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CHAPTER ONE 

 

 
GENERAL INTRODUCTION 

 

 
1. Autism Spectrum Disorder 

1.1. Definition and assessment instruments 

 

Autism spectrum disorder (ASD) includes a group of heterogeneous 

neurodevelopmental conditions with clinical manifestation in early childhood, being 

mainly characterized by impairment in social and communication skills, as well as 

restricted and repetitive behavior (AMERICAN PSYCHIATRIC ASSOCIATION, 

2013). The update of the Diagnostic and Statistical Manual of Mental Disorders to 5th 

edition (DSM-V) recognized a spectrum of social impairments that could be grouped, 

as classic autism, Asperger's syndrome and Pervasive Developmental Disorder - Not 

Otherwise Specified (PDD-NOS). Since DSM-V update, it has been widespread, 

although it is discussed that the novel classification excluded individuals with mild 

traits, females, and older individuals (ZELDOVICH, 2018).  

ASD symptoms are ample, being common the use of assessment scales by 

healthcare professionals, especially psychologists. The gold standard instruments to the 

diagnostic assessment, recommended by NIH, are the autism diagnostic interview 

revised (ADI-R) (LORD; RUTTER; LE COUTEUR, 1994), and the autism diagnostic 

observation schedule (ADO-S) (LORD et al., 2000). However, its high costs and 

extensive time to application turns them more feasible in high-income countries 

compared to low to moderate-income countries (SAMMS-VAUGHAN et al., 2017). 

Taking it into account, the childhood autism rating scale (CARS) is an effective 

alternative tool, widely used in Brazil. This tool is based in a diagnostic behavioral 
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assessment scale that categorizes autistic features in: normal, moderate and severe 

(SCHOPLER et al., 2010).  

Despite the many efforts on patient’s clinical evaluation, time to diagnosis and 

intervention remains a significant issue in ASD (WIGGINS; BAIO; RICE, 2006; 

ZWAIGENBAUM; PENNER, 2018). In this context, telehealth tools are emerging as 

novel approaches to support diagnostic. e.g. the use of clinically relevant home-

recorded videos and behavioral probes by parents. These telehealth approaches are 

showing feasibility, yet large-scale analyses are needed to validate them (NAZNEEN 

et al., 2015; TALBOTT et al., 2019). 

 

1.2. Prevalence and sexual bias 

 

ASD prevalence has increased significantly over the years, the estimative in 

2000 was one affected in 150 individuals, rising to one in 59 in the last review of the 

Centers for Disease Control and Prevention (CDC) (BAIO et al., 2018). Of note, the 

CDC data shows a lower prevalence of ASD in Hispanic Americans kids of one affected 

in 71 individuals, compared to one in 58 for non-Hispanic whites. Brazilian ASD 

prevalence is not well defined, the unique estimative is based in a pilot study with 

pervasive developmental disorders (PPD), which defined the prevalence in one affected 

in 370 individuals (PAULA et al., 2011).  

Studies of ASD prevalence evidenced that there is an unequal sexual ratio of 

ASD affected individuals, males are estimated to be 3 to 4 folds more affected than 

females (LOOMES; HULL; MANDY, 2017). These differential sexual ratio is not 

completely elucidated, but two main models are evidenced as possible explanations to 

this difference: the presence of a female protective model, that guarantee to females to 

harbor more disrupting genetic alterations than males due to a protective mechanism 
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not yet elucidated (JACQUEMONT et al., 2014; ROBINSON et al., 2013); and the 

males susceptibility to perturbations in genes involved in neuronal plasticity due to 

empirical differences in male and female brains (MOTTRON et al., 2015). The most 

accepted model to explain sexual ratio difference is the “female protective effect”, yet 

a recent Swedish study that analyzed national data of 847,732 children and 

multigenerational families, pointed that ASD relative risk did not differ between males 

and females in the second generation. Then, suggesting that the female protective model 

may not be the principal mechanism underlying the male sex bias in ASD (BAI et al., 

2020).  

 

1.3. ASD and clinically relevant classifications 

 

The use of subgroup classifications in ASD is widespread, especially 

considering its complex etiology and ample range of symptoms. These subgroup 

classifications frequently aim to better delineate patient’s clinical management. Some 

common clinically relevant concerns are regarding a) familial recurrence, b) 

comorbidities, and c) associated syndromes.  

