cohort. The description of the PCNVs and

clinical phenotypes of the carrier patients are listed in Table 2, Table 3 and the

previously published are listed in Chaves & coworkers [33].
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Table 2 - Pathogenic CNVs (PCNV) found in the cohort without ASD. Does not include cases previously published in [33].

Size

N° of

Some of the

Gender/other

Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
arr[GRCh37] Abnormal growth,
#497 Del 2p13.2p13.1(72,707,781- 973 12 EXOC6B, SPR DD and psychiatric M/- ND -
73,680,438)x1 disorder
DD, DI, hypoplastic
#501 Del arr[hgl9] Xq21.1- 71,126 401 445 OMINs fourth toe, F/ 2 PCNVs ND (46,X,der(X)( ~q21-qter)
q28(84,107,007- phalangeal
155,233,098)x1 malformation
#501 Dup 11913.1925(65,446,446- 69,490 550 729 OMINs 4 F/ 2 PCNVs ND (46,X,der(X)( ~g21-qgter)
phalangeal
134,937,416)x3 .
malformation
Short stature,
agenesis of the
corpus callo sum,
arrlGRCh37] bD F/ 46,XXdel(5)(~p13-p15) Cridu
#527 Del 5p15.33p14.1(113,577- 27,476 151 61 OMINs ’ . ND Chat"svnd
27,590,026)x1 cardiomyopathy potential UPD5 at syndrome
and
laryngeal web
arr{GRCh37] Obesity, DD, SLD, ID
#533 Del 16q24.2q24.3(87,939,406- 1,542 38 ANKRD11 F/- ND - KBG syndrome
89,481,546)x1
arr[GRCh37] Charcot-Marie- .
#542 Dup 17p12(14,083,055- 1,420 15 PMP22 (*601097) Tooth like F/- ND - Crlarcec’tl'A'v'fg‘:A’?l’:th
15,503,234)x3 phenotype vp
arr[hg19] 8q22.2- SLC25A3Z Gross motor delay
#549 Del 022.3(101,265,736- 3,484 53 (*610815),GRHL2 M/- ND - -
104,749,739) x1 (*608576)

Table of Pathogenic CNVs (PCNV)
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
arr[GRCh37]
#552 Dup Xq13.2921.32(71,947,354- 21,533 84 49 OMINs Fetal loss F/- ND 46,XX,dup (X)(q13922) -
93,480,817)x3
Hypotonia, poor
head support, does
not eye track, long
face, downslanted
palpebral fissures,
stridor,
(GRCh37] glossoptosis, widely-
arr i
spaced nipples,
#568 Del 3p22.3p22.2(32,654,188- 3,916 15 TRlleéfngAP dpl_ " pﬁ | F/- ND - -
36,570,368)x1 o !c ocep a}y,
micrognathia
hyperconvex toenail,
spatulate terminal
phalanges, inguinal
hernia,
macrocephaly, tall
stature
umbilical cord
arr[hg19] Xq28(154,154,958- 1,079 . ) 45X,der(X)t(X;15)(q28;q11
#574 Del 155,233 7311 21 RAB39B (*300774) hernia, F/- ND 215 -
macrocephaly
Newborn,
hydrocephalus with
mild to moderate
colpocephay of the
arr[GRCh37] GABRD, GLB1 Iatere_ll ventrlcl_es, “Chromosome 1036
#581 Del 1p36.33p36.23(849,467- 7,034 162 (*611458), CRTAP w/o intracranial F/- ND - P
7,883,834)x1 hypertension,

(*605497)

microtia grade |,
overlapping toes,
broad forehead,
bulbous nose, in
ICU under

Deletion Syndrome

Table of Pathogenic CNVs (PCNV)



100

. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
mechanical
ventilation.
large hands and feet,
lagiocephaly, DD
#606 arr[hg19] 5935.2935.3 . Piag P O
Del (175,416,095-177,439,550)x1 2,023 51 NSD1 (*606681) .axml hypo.toma, F/- ND - Sotos syndrome
dilated Cardiopathy,
inguinal hernia.
DD, ID, DF, history of
arr[hg19] 1p36.23- GABRD (137163), L X Chromosome 1p36
#611 Del 036.33(849,466-2,040,693)x1 2040 66 MMP23B (603321)  Pre-maturity with F/ ND deletion syndrome
macrocephaly.
arr[GRCh37] GABRB3(* Sindrome de
#620 Dup 15q11.2q13.3(22,770,422- 10,145 179 137192) SevlID, short stature F/- ND 46,XX +mar Tetrassomia Parcial
32,915,723)x4 do 15q
DD, microcephaly,
arr[GRCh37] abnormal pinna, DYRK1A-related
#626 Del 21q22.12922.3(37,742,853- 5,063 49 DIZEE}:((GG(?(?:;%)’ long phalanges and F/- ND - intellectual disability
42,805,421)x1 widely-spaced syndrome
nipples.
arr[GRCh37] quadriparesis with .
#632 Del 22411.21(18,636,750- 3,164 91 TBX1(602054)  hypotonia, multiple M/- ND - qujln‘(zjrifr']eem”
21,800,471)x1 CAs, DD y
arr[GRCh37] Leopard syndrome
#646 Del 13934(114,036,741- 1,071 22 CHAMP1 like frekles, mildID, F/1VUS ND - -
115,107,733)x1 alopecia, tremor
arr[GRCh37] . Cri du Chat
DD, ID, seizures,
#651 Del 5p15.33p15.2(113,577- 13,029 103 SLC9A3 M/ 2 PCNVs ND 46,XY, add(5)(p15) syndrome
glaucoma
13,142,487)x1 (#123450)
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
arr[GRCh37] DD, ID, seizures
#651 Dup 13931.1934(87,535,468- 27,572 201 81 OMINs ! Ia:Jcoma ! M/ 2 PCNVs ND 46,XY, add(5)(p15) -
115,107,733)x3 &
arr[GRCh37] .
#652 Del 6q25.3q27(159,427,416- 11,487 102 48 OMINs m'croclerEaD'y' DD, F/- ND 46'X(X/ g,););)d?el(e) -
170,914,297)x1 ' 42050
arr[GRCh37] . -
#653 Dup 21q11.2922.3(15,016,487- 10,072 369 167 OMINs ”lfgfgssh;g M/- ND 47“2‘:;’52){(”221' Partial 21q trisomy
48,093,361)x3 ’ pter),
arr[GRCh37] DD, microtia, Smith-Magenis
#664 Del 17p11.2(17,121,644- 3,066 RAI1 (*607642) ventricular septal M/- ND - s ndror‘ie
20,187,953)x1 defect, FD. d
DD, generalized
arr[GRCh37] hYgo;?:IZ’ :aytsil:hal Prader Willi
#668 Del 15911.2913.1(23,290,788- 5,4,13 126 SNRPN (*182279) » DIng & F/- ND -
motor restlessness, syndrome
28,704,050)x1 ..
low vision, almond-
shaped eyes
micrognathia,
glossoptosis,
arr[GRCh37] . agenesis of the
#676 Del 6025.1q27(152,345,416- 18,569 146 ARID1B (*614556) corpus callosum, F/- ND 46,XX del(6)(q2-) -
170,914,297)x1
DD
arr[GRCh37] . .
#678 Del 7q11.23(72,701,099- 1,440 30 ELN (*130160) DD fypotonia, bone M/- ND - Williams Beuren

74,141,494)x1

abnormalities

syndrome
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
arr[GRCh37] DD, intraventricular .
#687 Del 5p15.33p15.2(113,577- 13,029 103 CTNND2(*604275)  communication, F/ 2 PCNVs ND 46,XX, add(5)(p15) Csr'ndd“mcr:aet
13,142,487)x1 ’ axial polidactilia, FD v
arr[GRCh37] DD, intraventricular
#687 Dup 13931.1934(87,535,468- 27,572 201 CHAMP1 communication, F/ 2 PCNVs ND 46,XX, add(5)(p15) -
115,107,733)x3 axial polidactilia, FD
Intraventricular
communiCAstion,
patent foramen
arr[GRCh37] TNKS1 (*603303), ovale, aortic 8p23.3p22
#689 Dup 8p23.3p22(158,049- 13,937 152 SOX7 (*612202), stenosis, pulmonary F/- ND 46,XX,14pst+ duplication
14,095,397)x3 GATA4 (*600576) stenosis, inguinal syndrome
hernia, long
palpebral fissures,
DD, ID
ID, aniridia,
arr[GRCh37] WT1 (*607102), cryptorchidism,
#698 Del 11p14.2p13(26,997,314- 6,494 47 PAX6 (*607108), micropenis, M/- ND - WAGR syndrome
33,491,623)x1 BDNF (*113505) hypogonadism,
myopia, FD
arr[GRCh37] GABRD (137163), )
Syndromic features
#709 Del 1p36.33p36.22(849,467- 10,616 196 PRKCZ (176982), v N F/- ND ; 22[;’:;???3;”;’2
11,465,408)x1 SKI (164780) (not specified) Y
(GRCh37] Sagittal
arr| i i
HDAC4 (605314), craniostenosis, Chromosome 2q37
#712 Del 2037.2937.3(235,913,632- 6,869 86 F/- ND - .
motor delay, SLD,
242,782,258)x1 GPR35 (602646) ' Y, deletion syndrome
short fingers, FD
(GRCh37] Suspected
arr| ) i i
#713  Del X26.2(132,496,732- 797 3 o (é%%tz?)' Beckwith M/- ND - Smpsam-Gobal
133,293,329)x0 Wiedemann Y
syndrome
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
Hypotonia, ModID,
psychiatric disorder,
arr{GRCh37] 1,406 elongated face,
#720 Del 12913.3q14.1(57,075,559- 56 KIF5A, MARS i | | F/- ND - -
58,481,772)x1 oblique palpebra
fissures, abnormal
lip shape
arr[GRCh37] N
#735 Del 3022.1925.2(132,936,742- 19,530 147 ZZIIE‘; ((*%%%i‘;%))’ itiol M/- ND - -
152,466,305)x1 Multiple CAs
arTlGRCh37) eormmnication,
#739 Dup 8024.13924.3(125,496,812- 20,799 219 117 OMINs . ! F/2 PCNVs ND 46,XX +mar -
preauricular
146,295,771)x3
appendage, FD
00 e
#739 Dup 22911.1911.21(17,277,402- 3,452 85 44 OMINs . ! F/2 PCNVs ND 46,XX +mar . 9 .
preauricular microduplication
20,729,389)x3
appendage, FD syndrome
arr[hg19] Short stature, global
#740 Del 9qg22.33933.1(102,245,320- 17,600 136 ZNF462 DD, microcephaly, M/- ND - -
119,845,528)x1 FD
Failure to thrive, DD,
ID, conduct disorder,
arr[GRCh37] 1p36.31- ’ N ’ Chromosome 1p36
#1746 Del 022(9,580,727-11,784,118)x1 2203 38 PIK3CD, MTOR D, prominent nasal F/ ND deletion syndrome
septum and
retrognathia
arr[GRCh37]
#760 Del 12p13.2p12.3(11,867,287- 3,493 46 GRIN2B (138252) DD, ID F/- ND - -

15,360,229)x1
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Case PCNV Microarray Nomenclature (%::) GNen?efs Rjg\r;;?lfg?:es Phenotype Gen(:::;:)other Inheritance Karyotype Syndrome
arr[hg19] Xp22.31(6,455,149- 1,680 . Growth delay, DD
#761 Del 8,135,644)x1 STS (*300747) F/- ND - -
Global DD,
hypotonia, SLD,
NUDT14 hypotonic face,
arr[GRCh37] (*609219), BRF1 mesofacial
#786 Del 14g32.33(105,213,585- 1,115 34 (*604902), PACS2 hypoplasia, oblique F/- ND 46,XX add[14](g32.3) -
106,328,827)x1 (*610423), MTA1 palpebral fissures,
(*603526) tapered nasal
bridge, smooth
philtrum
Global DD,
hypotonia, SLD,
hypotonic face,
arr[GRCh37] mesofacial Partial
#786 Dup 18q21.31q23(54,211,852- 23,802 122 PIGN (*606097) hypoplasia, oblique F/- ND 46,XX add[14](q32.3) )
78,013,728)x3 palpebral fissures, 18q trissomy
tapered nasal
bridge, smooth
philtrum
4 yrs,scoliosis,
arr[GRCh37] protruded ears, thin .
. Prader Willi or
#795 Del 15q11.2912(23,214,984- 2,563 110 14 OMINs upper lip, tapered M/- ND - Angel )
25,778,351)x1 fingers, gelman syndrome.
DD.
arr[GRCh37] FD, hypothyroidism,
#801 Del Xq22.1q22.3(101,083,092- 4,908 57 PLP1 ) F/- ND - -
105,991,325)x1 low weight, DD
arr[GRCh37] DD, hypotonia, long
#807 Dup Xp22.33p22.13(878,067- 18,193 125 90 OMINs ’ ’ M/- ND - -

19,071,519)x2

hands and feet
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
FD,
arr(GRCh37] strabismus, bulbous
#811 Dup 12p13.33p12.1(173,787- 21,798 312 217 OMINs Nose. ebicanthus M/- ND 46,XY,add(18)(~p11.32) -
21,971,638)x3 &P '
dysphagia
ASD, camptodactily
arr[GRCh37] HOXD10 of 2nd Chromosome 2q31.2
#825 Del 2931.1931.3(175,599,084- 6,397 57 (¥142984) fingers, deformity of M/- ND - microdeletion
181,995,668)x1 5th fingers, syndrome
DD, dyslalia
SLD,
arcrcrsn Loenta
#826 Del 20q13.13(47,150,102- 2,376 38 ADNP, KCNB1 pathy, F/- ND - -
nephropathy,
49,526,051)x1 L
cognitive delay and
motor delay
arr[GRCh37] GIAS (121013) ID, strabismus and Chromosome 1q21.1
#828 Dup 1921.1921.2(146,106,724- 1,724 24 GIAS (600897)’ protruding ears M/ 1 VUS ND - duplication
147,830,830)x3 Brother of case #829 syndrome
arr[GRCh37] GIAS (121013) ID, strabismus and Chromosome 1q21.1
#829 Dup 1921.1921.2(146,106,724- 1,724 24 GIA8 (600897)’ protruding ears. M/ 1 VUS ND - duplication
147,830,830)x3 Brother of case #828 syndrome
arr[GRCh37] Temporal lobe Chromosome
#848 Del 16p11.2(29,591,327- 599 22 32 OMINs epile sp in clusters F/- ND - 16p.11.2 deletion
30,190,029)x1 plepsy. : syndrome
Father with
Low weight, .partlal ¢
arr[GRCh37] elongated face, trisomy o
#861 Dup 8p23.3p21.1(158,049- 27,345 263 129 OMINs M/ 2 PCNVs chr 8 and - -
27,502,930)x3 pat syhophr]zs and monosomy
pointed fingers of chr 12
karyotype
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
Father with
h Low weight, .partlal ¢
arr[GRCh37] elongated face, trisomy o
#861 Del 12p13.33p13.31(173,787- 5,778 65 40 OMINs h d M/ 2 PCNVs chr 8 and - -
5,952,112)x1 pat syr\op r]zs an monosomy
pointed fingers of chr 12
karyotype
Chromosome
arr[GRCh37] FD, camptodactyly, Xp11.23p11.22
#862 Dup Xp11.23p11.22(48,224,463- 4,617 102 78 OMINs nasal voice, SLD, ID e F/- ND - pdu -|iC§ti0I."I
52,841,006)x3 finger-like thumb P
syndrome
arrfhg19] MAML3 Failure to thrive,
#875 Del 4g28.3931.21(136,216,198- 5,716 - (608991) DD, SLD, ADHD, F/- ND - -
14,1932,587)x1 hypermetropia
arr[GRCh37] Suspected Angelman
#927 Del 15¢911.2913.1(23,620,192- 5,084 120 UBE3A (*601623) P s ndromge M/ 2 VUS ND - Angelman syndrome
28,704,050)x1 y
Suspected
arr{GRCh37] swr::lilfonr:t;BE:trsgr Williams Beuren
#944 Del 7911.23(72,692,113- 1,445 30 ELN (*130160) ywith tub-erous M/- ND - syndrome
74,136,633)x1 . y
sclerosis
arr[GRCh37] 2p14(64,103,858- Suspected genetic 2p14 microdeletion
#949 Del 67,815,028)x1 3,711 34 SLC1A4, SPRED2 condition M/ ND syndrome
Behavioural issues,
arr[GRCh37] 6p25.3p25.2 FD, altered 45,XX,der(6)t(6;14)(p25;q 6p25 deletion
#953 Del (156974-4009868)x1 3,853 41 FOXC1, RIPK1 dentinogenesis, low M/ ND 11.2)-14 syndrome

weight, low height.
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
arr[GRCh37] DD, SLD, dyslalia, ID, Koolen de Vries
#960 Del 17921.31(43,710,150- 505 10 KANSL1(*612852).  global hypotonia, no F/- ND - syndrome
44,214,816)x1 sphincter control v
DF, cleft palate, anal
fistula, imperforate
anus, hypertrophic
arr[GRCh37] CAsrdiomyopathy, Trisomy of the
#961 Dup 12p13.31p13.33(1,73,786- 33,639 397 - hypodense area M/- ND - ch 126
34,759,042)x3 affecting the romosome 22p
cortiCAsl region,
pigmentary lesion in
the right eye.
Prognathism Chromosome
arr[GRCh37] 15q24.1g24.2 . ’ . .
#985 Del (72,965,465-76,073,450)x1 3,108 70 SIN3A cI|n9dactny, DD, F/- ND - 15924 Microdeletion
partial syndactyly syndrome
DD, ligamentous
arr[GRCh37] laxity
#993 Del 7q911.23(72,723,370- 1,413 30 ELN . o F/- ND - Williams Beuren syndrome
74,136,633)x1 tricuspid reflux,
T pulmonary stenosis.
Failure to thrive,
FD, hydrocephalus, Recombinant
arr[hg19]8p23.1- thin corpus 5 chromosome 8
#995 Del 8p23.3(158,048-6,999,114)x1 6,886 48 ARHGEF10 callosum, ventricular F/3 PCNVs ND 46,XX,add(8)(?-pter) syndrome or San Luis
ectasia. Valle syndrome
Failure to thrive,
FD, hydrocephalus, Recombinant
arr[hg19]8p12-p23.1 thin corpus 5 chromosome 8
#995 Dup (11,935023-31,833,216)x3 29,487 181 callosum, ventricular F/3 PCNVs ND 46,XX,add(8)(?-pter) syndrome or San Luis
ectasia. Valle syndrome
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
Failure to thrive,
FD, hydrocephalus,
arr[hg19] 8g24.3 thin corpus 5 St. Louis Valley
#995 Dup (144,794,838-146,295,771)x3 0% 7 callosum, ventricular F/3 PCNVs ND 46,XX,add(8)(?-pter) syndrome
ectasia.
arr[hg19] 16p11.2 DD, SLD Chromosome
#1005 Del (29,580,020-30,190,029)x1 610 32 ALDOA (*103850) D F/ ND 16p.11.2 deletion
syndrome
arr[GRCh37] Chromosome
#1025 Dup 4q31.23935.2(149,377,750- 41,580 210 110 OMINs FD, deafness F/- ND 46,XX add(4) ~ q35 4q31.23935.2
190,957,460)x3 trisomy
arr[hg19] 22g11.21 " DD, SLD, ID, seizures 22911.21 duplication
#1033 Dup (18,916,842-21,461,017)x3 2,544 9 TBX1(*602054) and ADHD M/ ND syndrome
Deafness, iris
arr[hg19] 13g22.3(78,451,099- " heterochromia, Waardenburg
#1034 Del 78,483,275)x1 32 2 EDNRB (*131244) white lock. Sister of F/ ND syndrome type 4A
#1035
Deafness, iris
arr[hg19] 13922.3(78,451,099- " heterochromia, Waardenburg
#1035 Del 78,483,275)x1 32 2 EDNRB (*131244) white lock Sister of F/ ND syndrome type 4A
#1034
ataxia, DD, FD,
arr[hg19] 22q11.21 x epiCAsnthus and .
#1042 Del (18,648,855-21,800,471)x1 3,151 97 TBX1(*602054) oblique palpebral M/ ND Di George syndrome
fissures
r[hg19]
DD, motor delay,
#1047 Del 2437.137.3(235,387,296- 7,395 89 HDAC4 (*605314) v F/- ND - Chromosome 2q37

242,782,258)x1

ligamentous laxity

deletion syndrome
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. Size N° of Some of the Gender/other .
Case PCNV  Microarray Nomenclature (Kbp) Genes Relevant Genes Phenotype info Inheritance Karyotype Syndrome
DD, motor delay, ID,
arrthg19] EDNRB (¥131244),
#1048 Del 13922.1931.1(74,541,519- 7,365 48 FD, pectus F/- ND - -
SPRY2 (*602466)
81,906,132)X1 exCAsvatum
valvular and
supravalvular
arr[hg19] 5g22.1923.3 " stenosis,
#1059 Del (110,061,210-128,612,286)x1 18,551 104 APC (*611731) single kidney on the F/ ND
right, failure to
thrive
Failure to thrive,
microcephaly, DD,
SLD, ID,
TUBGCP5 psychomotor
arr[GRCh37] (*608147), CYFIP1 agitation, Chromosome
#1068 Del 15q11.2(22,770,422- 507 7 (*606322), NIPA2 ASD, congenital M/- ND - 15q11.2 deletion
23,277,436)x1 (*608146), NIPA1 CAsrdiopathy, syndrome
(*608145) bilateral ectopic
testis, right
hemiparesis, altered
MRI
DD, SLD,
ID, FD,
arr[GRCh37] enlarged thumbs, ;
#1074 Dup 7q931.32933(122,745,868- 13,425 125 LEP (*164160) hirsutism (legs F/- ND - 7q31'3%q33 partial
’ trisomy
136,171,005)x3 arms, back), short
stature,
microcephaly
DD, speaks few
words,
arr[GRCh37] R
#1080  Dup 10p15.3p13(100,048- 14,654 124 53 OMINs FD, seizures F/- ND ; ;
14,753,970)x3 agitation, lack of

concentration,
oblique palbebral
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Case

PCNV

Microarray Nomenclature

Size N° of
(Kbp) Genes

Some of the
Relevant Genes

Phenotype

Gender/other
info

Inheritance Karyotype

Syndrome

fissures, flat feet,
brachydactyly,
vitiligo(?) Mother

has a transloCAstion.

#1080

Del

arr[GRCh37]

15g26.3(100,995,007-

102,429,040)x1

1,434 22

10 OMINs

DD, speaks few
words,

FD, seizures
agitation, lack of
concentration,
oblique palbebral
fissures, flat feet,
brachydactyly,
vitiligo(?) Mother
has a translocation.

F/-

#1080

Dup

arr[GRCh37]

10p15.3p13(100,048_14,753,9

70)x3

14,654 124

53 OMINs

DD, speaks few
words, DF, seizures,

restlessness and lack

of concentration,
oblique palpebral
fissures, flat feet,
brachydactyly,
investigation of
vitiligo. Mother has
a translocation.

F/-

#1083

Del

arr[GRCh37]

8023.1924.11(109,456,954-

118,350,705)x1

8,894 25

TRPS1(*604386)

Suspected

Trichorhinophalange
al syndrome.

Trichorhinophalange
al syndrome (TRPS).

#1109

Dup

arr[GRCh37]

4931.2135.2(141,800,494-

190,957,460)x3

49,157 254

136 OMINs

Test was made to
identify additional
material on
chromosome 3

M/ 2 VUS

Mentions Karyotype with
ND additional material on
chromosome 3
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Size

N° of

Some of the

Gender/other

Case PCNV Microarray Nomenclature (Kbp) Genes  Relevant Genes Phenotype info Inheritance Karyotype Syndrome
Discrete DD, dyslalia,
microphthalmia,
bilateral leucoma,
bilateral
arr[GRCh37] LZTR1 (600574), .
#1113 Del 22q11.21(20,716,877- 1,084 31 SERPIND1 O‘Sﬁt’ﬁzth:l'”;‘;sr'al F/- ND dez:it;:izg;;i .
21,800,471)x1 (142360)  ovique palp ¥
fissures, telecanthus,
limitations in elbow
extension, left
equinovarus foot
arr[hg19] motor delay,
#1117 Del 13q14.13¢21.33(47,060,617- 25,619 124 51 OMINs dolichocephaly, high M/- ND 46,XY,del(13)(q22q31) Chromosome 1314

72,679,280)x1

palate, strabismus

deletion syndrome

Pathogenic CNVs (PCNVS) found by CMA in the cohort, with the number of genes present in the region, listing some the relevant genes and available
phenotypes for each individual. Dup = Duplication, Del = Deletion, CAs = congenital anomaly, DD = developmental delay, mildID = mild intellectual disability,
ModID = moderate intellectual disability, SevID = severe intellectual disability, ASD = Autism spectrum disorder, FD = facial dysmorphism, SLD = speech and/or
language delay or impairment, IUGR = intrauterine growth restriction, ADHD = Attention-deficit/hyperactivity disorder, LD = learning difficulty, ND = not
determined. F = Female, M = Male. VUS = (CNV of uncertain significance). LPCNVs = likely pathogenic CNVs. Under column Gender/“other info”: Patient may
have 2 PCNVs, or additionally 1 VUS or 1 LPCNVs. All PCNVs are listed in this table. VUS and LPCNVs are listed in another table.
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Table 3 - Pathogenic CNVs found in the ASD Cohort. Includes ASD cases of the cohort previously published [33].

Size e Sl Gender/other
Case PCNV Microarray Nomenclature (Kbp) Gene Relevant Phenotype info Inheritance Karyotype Syndrome
s Genes
Distal 16p11.2
arr[hg19] 16p11.2(28,689,085- M/ Affected .
#15 Del 29,043 863)x 1 355 18 SH2B1 DD, ASD brother (#16) ND S?/ﬁlc?:;:]e
Distal 16p11.2
arr[hg19] 16p11.2(28,689,085- M/ Affected .
#16 Del 29,388,495)x 1 362 18 SH2B1 DD, ASD brother (#15) ND S?/ﬁlc?:;:]e
e Phelan-
arr[hg19] 22q13.33(50,788,193- SevID, ASD, motor difficulties, .
#52 Del 51.115,526)x 1 327 18 SHANKS3 FD, CAs and epilepsy. M/ ND McDermid
Syndrome
IGFR1 .
i SevID, ASD, convulsions,
#66 pup  2mhg19l 115()“222'219q§263;§(%0'304'866' 22,124 175 CPS;{AFIT'I?’I‘?KS SLD, hyperactivity, CAs (one M/ - ND -
e WIZ’)R73 ’ kidney) and FD
arr[hg19] 16p12.2p11.2(21,405,327- MildID, ASD, SLD, ) )
#69 Del 29,388,495)x1 7,983 82 SH2B1 hyperactivity and FD M/ ND
Williams-
arr[hg19] 7q11.23(72,732,834- WBSCR27, . ) Beuren Region
#70 Dup 74,155,067)x3 1,422 27 WBSCR28 ModID, ASD and hyperactivity M/ ND Duplication
Syndrome
Williams-
arrfhg19] 7q11.23(72,556,215- WBSCR27, . ) Beuren Region
#76  Dup 74,245,599)x3 1689 34 WBSCR28 MildID, ASD M/ ND Duplication
Syndrome
477 Del  ahg19] 1231434'2“;336)3)((131'073'735' 1373 9 CHNA7 MildID, ASD and hyperactivity M/ - ND ;
arrfhg19] Xp22.3q28(1- ) ) . . : Triple X
#148 Dup 247,249,719)x3 ou am(X)x3 155,270 DD, ASD and schizophrenia F/ ND Syndrome
#184  pel  2Mhg19l1 231;2'50'71232')1)((122'770'421' 6053 121 UBE3A SNRPN DD ID-epiepsy, ASD and M/- ND g‘;ﬁg'rg‘niz
arr[hg19] 17p11.2(16,591,260- Slender build, DD, SLD, : Potocki-Lupski
#235  Dup 20,473,937)x3 3882 68 RAI ModID, ASD and FD Fi ND Syndrome
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. N° of Some of the
Case PCNV Microarray Nomenclature Sl Gene Relevant Phenotype Genqerlother Inheritance Karyotype Syndrome
e s Genes -
arrlhg19] 22q11.21
#255 Dup 22q11.21911.23(18,493,187- 5,820 125 TBX1 DD, ASD and FD M/- ND Duplication
24,313,652)x3 Syndrome
arhg19] PEGS (DLK1 Low weight, short stature,
) and RTL1), prematurity, IUGR, ataxia, 3 Temple
#345  Del 14“32'128227'53);(32%2?5*248 2660 117 \EGS(MEG3  scoliosis, DD, SLD. SeviD, Fi ND Syndrome
S and MEG8) ASD, FD and early puberty
Convulsions, DD, ID, SevID
arr[hg19] - L ’ 21922.12
#385  Del 21422.12922.2(35,834,713- 3997 32 DYRK1A ASD, cardiomyopathy, CAs M/- ND Microdeletion
(abnormal external genitalia)
39,831,660)x1 h Syndrome
and thrombocytopenia
Obesity, CASs, DD, ID, 18 gq21.32-qter
#416  Del  2mhg19118921.32923(58,921,746- 1949, 75 PIGN deafness, ASD, FD, and M- ND Deletion
78,013,728)x1 :
thrombocytopenia Syndrome
Low weight, short stature, DD,
#443  pup 2mhg19] 25316292‘*71635)135'888’588' 2804 59 450MIMs  SLD, ASD, behavioral disorder M/- ND ;
e DF and mongolian spots
arr[hg19] Yp11.31p11.2- XYY-Region
#455 Dup Yq11.23(2,650,140-28,799.937)x2 26,149 486 39 OMIMs ASD and tall stature M/- ND 47, XY, +mar Syndrome
arrfhg19] 2q37.3(238,092,121- 2937.3
#470 Del . A 4,690 73 HDAC4 Asperger's syndrome F/- ND Microdeletion
242,782,258)x1
Syndrome
47 ,XY+mar(6
#511 Dup arr[hg19] 2911.2(99,222,915- 2,696 29 13 OMIMs ASD, ID, tall stature, CAs and M/1 of 2 ND 4%)/48 XY, _
101,919,539)x3 FD pCNVs o
++mar(6%)
47 XY+mar(64
#511 Dup arr[hg19] 2911.1911.2(95,327,873- 3.391 52 24 OMIMSs ASD, ID, tall stature, CAs and M//1 of 2 ND %)/48 XY, _
98,719,140)x4 FD pCNVs .
++mar(6%)
arrfhg19] 15921.3(57,289,688- ASD, hyperactivity and FD . _
#586 Del 57,510,425)x1 221 1 TCF12 (Asymmetric facies) M/ ND
arr[hg19] 1932.3q41-
#594  Dup 1q43q44(212,011,806- 36,743 581 169 OMIMs ASD, ID, CAs and FD F/1 of 2 pCNVs ND . d(ﬁ%z(’w) 1932 3-qterm
249,181,598)x3 q y
arr[hg19] 46 XX Phelan-
#594 Del 22913.31913.33(47,771,299- 3,426 49 29 OMIMs ASD, ID, CAs and FD F/1 of 2 pCNVs ND add(2’2)( ’13) Mcdermid
51,197,766)x1 q Syndrome

Table of Pathogenic CNVs found in the ASD Cohort.
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. N° of Some of the
Case PCNV Microarray Nomenclature (%::) Gene Relevant Phenotype Genczﬁ;f)other Inheritance Karyotype Syndrome
s Genes
Intellectual
developmental
#667  Del arrthg19] 1 89%;24%‘;’1453'21 1- 535 3 Sy ASD M- ND disorder,
’ ’ ’ autosomal
dominant 29
Chromosome
arr{hg19] 16p11.2(29,591,326- , 16p.11.2
#714 Del 30,190,029)x1 598 31 20 OMIMs Asperger's syndrome. M/- ND Deletion
Syndrome
Partial Trisomy
4737 Dup a”[h919]12365123'$f§§§(85'880' 18,156 342 CREBBP ASD, FD and CAs F/1 of 2 pCNVs ND 16p13.3
e Syndrome
4737  Del  aningld] fgg;ﬁg%@gﬁ"“‘&w' 9723 167  FMR1, AFF2 ASD, FD and CAs F/1 of 2 pCNVs ND ;
arrlhg19] 18912.2921.1(36,210,635- 18q Deletion
#751 Del 44,530,609)x1 8,319 28 SETBP1 ASD, FD and CAs M/- ND Syndrome
arr[hg19] 14q12(29,197,241- ASD, DD, SLD, FD, CAs and FOXG1
#7191 Del 29,514,397)x1 317 4 FOXG1 seizures Fi- ND Syndrome
MECP2
#809  Dup a"[hg1?;;25?%2%;53*879' 497 21 MECP2 ASD and CAs M- ND Duplication
e Syndrome
Chromosome
arrhg19] 16p11.2(29,591,326- ASD, SLD, FD, dyslalias and 16p.11.2
#8353  Del 30,176,508)x1 58 3 20 OMihs motor difficulties M- ND Deletion
Syndrome
Distal 13q
#873 Del arr[hg19] 11?;%3?(.)27(]?3“‘;5,105’020’842- 10,086 86 EFNB2, LIG4, ASD, I.D, CAs, FD and Fl ND Deletion
,107,733)x1 SOX1 microcephaly s
yndrome
#913  pup  27hg19] 1?22;6;0,12948)2;;2,899,646- 2667 52 32 OMIMs ASD, FD and CAs M/- ND ;
arhg19] 1g21.1q21.2(146,106,723- 19211
#970 Dup 147 '830 8:30))(3 ’ ’ 1,724 56 SATB2 ASD F/- ND Microduplication
e Syndrome
arrfhg19] 2933.1(200,182,545- M/ potencial
#1026 Dup 201,185,809)x3 1,003 8 SATB2 ASD, ID and DF UPD: ND -

Table of Pathogenic CNVs found in the ASD Cohort.
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. N° of Some of the
Case PCNV Microarray Nomenclature Sl Gene Relevant Phenotype Gen(!erlother Inheritance Karyotype Syndrome
(Kbp) s Genes info
22913.1913.33
(13.2 Mbp;
37,977,281-
51,157,531)
arr[hg19] 9p24.3p24.1(208,454- DMRT1, ASD, ID, pectus excavatum : R
#1050 Del 5,222,238)x1 5013 27 pbMRT2, DMRT3 and FD M/ ND
15913.3
#1100 Del  2mhg1ol 1221434"210'21631')3&1'098'690' 1,346 18 CHRNA7 Asperger's syndrome F- ND Microdeletion
T Syndrome
46, XY .
arr[hg19] 9p24.3p22.3(208,454- : (oD o 9p Deletion
#1107 Del 15.424.987) x1 15,216 137 NFIB, FREM1 ASD M/ ND del(9)(~p22.2 Syndrome

pter)

Pathogenic CNVs found by CMA in the cohort with ASD, with the number of genes present in the region, listing the most relevant genes and
phenotypes for each individual. Dup = Duplication, Del = Deletion, CAs = congenital anomaly, DD = developmental delay, MildID = Mild intellectual disability,
ModID = moderate intellectual disability, SevID = severe intellectual disability, ASD = Autism spectrum disorder, FD = facial dysmorphism, SLD = speech
and/or language delay or impairment, [IUGR = intrauterine growth restriction, ADHD = Attention-deficit/hyperactivity disorder, LDO = learning difficulty only,

LD = Learning disability, ND = not determined. F = Female, M = Male. 1 of 2 pCNVs = 1 of 2 patogenic CNVs from one individual.

Table of Pathogenic CNVs found in the ASD Cohort.
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Among the 170 individuals with pathogenic CNVs of the whole cohort of 1012
cases, including those previously published by Chaves & coworkers [33], 26 carried
more than one PCNV. 19 of them were carriers of 2 PCNVs (cases #33, #47, #61,
#127, #251, #331, #332, #372, #407, #501, #511, #594, #651, #687, #737, #739, #786,
#861, and #1080). Additionally, 7 cases had 3 pathogenic CNVs (cases #151, #188,
#1906, #219, #270, #392, and #995). In 3 cases (#81, #255, and #331), a pathogenic
CNV was accompanied by VUS.

Out of the 204 pathogenic CNVs, 119 were deletions, resulting in only one
copy of the involved sequence, except for case #713. The deletion in this case involved
a genomic region of the boy's single X sex chromosome. And six cases (#81, #255,
#331, #646, #927 and #1109), along with a pathogenic deletion, also presented VUS.

The other 74 pathogenic CNVs were duplications, which usually result in a
total of three copies of the involved sequence, but in eight males (#24, #25, #116,
#151, #30, #455, #807 and #809) involved a relevant region of a sex chromosome and
resulted in two copies (the main reason for pathogenicity is the fact that in males none
of the duplicated copies on X undergoes inactivation, which it does in females) and in
five cases (#3006, #422, #443, #511 and #620) the CNV found was in a state of four
copies. Figure 2 illustrates the frequency and number of pathogenic CNVs found per

chromosome.
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Figure 2 -Circle ideogram with the pathogenic CNVs and VUS* detected in
our study.
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Figure 2: The circle ideogram plot show in the outer track (track1) the genomic positions of all
pathogenic CNVs (pCNVs) found in the study per human chromosome. *The VUS (including the
LPCNVs) are plotted in inner track (track 2). The bars in blue represent duplication, either for x1 or
x2 additional copies. The bars in red represent deletions in x1 (heterozygous) or x2 (homozygous)
copies.

Pathogenic CNVs were found on all chromosomes (see supplementary
information 1 - Pathogenic CNVs per chromosome), with sizes from 32 Kbp to 71 Mbp
(SD =9992, Mean = 8365) and contained 1 to 581 genes per PCNV (SD = 93, Mean
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= 87), of which 1 to 87 (SD = 13, Mean = 9) are genes cited in the OMIM database
(OMIM genes) (see supplementary information 2).

Univariate analysis (Fisher's test) indicated the predictive phenotypes for a
higher diagnostic outcome (greater chance of having a pathogenic CNV) in our cohort
with DNNs: Developmental delay (p-value =<0.001, OR=0.53); Autism Spectrum
Disorder (p-value =<0.001, OR=2.18); Facial Malformations/Dysmorphisms (p-
value =<0.001, OR=0.42); Upper limb anomalies (p-value=<0.001, OR=0.36);
Lower limb anomalies (p-value =0.001, OR=0.41); genitourinary anomalies and
malformations (p-value =0.004, OR =0.38); Low weight (p-value =0.01, OR =0.44);
Intellectual disability (p-value =0.014, OR = 0.65); Heart anomalies and malformations
(p-value =0.018, OR=0.51); ID or DD (p-value=0.025, OR=0.65) and Motor
development delay (p-value =0.036, OR =0.54). There was no significantly higher
diagnostic result by CMA for the other phenotypes (see supplementary information 3).

Following the scoring system, another 155 rare CNVs were interpreted as 141
Variants of uncertain significance (VUS) (Supplementary Table 1) and 14 as Likely
Pathogenic CNVs (LPCNVs) (Table 4), these being the main findings in 13% of the
cohort. Of these, 102 are duplications and 53 are deletions. In cases #635, #658, #929
2 VUS were detected and in cases #649, #937, 3 VUS.

These variants were found on most chromosomes except for 21 and 22 (see
supplementary information 1 - VUS per chromosome), with sizes from 30 Kbp to 8 Mbp
(SD = 1266, Mean = 802) and contained 1 to 87 genes (SD = 13, Mean= 9), of which
1 to 38 (SD = 5 Mean = 5) are genes cited in the OMIM database (OMIM genes) (see
supplementary information 2). Figure 2 illustrates the frequency and amount of VUS
per chromosome (in track 2). Fourteen VUS, according to the scoring system were
found to be LPCNVs (Table 4)
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Table 4 Likely Pathogenic CNVs found in the cohort.

arrlhg19] 1g21.3(153,568,824-

#1015 Dup 154,833,332)x3 1,264 39 26 GATAD2B ASD, ID and obesity F/-
#1127  Del a”[h9151’]725;“2;92(21725;;(3196'924' 232 2 2 TTN (*188840) ASD, epilepsy M/-
arrfhg19] 10q911.22911.23(46,252,072- ) ) 3
#513 Dup 51,903,756)x3 5,652 61 ASD and ID F/
VPS13A
#519  Del a"[GRChgg]%%zgé%()ﬁ’995'1 19- 144 3 2 (%)S%i)' MildID, ADHD FI-
(604397)
arrfGRCh37] 8912.1912.3(56,379,919- CHD7 ptosis, extrahepatic portosystemic shunt type Ib, patent foramen -
#547 Dup 63,866,456)x3 7,487 43 21 (*611238) ovale, left ventricular hypertrophy M/
arr[hg19] 8922.2 (100,067,471- VPS13B , , . . .
#596  Del 100.622.400)%1 555 3 (*607817) DD, obesity, ID, anxiety,diabetes mellitus F/
arrfGRCh37] 12p11.23(27,316,348- PFFIBP1 recurrent otitis, seizure, precocious puberty, SLD, broad forehead,
#597 Dl 27,796,495)x1 480 7 3 (*603141) long eyelashes FI
arrflhg19] 6q26(162,374,660-
#633 Del 162,738,968)x1 364 1 1 PARK2 ASD M/
arr[hg19] 5934q35.1(165,498,746- KCNMB1 DD, speech disorder, short frenulum, low weight, short stature, :
,954, X ’ , speech delay, consanguineous parents.
#823  Del 169,954,911)x1 4.4% 42 29 603951 FD h del i F/
arr[GRCh37] 5p15.31p15.2(9,090,338- ) ID, strabismus, protruding ears M/ +1
#829 Dl 11,635,988)x1 2545 20 8 brother of case #828 PCNVCNV

Table of Likely Pathogenic CNVs (LPCNVs).
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arr[hg19] 1921.1(145,252,423-

#3833 Del 145,888,926 )x1 637 24 - ASD M/-
#847  Del arrfhg19] 11531%‘;17175%(71)?((1”527'347' 90 1 NOTCH2 ASD and microcephaly M/-
#852 Del arr[hg1191]0218;8f;;gji$8,141- 482 11 (*gg;?o) Auditory processing disorder, LD, microcephaly M/-
#956 Del arrlhg19] 14922.1922.2(52,412,733- 1,974 14 ACTR2, Rab-1A Low weight, short stature, broad forehead, triangular face, everted Fl-

54,387,154)x1

lips, ogival palate, congenital cardiopathy, SLD

Likely Pathogenic CNVs (LPCNVs), found in the cohort, with the number of genes present in the region, listing some of the relevant genes and available
phenotypes for each case. Dup = Duplication, Del = Deletion, CAs = Congenital Anomalies, DD = Developmental Delay, ID = non-specified Intellectual
Disability, mildID = mild Intellectual Disability, ModID = moderate Intellectual Disability, SevID = severe Intellectual Disability, ASD = Autism Spectrum

Disorder, FD = Facial Dysmorphisms, SLD = speech and/or language delay/impairment, IUGR = Intrauterine growth restriction, ADHD = Attention-

deficit/hyperactivity disorder, LD = learning difficulty, ASD = Autism spectrum disorder, F = Female, M = Male

Table of Likely Pathogenic CNVs (LPCNVs).
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All other CNVs were interpreted as either common genetic polymorphisms or
benign variants found in all chromosomes, with sizes that varied from 10 Kbp to 24
Mbp (SD= 586, Mean= 298) and contained zero to 227 genes (SD= 8, Mean= 3), of
which zero to 144 (SD= 4 Mean= 1) are genes cited in the OMIM database (OMIM

genes) (see supplementary information 2).

Diagnostic rate and interpretation of CNVs for cases with ASD

When analyzing separately the 333 CMAs from patients where ASD (including
all definitions of the spectrum) was cited as the main reason for referral or as one of
several phenotypes of the patient, a total of 3,259 CNVs that met the filtering criteria
were detected. Of those 1,494 were duplications and were 1,765 deletions, most of
them interpreted as benign. In 35 CMAs no CNVs meeting the filtering criteria were
detected. The frequency of the most relevant type of CNV found in each case in the
whole cohort and the sub-cohort with ASD is illustrated in figure 3 (A1 and A2). The
proportional contribution of each type of CNV per subclass of ASD is illustrated in figure
3B.