 

1.3.1. ASD recurrence: sporadic versus familial 

 

ASD classification into familial or sporadic cases is extremely relevant for 

genetic counseling, since it may determine recurrence risks, consequently impacting 

familial management. Couples without previous ASD kids, present a populational risk 

of having affected children, meaning that sporadic cases risk is equivalent to ASD 

prevalence, estimated in 1,68% (1:59) (BAIO et al., 2018). However, for familial cases 

of ASD, wherein a couple already have an affected child, ASD recurrence risk for a 

second kid is estimated up to 18,6%, a 10-fold higher risk (OZONOFF et al., 2011). 
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The recurrence risk can vary accordingly to the gender of the first affected child (Figure 

1), a couple with a previous ASD affected female have the recurrence risk of 6,7% of 

having a second female affected kid, and the risk of 16,7% of having a second male 

affected son. Meanwhile, if the first ASD affected kid is a male, the recurrence risk is 

4,2% for a second female kid, and 12,9% for a second male kid (PALMER et al., 2017). 

Of note, for couples with two or more ASD affected children, the recurrence risk rises 

from 33 to 50% (OZONOFF et al., 2011; SANDIN et al., 2014) The increased risk for 

male siblings is expected considering the sexual ratio observed in ASD prevalence. 

Also, recurrence risk varies with familial distance of ASD affected individual, e.g. the 

presence of a first-degree cousin affected increases ASD risk in two-fold (OZONOFF 

et al., 2011; RISCH et al., 2014; SANDIN et al., 2014).  

 

Figure 1. Sibling recurrence risk in Autism Spectrum Disorder. Adapted from PALMER et 

al. Association of Sex With Recurrence of Autism Spectrum Disorder Among Siblings. JAMA Pediatr. 

2017;171(11):1107-1112. 

 

1.3.2. ASD comorbidities: essential versus complex 
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ASD can be classified as complex, whenever some early morphological 

abnormality is present (as dysmorphology or microcephaly, and essential, when no 

abnormal morphogenesis is identified (MILES et al., 2005). More recently, 

dysmorphology quantification based on large control and affected cohorts have been 

used to create a novel approach to ASD phenotypic classification (SHAPIRA et al., 

2019). It has been suggested that essential and complex subtypes may have distinct 

developmental and medical correlations, which may impact in prognosis, identifying 

medical comorbidities, directing diagnostic evaluations and treatment interventions 

(FLOR et al., 2017).  

ASD symptoms often co-exist with other general medical condition and 

neuropsychiatric/behavioral alteration, being estimated that these comorbidities are 

present in approximately 80% of affected individuals. Frequent medical conditions 

associated to ASD are motor abnormalities (79%), gastrointestinal problems (70%), 

epilepsy (30%) (MANNION; LEADER, 2013). A recent case-control study also 

showed marked differences in hearing impairments (OR = 4.73), auricular disorders 

(OR = 5.04), neurological (OR = 8.20) and ophthalmological conditions (OR = 3.38) 

(DIZITZER et al., 2020). Common psychiatric comorbidities in ASD includes sleep 

disorders (up to 80%), schizophrenia spectrum (up to 67%), suicidal behavior disorders 

(up to 66%), attention-deficit/hyperactivity disorder (up to 65%), anxiety disorders (up 

to 54%), depressive disorders (up to 47%), intellectual disability (45%), and obsessive-

compulsive disorder (up to 24%) (HOSSAIN et al., 2020; MANNION; LEADER, 

2013).  
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1.3.3. ASD associated syndromes 

 

 As previously mentioned, ASD clinical manifestation includes a wide spectrum 

of symptoms and comorbidities, and they are often classified as non-syndromic and 

syndromic cases. In a small amount of ASD cases, it is possible to define a pattern in 

the clinical abnormalities' presentation, and these recognizable features can be 

classified into ASD syndromic. However, the ASD syndromic cases are estimated to 

represent only ~5% of all ASD cases (MILES et al., 2005; SZTAINBERG; ZOGHBI, 

2016). 

ASD syndromic cases are generally recognized by clinician’s experience and 

confirmed with a targeted molecular genetic test. Some relevant syndromes that should 

be considered during clinical evaluation includes: X-fragile syndrome (KAUFMANN 

et al., 2004), Rett syndrome (NEUL, 2020) Phelan-McDermid syndrome 

(MUKADDES; HERGUNER, 2007), 15q11-13 deletion associated to Angelman 

(maternal) or Prader-Willi (paternal) syndromes (VELTMAN; CRAIG; BOLTON, 

2005), 16p11.2 deletion syndrome (KUMAR et al., 2009), Cornelia de Lange syndrome 

(SRIVASTAVA; SCHWARTZ, 2014), Neurofibromatosis syndrome type 1 

(GILLBERG; FORSELL, 1984) and Tuberous Sclerosis (VIGNOLI et al., 2015). 

 

2. Genetics aspects of ASD 

2.1. ASD multifactorial model 

 

ASD is considered a heterogeneous complex disorder and as such, the 

multifactorial model is associated to its etiology, yet not explain all cases, meaning that 

environmental and genetic factors may play a role into clinical manifestations 

(SCHAEFER, 2016). Environmental factors associated to ASD usually occur during 
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prenatal period, and are related to mothers’ exposition to drugs, infections, medicines, 

and toxic chemistries. More controversially, there are also some reports of birth traumas 

and parental care during first years of life (MANDY; LAI, 2016).  

Although these environmental factors are reported associated to ASD etiology, 

the genetic component of ASD is considered high. A great review performed by 

Bourgeron (2016) analyzed studies from 1977 to 2015, aiming to clarify the genetic 

contribution to ASD, based on twin and heritability studies. The average concordance 

in monozygotic twins was estimated in 45%, reaching up 94.5%, just as average 

heritability was estimated in 50%, reaching up 95% (BOURGERON, 2016). 

 

2.2. ASD complex genetic architecture 

 

In the last decade, advances were made on ASD genomic field, yet much 

remains to be explained due the complex genetic architecture of this condition. Studies 

across populations evidenced different inheritance patterns and the role of both rare and 

common genetic variants in ASD etiology and phenotype heterogeneity 

(BOURGERON, 2015; GRIESI-OLIVEIRA; SERTIÉ, 2017; LEBLOND et al., 2018; 

TOMA, 2020; WEINER et al., 2017). 

The genetic background of ASD is particular to each individual, being possible 

to fit any inheritance pattern known as monogenic, oligogenic and polygenic 

(BOURGERON, 2016). Therefore, a single rare genetic alteration can be penetrant 

enough to cause ASD in a monogenic pattern, or it may be necessary the combination 

of few rare variants in an oligogenic pattern, or yet a combination rare variants and a 

burden of medium to high common genetic variants in polygenic pattern (Figure 2) 

(BOURGERON, 2015; GRIESI-OLIVEIRA; SERTIÉ, 2017; TOMA, 2020). Even 

though common variants are relevant to ASD risk, their contribution are challenging to 
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determine (ANNEY et al., 2012; DEVLIN; MELHEMA; ROEDER, 2011). Still, a 

recent large consortia study performed by Grove et al., (2019) is the first to point 

common risk variants robustly associated with ASD. Therefore, most of ASD genes 

discovery were identified on studies with rare genetic alterations. 

 

Figure 2. Inheritance patterns and genetics variants interplay on ASD. Adapted from 

Bourgeron, T. From the genetic architecture to synaptic plasticity in autism spectrum disorder. Nat Rev 

Neurosci. 2015;16(9):551-63. 

 

2.3. ASD genes and pathways 

 

It is estimated that more than 1,000 genes are linked to ASD, the Simons 

Foundation Autism Research Initiative (SFARI) regularly compiles and evaluates 

studies reporting ASD candidate genes. The last SFARI update (April, 2020) presented 

864 genes categorized with strong to suggestive evidence of ASD association 

(categories 1 to 3). Despite of the vast number of ASD linked genes, these genes 

convergence into common biological pathways, involved in chromatin remodeling, 

gene expression regulation, and synaptic function (Figure 3) (HUGUET; BENABOU; 

BOURGERON, 2016; LORD et al., 2020; PINTO et al., 2014; RUBEIS et al., 2014).  
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Figure 3. Genes and pathways associated to ASD risk. From Lord et al. Autism Spectrum 

Disorder. Nature Reviews. 2020; 5:6. 

 

2.4. ASD genomic variation: de novo and inherited variants 
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Large genomic studies with ASD affected individuals have revealed the role of 

single nucleotide variants (SNVs) and small insertions and deletions (Indels), as well 

as copy number variants (CNVs) to ASD etiology (RAMASWAMI; GESCHWIND, 

2018; SATTERSTROM et al., 2020; WOODBURY-SMITH; SCHERER, 2018). 