In 11% of cases (35/333) we identified a total of 38 rare CNVs that were
interpreted as pathogenic (Table 3), 22 deletions and 15 duplications. The
particularities of cases #511, #594 and #737, with 2 PCNVs, cases #455 (Y
Chromosome), #809 (X chromosome) and cases #443 and #511 (PCNV in a four-copy
state) were mentioned before.

In the ASD sub-cohort pathogenic CNVs were found on 14 of the 22 human
chromosomes (1, 2,7, 9, 13, 14, 15, 16, 17, 18, 21, 22, X and Y), with sizes from 221
Kbp to 22 Mbp (SD = 5561, Mean = 4926) and contained 1 to 342 genes (SD = 63,
Mean = 60), of which 1 to 83 (SD = 32, Mean = 29) are genes cited in the OMIM
database (genes OMIM) (see supplementary information 3).

For individuals affected with syndromic ASD (with dysmorphic features) the
diagnostic rate was higher than for the whole ASD cohort, confirmed by univariate
analysis 16% (p=0.02, OR 2.43, for pathogenic CNVs) (figure 3C).



122

Figure 3
A - Diagnosis rates and interpretations of CNVs, per N cases in the cochort and in cases with
ASD.
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Univariate analysis showed a significant association for the presence of pathogenic

C CNVs with ASD:
ASD with DF X ASD without DF St
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Figure 3: A1: Classification of cases per most relevant CNV found. A2: Classification of cases per most relevant CNV
found in cases with ASD. B: Diagnostic rates per ASD phenotypic category. ASD: Autism spectrum disorder, ID: Intellectual
Disability, DF: Dysmorphic Features (syndromic), Classical Autism (Including ASD cases high functioning isolated ASD), Isolated
ASD: ASD without ID and without DF. C: Odds ratios for pathogenic CNVs in the classes of phenotypes. Odds ratios shown in

log2 scale.
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In cases with ASD, DF and ID, the diagnostic rate was 14%, and for ASD with
ID, but without DF, it was 12%. For "isolated" ASD, the diagnosis dropped to 7%.

In the 39 cases < 5 years, 5 (13%) had pathogenic CNVs and 6 had only VUS.

For 13% (44/333) of the cases, VUS, which are also rare CNVs, were the only
relevant findings, totaling 48 CNVs, 20 deletions and 28 duplications (Supplementary
table 1). These variants also were found on most chromosomes, except for
chromosomes 4,5,12,18,19,20,21 and 22, with sizes from 10 Kbp to 5.6 Gbp (SD =
1032 Kbp, Mean = 700 Kbp) and contained 1 to 61 genes (SD = 12, Mean=9), of which
1 to 26 (SD = 5 Mean = 4) are genes cited in the OMIM database (OMIM genes) (see
supplementary information 3). In tracks 3 and 4 of the circus ideogram graph (see
supplementary information 4), the VUS found per chromosome are plotted.

Four of these VUS (in cases #513, #633, #833 and #1127) were subclassified
as LPCNVs, currently without convincing evidence (Table 4).

All other CNVs were interpreted as either benign or common genetic
polymorphisms, submicroscopic variants found in all chromosomes, with sizes that
varied from 10 Kbp to 24 Gbp (SD = 870, Mean = 228) and contained zero to 181
genes (SD =9, Mean = 3), of which zero to 96 (SD = 4 Mean = 1) are genes cited in
the OMIM database (OMIM genes) (see supplementary information 3).

Long Contiguous Stretches of Homozygosity in the samples

In total, 953 CMA results whose files were available and accessible for the
LCSHs study were analyzed. The majority (91%) of CMAs had at least one autosomal
LCSH (= 3 Mbp), resulting in a total of 3445 LCSH identified in 865 individuals. Only
88 CMAs did not show any LCSH (= 3 Mbp). Of the total, 59% (565/953) had only
LCSH below 5 Mbp, while 31% (300/953) had one or more LCSH = 5 Mbp.

LCSH leading to suspected UPD
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In 27 individuals (~2.8%) of the 953 CMA analyzed, which include 11
previously published cases [28] the LCSH suggested a potential UPD (Table 5 and
Fig. 4).

Table 5: Cases with potential UPDs, where a single autosomal chromosome presented
LCSH(s) over 3 Mbp, that that alone or in addition of LCSHs =3 Mbp reached a size of

=210 Mbp with no other LSCH over 5 Mbp on any other autosomal chromosome.

Size

Case Chr UPD segment (Isodisomy) Mbp Other Findings Phenotype
Parental origin unknown.
Male, 16 yrs., DD, ID, SLD,
#25% 1 1925.3931.3 (182,537,598-197,949,082) 15.4 1 PCNV on chrX .
FD, obesity
(causal) *
Parental origin unknown
#129* 1 1p31.3p31.1 (61,620,929-76,755,163) 15.1 . Male, 4 yrs., DD, SLD, ASD
Without rare CNVs
2p12p11.2 (9.9 Mbp; 79,211,952-
; Parental origin unknown
#147* 5 89,129,064) & 2911.1q14.3 (33 Mbp; 888 g Male, 4 yrs., DD, ASD
95,341,387-128,342,675) & 2p24.1pl4 Without rare CNVs
(45.9 Mbp; 22,170,065-68,067,589)
Parental origin unknown. |
Willi -B
#944 2 224.1931.1(155,368,924-174,708,199) 19.3 1PCNV onchr 7 (causal)  usPected Williams-Beuren
Syndrome
Table 2
Male, 6 yrs., bilateral cleft
lip/palate, iris coloboma,
. blepharophimosis,
Parental origin unknown
#11 3 3026.32028(176,695,771-189,044,675) 12.3 : camptodactyly, patent
Without rare CNVs. . .
ductus arteriosus in the past,
spina bifida, cerebral
ventricle asymmetry.
Fem, 8 mo., IUGR, DD, FD
3p13p12:3(5.3 Mbp; 72,016,624- Parental origin unknown macrocephaly, short stature
#947 3 77,325,155) & 322.2425.1(15.4 Mbp; 20.8 i sz” h:n oot
133,992,740-149,438,082) Without rare CNVs ) L
hypoplastic external genitalia
Parental origin unknown
#1101 5 5q14.1915(77,967,561-94,997,034) 17 . Male, 6 years, ASD
Without rare CNVs
7921.13g31.1(90,678,991-109,653,423) 19 Parental origin unknown Fem, 8 yrs., FD, learning
#169* 7 difficulties, short stature,
1 PCNV on chr 18 (causal)* .
ophthalmopathies
Male, 15 yrs., DD, severe ID,
Parental origin unknown epilepsy, short stature,
#346* 7 7p14.3p14.1(29,374,797-40,699,189) 10.6 . absent speech,
Without rare CNVs
gastroesophageal reflux and
cerebellar atrophy
Parental origin unknown
#833 8 8013.3922.1(70,942,228-94,406,882) 234 1LPCNVsonchrl Male, 2 yrs. 8 mo., ASD.
Table 3
Parental origin unknown
#505 9 9031.2933.1(108,394,893-122,047,673) 13.6 Female, 12 years, DD, ID, SLD

Without rare CNVs




125

Size
Case Chr UPD segment (Isodisomy) Iv::)p Other Findings Phenotype
10025.2926.13 (112,544,654- Male, 12 yrs., DD, mild ID,
#76* 10 12 1 PCNV hr7 1)*
124,513,498) on chr 7 {causal) ASD, FD
Fem, 5 yrs., ASD. Likewise
Parental origin unknown affected sister and brother
#776 10 10922.1923.31(72,616,063-91,065,521) 18.5 ) ]
Without rare CNVs. with ASD, with unremarkable
microarray results.
Parental origin unknown Fem, DI, DF, mi haly,
#569 11 11q14.1921(83,339,664-95,895,139) 12.6 rarong em, 21, D, microcephaly
Without rare CNVs atopic dermatites.
Parental origin unknown
#633 11 11p15.3p13(11,473,107-32,068,176) 20.6 1 LPCNVs on chr 6 Male 5 yrs., ASD
(Table 3)
11p11.2p11.12(5.7 Mbp; 45,853,773- Parental origin unknown
#628 11 51,550,787) & 11913.49q13.5(5.2 Mbp; 10.9 ith Fem, 9 yrs., ASD
71,543,708-76,752,248) Without rare CNVs
Male, 8 yrs., macroglossia,
protruding tongue, laryngeal
alterations, closure of the
Parental origin unknown teri h
#674 12 12p13.33p12.1(257,936-22,766,988) 225 & posterior pharynx,
Without rare CNVs laryngotracheomalacia,
possible Di George
syndrome, peripheral
pulmonary stenosis
Male, 10 yrs., DD, ID, FD,
obesity, SLD, hypotonia, high
Parental origin unknown palate, clinodactyly, long 2nd
#284 12 12g15921.31(69,859,080-84,755,083) 14.9 Without rare CNVs and 3rd toes, foot
Normal karyotype polydactyly, unilateral
cryptorchidism, retinitis
pigmentosa
Fem, 4 yrs., DD, FD, short
Parental origin unknown tat trudi |
#430 12 12q21.2q21.33(78,736,693-92,566,637) 13.8 & stature, protruding ears, low
Without rare CNVs vision, retinal spot,
intracranial calcifications
Parental origin unknown, FD, palatine c!eft, upslanting
half-sister with Down pal;?e:ral flssubres, LOV;’
syndrome, 46,XX, add weight, DD’a, norma
#407 13 13g22.1g31.3(75,078,803-92,192,744) 17.1 (21)(q22.3) growth, seizures,
' neuropathies, congenital
2 causal PCNVs on chr 3 . -
421 (Table PCNV cardiopathy, atrial and
an (Table PCNVs) ventricular septal defects
Parental origin unknown Male, 11 yrs., SDL, learning
#312* 14 14913.2923.2 (36,397,727-64,565,981) 28.1 1 PCNV on chr. 22 disability, FD, abnormal brain
(causal)* structure
Fem, 2 yrs., IUGR,
oligohydramnios, low
Parental origin unknown birth weight, low stature,
16p13.3p13.13 (12.5 Mbp; 89,560- . i
#204* 16 p13.3p13.13 ( P 125 Without rare CNVs hypotonia, camptodactyly,
12,548,052) N N DD, SLD, trigonocephaly,
ormal Karyotype epicanthus, downslanting
palpebral fissures, atrial
septal defect
#a7* 17 17922q24.2 (53,332,043-65,633,600) 123 Parental origin unknown Fem, 8 yrs., FD, abnormal

eyelashes, widow's peak,
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Size
Case Chr UPD segment (Isodisomy) Iv::)p Other Findings Phenotype
Normal karyotype supernumerary nipple, short
1 mosaic PCNV on chr X, stature, anomalies of upper
(contribution) and lower limbs
18p11.22p11.21(5.2 Mbp; 9,990,161- -
p p ( p; 2,299, Parental origin unknown Male, 1 year and 10 months,
#584 18 15,143,714) & 18911.1912.2(17.5 Mbp; 22.7 h DD and macrocephal
18,540,834-36,061,962) LVUS chra phaly
20911.21g13.11(12.5 Mbp; 29,510,307- -
N N ( P Parental origin unknown Male, DD, deafness, ocular
#907 20 42,027,093) & 20p12.1p11.1(8.8 Mbp; 213 o anommalics and oral cleft
17,489,413-26,266,313) Without rare CNVs '
Parental origin unknown Male, 5 yrs. 8mo., DD, SLD,
#209 22 22q12.1q13.1 (26,504,838-40,021,614) 135 rarong alé, o yrs. $mo
Without rare CNVs ID.
Male, 2 yrs., low weight,
Parental origin unknown short stature, FD, DD,
#443* 22 22q13.1q13.33 (37,977,281-51,157,531) 13.2 1 PCNV of 2.8 Mbp (x 4), mongolian spots, poor ear

partially overlapping with
this probable UPD.*

development, SLD, ASD,
disturbed behavior,
agressive

Identified in previous work *(CHAVES et al., 2019)[33].

Figure 4 - Chromosomal distribution of the 27 cases with LCSH (single or
sum) 2 10 Mbp restricted to one chromosome, suggesting putative UPDs.
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Analysis of LCSH distributed across multiple chromosomes indicated some

degree of inbreeding in 36.5% (348/953) of cases, with over 24% suggesting seventh-

to sixth-degree parentage (as third cousins); 7.2%, fifth grade (eg, second cousins);

1.8%, fourth grade (distant first cousins); 1.8%, third degree (first cousin; half-uncle

with niece); 0.6%, second-degree (half-siblings, uncle-niece, double cousins) and in
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two cases (0.2%) parental kinship suggested incest as it is a coefficient of first-degree
inbreeding [father (mother) /daughter (son), full siblings].

Clinically more relevant first-to-fifth-degree kinship was suggested by ~11.5%
of cases.
Table 6 - Details the results referring to the 4.3% of cases that suggested kinship from

first to fourth grade.

> of LCSH Possible parental Degree of Coefficient of ozl )
Cases . : i g . . expected not
(Mbp) relationship kinship inbreeding (F) tested (~%)
#194 760 father (mother) / daughter First 0.264 25
#834 1.053 (son); complete siblings 0.37 25
#271 334 0.116 12,5
#1068 403 0.14 12,5
half-brothers; uncle
#918 285 (aunt)/niece (nephew); 0.10 12,5
1 P Second
#297 314 double first cousins; 0.109 12,5
grandfather/granddaughter
#380 346 0.121 12,5
#220 402 0.139 12,5
#187 196 0.068 6
#275 225 0.078 6
#395 136 0.047 6
#412 123 0.043 6
#413 162 0.056 6
#419 181 0.063 6
#354 193 0.067 6
#364 165 0.057 6
#540 196 first cousins Third 0.068 6
#645 238 0.082 6
#730 137 0.047 6
#754 204 0.070 6
#766 136 0.04 6
#823 183 0.063 6
#910 248 0.086 6
#1088 227 0.079 6
#1103 239 0.082 6
#157 62 0.022 3
#273 110 0.038 3
#287 96 0.033 3
#311 82 0.028 3
#378 93 first cousins once 0.032 3
fourth
#412 123 removed 0.042 3
#506 68 0.023 3
#546 73 0.025 3
#612 88 0.030 3
#614 81 0.028 3
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Cases > of LCSH Possibl'e part'ental De.gree. of .Coeffici'ent of el;cpggéLBEgt
(Mbp) relationship kinship inbreeding (F) tested (~%)

#663 90 0.031 3

#676 106 0.036 3

#770 75 0.026 3

#789 123 0.042 3

#806 74 0.025 3

#905 66 0.023 3

#1011 79 0.027 3

LCSH with frequency 2 5%

Due to the scarcity of information about common LCSH in the Brazilian
population in previous work we decided to explore the data from this affected cohort to
identify frequent LCSH in the population of Santa Catarina, which we consider to
potentially be non-causal for the developmental issues of the patients [26], and now
we revise the findings with a larger sample.

The frequency of 5% or more to consider a recurrent LCSH as a common
finding in the population of southern Brazil was decided on an empirical basis. This
threshold was established to ensure a significant safety margin compared to the 1%
threshold used for considering a Single Nucleotide Polymorphism (SNP) as a common
variant in the population. This choice was made because analyzing an affected
population can introduce bias. However, it is still possible that certain autozygous
haplotypes act in conjunction with other genetic variations to manifest the phenotype.

The LCSH identified as frequent, potentially representing regions of low
recombination that can maintain ancestral haplotypes identical by descent, are shown
in Table 7 and Fig. 5.

Table 7 - Regions of LCSH considered common (frequency = 5%) identified among
917 CMA results.

Frequencies Chr/Cytobands Initial Position Final Position Size (Kbp)
33 16p11.23bcdf 31609107 35220544 3.611
17 11p11.2-p11.113bed 47885574 51550787 3.665

13 3p21.31-p21.12bede 48597552 52514732 3.917
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9 1p33-p32.32cd 49149495 53138197 3.988
9 15915.1-921.12¢ 42335561 45773925 3.438
9 10922.2-q22.32¢ 73953260 77200441 3.247
7 2g11.1-q11.23c4 95550958 98905554 3.354
12 1921.1-g21.22°¢ 145673186 149664902 3.992
5 19913.2-913.31 40357663 44200928 3.843
5 5923.3-931.1° 128694241 132201418 3.507

When the beginning and/or end of the cytobands were variable, a linear position was obtained
based on the median of the beginning or end. All analyses, as well as linear positions, were based on
the human reference genome, version GRCh37/hg19. a Chaves et al. 2019. b Wang et al. 2015.

c Kearney H. M. (Personal communication, 2017). d Sanchez P. (Personal communication,
2017). e Pajusalu et al. 2015. f Neta et al. 2022. The underlined LCSH was only found in our study.

Figure 5 - Visualization of the chromosomal locations of the LCSHs in
autosomal chromosomes considered common (frequency 2 5%) identified
among 917 CMA results.
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DISCUSSION

This expanded retrospective cohort study involved 1012 patients with
neurodevelopmental disorders (NDDs) and congenital anomalies (CAs) from the state
of Santa Catarina. A total of 206 pathogenic copy number variations (CNVs) were
identified in 170 individuals, resulting in a diagnostic yield of 17%. This diagnostic yield
is almost the same as the 18% obtained in our first study [33] and within the range of
15% to 20% of the diagnostic rate reported in the literature for patients with NDDs [33,
39-51].

It is important to highlight that out of the 173 cases with pathogenic CNVs, 32
cases had a previous abnormal karyotype result, which prompted the CMAs to identify
the DNA sequences involved. Excluding the 32 cases with known abnormal
karyotypes, the diagnostic rate drops to 14%. The chromosomal microarray (CMA) was
essential in discovering altered sequences in abnormal karyotype results, offering
unexpected insights into differences compared to what a karyotype suggests. The
CMA allows for scrutiny, and sometimes it reveals deletions in chromosomes where
the karyotype suggests additions or additions when the karyotype suggested deletions.

In our previous work, we extensively discussed the usefulness of traditional
karyotyping as a complement to CMA results, exemplified by 17 cases with altered
chromosomal results and a PCNV [33]. We can only underscore the importance of
having both classical karyotype results and CMA results. They provide valuable clues
about the processes leading to pathogenic changes and are crucial for genetic
counselling. Unfortunately, as CMA testing becomes more prevalent, traditional
karyotyping is performed less frequently, even though it should at least be conducted

for the child and parents when results indicate a pathogenic CNV or a potential UPD.

CNVs

Our analysis revealed pathogenic CNVs across all human chromosomes, with

more than one causative variant identified in 15% of individuals. Deletions accounted
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for the majority (64%) of all detected pathogenic variants, consistent with the findings
of others [52], whereas for VUS the deletions represented only 34%.

Our findings indicate a higher incidence of pathogenic variants on
chromosomes 1, 3, 19, and X, with 17, 16, 15, and 18 PCNVs, respectively. This
contrasts with the results of previous studies [23—-26] (see Supplementary information
1- Pathogenic CNVs per chromosome).

The sizes of the PCNVs, the number of genes they covered, and the number
of OMIM genes associated with these CNVs to those of the VUS and non-causative
(benign) CNVs, show a statistically significant difference with P<0.0001 (according to
Tukey's Multiple test) (Figure 3 -A1 and Supplementary information 2). This is
comprehensible, since larger CNVs, with more genes, in particular with more genes
related to disease or known to drive important cellular processes will have a higher
impact, which tends to be greater for absence of gene copies than for their excess.

As depicted in the circus ideogram (Figure 02), pathogenic CNVs tend to be
situated near telomeres in most chromosomes. This is expected since subtelomeric
regions are prone to rearrangements, given that only one chromosomal breakpoint is
required to initiate a submicroscopic abnormality [53].

Pathogenic CNVs are also known as recurrent and non-recurrent. While non-
recurrent pathogenic CNVs occur sporadically in the genome, with probable origins in
replication errors or DNA repair mechanisms, they cover different gene contents and
consequently present variable phenotypes [52-54]. Recurrent pathogenic CNVs, in
turn, are associated with known and characterized microdeletion and microduplication
syndromes. Recurrence of these CNVs is mediated by non-allelic homologous
recombination between locus-specific low copy repeats (LCRs) [55, 56].

We have identified a total of 71 individuals with known syndromes that are
associated with 72% of pathogenic CNVs. Among them, the most common were
Angelman/Prader Willi syndrome, Di George syndrome (0.7%), 1p36 deletion
syndrome (0.6%), 16p11.2 deletion syndrome, and Cri Du Chat syndrome (0.5%)
(Supplementary Table 2).
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Phenotypic characterization

Characterizing phenotypes is a crucial step in investigating the genetic
etiologies of developmental disorders, helping to identify the role of the genes involved,
as Moeschler and Shevell's (2014)[57] emphasized in their systematic review about
the investigation of children with global developmental delay and intellectual disability.

In our cohort, the phenotypic characterization revealed a predominance of
phenotypes related to NDs, accounting for 85% of cases, similar to findings reported
by others [52, 56, 57], with 83% of the individuals presenting ID and/or DD. In 56% of
cases, only DD was present, while ID was mentioned for 33%.

It's worth noting that 42% of the cohort was under 5 years of age, which is
below the typical age range for diagnosing ID and eventual deficits are diagnosed as
DD. Nevertheless, even considering that many individuals with DD are not necessarily
intellectually deficient, it is still possible to estimate the prevalence of Intellectual
Disability (ID) by including individuals with both DD and ID, because it is known that
most individuals with DD in early childhood will later receive a diagnosis of ID [58].

Along with major neurodevelopmental phenotypes, many individuals exhibit
syndromic features (56%), such as congenital anomalies or malformations, and most
(47% of all) had atypical facial appearance (facial dysmorphism). Other comorbidities,
such as psychiatric or behavioural problems, and variations in physical parameters,
like height or body weight, were less frequently reported.

With a larger sample than in our previous study, the univariate analysis
confirmed our first findings, showing a significant association for the presence of
pathogenic CNVs with autism spectrum disorders, facial malformations/dysmorphisms
and genitourinary anomalies/malformations. Obesity and short stature, that were
significantly related as second relevant phenotypes when the cohort was smaller [33],
lost their significance in the now larger sample. Now developmental delay, intellectual
disability, limb anomalies, low weight, heart anomalies/malformations and motor
development delay gained in significance (see Supplementary Information 3).

However, even with such an extended sample, there is not one phenotype or
group of neurodevelopmental or malformation phenotypes with sufficiently robust

evidence as to justify a preferential CMA testing decision. Additionally, we are aware
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of our limitations in obtaining standardized phenotype data. This is mainly because
there is no standardized phenotype collection and annotation among medical doctors,
most of whom are not geneticists and have limited access to genetic tests for follow-
up genome sequencing or mutation investigation.

In the State of Santa Catarina, which has approximately 7 million inhabitants,
there are only a few (about five) medical geneticists, most of whom practice in
Florianopolis, the state capital. Consequently, many patients come from distant areas
or are referred for testing by medical doctors outside the main city, without the
opportunity to consult with a medical geneticist. A comprehensive and standardized
reassessment in all cases, which is currently beyond our capabilities, would be crucial
for confidently confirming the phenotype findings and, not to mention, aiding in the

interpretation of the CNVs found.

ASD Cases

For the 333 cases of cohort who were diagnosed within the ASD, the ages
ranged from a few months to 34 years, with a male predominance of 3,7:1. This is
interesting, because when considering the male to female ratio of the whole cohort,
the proportion is 1.55:1 and when the cases that mention ASD phenotypes in the
clinical description are excluded, the male to female ratio is 1.1:1. We are aware that
the cases did not underwent a standardized clinical assessment for ASD. However,
the ratio of about 4M:F is well established in the literature, and has led to specific
reviews on gender differences in ASD [59-64].

Based on the clinical data which we could obtain, 29% of the individuals (79
aged 5 or more; 17 under 5 years of age) of our ASD cohort also had dysmorphic
features (DF), a term that we used to include facial dysmorphia and/or congenital
anomalies. When DF were present, we considered them to be syndromic ASD cases,
that could have ID or not.

Like the diagnosis of ASD, the diagnosis of ID did not follow a standardized
protocol. Some individuals underwent detailed cognitive tests, and others were

diagnosed by doctors based of several criteria, this can be seen on tables 1 and 2,
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where in most cases only ID is mentioned, without the degree of the ID (mild, moderate,
severe). Within the 256 individuals with ASD aged 5 or more, 68 (27%) had some
degree of ID. Isolated ASD, which we use to define the non-syndromic patients without
ID, comprised 44% (145/333) of the cohort.

According to Rosti et al (2014)[65], approximately 75% of ASD were essential
(non-syndromic) cases, whereas 25% are syndromic. LovrecCi¢ et al (2018)[66],
reported a proportion of 41% of isolated ASD, 41% with DD and 19% with complex
(syndromic) phenotypes when studying a cohort of 150 ASD cases.

There are wide differences within the published prevalence of ID among
autistic individuals, Chiurazzi et al (2020)[67] mentions a coexistence of 70% of cases
with ASD with ID, while 40% of cases with ID have ASD [68]. The Autism and
Developmental Disabilities Monitoring Network (ADDM) funded by the CDC, states that
about one third of individuals (35.2%) of the ASD spectrum also have some degree of
ID (CDC — Autism Spectrum Disorder, last reviewed December 15, 2022).

There are gender differences among the subclasses of ASD. Whereas the
male:female ratio for the whole ASD cohort is 3.8:1, for syndromic ASD it is 2.9:1. In
syndromic ASD with ID it is 4.1:1; syndromic ASD w/o ID, 2.3:1. For non-syndromic
with ID it is 3:1, and for isolated Autism (non-syndromic w/o ID) it is 4.8:1.

CNVs were found in 90% of the 333 CMAs analysed, and 38 CNVs interpreted
as pathogenic were detected in 35 cases with ASD, resulting in a diagnostic yield of
11%, lower than the diagnostic rate for the whole cohort (17%), but within the range of
8 to 22% cited in the literature for other ASD cohorts [16, 66, 69—81]. And without the
ASD cases, the diagnostic rate of the cohort increases to 20%.

Within the 35 cases with pathogenic CNVs, 4 were among the 9 patients that
had previous abnormal karyotype results, for which the CMA test was requested to
identify the DNA sequences involved. Excluding the 4 cases with known abnormal
karyotypes, the diagnostic rate drops to 9%, however, the diagnostic yield was
considered 10% because the CMA was essential to discover the altered sequences in

the abnormal karyotype results.

Recurrent and rare CNVs in ASD
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The pathogenic CNVs found in this study and the reported phenotypes of the
respective patients are detailed in Table 3. We highlight the genetic syndromes
involved with these alterations, which were identified in our cohort, in addition to the
most common syndromes in ASD, which involve the chromosomal regions 15911-q13,
16p11.2 and 22911.2 [82-88], such as the 15q13.3 Microdeletion Syndrome
(#612001), Chromosome 16p.11.2 Deletion Syndrome (OMIM# 611913 ; n= 2), Distal
16p11.2 Deletion Syndrome (#613444) (in 2 cases), Distal 22q11.2 Microduplication
Syndrome (# 608363) and Angelman/Prader-Willi Syndrome (*600162).

Also rarer syndromes like 1g21.1 Microduplication Syndrome (#612475),
2q37.3 Microdeletion Syndrome (#600430), Williams-Beuren Region Duplication
Syndrome (#609757, n=2), 9p Deletion Syndrome (#158170), Distal 13q Deletion
Syndrome (#613884), Temple Syndrome (#616222), Partial Trisomy 16p13.3
Syndrome, Potocki-Lupski Syndrome (#610883), Distal Chromosome 18qg Deletion
Syndrome (#601808), 18q Deletion Syndrome (#601808), Schinzel Giedion Syndrome
(#269150), 21922.12 Microdeletion Syndrome, 22913 microdeletion/Phelan-
McDermid syndrome (OMIM# 606232; n= 2), MECP2 Duplication Syndrome
(#300260), Triple X Syndrome and XYY Region Syndrome have been associated to
ASDs.

Among the pathogenic CNVs detected in our study, the ones with the highest
frequency in the literature, based on data from the SFARI bank, are the 16p11.2
microdeletion (108 entries), followed by the duplication of 7911.23 (85 entries), the
16p13 microduplication. 3p12.3 (73 entries), the Xg28 microduplication (59 entries),
the 15q11.2913.1 microdeletion (56 entries), the 22q13.33 microduplication (54
entries), and the 17p11.2 microduplication (45 entries). And identical to the findings of
Cheng et al (2015) [89], in our study chromosomes 15, 16 and 22 together contributed
to more than 25% of pathogenic CNVs.

Among the rarer findings, based on the SFARI database we have: Case #66,
carrying a 22 Mbp microduplication at 15q25.1926.3(80,304,866-102,429,040), with
no SFARI entry for the locus; Case #345, a 2.7 Mbp microdeletion at
14932.2932.31(100,095,248-102,755,064), with two entries; the case #385, with a 4
Mbp microdeletion at 21q22.12922.2(35,834,713-39,831,660), with only one entry;
Case #443, carrying a heterozygous microduplication (x4) of 2.8 Mbp at
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22q12.3913.1(35,888,588-38,692,765), with two entries for duplication and 4 for locus
deletion; Case #455, which is a 26 Mbp duplication in Yp11.31p11.2-
Yq11.23(2,650,140-28,799,937), with 6 entries from a single study [87]; In case #751,
with an 8.3 Mpb microdeletion at 18912.2921.1(36,210,635-44,530,609), with a single
entry; Case #873, a 10 Mpb microdeletion at 13q33.2934(105,020,842-115,107,733),
with 11 entries. And case #1107, with altered karyotype, as previously mentioned,
presented a deletion of 15 Mbp in 9p24.3p22.3(208,454-15,424,987), with two entries,
one deletion and one duplication.

When it comes to submicroscopic chromosomal alterations, both deletion and
duplication of CNVs can result in decreased gene expression by gene disruption,
whether gene duplications can also lead to overexpression of genes.

As discussed by Milen et al [60], the detection and interpretation of recurrent
CNVs, which are often associated with ASD, facilitates post-test genetic counseling,
since one can safely conclude the genetic etiology by associating the CNVs with the
clinical characteristics of the patient. In most cases, particularly when the parents are
unaffected, it is more likely that pathogenic CNVs have their "de novo" origins. This
occurs due to events such as errors during meiotic recombination, early illegitimate
mitotic recombinations, or due to repairs to DNA double-stranded breaks during the
first divisions of embryonic cells [90].

On the other hand, pathogenic CNVs can also originate from the
consequences of a balanced chromosomal translocation in the genome of the parents,
according to Nowakowska et al (2016) [91], it is advisable to test the parents of
individuals with large pathogenic CNVs, through the classic karyotype, since that
balanced translocations cannot be identified by CMA and carry a high risk of

recurrence.

Influence of dysmorphic features and/or ID in the diagnostic rate

Although the diagnostic rate for several phenotypic groups was higher than the
11% of diagnostic rate found in the ASD cohort, only the diagnostic yield of 16% for
syndromic ASD was confirmed as significant by univariate analysis (p = < 0,05, OR =
2,43)(Figure 3C).
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Several studies have investigated the diagnostic yield of CMAs and genome
sequencing techniques in cohorts with neurodevelopmental disorders and, even
though with a large diagnostic variation when whole genome or exome sequencing is
applied, syndromic patients tend to have significatively higher probability for a positive
diagnostic result [33, 92, 93]. Specifically for ASD, the mean diagnostic yield is usually
lower than for a typical neurodevelopmental cohort. However, among autism subtypes,
higher diagnostic usually occurs when ASD is syndromic accompanied with other

features and is syndromic (or complex) ASD [69, 94].

LCSHs

In 2006, Li et al, (2006)[34], indicated that LCSH were more common in the
human genome than was considered at the time and that they could have an impact
on many fields of genetic studies. We now know that LCSH are one of the most
common types of genomic traits in humans, being observed throughout the human
genome as a consequence of inbreeding or evolutionary forces [22, 26, 95-97].

Previously we described the analysis LCSHs in 430 cases that are part of this
cohort [28]. Now, considering the whole cohort, we found that 91% of the individuals
have at least one autosomal LCSH = 3 Mbp as revealed by their CMAs tests.

Potential UPDs were found in 2.8% of the CMAs of the cohort, similar to the
2.6% we found in or previous work [28]. The frequency of potential or confirmed UPDs
found among published cohorts varies largely among studies. Investigating 214,915
trios, from the 23andMe sequencing dataset, representing a non-clinical general
population, the authors found 105 cases of UPD estimating that UPD occurs with an
overall prevalence rate of roughly 1 in 2,000 births or 0,05% [98]. The frequency of
UPDs found in studies that used exome sequencing of patient-parent trios of large
clinical populations for all sorts of genetic conditions is higher and oscillates between
0,2 and 0,6% [99-101]. The investigation for UPDs with whole genome sequencing of
164 parent-child trios in a more selected cohort, an Irish cohort with rare disorders,
found 3 UPDs a frequency of 1.8% [100].
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Using CMA platforms with distinct SNP density and in clinical populations with
distinct ethnic backgrounds, the reported potential UPD rate oscillates from 1 to over
4% [23, 101-103].

We want to emphasize once again that CMA technology can only detect UPD
regions in cases of isodisomy; it cannot identify UPDs with total heterodisomy. In a
complete UPD, whether it's isodisomic, iso/heterodisomic, or entirely heterodisomic,
both homologous chromosomes will exhibit the gender-specific imprinting of the sole
transmitting parent across their entire length. It's also important to remember that long,
uninterrupted stretches of homozygosity may also result from homologous repair
through a breakage-induced DNA replication mechanism, which, in contrast, can
originate segmental UPDs [104].

When considering the processes that lead to UPD, it's worth noting that among
the 27 cases with LCSH suggesting a potential UPD, eight also had PCNVs that were
either considered responsible or partially responsible for their clinical conditions.
Additionally, three presented VUS, including two with LPCNVs.

One exception is case #584, which had a PCNV spanning 2.8 Mbp (x4) and
overlapped with approximately 1 Mbp of the homozygous region associated with the
putative UPD, whose complex origin hints to a real segmental UPD. All other CNVs
were located on chromosomes unrelated to the identified UPD. We did not detect any
traces of mosaicism involving the affected chromosome in any of the cases, which
could have suggested a trisomy rescue.

When a potential UPD is found on one of the chromosomes related to imprinting
disorders, like chromosomes 6, 7, 11, 14, 15 or 20, and the phenotype of the patient
fits the potential imprinting disorder phenotype, the follow-up is straightforward [60].
However, most often the UPDs are on chromosomes without imprinted regions and
sequencing of the isodisomic region should be considered because it often unmasks
a homozygous deleterious variant inherited from a heterozygous parent.

Out of the 27 potential UPD cases identified in our study (Table 5 and Fig. 4),
only seven were associated with chromosomes known for imprinting disorders [105].
Cases #169 and #346 on chromosome 7, as well as case #312 on chromosome 14,
have been previously discussed [28]. Among the cases with potential UPD-like LCSH

patterns on chromosome 11, case #633 has a PCNV identified as the causal factor for
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its clinical condition, and cases #569 and #628 do not exhibit the hallmark phenotypes
typically associated with Beckwith—Wiedemann overgrowth syndrome caused by
UPD(11)pat or Silver-Russel Syndrome caused by UPD(11)mat. The same is true for
case #907 on chromosome 20, whose available phenotypes do not correlate at all with

the imprinting disorders of these chromosome.

Consanguinity

Approximately 24% of the CMAs revealed an LCSH pattern suggesting a
distant familial connection (sixth or seventh degree) among the parents of patients
affected by NDs. As we've previously mentioned, these findings may be indicative of
regional immigration patterns and intermarriage among immigrants in southern Brazil.
When the relationship suggested by the LCSH is distant and more associated with the
endogamous characteristics of the population, the likelihood of clinical significance
decreases.

More significant is the fact that in 11.5% of the CMAs, the LCSHs indicated a
first to fifth-degree parental relationship between the parents. These cases are more
likely to have a clinical impact because the closer the parentage, the higher the
proportion of shared alleles, increasing the risk of inheriting two copies of an autosomal
recessive (AR) mutation [24]. We provide an in-depth discussion of the impacts and
relevance of these findings in a previous publication [28].

As shown in Table 6, two patients exhibit homozygosity, indicating potential
first-degree relatedness among their parents. These results are communicated to the
referring physicians by the diagnostic laboratory. It is the responsibility of these
physicians to follow the appropriate protocols for these cases.

For one patient (#1068) where a second-degree relatedness is suggested
among his parents (Table 6) a PCNV was identified in chr 15 (Table 2). This patient
presents a complex syndromic phenotype that extends beyond the typical
manifestations usually associated with this deletion, which are mainly related to ASD,
DD and behavioural issues, suggesting the participation of a causal autosomal

recessive development gene.
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LCSH considered common (frequency = 5%)

As extensively discussed in Chaves et al (2019) [28], identifying and knowing
the most common (recurrent) LCSH allows us to focus the analysis on the most
clinically significant LCSH. Following the same reasoning and criteria of our initial
study, in this new analysis, we have identified 10 LCSH = 3 Mbp occurring at a
frequency of 5% or higher, thus considering these LCSH as a possible common
variation in our population.

All LCSH, except for 19913.2-q13.31 (40,357,663-44,200,928), which was
identified as frequent in our dataset (Table 7) have been previously recognized as
common LCSH by other research groups in clinical investigations involving patients
with developmental disorders [28, 35-38, 103], including our previous work. These
LCSH are typically considered low recombination regions, representing blocks of
ancestral haplotypes, and are generally interpreted as potentially non-pathogenic.

Wang et al. (2015)[36] identified several of these regions as recurrent LCSH
without clinical relevance in a cohort of patients with NDDs, including unaffected
parents. Kearney HM [38] reported them as findings occurring at a frequency > 5% in
CMA readings (CytoScan® HD, Affymetrix) from affected individuals. Sanchez P [37]
in an analysis of a cohort of 278 affected Hispanics reported LCSH as common when
their frequency exceeded 3% in CMA samples (CytoScan® HD, Affymetrix). Neta et
al. (2022)[103] reported the region we found on chromosome 16 as occurring at a
frequency of 12.7% in a cohort of 100 patients with ID and/or ASD from the Midwest
region of Brazil. Pajusalu et al. (2015)[35] reported similar findings to ours on
chromosomes 3 and 11 as recurrent LCSH with frequencies of 9.3% and 6%,
respectively, using a minimum cutoff size of 5 Mbp, in the investigation of 2110
consecutive Estonian patients (including prenatal care and parenting samples).

In our previous research, we identified as common the regions 6p22.2p22.1
(26,340,871-30,006,805) and 20911.21911.23 (31,940,638-36,081,725), also reported
as common by Sanchez P [37], Kearney HM [38], and Pajusalu et al. (2015)[35], as
well as 7q11.22q11.23 (71,997,278 -76,128,151), that had no prior report. However,
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they were not confirmed at a frequency = 5% in this larger sample. Conversely, our
previous study did not identify 5923.3-q31.1 (128,694,241-132,201,418), also found by
Kearney HM [38], as frequent. However, in the larger cohort this LCSH now shows up
at a frequency above 5%.

We found no previous report of the LCSH in 19913.2q13.31 (40,357,663~
44,200,928) that we identified now. This homozygous region is not associated with any
genes known to have an imprinting pattern in humans [106]. It encompasses 148
known genes, out of which 81 are listed in OMIM, including five genes related to
autosomal recessive (AR) disorders: Charcot-Marie-Tooth Disease, Type 4F
(#614895), Maple Syrup Urine Disease (#248600), Neurodevelopmental disorder with
hypotonia, neuropathy, and deafness (#617519), Ethylmalonic Encephalopathy
(#602473), and Agammaglobulinemia 3 (#613501).

The LCSH considered frequent and common in the current study not only
support the findings and discussions of our previous research but also raise the
possibility that our threshold of considering LCSHs only at a frequency = 5% could be
too conservative. It might be a relatively safe alternative to consider a lower threshold,

such as LCSHs with a frequency above 4% or 3%, as Sanchez P [37] did.

CONCLUSIONS

In this retrospective study, we present the largest report of microarray
chromosome data (CMA) in a cohort with neurodevelopmental disorders (NDDs)
and/or congenital anomalies (CAs) from Southern Brazil. We achieved a diagnosis rate
of 17%, consistent with the literature (15-20%). We characterized the rare copy number
variations (CNVs) that we identified and associated them with the main phenotypes
presented by each patient. The interpretation of CNVs is challenging and relies on
information such as frequency and characterization in affected populations, typically
obtained from cohort studies with significant sample sizes.

The primary reasons for referring individuals to CMA testing in this study were

developmental delay/intellectual disability and autism spectrum disorder, often
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accompanied by syndromic features like congenital anomalies or dysmorphic features.
Certain phenotypes have been shown to predict a higher likelihood of carrying a
pathogenic CNVs.

For the cases with the ASD, although our diagnostic yield of 10% for ASD is
within the range reported in the literature (8-21%), it is higher (16%) when it is
syndromic, associated with dysmorphic features, and lower (7%) for "isolated" ASD.

Among the 953 CMAs analysed for contiguous stretches of homozygosity
(LCSH), we observed 27 large LCSH (= 10 Mbp, ranging from 10.6 to 88.8 Mbp) on a
single autosome, suggesting a potential frequency of uniparental disomy (UPD) of
2.8%. However, the limitations of CMA underestimate the true UPD rate, as it can only
suggest its presence when uniparental isodisomy is detected. The absence of
methylation tests hinders confirming these findings as real UPDs and distinguishing
between complete and segmental UPDs.

Regarding consanguinity, the analysis of LCSHs indicated a possible descent
from first- to fifth-degree relatives in approximately 11.5% of the cohort. This
information is crucial for genetic counseling, as close relatives pose an empirical risk
of recurrence, potentially due to autozygous autosomal recessive (AR) mutations. In
cases with affected siblings, the analysis of regions that are identical by descent (IBD)
can assist in identifying the target region for investigation, particularly when employing
whole-exome sequencing (WES).

We identified 10 LCSHs with a frequency above 5% in individuals with NDs.
Nine of these LCSH had previously been reported as common variants by other
research groups, suggesting that they are likely normal population variants in Santa
Catarina. It might be possible that our threshold of considering LCSHs only at a
frequency = 5% could be too conservative. While valuable for prioritizing clinically
relevant LCSHs for analysis, a clinical contribution of this homozygous regions cannot
be completely ruled out.