Notably, de novo mutations (DNMs) are pointed as relevant to ASD etiology, wherein 

both SNVs/Indels and CNVs genomic were enhanced on ASD cases compared to 

control populations. For example, de novo CNVs are identified in 5 to 15% of ASD 

cases compared to 1 to 2% in control population (PINTO et al., 2014; SANDERS et al., 

2015; WOODBURY-SMITH; SCHERER, 2018). Also, exonic de novo SNVs/Indels 

were shown to occur in a higher rate (2 to 3 folds) in affected individuals, when 

compared to their healthy siblings (IOSSIFOV et al., 2014); and exonic de novo protein 

truncating variants (PTVs) showed an enrichment of 3.5 folds, compared to 1.2-fold for 

exonic inherited PTVs (p=0.07) in ASD probands (SATTERSTROM et al., 2020). Of 

note, besides de novo PTVs are evidenced, de novo missense variants are also relevant 

to ASD, and probably predispose ASD risk through gain-of-function (CASTELLANI; 

ARKING, 2020; SATTERSTROM et al., 2020). 

Although it is well established DNMs role in ASD etiology, these variations are 

identified in clinically relevant ASD genes only in approximately 10% of cases 

(BOURGERON, 2016). In this context, rare inherited variation are also relevant, indeed 

ASD individuals present more deleterious inherited variants than general population, 

evidencing the additional contribution of rare inherited variants to ASD clinical 

manifestation  (KRUMM et al., 2015; RUZZO et al., 2019; WILFERT et al., 2020). In 

fact, both rare inherited and de novo variants have been shown to impact shared 

networks, indicating common genetic risk pathways (RUZZO et al., 2019; SÁNCHEZ-

SÁNCHEZ et al., 2018; SATTERSTROM et al., 2020). 
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2.5. DNMs and ASD candidate genes 

 

Remarkably, DNMs analysis are shown to be an important tool for gene 

discovery in ASD (C YUEN et al., 2017; IOSSIFOV et al., 2012; NEALE et al., 2012; 

O’ROAK et al., 2012; RUBEIS et al., 2014; SANDERS et al., 2011; SATTERSTROM 

et al., 2020; SEBAT et al., 2007; TAKATA et al., 2018). However, de novo CNVs 

analysis for gene discovery adds more complexity to infer high-risk single genes, 

especially for large CNVs that harbors multiple genes. In this context, SNVs/Indels 

analysis are more likely to infer high risk candidate genes in ASD (ALONSO-

GONZALEZ; RODRIGUEZ-FONTENLA; CARRACEDO, 2018; SANDERS et al., 

2015).  

Different strategies are performed to prioritize candidate genes based on coding 

DNMs, but they generally include the analysis of integrated datasets of expression data, 

sequence information, functional annotation and the biomedical literature (ALONSO-

GONZALEZ; RODRIGUEZ-FONTENLA; CARRACEDO, 2018; MOREAU; 

TRANCHEVENT, 2012). Coding DNMs that lead to loss-of-function are frequently 

considered more damaging than DNMs missense variants and consequently more 

directly highlighted on genes discovery analysis, although as previous mentioned 

missense variants were shown to contribute to ASD risk through gain-of-function 

(ALONSO-GONZALEZ; RODRIGUEZ-FONTENLA; CARRACEDO, 2018; 

SATTERSTROM et al., 2020). Indeed, to assess DNMs pathogenicity is challenging, 

and many tools are performed to evaluate variants impact based mainly on protein 

function, structure, and biochemical properties, such as Polyphen2, SIFT, Provean, 

Mutation Taster, and CADD (ADZHUBEI et al., 2010; CHOI; CHAN, 2015; 

KIRCHER et al., 2014; KUMAR; HENIKOFF; NG, 2009; SCHWARZ et al., 2014). 

Other relevant tool that has become widely considered is the constraint metric, that 
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evaluate gene tolerance or intolerance to mutations, mostly based in expected versus 

observed number of variants in a certain gene, which is represent for missense and loss-

of-function variants by gnomAD database metrics: z-score and pLI, respectively 

(KARCZEWSKI et al., 2020; LEK, 2016). Finally, other relevant strategies to genes 

prioritization are regarding statistical data analysis from variants identified in previous 

large studies and databases, genes function and expression data information 

(ALONSO-GONZALEZ; RODRIGUEZ-FONTENLA; CARRACEDO, 2018; C 

YUEN et al., 2017; TAKATA et al., 2018). Therefore, to analyze DNMs has proven to 

be a powerful approach to identify novel candidate genes, as well to validate genes not 

well established in ASD, being particularly interesting in poorly explored cohorts, such 

as the Brazilian.  

 

2.6. DNMs and parental age 

 

DNMs are generated due to errors during DNA replication and repair, its rate is 

influenced by DNA repair efficiency, number of mitoses a cell has undergone, and the 

time between mitoses (GAO et al., 2016). DMVs were traditionally considered to occur 

only in germline cells and they indeed represent most of them (89%), yet they are also 

generated during parental embryogenesis (4%) and during postzygotic events (7%) 

(FRANCIOLI et al., 2015; GOLDMANN et al., 2016; KONG et al., 2012; RAHBARI 

et al., 2016).  

The paternal rate of DNMs in males germline cells can increase from one to 

three per year due the constant mitosis process of spermatogenesis, while maternal 

DNMs rate increases 0.24 to 0.44 per year before conception (GOLDMANN et al., 

2016; RAHBARI et al., 2016; SASANI et al., 2019). Not surprising, approximately 

80% of all DNMs are originated in the paternal allele (FRANCIOLI et al., 2015; 
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GOLDMANN et al., 2016; JÓNSSON et al., 2017; KONG et al., 2012). Taking it into 

account, it is more clear how parental increased age is associated to higher rates of de 

novo variants in general populations (GAO et al., 2019; JÓNSSON et al., 2017; KONG 

et al., 2012).  

ASD prevalence has been positively correlated with parental and grand paternal 

age (FRANS et al., 2013; HULTMAN et al., 2011; REICHENBERG et al., 2006; 

SANDIN et al., 2016), which may partially explain the high proportion of DNMs in 

ASD probands. Considering ASD risk association to advanced parental age, and the 

increased number of DNMs in ASD individuals, we speculated that three-generation 

analyses of DNMs, could provide new insights into relevance of variants that have 

arisen de novo across generations. 
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CHAPTER FIVE 

 

 
GENERAL CONSIDERATIONS 

 
 

Fortunately, we accomplished our main goals by focusing our analyses into 

the identification of genetic alterations (DNVs and CNVs) and novel candidate loci, 

besides the investigation of DNVs roles across multigenerational families. Of note, 

this study was divided in three different ASD cohorts: one cohort of 30 ASD trios, 

composed by patients and parents (n = 90 individuals); a second cohort of 144 ASD 

individuals; and a third cohort of 33 multigenerational families composed by ASD 

probands, parents and grandparents (called septets, n=231 individuals).  

The first trios-based study (Chapter II) allowed the analysis of CNVs and 

DNVs in the 30 ASD probands. Although we had a small cohort, we inferred power 

to our candidate genes findings by performing a meta-analysis in more than 20,000 

individuals, from large genomic databases of neurodevelopmental disorders (NDDs). 

Happily, our analyses supported three pathogenic CNVs: 1q21.1, 4q35, and 17p13.3; 

and four pathogenic DNVs, being one of them identified in a novel ASD candidate 

gene: PRPF8. This cohort presented a good diagnostic yield, estimated in 23%, which 

may be partially explained by the high proportion of severe comorbidities in these 

patients (60%).  

The CMA analysis (Chapter III) was performed in collaboration with the PhD 

student Claudia Costa. We screened 144 individuals and prioritized 46 rare CNVs, 

which were evaluated in larger CNVs cohorts of approximately 10,000 NDDs 

individuals. We highlighted four CNVs in ASD genes: NR3C2, DPP6, 

CDH8/CDH11, and CSMD1; and suggested two potential ASD candidate genes 
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identified in our CNVs: FGF2 and PTPRN2. Finally, 18% (7/39) of individuals 

carrying a likely pathogenic or pathogenic CNV also carried a second rare CNV, 

reinforcing the oligogenic model relevance for ASD.  