Overall, analysing LCSHs detected by CMA with high SNP density provides
valuable information to aid in the investigation of neurodevelopmental disorders.
However, these findings are mostly theoretical and suggestive, serving as guidelines
for further investigations such as methylation analysis, targeted gene sequencing, or
WES.
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LIST OF ABBREVIATIONS

NDs — Neurodevelopmental disorders

ID - Intellectual disability

ASD - Autism spectrum disorder

CMA - Chromosomal microarrays

CNV - Copy number variants

DGV - Database of Genomic Variant

OMIM - Online Mendelian Inheritance in Man
DECIPHER - Database of Chromosomal Imbalance and Phenotype in Humans using
Ensembl Resources

VOUS - Variant(s) of uncertain clinical significance
DD- Development delay

CA - Congenital anomaly

IUGR - Intrauterine growth restriction

Mbp - Mega base pairs

LCSH - Long continuous stretches of homozygosity
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Table of VUS found in the cohort (INCLUDING CASES PUBLISHED IN chaves, et al, 2019).
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N° of
Case VUS Microarray Nomenclature (ﬁi;;) (?;n:fs Geirr:es Important Genes Phenotype (/;ﬁgt(:; Zr
OMIM
#  Dup a"[h91%]4?12;2&?)'(%82'758' 831 18 7 GTB/;‘(?\IZZBA' MildID, overweight F-
#5  Dup a"[hg1993,23;58(%%7'335' 568 7 4 %AABBRRRRL’ MID, Mot Dif and hyperactivity M
#6 Dup  27hg19] 22“33771525‘153;'7%2)(%6'733'535' 622 4 2 AGAP1, GBX2 DD, convulsions and FD F
#7  Dup arr[hg1294]61’233%335254,898- 363 2 1 SMYD3 ASD, motor difficulties, convulsions and FD M/-
#13  Del a"[hgwé ‘:,1‘115‘}91)(0%1*1050*388' 365 1 1 DLG2 ASD, LDO, motor difficulties, FD and SLD M/-
#19 Dup arr[hg19t]sf’%2115.’16?é(58)i,4(f)61 ,218- 2.454 10 6 IMPA1 DD, FD, gastrosch|5|sXlt?:;jri:aelxsrtgcmﬂy, hydronephrosis and I-k\,tfgfrfg:i
(#18)
#21  Del arthg 9] fg;gféggii?“'mg' 861 16 3 NPHP1 ID M
#32 Dup arrlhg19] 20913.33 200 9 5 KCNQ2, CHRNA1 Convulsions, low weight, prematurity, FD,
#40  Del a"[h919;;’”;‘;%"‘&%(07)?(’1590’938' 185 4 2 PSEN1, NUMBP1 ASD and SLD M/-
#43  Del a”[h919333’%21%%%?{1260’131' 440 2 1 DYNLRB2, CDYL2  MildID, ASD, motor difficulties, SLD, hyperactivity and FD M-
#50  Del arr[hgw]&;g;szﬂ f;?fi425’635' 262 25 2 SGCG, SACS MID F
#58  Dup arr[hgm% 331%2227%%)%946’063_ 880 4 2 DYNC2H1 DD, LDO, Mot Dif and FD ]
#64  Dup a"[h91‘°;]4%‘j'ggg’é£%§81 821- 704 48 28 NOTCH1 DD, SLD, ID and FD M
#81  Dup arrfhg19] 16p13.3(549,826-1,449,862)x3 900 45 26 CACNATH SLD, convulsions and FD M/PCNV
#82  Dup arrlhg19] 4935.2(188,106,543- 1,691 5 1 ZFP42 DD and SLD M

189,797,261)x3
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N° of
. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM

#86  Del amthgidl %%%163,(26)?{1425’635_ 262 1 DIAPH3 DD and LDO F-
#89  Dup  arhg19] 9p24.3(319,876-517,446)x3 198 2 DOCK8 , KANKA ASD, SLD, motor difficulties and FD Fi-
#109  Dup a"[h91313‘;“93;51\,&1%?;(258’054' 230 1 CCRNAL DD and FD M
#112  Dup arr[hg“&%’;gf’ﬁ‘)‘g1'157' 184 5 3 UBAP1, NUDT2 SID, Aut, convulsions, SLD, mot dif and FD M
#117  Dup a”[h919]4}392311:”'35‘)‘35206’212' 204869 25 7 CORD2 Fl-
#136 Dup  2ng19] 41q2288g§12262§)1xz38'789'028' 102,78 3 2 PLK4 Low weight, short stature, IUGR, FD, thin hair Fl-
#138 Dup arr[hg1$:)3]76g§§ '521(?31’(%09’169' 259,344 2 2 MDGA1 Prematurity, DD, polydactyly, aggression, M/-
#144  Del arrfhg19] 8a ?;Oqgg%ﬁzggg'mg' 190,948 2 2 CSPP1 DD, SLD, ID and FD Fl-
arrhg19] 11923.3(117,000,284- DSCAMLA, ]
#178 Dup 117,312,611)x3 312,327 10 7 CEP164, BACE1 ASD, FD, macrocephaly M/
#180  Del a”[hgwé 23%%1;:’9%()?('1243'228' 592,67 1 1 RBFOX1 DD, hypothyroidism M/-
#215  Del arthg19] 33%2'1339(;47)3’1508’262' 113,692 1 1 PEX5L Motor delay, DD, ID, ASD and ADHD M/-

#223  Dup arthg191 7 55%214%13(77;’3838’805' 742,952 8 4 BBS4 Short stature, IUGR, DD, MID and FD M/*3Pv

#223 Dup  amfhg19] 3p26.3(255,645-1,510,822)x3 1,255,177 2 2 CTNG, CHL1 Short stature, IUGR, DD, MID and FD M/*3Pv

#223  Dup a"[h91alsgq§§43%g?)’(§88’875' 2045,85 9 4 SNX9, ARID1B Short stature, IUGR, DD, MID and FD M/*3Pv
#245  Dup a"[h912171;2‘“01%%226);(4390'666' 1,030,166 2 1 NOVA1 Obesity, encephalopathy, CAs, DD and FD Fl-
#248  Del a"[hgwé; (;%21361&)1’1392’282' 399,402 1 1 GRID1 Abnormal brain structure, DD, /-

#255  Del arthg191 1 %1233612(78)1’1691 467- 152,16 1 1 GRID1 DD M/*2Pv
#268  Del arhg1dl fgég%ggﬁ?“'“ 8- 861,678 16 3 NPH1 ASD M/-
#276  Dup arrfhg19] Xq26.2(130,672,818- 294,908 2 3 KAL1 DD, FD, cardiomyopathy, thyroid dysfunction and myopia FI-

130,967,726)x3
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N° of
Case VUS Microarray Nomenclature (ii;;) (;l;nfs Geirr:es Important Genes Phenotype ?ﬁ:& ";r

OMIM
#278 Dup arr[hg19]511?22131?5;?%201 - 219,096 39 9 MIR, NLRP12 Epilepsy, abnormal brain structure FI-
#290  Dup arr[hg1191]02’g;gg: giige,em- 486,817 14 3 NPHP1 Genetic counseling M/-
#294  Dup a"[h91191102’g;g%g5i§8'141' 482,154 14 3 NPHP1 DD, ID, FD and Fl-
#299  Dup a"[h919;;71%101622(52)?(’352’286' 197,739 4 1 CRLF3 DD, ASD and behavioural disorder M/-
#309  Del a"[h919;,1271F;?§é11()?(’f49'507' 267,874 16 15 ; Short stature, DD, ID, FD and microcephaly M/-
#3311 Dup a"[h91?2j1p§’51"§§g;)’(g99'736' 426,234 2 1 NFIA Obesity, CAs, DD, Fl-
#319 Dup arr[hg191 ;%Tgi%()l’gsz‘m 1- 152,407 9 8 5 OMIMs Anal imperforation, onfalocele and cloacal exstrophy FI-
#331  Dup arrfhg19] ‘2‘?;?;8;2;&4925257' 593,639 7 3 NSG1 DD, epilepsy and FD M/*Pv
#336  Dup a"[h91alsg"‘ggfé;g%?gzo“' 238,119 3 3 APO@EEE%GU DD and FD Fl-
#342  Del a”[h91%]4:”’5’53"52%‘)‘;375'230' 116,342 1 1 THRB DD, Bilateral hearing impairment and FD Fl-
#346 Del arr[hg1a]171<’qu1£é;11 ;),(41185,313- 437.218 9 9 DOCK4 Low weight, slender build, n)onStclajr.delay, DD, SLD, SevID and M-
#354 Dup arr[hg1Sz]1%(11§g£(()17;£)5),(4:1309,943- 79713 4 3 NOC2L Consanguineous parents,sgsl?:éfiresis, DD, FD and ostium M-
#359  Dup a”[h919810?5q3154"71é%()’;(g19'759' 515,991 6 3 MSH3 RASORFZ. Convulsions, LDO, MID Fl-
#360  Del a"[h915;]275’33;71{(;@2157'666' 242,118 2 1 NEGR1 Convulsions, LDO, F Fl-
#369 Dup arrhg19] 1221?535%;7'5)::3(30’175’955' 1,394 9 3 IPOSbBQI;R IN2, Abnormal brain structure M/-
#383 Dup arrlhg19] 10911.23(51,250,417- 504,693 7 4 PARG, MSMBP,  Convulsions, DD, SLD, ASD, behavioural disorder and gluten M-

51,755,110)x3

NCOA4 , TIMM23

intolerance
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N° of
Case VUS Microarray Nomenclature (i';;) é‘lenoefs Geirr:es Important Genes Phenotype c/;ﬁ:g ":r
OMIM
#384 Dup arr[hg19é(; 2%251é17(55)?(§84’568' 301,307 5 5 IP'YIJE’ECEISP1’ Motor delay and chronic encephalopathy M/-
#384 Dup arr[hg19;:; %%%253(77)?(’;55’482' 268,115 3 1 TSHZ1 Motor delay and chronic encephalopathy M/-
#397  Dup amthgle] ] 3%1125%(72)1’3?17’921' 613,436 9 3 UQCRC?S’REEFZK' DD, ASD and FD M/-
arr[hg19] 2q11.1(95,733,867- ZNF2, MRPS5, 5
#401 Dup 96,279,208)x3 545,341 8 3 KCNIP3 ASD, DF F/
#423  Dup a"[h919]8102312§ '3%?)?5559’698' 358,917 2 2 OTOGL, PTPRQ CAs, ID and FD Fl-
#444  Del a"[hgwé 16‘;%12(')%()?('1644'079' 31 1 1 RBFOX1 ASD M/-
#456  Dup arr[hg12]4?1%63?63‘)1;%62’042' 224 8 4 GPIHBP1 ASD and SLD M/-
#477  Dup arrfhg19] 7p15.3(24,133,960- 538 2 2 NPY, MPP6 ASD and ID M/-
24,671,640)x3
arr[hg19] Yq11.221q11.222(19,563,599- XKRY, HSFY1, M/ 48,
#492  Dup 21,028,944)x4 1,465 12 3 CDY2A ASD and ID XY, inv(9)
Multiple CAs, right periorbital oedema, thumbs with distal
implantation, nail hypoplasia, absence of distal phalanx,
#500  Del arr[hg19&;0;7273629(%5)(,;166,260- 111 2 2 Bk/l%?%f(()gg?%b) bilateral 5 finger hypoplasia, single unilateral palmar fold, F/-
T clubfoot to the right, omphalocele,
pulmonary cardiopathy
C1QTNF8 Short stature, disturbed
i * behaviour, long palpebral fissures, long eyelashes, long
#567 Dup arr[hg191]1266p81 2'731()1)(’:?52‘880 215 4 3 é2124r\]:17l)-| philtrum, anteverted nostrils, posteriorly rotated ears, short M/-
" (*607904) fingers, finger pads, partial syndactyly, wide hallux, dysplastic
nails of 2™ and 5" toes, hyperlordosis.
#577 Dup arrfhg19]4q28.1(126,172,904- 301 9 1 FAT4 (612411) DD, CNS malformation, cerebellar hypoplasia, lack of CP M-

126,474,296)x3

growth
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Case VUS Microarray Nomenclature (ii;;) é‘l;noefs Gr‘l{:c;i Important Genes Phenotype c/;ﬁ:t(l ":r
OMIM
wos Dup  SPOIMRUI@IACRTRAZ L, o, MR D, macrocephaly, FD -
#592  Dup a"[h913]2%‘1‘;’73%75231%(277’859' 700 2 1 ASTN2 ASD, ID, SLD and hemiparesis F-
#5905  Dup a"[h91g]21154g01§(3372);:; 0,535- 450 4 2 NUBPL(*613621) ASD, seizures M/-
#602  Del a"[h91192];(’%273(}§g')3?2'874' 412 1 1 ('53%22;;) Suspected Alagille syndrome PI-
#607 Dup arr[hg1Sz]4%?§§é?§1zgi)’;),(g10,752- 322 15 9 ?é‘éélﬁg) Macrocephaly, advanced bone age, skin spots, ectrodactilia F/-
mos o TOSRAZANSSC gn g UGORGE Ao poymmore iseonal e s
Wos o TTOSRELISR0S g5 fNE Apy.oobmiomora ey el gy
#644  Dup a"[h919};?9“71751'13&")3)(’368’571 - 108 5 4 STRC (606440) DD, suspected Susac syndrome M/-
#646 Dup arrflhg19] 111%111%3.227?2451(71)32,943,388- 8,084 68 21 ) Leopard syglcérggtieal,il;:eelr‘;%krles, mildID, o PF(éNV
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N° of
. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM
arr[hg19] 7921.3(96,630,285- 143 Multiple CAs, cardiopathy, bilateral thumb agenesis, vertical
#649  Dup 96,773,686)x3 3 3 DLX5 (600028) talus feet, microtia, suspected TAR or VACTERL F/3VUS
arrlhg19] Xq21.1(76,959,491- Multiple CAs, cardiopathy, bilateral thumb agenesis, vertical
#649  Dup 77,184,107)x3 224 4 4 COX7B (300885) talus feet, microtia, suspected TAR or VACTERL F/3VUS
arr[hg19] Xp11.3 (44,597,231- " Multiple CAs, cardiopathy, bilateral thumb agenesis, vertical
#649  Dup 44,820,429)x3 223 2 2 KDMBGA (*300128) talus feet, microtia, suspected TAR or VACTERL F/3VUS
#658  Dup a"[h919éf%2122%12(§)‘)‘(’§65’1 53- 147 2 2 ROR2, SPTLCA ASD M/2VUS
#658  Dup a"[h919%21 3;%1)2%%1,; 64,937- 425 1 1 B3GLCT ASD M/2VUS
M/Brother
arr[hg19] 6q14.3(87,410,108- HTR1E, CGA, with ASD
#661  Dup 87,911,748)x3 502 3 3 ZNF292 ASD #659
(negative)
#671 Dup 27IN919l 14q12(29;(2321 762-29,459,916) 534 4 1 FOXG1 (*164874) Epilepsy, DD, suspected Dravet syndrome (SCN1A) F-
arrlhg19] 16p13.3(6,887,840- 5
#695 Del 6,966,572)x1 79 1 1 RBFOX1 ASD M/
#716  Dup a"[h9191285;53619533779135' 226 6 6 (S*'éocge';%(; Disturbed behavior, SLD, FD, Karyotype: 46,XY,22ps + M-
arrfhg19] 2913(110,504,318- ASD, DD, abnormal growth, FD, CAs, macrocephaly and :
#727  Dup 111,365,996)x3 862 16 3 NPHP1 hirsutism F/
#738  Dup arrlhg19] 15913.3(31,999,631- 444 1 1 CHRNA7 ASD, ID, FD, SLD, abnormal growth, dyslalia, motor M-

32,444,043)x3

difficulties and ADHD
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N° of
. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM
arr[hg19]13912.12(23,473,290- } Multiple comorbidities 3
s s X ’ not specifie
#741 Dup 24 979.038)x3 1,506 15 8 i ified M/
. Difficult-to-control epilepsy,
#742  Dup a"[hg1g]21gg‘01§g322);:;°'535 490 4 2 NUBPL (*613621) cerebral palsy, DD, overweight, M/-
e frontal temporal cortical dysplasia
} 186 TIMM22 (*607251) ASD, hypertension, :
#744  Dup arr[hg19] 17p13.3(791,201-977,024)x3 5 3 e ABR (*600365) dyslipidemia M/
arrflhg19]6p22.3(17,808,245- Deformed toes, clubbed fingers, ptosis, proeminent nose, :
#756 Del 17.978.2565)x1 170,011 1 1 KIF13A (605433) kyphosis, short stature, DD M/
#758 arrfhg19]15913.3(32,003,538- CHRNA? DD, hypotonia, strabismus,
Dup 32,031,021)x3 928 12 8 (*118511) F-
#761  Del arr[h@”9%%?&1335455’149' 1,680 5 5 STS (*300747) Failure to thrive, DD F-
Arched palate, hair line in M, wide-spaced nipples, heart
arrfhg19] 1p36.32(3,311,950- PRDM16 . .
#768 Dup 3,589,407)x3 277 8 6 (605557) fremitus, cubitus valgus, F/-
growth delay
arr[hg19]18q921.1(44,515,228- KATNAL2 . ) - . :
#769 Dup 44,898,600)x3 383 6 4 (614697) dystonia, dysarthria, hyperactivity, mild ID F/
M/
#7177 Del arrlhg19]7934(141,799,147- 248 5 1 MGAM (154360) congenital deafness brother of

142,047,384)x1

#7178
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N° of
. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM
i NFE2L3 (604135), M/
#777  Dup arrhg? 2%7%2‘2‘2245;)(%94970 244 2 2 HNRNPA2B1 congenital deafness brother of
e (600124) #778
M/
#778  Del arthg?ol7 %34;(;;’)1?9’147' 248 5 1 MGAM (154360) congenital deafness brother of
U H#TT7
NFE2L3 (604135), M/
#778  Dup a”[h912137%2'4212245;;(%94'970' 244 2 2 HNRNPA2B1 congenital deafness brother of
e (600124) H#777
#785 Dup  arhg19]9p24.3(208,455-336,687)x3 128 2 1 DOCKS (611432) ~ Single palmar fold, inverted nipples, bilateral cryptorchidism, M/-
inguinal hernia, growth delay
arrfhg19] 1p13.3(108,700,187- SLC25A24 - :
#790 Del 108,962,439)x1 262 4 2 (608744) cleft palate, DD, FD, hyperactivity M/
arr[hg19] 1p32.1(59,848,744- * Mild DD, generalised epilepsy, mild tricuspid insufficiency, :
#792 Del 60,044, 036)x1 195 1 1 FGGY (*611370) right lung hypoplasia F/
consanguineous parents,
#798 Del arr[hg19] 4913.3921.1(74,958,696- 1,381 13 7 } pre and post-natal short stature, microcephaly, =
76,339,793)x1 hypertrophic cardiomyopathy,
oblique palpebral fissures
arrfhg19] 7p11.2(57,233,082- ) ) 3
#810 Dup 57,906,704)x3 674 4 ASD M/
#814  Dup arrfhg19] 15q11.2(22,770,421- 518 8 4 NIPA1 ASD M/-

23,288,350)x3
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N° of
. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM
#816 Del arr[hg19] 8921.13(80,370,864- 1,713 10 5 ) DD, cardiac malformation, global hypotonia, signs of speech M-
82,083,687)x1 apraxia
#828 Del arrlhg1915p15.31p15.2(9,090,338- 2545 20 8 ) ID, strabismus, protruding ears M/ +1
11,635,988)x1 ’ brother of case #829 PCNV
M/
Brother of
#8290  Del arrihg191op1o 31 %1{358')?((?'090'338' 2545 20 8 - ID and DF case
R #828 + 1
PCNV
#830 Dpel 2919l 1;51243;‘,23%1&%6'997'314' 236 3 1 BBOX1 ASD M/-
#830 Del  amhg1ol1 ;51243'5%1&')1)5126'997'314' 236 3 1 BBOX1 ASD M-
#3835  Del a"[h9197]1061p; 3937(&?87'841' 126 1 1 RBFOX1(*605104) ModID, DD, divergent strabismus, scoliosis F-
#3835  Dup a"[h9191];12p4105f(§;;‘x*§89*177' 651 6 6 ; ModID, DD, divergent strabismus, scoliosis F-
arrlhg19] 1921.1(145,369,184- RBMBS8A (605313), Developmental regression, seizures, :
#834  Dup 145,988,238)x3 619 24 2 PEX11B (603867) suspected Rett syndrome. F/
#855  Dup a"[hg12171;20'01%(322%(4390'666' 1,057 6 1 NOVA1 (*602157) ASD F/-
#870 Dup arr[hg19] 12p11.1(34,065,100- 738 9 1 ALG10 (*603313) Ataxic hypotonic cerebral palsy, cannot walk, absent speech, Fl-

34,802,951)x3

seizures
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N° of
. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM
) Macrocephaly, broad forehead,
#876 Dup arr[hg196]9X§11;3g?()g§)),(§07,741 110 3 3 EDA (300451) sialorrhea, limb hemihypertrophy, joint laxity, suspected F/-
. Sotos syndrome
arr[hg19] 16p13.3(6,967,626- RBFOX1 (* 3
#880 Del 6,998,141)x1 30,5 1 1 605104) ASD M/
arr[hg19] 7931.1(110,863,879- 3
#904 Del 111,283,978)x1 420 1 1 IMMP2L ASD and DD M/
arr[hg19]3p14.3(57,370,900- ) ID, microcephaly, cleft lip, foot anomaly, :
#9314  Dup 57,746.279)x3 375 7 4 small hands, ichthyosis vulgaris Ff
arr[hg19]10p15.1(4,620,457- ) 3
#918  Dup 5,104,391)x3 484 7 4 ADHD, ID M/
#927 Du arrfhg19]15911.2(22,770,422- 845 4 4 ) Suspected Angelman syndrome M/ 1
P 23,615,769)x3 PCNV
arr[hg19] 15911.2(22,770,421- M/ 1
#927 Dup 23,615,769)x3 845 16 4 - Suspected Angelman syndrome PCNV
arr[hg19] 1921.2(147,723,034-
#928 Del 147,830,830)x1 108 2 1 NBPF8 ASD, FD, SLD, CAs and macrocephaly M/-
#9209  Dup arr[h91%]08§7211 '?%5)’;(275'847' 2% 3 3 LPL (*609708) Fetal losses with malformation F/2VUS
#929 Dup arrfhg19] 11q14.1(77,492,774- 1,017 16 3 - Fetal losses with malformation F/ 2 VUS

78,509,705)x3
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N° of
Case VUS Microarray Nomenclature (i';;) é‘lenoefs Geirr:es Important Genes Phenotype c/;ﬁ:t(l ":r
OMIM
#937  Del arthg ol 1 %411(52;;252?0'41 3 645 4 1 LYPLAL1 ASD M/3VUS
#937 Dpup  2"Ihg™9] ;‘g@gﬂggg ,795,858- 3,786 29 13 WDR26 ASD M/3VUS
#937  Dup aming19] Xe2 gég?;(g%’%z' 399 7 7 - ASD M/3VUS
#941  Dup a"[hg1%2)(85?(;8592)'3227'530' 64 4 4 ABCD1 ASD, MildID, SLD and hyperkinetic disorder M/-
arhg19]Xp21.2(31,116,865- X DD, SLD, hiperactivity, )
#342 Dup 31,359,757)x3 243 1 1 DMD (*300377). oppositional defiant disorder,seizures F/
arr[hg19] 16p13.3(3,315,091- } ASD, DD, Abnormal growth, FD, CAs, abnormal brain ]
#954 Del 3,432,025)x1 17 6 3 structure, motor difficulties and epilepsy M/
#9590 pup  2ng1d] 21q0182f;01 §'934()1X%6'873'992' 1,607 9 4 ; Suspected genetic condition F-
#984 Del arfhg19] 12820262(11351 4)1)5176’555’343' 3,513 24 12 - ASD, motor agitation and use of corrective lenses M/-
#1006  Del a"[hgmég 52(111162(5?)?{17 70,421- 444 6 4 CYFIP1, NIPA2 ASD M/-
#1021 Dup ar[hg19]3p24.1(30577491-30775657)x3 198 2 2 TGFBR2 microcephaly and micrognathia M/-

(*190182)
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. Size N° of Genes Gender
Case VUS Microarray Nomenclature (Kbp) Genes in Important Genes Phenotype INotes
OMIM
#1053 Del a"[h912]1710'521;?723;;383’652' 439 4 2 DOCK4 e ZNF277 ASD, midID, obesity and gynecomastia M/-
arr[hg19] 8912.1(56,717,039- CHCHD7 short stature, :
#1057 Dup 57,240,751)x3 523 10 7 (*611238) limb anomalies F/
arhg19] 1g43(237,843,614- 572 RYR2 (180902), DD, ataxia, _
#1088 Dup 238,415 416)x3 3 2 ZP4 (613514) psychomotor agitation M/
#1091 Dup arrfhg19] é(f ;é.g%g()%,oo&ess- 858 4 3 ZC4H2 ASD M-
arhg19] 16q24.1(84,439,871- ATP2C2 Obesity, ASD, )
#1099 Dup 84,676,492)x3 237 4 2 (*613082) Karyotype: 46,XY inv3(q13q26) Ff
#1108 Dup arr[hgw%; %%1215(72)%37 70,421- 312 6 4 NIPA1 (*608145) poor motor coordination, DD, SLD, anxiety F-
#1109  Dup a”[hg1191]42p1146'114%l§6'7°7' 4,077 47 17 - Additional material on chromosome 3. l';"é,flc/
arhg19] 2p13.2(71,586,200- ZNF638 (614349), o - ]
#1119 Dup 71,730,470)x3 144 2 2 DYSF (603009). ID, syndromic, epilepsy, scoliosis F/
#1120 Dup amthgi9l ] 58%%1i15f)i’:3225’243_ 581 26 12 ; ASD and MildID M/-
#1127  Del arrfhg19]2931.2(179,396,924- 232 2 2 TTN ASD and epilepsy M/

179,629,278)x1

Copy Number Variants of Unknown Significance (VUS) found in the cohort, with the number of genes present in the region, listing the most
relevant genes and phenotypes for each individual. Dup = Duplication, Del = Deletion, CAs = Congenital Anomalies, DD = Developmental Delay,
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ID = Unspecified intellectual disability, MildID = Mild Intellectual Disability, ModID = Moderate Intellectual Disability, SevID = Severe Intellectual
Disability, ASD = Autism Spectrum Disorder, and FD = Facial Dysmorphisms, SLD = speech and/or language delay or impairment,
IUGR = Intrauterine growth restriction, ADHD = Attention-deficit/hyperactivity disorder, LDO = learning difficulty only (no ID), ASD = Autism
spectrum disorder, F = Female, M = Male. LPCNVs = likely pathogenic CNVs. *2V = Patients with 2 VUS. *3V = Patients with 3 VUS.
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SUPPLEMENTARY TABLE 2
Prevalence of Syndromes Associated with Pathogenic CNVs.
T ST Frequency(i;)the cohort Frequemg;svi:(;a)thogenic
Angelman/Prader Willi syndrome 0,69 3,38
Di George syndrome 0,69 3,38
1p36 deletion syndrome 0,59 2,90
16p11.2 deletion syndrome 0,49 2,42
Cri Du Chat syndrome 0,49 2,42
Inverted 8p duplication/deletion syndrome 0,49 2,42
1g21.1 Microduplication Syndrome 0,39 1,93
22q11.2 duplication syndrome 0,39 1,93
Distal 13q deletion Syndrome 0,39 1,93
partial trisomy 7q31.32q33 0,39 1,93
PhelanMcDermid Syndrome 0,39 1,93
Waardenburg syndrome 0,39 1,93
Williams Beuren Syndrome 0,39 1,93
2q37 Microdeletion Syndrome 0,29 1,45
Koolen de Vries syndrome 0,29 1,45
partial trisomy 19p13 0,29 1,45
Terminal 21q del 0,29 1,45
Trissomia Parcial do 21q 0,29 1,45
15g11q13 duplication syndrome 0,20 0,97
15q13.3 Microdeletion Syndrome 0,20 0,97
18p deletion syndrome 0,20 0,97
18q deletion syndrome 0,20 0,97
2g31.1 microdeletion syndrome 0,20 0,97
6p25 deletion syndrome 0,20 0,97
9p Deletion Syndrome 0,20 0,97
ATR16 syndrome 0,20 0,97
Distal 16p11.2 deletion Syndrome 0,20 0,97
partial 13g monosomy syndrome 0,20 0,97
Partial Trisomy Distal 4q 0,20 0,97
Temple syndrome 0,20 0,97
Trisomy 12p 0,20 0,97
8p23.1 deletion syndrome 0,10 0,48
10926 deletion syndrome 0,10 0,48
1524 deletion syndrome 0,10 0,48
16p13.3 microduplication syndrome 0,10 0,48
18 q21.32qter deletion syndrome 0,10 0,48
21g22.12 microdeletion syndrome 0,10 0,48

3g29 Microduplication syndrome 0,10 0,48
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Identified syndromes

Frequency in the cohort

Frequencies in pathogenic

(%) CNVs (%)
793436 deletion syndrome 0,10 0,48
8p mterstlaals‘clI:Lertlo:):emcludmg pl2 0,10 0,48
CharcotMarieTooth dis(ease type 1A - CMT1A 0,10 0,48
CoffinSiris syndrome 0,10 0,48
Cohen syndrome 0,10 0,48
distal trisomy 10q syndrome 0,10 0,48
Distal trisomy 18q 0,10 0,48
Distal trisomy 3q 0,10 0,48
Distal trisomy 8p 0,10 0,48
DYRK1A relatisr:::(ejﬂr::tual disability 0,10 0,48
Greig syndrome 0,10 0,48
KBG syndrome 0,10 0,48
Keutel syndrome 0,10 0,48
MECP2 Duplication Syndrome 0,10 0,48
partial 18p deletion syndrome 0,10 0,48
Partial Trisomy 16p13.3 Syndrome 0,10 0,48
partial trisomy 18q 0,10 0,48
partial trisomy 5p14.3p15.31 0,10 0,48
Rett syndrome 0,10 0,48
Schinzel Giedion Syndrome 0,10 0,48
SimpsonGolabiBehmel Syndrome 0,10 0,48
Sindrome de San Luis Valley 0,10 0,48
Sindrome Tricorrinofalangeana (TRPS). 0,10 0,48
SmithMagenis Syndrome 0,10 0,48
Sotos Syndrome 0,10 0,48
tetrasomy 18p11.21p11.32 0,10 0,48
Triple X Syndrome 0,10 0,48
WAGR syndrome 0,10 0,48
WolfHirschhorn syndrome 0,10 0,48
Xq26.3, Xq27.3:y2n8d;:::‘::128 duplication 0,10 0,48
Xq27.3q28 and Xq28 duplication syndrome 0,10 0,48
Xq28 duplication syndrome 0,10 0,48
XYYRegion Syndrome 0,10 0,48
Total syndromes identified 14,51 71,50

Note: Values represent the prevalence of syndromes in individuals with idenified pathogenic CNVs.
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SUPPLEMENTARY INFORMATION 1

Quantities of CNVs

Quantities of pathogenic CNVs per chromosome
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SUPPLEMENTARY INFORMATION 2

Comparison of CNVs interpreted, by size X number of genes covered (A &

B) and by size X number of OMINs genes covered (C & D):
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SUPPLEMENTARY INFORMATION 3

Obesity |
Genitourinary® —a—
Ataxia -
Upper limb* - ————
Cutaneous”™
Lower limb* - ——
Low weight —| kA
Deafness or hearing loss - -

Slender build
Endocrinological® |

Gastrointestinal® - —————
Dysmorphisms | —a—
Heart” - A
Motor development delay — F = 3 -
Developmental delay | —aGar—
Short stature -| Py —

Abnormal growth -
Prenatal problems -

Abnormal brain structure | —_——
DD and/or ID - ——
Intellectual disability - —a—
seizures —_——————
Hematologic® - -
Neurologic _| é
Abnormality
Hypotonia | —_———
Musculoskeletal | -
Behavioral changes —| ——
Speech and language delay - —
Epilepsy - —————————
Difficulty of learning | —
Neurodevelopment - e
ASD —ba—i

Log? of Odds ratio (with 95% confidence interval).

. Odds ratios shown in log2 scale. Odds ratios with a p-value < 0.05, two tailed were displayed in red,
while others were shown in black..”: anomalies and malformations, ID: Intellectual disability; DD:
Developmental delay and ASD: Autism spectrum disorder.

Comparison of CNVs interpreted in cases with ASD, by size (D), number of genes
covered (E) and number of OMINs genes covered (F):
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SUPPLEMENTARY INFORMATION 4
Circus ideogram with pathogenic CNVs found in ASD cases, plotted by

chromosome.

Figure 2

[s
2 P 2
£ %
S
oot it .
ong . "/.-— —
N ol w45 ~, 3
© PR . oy
@ g e N
< & - .
S o
4 \
o, - .

| T : 3 L f
. outer 1]
B . | Track! and 2*: pCNVs \ E
L ‘ | Track3 and 4*: VOUS l
\ i
.
J

e

" ‘ Track5: bCNVs
-— X \\ Inner .
oo % B \ /
o \ ¥
ES i L \\\\ Vs
FS % —
. - "\

’
.
o~ e ,4—:.
- i
o
%
)
o

chr15
g B H
i

Chry :
? % cne®
chrg

On track 1 to 4. In track 5, the plot of benign CNVs.
Duplication x2 copies Duplication x2 copies

— Duplication x1 copy — Duplication x1 copy

» Deletion x -1 copy » Deletion x -1 copy
Deletion x -2 copies Deletion x -2 copies

* Tracks with overlapping CNV plots.

Figure 2: The circle ideogram plot shows in the ouhermost tracks the genomic positions of all
pathogenic CNVs (pCNVs) found in the study per human chromosome, wich are plotted in two
tracks, the first and the second to allow visualization of overlapping pCNVs. The VUS are plotted in
the third and fourth tracks (also two tracks, for overlapping VUS). The bars in blue represent
duplication, either for x1 or x2 additional copies. The bars in red represent deletions in x1
(heterozygous) or x2 (hemozygous) copies. At the center of track 5 are plotted all the CNVs
interpreted as benign (bCNVs) detected in the study, these in turn, are presented by dots in shades
of green, which represent different states of copies (duplication x1 or x2 copies and deletions x1 or
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5 CONSIDERAGOES FINAIS

Nossa revisao bibliografica envolvendo 84 estudos de coorte de individuos
afetados com Disturbios do Neurodesenvolvimento (DsND) investigados por
Microarray Cromossémico (CMA), obteve uma média de 16,8% (95% CI: 15,07-18,54)
taxa de deteccado de CNVs patogénicas e possivelmente patogénicas. Sendo que as
maiores amostragens de coortes estudas referem-se aos paises economicamente
mais desenvolvidos do hemisfério norte, contrastando com uma baixa amostragem de
paises economicamente menos desenvolvidos do hemisfério sul, como na América
do Sul.

Demostramos aqui que o CMA é uma ferramenta essencial para decifrar as
sequéncias envolvidas nas anormalidades estruturais detectadas pela analise
cromossOmica classica, assim como pacientes com resultados anormais do CMA
devem ter seus cromossomos analisados, permitindo uma visdo dos mecanismos que
deram origem a anormalidade genética, o que é relevante para o aconselhamento
genético.

Neste estudo retrospectivo apresentamos o maior relato de dados de CMA
em uma coorte com DsND e/ou Anomalia Congénitas (AC) do Sul do Brasil.
Obtivemos uma taxa de diagndstico de 17 % quando analisamos a coorte, compativel
com a literatura (15-20%). Para os casos com transtorno do espectro autista (TEA), o
rendimento diagndstico foi de 11%, sendo maior quando sindrébmico e menor (7%)
para TEA "isolado", taxas compativeis com na literatura (8-21%) para coortes de TEA.

Caracterizamos as raras CNVs encontradas junto com os principais fenétipos
apresentados por cada paciente, uma vez que, a interpretacao CNVs é desafiadora e
depende muito de informagbes, como frequéncia e caracterizacdo em populacdes
afetadas, que normalmente sao obtidas de estudos de coorte com tamanhos de
amostra significativos.

As principais razées para encaminhar individuos para o teste de CMA neste
estudo foram atraso no desenvolvimento/deficiéncia intelectual e o TEA, na maioria
das vezes, com a presenga de caracteristicas sindrébmicas, como anomalias ou

malformagdes congénitas ou dismdérficas. Sendo que alguns fenétipos demostram ser
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preditivos de uma maior probabilidade de carregar uma CNV patogénica como: o
Atraso no desenvolvimento (AD)(p-value = <0,001, OR =0,53); TEA (p-value = <0,001,
OR=2,18); Malformagdes/Dismorfismos Faciais (p-value =<0,001, OR=0,42);
anomalias do membro superior (p-value = <0,001, OR =0,36); anomalias de membros
inferiores (p-value =0,001, OR=0,41); anomalias e malformagdes geniturinarias (p-
value = 0,004, OR =0,38); Baixo peso (p-value = 0,01, OR =0,44); DI (p-value = 0,014,
OR =0,65); Anomalias e malformagdes cardiacas (p-value =0,018, OR=0,51); DI ou
AD (p-value = 0,025, OR =0,65) e atraso no desenvolvimento motor (p-value = 0,036,
OR=0,54).

Para os 953 CMAs, em que os longos trechos contiguos de homozigose
(LCSH) foram analisados, 27 grandes LCSH = 10 megabases (Mpb), variando de 10,6
a 88,8 Mpb, foram observadas em um uUnico autossomo, sugerindo potencial de
dissomia uniparental (UPD) em uma frequéncia de 2,8%. As limitagcbes da CMA
resultam na subestimacao da taxa de UPD, pois s6 é possivel sugerir sua presenca
quando a isodissomia uniparental é detectada. No entanto, auséncia de testes de
metilacdo impede a confirmagéo desses achados como UPDs reais e a diferenciagao
entre UPDs completos e segmentares.

Quanto a consanguinidade, a analise dos LCHSs sugeriram descendéncia de
parentes de primeiro a quinto grau, em aproximadamente 11,5% da coorte. Essas
informagdes s&o essenciais para o aconselhamento genético, uma vez que ha risco
empirico de recorréncia, nos casos de parentesco proximo, deve ser considerar a
possibilidade de uma mutacao autossémica recessiva autozigoética. Se houver irmaos
adicionais afetados, a analise das regides idénticas por descendéncia pode auxiliar
na identificagdo da regido alvo a ser investigada por meio do sequenciamento
completo do exoma (WES), se necessario.

Identificamos aqui uma série de 10 LCSHs em frequéncia = 5% em individuos
com DsND. Nove dessas LCSHs ja haviam sido relatadas anteriormente como
variagbes comuns por outros grupos de pesquisa, sugerindo que sado provaveis
variantes populacionais normais em Santa Catarina. Essas informagbes séo valiosas
para priorizar LCSHs com maior probabilidade de ter relevancia clinica para analise.

No entanto, ndo podem ser completamente descartados.
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Por fim, a andlise dos LCSHs detectados por CMA com alta densidade de
SNPs pode fornecer informacgdes valiosas para auxiliar na investigacédo de disturbios
do neurodesenvolvimento. No entanto, esses achados permanecem principalmente
tedricos e sugestivos, podendo ser norteadores para novas investigagbes, como

analise de metilagédo, sequenciamento de genes direcionados ou WES.
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APENDICE A - FORMULARIO CLINICO

)

UNIVERSIDADE FEDERAL DE SANTA CATARINA
CCB - Laboratério de Neurogenética do

S

Li0de.
i

M Desenvolvimento .
g——————yg EORMULARIO CLINICO e

FICHA CLINICA DE PACIENTES ENCAMINHADOS PARA CGH ARRAY

2 Faixa etiria do Paciente:

3.8exo: () Masculine () Feminino

1. Mumero do CGH array :

4.Peso; kg 3, Estatura; cm 510 ) Crescimento longilineo
4.1 )y Obesidade 52( ) Baixa estatura

4.2( ) Baixo peso 530 ) Crescumento Anorimal
Obs:

6. HISTORIA PERINATAL

6.1 1 ) Prematuridade 6.2 ) Crescimento intra utering restrito (CIUR)

630 )y Artéria Umbilical anica 64 ) Oligeidramnio 6.5 () Polidrimnio

6.6 ) Ashxia Meonatal

6.7 Teste do Pézinho ) 5im ( JNio Qual? { ) Basico () Ampliado () Expandido
{ ) Alterado:

TEXAMES
7.1 { ) Cariotipo: { )Normal ( ) Alterado Obs:
1.2 )FISH; { ) Normal { ) Alterado

T30y Metilagho do DNA, Prader-Willif Angelmann:
() Mormal () Alterado

T4 ) XK-fragil () Mormal () Alterado
T.5( yMetabdlicos ()Y Mormal (b Aleradao
7.6 yOGHarray { )MNormal ( ) Alterado

B.Presenca conhecida de casos de DI na familia ¢ ) Mao { ) Sime Descrever

detalhes/parentesco no verso.
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9, Presenca conhecida de casos de Transtornoe psigquidtrice na familia () Mo () Sim
I Presenga conhecida de casos de Anomalias Congénitas na familia { ) Nio( ) Sim

11L.NEUROLOGICO

11§ b Agaxia 11,240 ) Distonia 1130 1Coréia 114 ) Hipotonia
50§ Deferno no Tubo Nearal 1161 ) Convulsdes:

11.7 1 ) Estrutura Cerehral Anormal:
1.8 Outros;

12.MUSCULOESQUELETICO

12,10 )yEscoliose 12.2( » Hérnia Ddafragmatica 123 ( ) Anomalia Vertebral
Qual?

1240 ) Anomalias Membros Superiores Qual?
12,510 ) Anomalias Membros Inferiores  Qual?
126 Mios () Polidactilia () Sindactilia uni ou bilateral, dedos

envolvides?

12.7 Pés  { ) Polidactilia. § ) Sindactilia uni ou bilateral, dedos envolvidos?
12,8 Ouiros;

13.DESENVOLVIMENTO FiSICO E MOTOR
13,10 ) Atraso no desenvolvimento ndo especificado 13.2( ) Atraso motor grosssiro

13,30 ) Atraso motor fino 13,4 Outros;

14 NEURODESENYVOLVIMENTO

14,10 ) Atrazo de Desenvolvimento Neuropsicomotor (abaixo de 5 anos)
1424 )} Atraso de Fala 14.3( ) Dificuldade de aprendizado apenas
14.4( ) Deficiéncia Intelectual ( ) Leve { )} Moderada { ) Severa
14.5( ¥ Epilepsia

146 Ouiros:

15, COMPORTAMENTAL

1510 yAatismo 1520 ) Sindrome de Asperger 153 ( ) Transtorno Obsessivo
Compulsivo

154 ) Esquizofrenia 157 ) TDAH 155 ) Déficit de Atengdo sem hiperatividade
15,8 Outros:
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16, DISMORFIAS
16,1 () Dismorfiag Mo Especificas:

16.2( ) Dismorfias Faciais: ( ) Face Assimetrica { ) Grosseira ( ) Pequena

{ v Estreita ) Alongada ( ) Ampla  ( yQuadrada ( ) Plana () Triangular
{ ¥ Hipoplasia Maxilar { ) Oulros:
16.3( ) Labio Leporing 16.4( ) Fenda Platina

16.5 Cranio: { ) Craniosinostose { ) Macrocefalia () Microcefalia () Plagiocefalia { )
Braguicefalia 16.8( ) Orelhas:
16.9( yOlhos: { ) Hipertelorismo { ) Hipotelorismo () Epicanto () Cilios

invertidos { ) Fenda ocular obliqua para cima () Fenda ocular obliqua para baixo
{3y Oatros {coloracio, manchas, ofc.)
1610 ¢ ) Boca'Labios:
1611 ¢ ) Testa:
16,12 (b Sobrancelha:
16,13 ) MNariz:
16.14 { ) Cabelo:
14,15 Circunferéncia da Cabega;___ om
16.16 { ) Outros:

17.CARDIACO
1710 b Defeito Do Septo Atrial 17.20 ) Defeito Do Septo Ventricular
17.3( ) Tetralogia de Fallot 174 { ) Coarctacio da acrta

17.5( yOurra AnomaliaMalformagiio Cardiaca

IR GASTROINTESTINAL
18.1( yGastrosquise  18.2( ) Estenose Pilorica 18.3( ) Onfalocele

184 yMegacdlon  18.5( ) Ouira Anomalia ou Malformagdo

Crastrointestinal:

19.GENITURINARIO

190 yGenitalia Ambigua 19.2( ) Malformagio Renal
195 y Hipospadia 19.4( ) Hidronefrose

195 ) Obstrucio Urvetral 19.6( ) Genitilia Externa Anorimal
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19.7( ) Outra Anomalia ou Malformagio

Gienital:

20.( ) ANORMALIDADES ENDOCRINAS:

21.CUTANEOD
211 ( ) Hiperpigmentagho  21.2( ) Hipopigmentagdo 213 ( ) Hemangioma

21.4 Outros (nevos, sardas, manchas café-an-lait):

22. ALTERACOES HEMATOLOGICAS:

23, USO DE MEDICAMENTO CONTROLADO:  { ) Nio( )Sim

24, MOTIVO DO ENCAMINHAMENTO:

Responsavel pela coleta;

M édico:

Local:

Data: /[

OUTRAS OBSERVACOES:
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8 ANEXO A - PARECER DO COMITE DE ETICA EM PESQUISA

HOSPITAL INFANTIL JOANA Plataforma
DE GUSMAOQ/ SES -SC %ﬂd

PARECER CONSUBSTANCIADO DO CEP

DADOS DO PROJETO DE PESQUISA

Titulo da Pesquisa: ANALISE E INTERPRETAGAO DAS VARIAGOES GENOMICAS DETECTADAS POR
CGH ARRAY EM PACIENTES COM DISTUREBIOS DO DESENVOLVIMENTO.