Through the septets analysis (Chapter IV) we were able to determine for the 

first time, DNVs rate in parents, which was lower than in probands and similar to 

controls. We observed a higher proportion of parents over 30 years old compared to 

grandparents, a positive correlation between DNVs and fathers age, and a 

predominantly paternal origin of DNVs in both generations. Intriguingly, besides the 

small cohort, we observed a segregation bias in the paternal transmission of 

pathogenic DNVs, which suggests the selection of these variants in paternal gametes. 

Finally, we evidenced ZNF536, MSL2 and HDAC9, as possible candidate genes to 

ASD. 

It is challenging to determine whether a genetic variant is a main cause of 

ASD, or a contributing factor to the clinical manifestation. In our analysis, even for 

ASD cases wherein DNVs CNVs were identified in ASD-genes, other rare variants 

were also identified and may contribute to phenotype, supporting the oligogenic 

model relevance. Our unexplored Brazilian population with tetra-hybrid composition 

was valuable to validate previous candidate genes as well as to identify novel ones. 

As we have shown, this was possible due the availability of genomic data from large 

cohorts, such as MSSNG, SSC, DDD and NDD big cohort’s papers. Furthermore, the 

study delineation led us to support candidate loci, and to identify potential novel 

candidate genes to ASD: PRPF8, FGF2, PTPRN2, ZNF536, MSL2, and HDAC9. 
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CHAPTER SIX 

 

 
ABSTRACT 

 

Autism Spectrum Disorder (ASD) is a heterogeneous and complex genetic disorder 

that includes conditions with clinical manifestation in early childhood, characterized 

by persistent difficult in social/communication skills, besides restricted interests, and 

repetitive behavior. Large genomic studies inferred the relevance of single nucleotide 

variants (SNVs), small insertions and deletions (Indels), and copy number variants 

(CNVs) to ASD etiology. Additionally, ASD patients are enhanced for de novo 

mutations (DNMs) compared to control populations, for both SNVs/Indels and 

CNVs, being these alterations analyses powerful approaches to gene discovery and 

validation, together with analysis of large genomic databases of neurodevelopmental 

disorders (NDD). Therefore, our first main goal was to characterize rare copy number 

variations (CNVs) and exonic de novo variants (DNVs) in ASD Brazilian cohorts, the 

first composed by 30 trios (chapter II), and the second wherein only CNVs were 

analyzed, composed by 144 ASD individuals (chapter III). Also, aiming to elucidate 

these findings role to ASD etiology, we evaluated them in two large databases 

analysis of more than 20,000 and 10,000 NDD individuals, respectively. The first 

cohort analysis supported three pathogenic CNVs: 1q21.1, 4q35, and 17p13.3; and 

four pathogenic DNVS, being one of them identified in a novel ASD candidate gene: 

PRPF8. Regarding the second cohort of 144 individuals, we identified three deletions 

and one duplication in ASD candidate genes highly intolerant to loss of function: 

NR3C2, DPP6, CDH8/CDH11, and CSMD1. Besides CNVs affecting two potential 

ASD candidate genes: FGF2 and PTPRN2. Finally, 18% of individuals carrying a 

likely pathogenic or pathogenic CNV, also carried a second rare CNV, reinforcing 
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the oligogenic model relevance for ASD. Our second main goal was to evaluate 

DNVs in 33 multigenerational families (231 individuals; chapter IV), to provide new 

insights into potential DNVs pathogenicity across generations. We determined for the 

first time, DNVs rate in parents, which was lower than probands and similar to 

controls. We observed a higher proportion of parents over 30 years old compared to 

grandparents, a positive correlation between DNVs and fathers age, and a 

predominantly paternal origin of DNVs in both generations. Intriguingly, besides the 

small cohort, we observed a segregation bias in the paternal transmission of 

pathogenic DNVs, which was not observed in the transmission of the maternal DNV, 

suggesting the selection of these variants in paternal gametes. Also, we evidenced 

ZNF536, MSL2 and HDAC9, as possible candidate genes to ASD. Our unexplored 

Brazilian population with tetra-hybrid composition was valuable to validate previous 

candidate genes and to identify novel ones. As we have shown, this was possible due 

the availability of genomic data from large cohorts, such as MSSNG, SSC, DDD and 

NDD big cohort’s papers. To our knowledge, this is the first study showing DNVs in 

parents, and despite our small sample, we were able to observe DNVs rates 

difference, as well as the segregation bias in the paternal transmission of pathogenic 