Pesquisador: Angelica Francesca Maris

Area Temdtica: Genética Humana:
{Trata-se de pesquisa envalvendo Ganética Humana que ndo necessita de andlise
atica por parte da CONEF;);

Versao: 2

CAAE: T4B41617.0.0000.5381

Instituicio Proponente: Hospital Infantl Joana de Gusmas SES - 5C
Patrocinador Principal: Financiamenta Propna

DADOS DO PARECER

Namero do Parecer: 2,339,104

Apresentagao do Projeto:

A andlise de CNY's no genoma humano com a tecnalogia do CGH array & uma area de estudo relativamente
TECEnte, Com Um universe a ser explorado. A pessibilidade de colaboragdo com um laboratdrie comercal de
genatica, com um hospital poblico e com um grupo de madicos qua trabalham com pacientas com distarbios
do desenvolvimento abre possibilidades que a academia, isolada, néo fornece. A interpretacdo clinica de
CHNVs encontradas am pacientes com DDC ainda & um desaflio e depende, em grande parte, das
informagiaes de frequéncia e detecgdo em coortes com amostragem significativa, como a que sera analisada
neste estudo. O enriguecimenio dos bances de dados compartihades sustenta cu renova a compreensao
sobra as variagbes do que & normal ou patogénica, possibilitando uma constanis revisao, principalmente
das alteragbes de patogenicidade incerta, as quais podem passar & ter outras interpretagies a luz dos
nevos conhecimentos. Em particular pretende-se também explorar as possibilidades das novas plataformas
da CGH array detectarem regidoes de homozigose como alvos potenciais para encontrar mutacies
autossdmicas recessivas ou sindromes de imprinting quande ha indicios de consanguinidade ou UPD, Este
frabalbo vem a somar no esclaraciments da eticlogia dos DDCs e contribuir para a interpratagio de VOUs,
buscando a colaboragio de pesquisadores, médicos, diretores de laboratorios clinicos e

Endareco;  Hul Barbosa, n* 152

Bairre: Agrondmica CEP:  ap 025304
UF: 5C Munlciple: FLORIANOROLIS
Talefone:  (48)3257-0062 Faw: (4403557905 E-mail: caphigisaude sc.gobr
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biginformatas. A coleta de dados clinicos com os médicos sera realizada no HIJG, no HU. Para se tentar
fazer a relagio fendlipo-gendlipo, no intuita de corelacionar possivels genes causals, sera coletada uma
dascrigdo clinica detalhada dos individuos afetados junto aos medicos atraves de um formulario pré-
estabelecido (Apéndice A). Somente participario médicos que assinarem o TCLE (Apéndice @), Buscar-se-
fa infarmaces sobre o quadro clinico de cada paciente, bem coma seu histdrico de exames lisicos,
moleculares, metabdlicos, genéticos, comportameantais e uso de medicagies. A identidade dos individuos
na&e sera coletada nos formuldrios; cada exame & identificado por um cddigo personalizado. O laboratrico
juntamente com a equipa da pasquisa repassa esle codigo com o nome do respective paciente diretamente
ao medica, os pesquisadores trataram as andlises de dados

apenas pelo cddigo do exame. Para a colela dos dados clinicos, serd fornecido ac médics o nome & o
codigo do paciente, referente ao exame em guestio, o madico optar por responder o questionario
diretamente (identificado pelo cddigo do exame), com base no prontudrio ou repassara as informagées
necessarias para preenchimento do formulario para um membro de

nossA equipse que poderd ir no consulidrio deleda).

NAMOSTRA: Resultados de aproximadaments B00 exames de CGH array, solicitados por médicos do
Hospital Infantil Joana de Gusméo (HIJG), Hospital Universitario Professor Polydoro Emani de Santhiagoe
(HUY & clinicas particulares de Floriandpolis, realizados através do laboratdno Neurogens.

Trata-se de estudo retrospectivo-prospectiva, Além dos 109 exames provenientes do estudo

anterior do laboratorio, sardo analisados, aproximadamenta, mais T00 exames da pacientaes com DDC
realizados no periodo de 2014 a 2019, Para os exames de 2013, serd feita uma

reandlise. Médicos{as) do HIJG, HU @ de clinicas particulares serdo convidados a colabarar com a pesquisa
atraves de um TCLE que esclarecera sua forma de participagio na pesguisa, os pacientes que ja realizaram
o exame de CGH array serdo convidados a participar da pesquisa através de TCLE apresentando a eles
duranie suas consullas rotineiras no HIWG e no HU, culro TCLE sera apresentado em convile para aqueles
que forem encaminhados para realizagie do exame de CGH array por solicitacio de seus méadicos. Nos
CAS0S @M que 0% paclentes entre 6 & 18 anos, o Terma de Assentimento serd apresentado aos pacienies,
assegurando sew direito de participagio ou recusa na pesquisa. Nos casos am que os pacientes j& ndo 580

mais acompanhados pele hospital, o contato para convite da pesquisa serd realizado

Endarego:  Ful Barbasa, n® 152
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atraves de telefone pelo médico responsavel. Quando néo for possivel o contato com o paciente por algum
mictive, a Justificativa Da Auséncia Do TCLE assegurar a confidencialidade e a privacidade dos mesmos,

I} DARDS CLINICOS: A coleta de dados clinicos com os médicos sera realizada no HIJG, no HU, Serd
coletada uma descricao clinica detalhada dos individuos aletados junto acs médicos através de um
formuldrio pré-estabelecido. Buscar-se-80 informagdes sobre o guadro clinico de cada paciente, bem como
seu histdrico de exames. A idenfidade dos individuos ndo serd coletada nos formuldrios; cada exame é
identificada por um codigo personalizado. O laboratorio repassa esle codigo com o nome do reéspactive
paciente diretamente ag meédico, 05 pesquisadores trataram as analises de dados apenas pelo codigo do
exame, Serd fornecido a0 médico o nome @ o codigo do pacienta, referente a0 exXame em quest3o, o meédico
aptar por responder o questionario diretamenta, com base no prontuario ou por entrevista com um membro

da equipe no consultdrio dele{a).

INCOLETA E ANALISES GEMOMICAS:
As coletas dos resultados dos exames de CGH array serao realizadas no Laboratdrio Neurogene, serao
colatados arquivos digitais resultantes de leitura dos examas da CGH array & analisados com o software da

Affymetrix®, dando-se énfase para as CNVs raras (patogénicas ou VOUs),

WViAnalise de CNV's; Para analisar & interpretar as CHVs quanto a sua fungao, efeitos de dosagem e efeitos
de mutagdes, serdo utilizados bancos de dados piblicos, privados e ferramentas de bioinformatica. Todas
as variaveis como: localizagao, tipo & tamanho de CNV, classificagao da CNV, descrigtes clinicas
(fendtipos), dados de exames, faixa etaria, sexo do pacients, serdo compiladas em folha simples de Excel e
aplicadas estalisbeas,

a fim da compreender @ média e o desvio padrao do tamanho das CHNVs, a frequéncia fenatipica, a taxa
diagndstica do estudo, a idade média e a porcentagem de cada sexo na coorte estudada, frequéncia de
alteragtes gendmicas em cada cromossomo e a relagio do fendtipo ou grupos de fendlipos clinicos com a
interpretacio das CNVs, para estabelecer se ha indicios que possibilitem reconhecer os pacientes mais
indicados para submissfo ao CGH array como teste de primeira linha. ViAndlise de LCSH: A andlise dos
axames que apresentarem regites de LCSH seguird o Fluxograma 1. VipAnalise da consanguinidade: Para

verificar & frequéncia de consanguinidade na coorte, serd ulilizada a metodologia baseada no
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trabalhado de Kearney, Keamey e Conlin (2011).

Objetivo da Pesquisa:

Objetivo Primarso:

Pretende-se interpretar as vanaghes gendmicas detectadas por CGH array em pacientas com distirbdos do
neurodesanvalvimanto, bem como levantar e discutir a taxa diagnostica do exame, o papel da
consanguinidade nessa coore, contribuir com o enrqueciments de infformacdes diagnosticas disponiveis, &
prapor genes candidatos aos DDC.

Continuacao do Pamecer: 255 104

Objetvos Secundarios:

1) Analesar @ caracterizar as CNVs enconfradas no grupo de individuos invesbgados de acondo com sau bipo,
localizagao, tamanho, genes presentes, e presenca na populacao,

2) Tentar estabelecer relacio fendlipo-gendtipo;

3) Verificar s2 ha caracteristicas clinicas ou fenolipicas associados a maior detecgao de CHVYs patogenicas,
delineando critérios para a selecdo de pacientes a serem investigados com CGH array como teste de
primeira linha;

4} Analisar a faxa e 0 papel da consanguinidade nessa coore,

5} Com s resultades das andlises, propar novas regides efou genes candidatos cauvsalivos de DOC;

G} ldentificar pacientes com potenciais mutagtes autossomicas recessivas para sugernr aos medicos a

investigagao por analise de exoma.

Avaliagao dos Riscos e Beneficios:

Riscos:

As jdentidades dos médicos participantes dificlimente serdo sigilosas, uma vez que S30 poUcos 0%
profissionais que solicitam estes eaxames, porém ndo sardo citados nominalmente em publicagies. Esta
pesquisa tomara todo o cuidado possivel para garantic o sigilo dos pacientes cujos dados séo coletados -
por islo a proposicae da forma de realizar 05 guestionanos (vide metodologia). Porém, sabe-se que sempre
existe a possibilidade de quebra de sigilo, masma gue invaluntario.

Beneficios:

Devido ao carater académico da pasquisa, o paricipante ndo tera nanhum banaficio direto, no antanto os
resultados desse estudo poderdo no futuro proporcionar esclarecimentos sobre os aspectos de algumas
aleraghes gendmicas, estabelecendo com maior confiabilidade a taxa

diagnostica obtida com este exame e contribuindo para o aconselhamento genetico de resultados

semelhantes. Caso na reandlise das alteragbes dos resultados do array CGH de um de sews
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pacientes surjam dados novos sobre alguma alteragdo que 8 época do exame era de significado
desconhecido, e que pessam auxiliar no diagndstico eticlégico do paclente, iremos comunicar este falo a
voos.

Comentarios e Consideragoes sobre a Pesquisa:

0 estudo & relevante do ponto de vista social pelo conhecimento a ser gerado, O pesquisadar apresentou
informaches que o credencia tecnicamente a executar o protocolo de pesquisa,

Consideragdes sobre os Termos de apresentagio obrigatdria:

Trata-se de resposta &5 pendéncias elencadas pela CEP-HLIG, Nimero do Parecer: 2.205.889.
Conclustes ou Pendéncias e Lista de Inadequagoes:

{1) Os documentos referentes acs Termos de Concordancia dos servigos de genética do HU e do HIIG
ealdo assinados pela Pesquisadora’Orientadora guando devem ser assinados pelas respectivas chefias de
servigo. Solicita-se adequagao. Bem como apresentar os termos de concordancia de todas as

clinicas/instituigées publicas & privadas participantes;

Resposta: Os documentos referentes aos Termos de Concordancia dos servigos seguem as diretrizes dos
documentos necessarios para submissdo de projetos de pesquisa que consta na pagina virtual do comité de
alica do HIJG, como “Documanta de concordancia do enentador & do servico onde a pesquisa sara
realizada (anexa 3)°, Nesse sentido entendamos que &

necessana lante a assinatura do enentador, quanto a dos responsaveis dos servigos dos ocais gue
acorreram as coletas de dados. J& previamente anexado ao referido projeto, estao os documentos de
concordancia do servigo do HIJG e do Laboratdrio Neurogene, devidamente assinados pela orientadora e
pesquisadora responsavel pelo projelo, pela Geréncia Técnica do HIJG e pela responsavel lécnica da
Meuragene. Mo entanto a concordancia do servigo do HU apenas estd assinada pela orientadora &
pesquisadora respensavel, pols no momente da submissio de referido projeto, o mesmo esiava em
analise palo comité de atica interna do HU, o qual concordou com colata de dados na sua instituiggo
conforme declaragdo assinada pela Gerente de Ensino & Pesquisa do HU-UFSC-EBSERH (Movo anexo
“CONCORDANCIA_SERVICO_HU®). Conlorme solicitado pelo CEP anexamos

A concardancia do coordenador do programa de pos-graduacio para gue 3 pesquisa seja desenvolvida no
Laboratdrio de Meurogenética da UFSC coordenado pela professora e pesquisadora responsavel Dra,
Angelica Francesca Maris, vinculada ao Programa de Poas-graduagao em Biologia Celular & do

Desenvalvimento coma professora colaboradora (Movo anexo

Enderego;  Ful Barbasa, n® 152

Balrra:  Agrondmica CEPF: 88.025-301
UF: 50C Munigiple:  FLORIANOPOLIS
Talafone:  (48)3257-5062 Fas  (H251-0052 E-mail: caphig@saude.se.gov.br

Plajeraa 015 2 58
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{3} Conforme exposio na metodologia, solicita-se constar nos Termos de Consentimento Livee e Esclarecido
que o medico do participanta ira contribuir com a pesquisa informando os dados clinicos destes, que
constam nos prontuarios de atendimento permitindo que o participante s& manifeste favoravel ou néo
disponibilizagia desses dados.

Resposta: Conforme solicitado pelo CEP adicionamos a frase “0 médico(a) gue soliciouw o exame da CGH
array & participanta dessa pesguisa e ele(a) ird contribuir informando e nos repassande seus dados clinicos
que constam em seus prontuarios de atendimanta” no item PROCEDIMENTOS dos TCLES.

Angxamos novaments como

“TCLE_PARTICIPANTES_ENCAMINHADOS_CGH_ARRAY_W2" @

“TCLE_PARTICIFANTES REALIZARAM CGH ARRAY V™.

Andlise: Pandéncia alendida.

Consideragoes Finais a critério do CEP:

Conforme preconizado na Resolucio 466/2012, X1.2, item d, cabe ao pesquisador elaborar & apresentar os
relatdrios parcials e final.

Assim sando, ola) pesquisador(a) deve enviar relatdrios parciais semastrais da pasquisa ao CEP (a pariir de
ABRIL/2017) & relatdrio final quande do seu encerramento

Um modelo desle relatdric estda disponibilizado no  site

http:{fwww.saude._sc.gov.br/hijgfcep/deveresdopesquisador.htm

Este parecer foi elaborado baseado nos documentes abaixe relacienados:

Tipe Documento Arguiva Pastagem Autor Situacio
Informagdes Basicas| PE_IM FGRMHCEES_E.#SIG#S_DD_E‘ 220092017 Aceito
do Projeta ROJETO 933177 pdf 15:58:01
Outros Resposta_as_Pendencias, pdf 220092017 TIAGD FERNANDO | Aceito

_ 15:57:04 JCHAVES
Qutros CONCORDANCIA_COORDEMADOR_P| 22082017 |TIAGD FERNANDD | Acsito
PGBCD. pdf 15:52:17  |CHAVES
TCLE / Termos de | TERMO_ASSNTIMENTO_E_a_11.pdf 202017 | TIAGD FERNANDD | Aceito
Assentimanta | 17:04:32 |CHAVES
Justificatva de
| Augéncia
Endarego;  Rul Barbosa, i 152
Balrra:  Agrondmica CEP: 8B.025-301
UF: 5C Municipie: FLORIANOPOLIS
Talefone:  (48)3257-9052 Faw: (48032510052 E-mall;  caphig@isauda,segov br

Py 07 2 20
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TCLE ! Termos de | TERMO_ASSNTIMENTO_EXAMES_RE| 217042017 |TIAGD FERMNANDO | Aceito
Assentimenta § ALIZADOS 12 18.pdf 170242 |CHAVES
Justificatva de
L ALSENCIE — — _ — :
TCLE ! Termos de | TERMO_ASSENTIMENTO_ENCAMINH] 21/08/2017 |TIAGD FERNANDO | Acsite
Assentimenta / AMEMNTO EXAMES 12 18.pdf 17:02:33 |CHAVES
Justificativa de
m‘ . n
TCLE ! Termos de  |TCLE_PARTICIPANTES_REALIZARAM] 217082017 |TIAGD FERNANDO | Acsito
Assentimento / _CGH_ARRAY V2 pdf 170224 |CHAVES
Justificativa de
TCLE { Termos de | TGLE_PARTICIPANTES_ENCAMINEA | 21/09/2017 |TIAGO FERNANDD | Aceito
Assentimenta § DOS CGH ARRAY W2 pdf 17:01:27 |CHAVES
Justificatva de
| Ausdngia
Outros cancodancia_servico_HLU. paf 2092017 |TIAGD FERNANDD | Aceito
_ 17:00:17 | CHAVES
Projeto Detalhado /| PROJETO_DETALHADC. pdf 30082017 [ TIAGO FERNANDD | Aceito
Braochura 17:11:53 | CHAVES
Investigader
Outros CONCORDAMNCIA_SERVICO _NEURD | 30082017 |TIAGD FERMANDD | Aceito
GEMNE ORIEMTADOR. pdf 15:44:32 |CHAVES
Outros CONCORDAMNCIA_SERVICO_NEURD | 30082017 |TIAGD FERMANDD | Aceito
GEME. pdf 15:38:21 CHAVES
TCLE / Termos de | JUSTIFICATIVA_ALISENCIA_TCLE pdf | 30/082017 |TIAGD FERNANDOD | Aceito
Assentimenta { 153246 |CHAVES
Justificatva de
AusEncia — | _ — :
TCLE ! Termos de | TERMO_ASSNTIMENTO_EXAMES RE| 30082017 |TIAGO FERNANDO | Aceito
Assentimenta / ALIZADOS. podf 15:25:54 |CHAVES
Justificativa de
m‘ . n
TCLE ! Termos de  |[TERMO_ASSENTIMEMTO_EMCAMINH] 30/08/2017 |TIAGD FERNANDO | Acsitc
Assentimento / AMENTO EXAMES. pdf 15:25:38 |CHAVES
Justificativa de
w‘ . n
TCLE ! Termos de  |TCLE_PARTICIPANTES _REALIZARAM] 30/0&/2017 |TIAGD FERMNANDO | Acsite
Assentimenta § _CGH_ARRAY pdf 185:25:17 |CHAVES
Justificatva de
TCLE ! Termos de | TCLE_PARTICIPANTES _ENCAMINHA | 30/082017 |TIAGD FERNANDO | Acsite
Assentimenta / DOS CGH ARRAY . pdf 15:25:02 |CHAVES
Justificativa de
| AusEncia _ :
TCLE ! Termos de  |TCLE_MEDICOS_COLABORADORES. | 30/0&2017 |TIAGD FERNANDC | Acsito
Assentimenta / nof 15:24:42 JCHAVES
Endereco:  Ful Berbosa, n® 152

Balrra:  Agrondmica
UF: 50
Talatans:

CEF: a8 025-3m

Municiple: FLORIAMOPOLIS
{41320 1- 905

Fawz (4032570052

E-mail: caphigisaude.sec.gov.br

Prisyraa (88 dr 88
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Justificativa de TCLE_MEDICCOS _COLABORADORES. | 30/082017 | TIAGO FERNANDC | Aceito
Ausencia poif 15:24:42 JCHAVES
Outros DECLARACAD _DIRECAD_HIJG, pdf I0E201T [ TIAGD FERNANDD | Aceito
1523468 JCHAVES
Outros CONCORDANCIA_SERVICO_HUG.pdf | 30/082017 [TIAGO FERNANDC | Aceito
15:20:51 JCHAVES
Folha de Rosto FOLHA_DE_ROSTO pdf 0BT [TIAGD FERNANDD | Aceito
15:16:07  JCHAVES
Outres Instrumenta_Coleta_Dados.pdf ZRIDEZ0MT | TIAGD FERNANDD | Aceito
11:06:55 JCHAVES
Outres Declaracan_p_Publicacao,pdf ZRIDEZ0MT TIAGD FERNANDD | Aceito
11:01:36 JCHAVES
Outros cancodancia_servico_HU_Orientador.pd] 28082017 |TIAGO FERNANDO | Acsitc
f 10:54:468 JCHAVES
Outros Concordancia_do_senvico_HIUIG_Ornent | 28/08/2017 | TIAGO FERNANDG | Aceito
ador pdf 10:51:03 JCHAVES
Outres Compromisso_efico, pof ZRI0E201T | TIAGD FERNANDD | Aceite
10:42:08 JCHAVES
Outros Carta_Emcaminhamento_CEP.pdf ZRI0E201T | TIAGD FERNANDD | Aceitc
10:40:35 JCHAVES
Outros Drocumento_Comprobatorio, pdf ZRI0E201T | TIAGD FERNANDD | Aceit
10:30:20 JCHAVES
Declaragao de DECLARACAD_DA_INSTITUICAC.pdf | 22082017 |TIAGO FERNANDO | Aceito
Imstituicio & 13:20:54 JCHAVES
Infraestnura

Situacdo do Parecer:
Aprovads

Necessita Apreciagido da CONEP:
Mao

FLORIANOPOLIS, 19 de Outubro de 2017

Assinado por:
Vanessa Borges Platt
(Coordenador)
Emdarato; Hul Barbosa, n* 152
Balrra:  Agrondmica CEP:  88.025-301
UF: 50 Municiple: FLORIANORPOLIS
Tadatana:  (48)3251-58052 Fan: {4 kea-0e E-mall: caphigifisauda sc.gov.br

P 05 20 20
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9 ANEXO B - TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO -
MEDICOS COLABORADORES

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE)

Frojeto de Pesguisa: "Analise e interpretagio das variagies gendmicas detectadas
por CGH array em pacientes com disturbios do desenvolvimento,”

PESQUISADORA RESPONSAVEL: Angélica Francesca Maris

Informagées: Pesguisadores da Universidade Federal der Santa Catarina estdo
realizando uma pesquisa para entender como alteractes detectadas por CGH array
estdo relacionadas com o guadro clinico e fenotipico do paciente, qual a taxa
diagndstica deste exame em Santa Catarina, assim como verificar se ha informagdes
relevantes sobre a variabilidade gendmica da populagdo do Estado de Santa
Catarina. Como parte deste estudo, vocé esta sendo convidado a responder a um
questionario gue pretende coletar dados clinicos e fenctipicos sobre pacientes seus
que realizaram o exame de CGH array. Sua paricipacdo & opcional e somente
estaremos colelando informacdes para os casos onde 05 pacienles ou seus
responsaveis legais autorizaram, através da assinaiura de um fermo, o laboratdrio
Meurogene a publicar os resultados desde gue dados pessoais sejam manfidos em
sigilo. Através do Laboratorioc Neurogene, que realiza os exames, os dados sdo
inseridos em bancos de dados plblicos como o DECIPHER ou mais restritos como o
CAGDE. Os resultados de nossa pesquisa poderdo fazer parle de trabalhos de
conclusdo de curso, mesirado ou doutorado e se intenciona publicd-los em
periddicos especializados. Deixamos claro que sua paricipagio @ voluntaria, A
equipe agradece antecipadamente a sua colaboracado e estara a sua disposicao para
esclarecer ddvidas antes e durante o desenvolvimento da pesquisa. Para isto vooé
pode contatar a8 pesquisadora responsavel, Dra. Angelica Francesca Maris através
dos telefones (48)3721-9887, (48)99119-9760 ou e-mail: afmaris@gmail.com
Procedimentos: Se vooé concorda em parficipar desta pesqguisa, vood tera gue
responder um questionario semi-estruturado, de quatro paginas, que podera ser
respondido diretamente por vocé, sobre dados clinicos (alteracbes de exames
neuroldgicos, metabdlicos, genslicos, histdrico  perinatal, de desenvolvimenlo,
medicagfes, presenca de histarico familiar) & fenotipicos (dismorfologias, por
exemplo) do paciente em questdo. Mao sero solicitados nomes ou dados de
identificacdo do paciente. Cada exame & identificado por um codigo personalizado.
O laboratério juntamente com os pesquisadores repassaram este codigo com o
nome do respectivo paciente diretamente a vocg, enguanto os pesquisadores
utilizaram apenas o cadigo do exame no questionario, Vocé podera optar por
responder o questionario (idenfificado pelo codigo do exame) diretamente ou um
membro de nossa equipe podera ir a seu local de atendimento. Vocé responderdo
entdo ao guestionario em entrevista, repassando as informacbes necessaras com
base no prontuario. Os pesquisadores irdo tratar a identidade com padries
profissionais de sigilo,

Riscos: As identidades dos médicos participantes dificilmente serao sigilosas, uma
vez que sdo poucos os profissionais gue solicitam estes exames, porém ndo serao
citados nominalmente em publicagdes. Esta pesquisa tomara todo o cuidado
possivel para garantir o sigilo dos participantes cujos dados sao coletados — por isto




a proposigao da forma de realizar os gquestionarios. Porém, sabe-se que sempre
existe a possibilidade de quebra de sigilo, mesmo gue involuntario. Responder aos
quesltionarios pessoalmente ou por entrevisia demanda tempo & isto pode se lormar
um fator de aborrecimento,

Custos: Vocé nio precisara pagar nada para fazer parte desse estudo.

Beneficios: Devido ao caracter académico da pesquisa, o participante nao tera
nenhum beneficio direto, no entanto os resultados desse estudo poderdo no futuro
proparcionar esclarecimentos sobre os aspectos de algumas alleraches gendmicas,
estabelecendo com maior confiabilidade a taxa diagndstica obtenivel com este
exame e contribuindo para o aconselhamento genético de resultados semelhantes.
Caso na reandlise das alteragbes dos resultados do CGH array de um de seus
pacientes participantes da pesquisa, surjam dados novos sobre alguma alteragao
que a época do exame era de significado desconhecido, e que possam auxiliar no
diagnéstico etiolégico do participante, iremos comunicar este fato a vocé,

Este termo de consentimento encontra-se impresso em duas vias, sendo que
uma copia sera arquivada pelo pesquisador responsavel, e a outra sera formecida ao
(a) sr{a).

Pesquisador responsavel:

DECLARAGAO DE CONSENTIMENTO

Eu,
sobre a pesquisa “Analise e interpretagao das variagbes gendmicas detectadas por

i esclarecidoda)

CGH array em pacientes com distarbios do desenvolvimento.”

Florianopalis, de de

Assinatura; CEM: {

Em caso de duvidas com respeito aos aspectos eticos deste estudo, vocé podera
consultar o:

Comité de Etica em Pesquisa do Hospital Infantil Joana de Gusmio.
Floriandpalis- Santa Calarina.

TELEFONE (48) 3251 8092

EMAIL: cephijgi@saude.sc.gov.br
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10 ANEXO C - TERMO DE CONSENTIMENTO NEUROGENE

= Bribo, 343 _qus 201- CEF 33015-440

NEUROGENE LABORATORIO S/S LTDA

e T e ——
0 (43322340220 (48)-TE12-1130

Termo de Consentimento Informado

Eu,

residente e domiciliado em
portador da RG: e CPF:
nascido (a) em / / , abaixo assinado (a), concordo de livre & espontdnea vontade

em fornecer amostra de sangue minha efou de meu {minha) filho (&) para a realizagdo do exame

de array — CGH.

Declaro que obtive todas as informagdes necessdrias, bem como todos os eventuais

esclarecimentos quanto  as duvidas por mim apresentadas, Entendo que:

1

- O objetivo deste exame € verificar a presenca de perdas ou ganhos de material

gendmico na amostra submetida.

2

- 0 exame & necessario para gQue uma possivel causa da doenca genética em questdo

sgja identificada mas ndo ha nenhuma certeza de gue a causa seja encontrada.

3
4

1.

Esse exame ndo oferece tratamento terapéutico.

Este exame nao identifica alteragdes cromossdmicas equilibradas, mutactes de ponto
(g€nicas) ou alteracdes no DNA mitocondrial

Se for identificada alguma variante cromossdmica nao descrita serd realizado exame
dos pais para comparacdo, com custo adicional.

Embora esse exame seja confiavel e realizado com controle de qualidade, pode ndo
ser informativo em alguns casos.

Eu autorizo a divulgagdo no laudo final de todos

os resultados identificados no exame, ou seja, TODOS os achados genomicos serdo

divulgados e ndo somente os relacionados com a clinica do paciente.

2-

Eu autorizo a divulgagdo dos resultados em

publicagdes cientificas, desde gue dados pessoais sejam mantidos em sigilo.

3—EuNAO autorizo a divulgacio dos resultados em publicacies cientificas.

ASSINATURA:-
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11 ANEXO D - TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO -
PARTICIPANTES

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE)

PROJETO DE PESQUISA: "Analise e interpretacdo das variagbes gendmicas
detectadas por CGH array em pacientes com distdrbios do desenvolvimenta”,

PESQUISADORA RESPONSAVEL: Angélica Francesca Maris

Este projeto de pesquisa esta sendo conduzido por uma equipe de pesquisa
coordenada pela Dra. Angelica Francesca Maris do Laboratorio de Neurogeneética do
Desenvolvimento do Departamento de Biologia Celular, Embriclogia e Genética da
Universidade Federal de Santa Catarina, juntamente com o Servigo de Genélica do
Hospital Infanti Joana e Gusmao, estamos fentando entender melhor como
alteractes detectadas pelo exame genético CGH array estio relacionadas com as

dificuldades, doencas ou malformagdes que levam os médicos a considerar uma

causa genética. Pretendemos averiguar em guanias vesses @ possivel achar a

causa dessas alleragbes realizando o exame de CGH array no estado de Santa
Catarina, assim como verificar se ha informagdes importantes sobre a diversidade
genatica dessa populagao,

Como vocé ou seu filho{a) ja realizaram CGH array, vocé ou seu filho(a) estao
sendo convidados({as) a participar de modo opcional dessa pesquisa. Opcional
significa que vocé pode se recusar a participar deste pesquisa, sem qualquer
prejuize ou constrangimento em relacdo ao atendimento que recebem junto
aols) seu(s) médicos(as).

Esle estudo € voluntario, e incluird somente pessoas que escolherem fazer
parte da mesma, Por favor, decida com calma e pega ao responsavel pela
pesquisa ou a equipe da pesquisa para explicar a vocé quaisquer palavras neste
documento que vocé ndo compreenda e antes de assinar certifique-se de que tudo
foi respondido a sua satisfagao. Sinta-se livre para discutir a informagio deste

documento com seus amigos, familia ou com seu medico.

PROCEDIMENTOS: Se vocé concordar em participar desta pesquisa, ou gue seu
filho(a) participe desta pesquisa, vamos estudar os resultados do seu teste de CGH
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12 ANEXO E - TERMO DE ASSENTIMENTO -6 A 11 ANOS

TERMO DE ASSENTIMENTO
Termo de assentimento para crianca e adolescente (maiores de G anos e

menores de 11 angg}

Assentimento Informado para participar da pesquisa: "Andlise E Interpretagao
Das Vanagbes Genomicas Detectadas Por CGH Array Em Pacientes Com Disturbios
Do Desenvolvimento”,

0la! Tudo bem contigo?

Eu sou aluno{a) da professora Angelica Francesca Maris da Universidade
Federal de Santa Catarina e estou aqui para te convidar a participar de um estudo
que estou fazendo sobre as mudancas no DNA mostradas nos exames (CGH array).
Cluero estudar criangas e adolescentes, que assim como vocé, fizeram esse exame
medico para ver uma pequena mudanga no DMNA,

O DNA gque estudamos fica dentro do sangue de cada pessoa e € semelhante
a “letrinhas” que "dizem" como devemos crescer, a cor dos nossos olhos, cor do
cabelo @ como cada um é. Esse exame (CGH aray) que vocé fez ou ira realizar
mostra se ha algumas mudangas nessas “letrinhas”.

Eu gquero entender melhor o que i5s0 pode causar a vocé e a essas oulras
criangas, @ também tentar descobrir porque essas mudangas acontecem,.

Seus pais ja concordaram em participar desse estudo e ja assinaram um
papel parecido com este, mas isso ndo guer dizer que vocé tem gue parlicipar. Vocé
pode escolher se vai deixar que eu fale com seu médico e estude os seus exames!
Para isso, vocé pode conversar com a sua familia e comigo antes de escolher se vai
participar ou nao.

Quiras criangas que, assim como vooé, realizaram o exame CGH array,
também irdo parficipar deste estudo.

Viocé ndo precisa participar do estudo se nao quiser, & um direito seu e vocé

nem ninguém terdo nenhum problema se desistir,

O estudo sera realizado no Hospital Infantil Joana de Gusmaéao ou no Hospital
Universitario Professor Polydoro Ernani de S3o Thiago, onde vocé e outras criangas



ja foram atendidas por meédicos. Vocé nao precisara fazer mais nenhuma consulta
para participar.

Se vocé quiser fazer parte desse estudo, eu entrarei em contato com seu
medico, conversarei com ele sobre os sintomas gque ele observou em vocé, vou ter
ACES50 305 exames gue vocé ja fez, enfim. saberei de todas as coisas que ele sabe
€ anotou sobre vooé, Mas lembre-se, eu nao contarei a ninguém!

E se vocé decidir participar, eu tomarei todos os cuidados para que nem o
seu nome & nem o nome de sua familia apareca em nenhum lugar. Apenas nossa
equipe de estudo poderd ver seus exames, falar com of(a) seu médico(a) e estudar
as doengas que vocé pode ter.

Mesmo com todo o cuidado que tomaremos ha a possibilidade de que outras
pessoas saibam que vocd estd paricipando desse estudo. E vocé poderd sentir
vergonha nisso.

Viocé nao ganhara nada para participar desse estudo, mas também nao tera
nenhum gasto.

Quando ferminarmos o estudo, poderemos mostrar ele em  reunides
cientificas, revistas de cientistas e poderdo ser entregue a outros cientistas, porém
nao falarei o seu nome, nem de seus familiares.

Se vocé liver alguma divida, vocé pode me perguntar, Caso acontega algo
emado, ou vocé desista de participar desse estudo, vocé pode nos procurar pelos
telefones (48)3721-9887, (48)99119-9760 da pesquisadora Angelica Francesca
Maris.

Du vocé podera pedir informagies direfamente ao Comité de Etica e
Pesquisa do Hospital Infantil Joana de Gusmao pelo telefone 48 — 32519092

Um Comité de Efica em Pasquisa em Seres Humanos (CEP) é
composto por um grupo de pessocas que estdo trabalhando para
garantir que seus direilos como parlicipante de pesguisa sefam
respeitados. Ele tem a obngacdo de avaliar 58 a pesguisa foi
Manejada e se estd sendo execufada de forma élica, 5e vocéd achar
que a pesquisa ndc estd sendo realizada da forma como vocé
imaginou ou que estd sendo prejudicado de alguma forma, vocé
pode entrar em conlato com o CEF do Hospital Infantil Joana de
Gusmao pelo  telefone 48 — 32518082 ou pelo email
cephiigisaude, sc.gov.br . Vocé pode inclusive fazer a reclamagdo
sem se identificar, se preferir.
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Vocé que decide se ira participar. E ninguém ficara bravo ou desapontado
com vocé caso vocé diga ndo. A ESCOLHA E SUA. Vocé pode pensar nisto e falar
depois se vocd quiser, Ou vocé pode dizer sim agora e mudar de idéia depois e tudo

continuara bem.

Eu entendi que o estudo é sobre os resultados nos exames de CGH array que
podem mostrar mudangas no meu DNA e se ha algo errado nele. Tambem entendi
que se U aceilar participar do estudo, os resultados dos meus exames meédicos
serao escritos  juntamente com as mudangas do meu DNA, EU ACEITO
PARTICIPAR DESSE ESTUDO.

ESTE TERMO DE CONSENTIMENTO ENCONTRA-SE IMPRESSO EM DUAS
VIAS, sendo que uma copia sera arquivada pelo pesguisador responsavel, e a outra

sera formecida ao (a) 3r (a).

WOME E ASSINATURA DO CRIANCA/ADOLESCENTE DATA

NOME E ASSINATURA PAIS/RESPONSAVEIS DATA

NOME E ASSINATURA DO INVESTIGADOR AT A
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13 ANEXO F — TERMO DE ASSENTIMENTO - 12 A 18 ANOS

TERMO DE ASSENTIMENTO

Termo de assentimento para crianga e adolescente (maiores de 12 anos e
menaores de 18 anos)

Assentimento Informado para participar da pesquisa: "Andlise E Interpretacdo
Das Variagbes Gendmicas Detectadas Por CGH Array Em Pacientes Com Distarbios
Do Desenvolvimento™

PESQUISADORA RESPONSAVEL: Angélica Francesca Maris

Ola, sou pesqguisador(a) orientado(a) da professora e pesquisadora
responsavel Dra. Angelica Francesca Maris da Universidade Federal de Santa
Catarina e estou fazendo uma pesquisa scbre alteracoes no DNA mostradas nos
exames de CGH array. O DNA & nossa identidade bioldgica, uma sequéncia de
nucleotidens semelhantes a “lefrinhas” que ficam dentro do sangue e esses
nuclectideos gue “dizem" ao organismo em desenvolvimento como se construir,
Esse exame (CGH array) mostra se ha algumas diferengas maiores no DNA.

Vocgd estd sendo convidado(a) para parlicipar da pesquisa “Andlise E
Interpretacao Das Variaches Gendmicas Detectadas Por CGH Array Em Pacientes
Com Disturbios Do Desenvolvimento” .

Seus pais permitiram que vocé parlicipe mas vocé pode conversar com eles
ou comigo antes de aceitar,

Queremos saber se os resultados do exame genetico CGH array, que vocé
realizou, para ver se ha alteragdes nessa sequencia semelhante a “letrinhas” do seu
DNA. Qutras criangas que, assim como vocé, apresentaram essas alleragbes e
realizaram o exame CGH array, também irdo participar desta pesquisa.

Yocé ndo precisa participar da pesquisa se ndo quiser, & um direito seu e
vocé nem ninguém terdo nenhum problema se desistir,

A pesquisa sera feita no Hospital Infantil Joana de Gusmao ou no Hospital
Universitario Professor Polydoro Ernani de S3o Thiago, onde vocé e outras criancas
ja foram alendidas por médicos. Yocé ndo precisarad fazer mais nenhuma consulta
para participar. Se vocé decidir participar, nds iremos usar as informagdes que 0s



médicos Ja colheram de vocé para realizar a nossa pesquisa. Se vocé decidir
participar, a equipe de pesquisa tomara todos os cuidados para que nem o seu
nome & nem o nome de sua familia apareca em nenhum lugar. Essa pesquisa &
sigilosa, isso quer dizer que somente nossa equipe podera analisar 0s seus exames,
falar com o(a) seu meédico(a) e estudar os sintomas que vocé tem. Mesmo com todo
o cuidado que tomaremos ha a possibilidade de que outras pessoas saibam que
vocé esta participando dessa pesquisa.

Vocé nao tera nenhum beneficio, & ndo recebera nada para participar dessa
pesquisa, mas ha possibilidades de que no fuluro conhega-se mais sobre as
alteragies que acorram no seu DMA,

Quando ferminarmos a pesquisa, poderemos mostrar os resultados em
reunides cientificas, revistas de cientistas e esses resultados poderdao ser
publicados, porém nao divulgaremos o seuU nome, nem de seus familiares.

Se vocé fiver alguma duvida, vocé pode me perguntar. Caso acontega algo
errado, ou vocé desista de participar dessa pesquisa, vocé pode nos procurar pelos
telefones (48)3721-9887, (4E8)99118-9760 da pesquisador/a Angelica Francesca
Maris.

Ou vocé poderd pedir informagies diretamente ao Comité de Etica e
Pesquisa do Hospital Infantil Joana de Gusmao pelo telefone 48 — 32519052

Um Comité de Elica em Pesquisa em Seres Humanos (CEP) &
compasto por um grupo de pessoas que estdo frabalhando para
garantir que seus direitos como parlficipante de pesquisa sejam
respeitados. Ele lem a obrigagdo de avaliar se a pesquisa foi
planejada e se esla sendo execulada de forma élica. Se vocé achar
que & pesguisa ndo estd sendo realizada da forma como vocd
imaginou ou que astd sendo prejudicado de alguma forma, vocd
pode entrar em contafo com o CEP do Hospital Infantil Joana de
Gusmao pelo felefone 48 - 32519092 ou pelo email:
cephigfsaude. sc.gov.br . Vocd pode inclusive fazer a reclamacdo
sem se identificar, se preferir.

Sua participagdo @ voluntaria, E ninguém ficara bravo ou desapontado com
vocé caso vocé diga ndo. A ESCOLHA E SUA. Vocé pode pensar nisto e falar
depois se vocé quiser. Ou vocé pode dizer sim agora & mudar de idéia depois e tudo
continuara bem.
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Eu entendi que a pesguisa € sobre os resultados nos exames de CGH array
que podem mostrar as alteracbes no meu DMA e se ha algo modificado nele.
Também compreendi que se eu concordar em fazer parte dessa pesquisa significa
que as informagdes de meus exames meédicos serdo descrilas juntamente com as
alteragoes do meu DNA. EU ACEITO PARTICIPAR DESSA PESQUISA.

ESTE TERMO DE CONSENTIMENTO ENCONTRA-SE IMPRESSO EM DUAS
VIAS, sendo que uma cdpia serd arguivada pelo pesquisador responsavel, e a outra
sera fornecida ao (a) Sr (a).

NOME E ASSINATURA DO CRIANCA/ADOLESCENTE DATA

NOME E ASSINATURA PAIS/RESPONSAVEIS DATA

NOME E ASSINATURA DO INVESTIGADOR DATA
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14 ANEXO G - JUSTIFICATIVA DA AUSENCIA DO TERMO DE
CONSENTIMENTO LIVRE E ESCLARECIDO

F DA ClA D ME
ESCLARECIDO
Conforme assegura a Resolugiio 466/12, do Conselho Nacional de Sadde, em seu IV
mhnmnmm&uucmumuﬂaEmm:
"0 respailc devido 4 dignidade humana @xige que toda pesquisa se
m:mmumluMummm.

individuos ou grupos que, por si eiou por s8us representanies legais
manifestem a sua anwdncia 4 participaclo na pesquisa”.

Entretanto, a Resolugo 466/2012 reconhece algumas situagdes especiais (IV.7 e
IV.8) em que o TCLE pode ser dispensado, devendo o pesquisador (a) apresentar
justificativa com as causas da impossibilidade de obtd-lo. Essa justificativa deve ser
apresentada em documento anexo ao projeto de pesquisa @ o CEP julgard sua pertinéncia,

Eu, Angelica Francesca Maris, pelo presente termo, solicito ac Comité de Etica em
Pesquisa do Hospital Infantil Joana de Gusmao (HIUG) a DISPENSA do Termo de
Consentimento Livre e Esclarecido, em razéio da pesquisa intitulada “Andlise E Interpretagio
Das Variagbes Gendmicas Detectadas Por CGH Arrey Em Pacientes Com Distirbios Do
Desenvolvimento”, apresentar cardter retrospactivo para agueles participantes que ]
realizaram o exame de CGH aray anterior ao inicio do estudo, por se tratar de levantamento
de dados clinicos (alteragdes de examas neurcldgicos, metabdlicos, genéticos, histérico
perinatal, de desenvolvimento, medicagies, prasenca da histérico familiar) e fenolipicos
(dismorfologias, por exempilo) para auxiliar na interpratacao de variagbes genéticas dos
referidos participantes. Essas informacies serfio coletadas por questiondrios juntos aos
prontudrios de pacientes que |4 nfo estlio mais sendo acompanhados pelo servigo de
gendlica do referido hospital, residem em outras localidades ou por algum motive estao
incontactéveis, os quais nomes o identificagbes ser8o mantidos em sigilo, em conformidade
com o gque prevld o5 termos da Resolugio 466/12 do Conselho Nacional de Sadde e da
declaragio assinada pela direclo do HIUG, autorizando a realizacio da pesquisa.

Assumo mediante este Termo, o compromisso de, ao utilizar dados elou informactes
coletadas no(s) prontudrios do(s) participantes (s) da pesquisa, assegurar a
confidencialidade e a privacidade dos mesmos.

Floriandpolis, 25 de agosto de 2017. /
) 17
mnm Maris
sC
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