DNVs. Finally, the study delineation led us to support potential novel candidate genes 

to ASD: PRPF8, FGF2, PTPRN2, ZNF536, MSL2 e HDAC9. 
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RESUMO 
 

O Transtorno do espectro autista (TEA) é uma condição genética complexa e 

heterogênea, que inclui manifestações clínicas durante a primeira infância, 

caracterizadas principalmente pela dificuldade persistente nas habilidades sociais e 

de comunicação, além de interesses restritos e comportamentos repetitivos. Grandes 

estudos genômicos demonstraram a importância das variantes de nucleotídeos único 

(do inglês, SNVs), das pequenas inserções e deleções (Indels), e das alterações no 

número de cópias (do inglês, CNVs), na etiologia do TEA. Além disso, os pacientes 

com TEA possuem aumento no número de mutações de novo (do inglês, DNMs), 

tanto para SNVs/Indels, quanto CNVs, sendo a análise dessas variantes poderosas 

abordagens para a identificação e validação de novos genes para TEA, juntamente 

com a análise de grandes bancos de dados genômicos de doenças de 

neurodesenvolvimento (do inglês, NDD). Assim, nosso primeiro objetivo foi 

caracterizar CNVs e variantes de novo (do inglês, DNVs) em coortes brasileiras de 

TEA, sendo a primeira composta por 30 trios (capítulo II), e a segunda composta por 

144 probandos de TEA, onde apenas CNVs foram analisadas (capítulo III). Ademais, 

com o objetivo de elucidar o papel desses achados na etiologia do TEA, nós os 

avaliamos em duas grandes análises de bancos de dados genômicos, compostos por 

mais de 20.000 e 10.000 indivíduos, respectivamente. A análise da primeira coorte 

permitiu a identificação de três CNVs patogênicas: 1q21.1, 4q35, and 17p13.3; e 

quatro DNVs patogênicas, sendo uma delas em um novo gene candidato para o TEA: 

PRPF8. Em relação a segunda coorte de 144 indivíduos, nós identificamos três 

deleções e uma duplicação em genes associados ao TEA, altamente intolerantes a 

perda de função: NR3C2, DPP6, CDH8/CDH11 e CSMD1. Além de CNVs afetando 

dois genes potenciais candidatos para TEA: FGF2 e PTPRN2. Por fim, 18% dos 
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indivíduos com uma CNV patogênica ou provavelmente patogênica, também 

possuíam uma segunda CNV rara, reforçando a relevância do modelo oligogênico 

para o TEA. Nosso segundo objetivo maior foi avaliar as variantes de novo em 33 

famílias multigeracionais (231 indivíduos; capítulo IV), para fornecer novas 

percepções sobre o potencial patogênico de variantes de novo entre gerações. Nós 

determinamos pela primeira vez a taxa de DNVs nos pais, que foi menor do que nos 

probandos, e similar a dos controles. Nós observamos uma maior proporção de pais 

acima dos 30 anos comparados aos avós, assim como uma correlação positiva entre 

a idade paterna e o número de DNVs, e uma origem predominantemente paterna de 

variantes DNVS nas duas gerações. Interessantemente, apesar da nossa amostra 

pequena, nós observamos um viés de transmissão de variantes de novo patogênicas 

nos pais, o que não foi observado nas mães, sugerindo que houve seleção dessas 

variantes nos gametas paternos. Nós também evidenciamos ZNF536, MSL2 e 

HDAC9, como potenciais genes candidatos para TEA. Nossa população brasileira 

pouco explorada de composição tetra-hibrida, foi valiosa para a validação de genes já 

descritos para TEA, assim como para a identificação de novos genes. Conforme 

demonstramos, isso foi possível devido a disponibilidade de grandes coortes de 

bancos de dados genômicos, como o MSSNG, SSC, DDD e artigos com grandes 

coortes de indivíduos com NDD. Além disso, ao nosso conhecimento, esse foi o 

primeiro estudo demonstrando variantes de novo em pais de autistas, e apesar da 

nossa amostra pequena, nós pudemos observar diferenças entre as taxas de variantes 

de novo, assim como o viés de transmissão paterna de variantes de novo patogênicas. 

Por fim, a delineação deste estudo, nos permitiu identificar novos genes potenciais 

candidatos para TEA: PRPF8, FGF2, PTPRN2, ZNF536, MSL2 e HDAC9.  


