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La sirena 

Tenia el cabàs penjat darrere la porta 

i a les mans el solc que hi va deixar l'eina. 

Però els matins s'allarguen 

i del llit estant, amb els ulls oberts, 

sentim com toca la sirena. 

Si comptem amb els dits, ens sobra temps; 

Si comptem amb diners ens manca feina. 

Però encara hem de viure 

i del llit estant, amb els ulls oberts, 

sentim com toca la sirena. 

No és pas culpa vostra, ens diu sovint la gent, 

aquests temps són durs i tot escasseja. 

Però els anys no s'aturen 

i del llit estant, amb els ulls oberts, 

sentim com toca la sirena. 

Vindran altres temps si ho volem tots plegats; 

mai ens han fet por l'esforç ni la feina, 

i tant se val si ja hem mort quan ningú 

del llit estant, amb els ulls oberts, 

senti com toca la sirena. 

 

Miquel Martí i Pol 
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Abstract 

The etiology of Autism Spectrum Disorders (ASD) remains unknown for most 
of the cases, in spite of its strong genetic component. A greater knowledge of 
its genetic basis would result in many benefits, including specific genetic 
counseling for families and, eventually, the development of personalized 
therapeutic strategies. In this thesis, we have applied several recent 
sequencing technologies and adapted pipelines to its study. We have 
investigated the role of rare variants and its transcriptional consequences and 
explored the contribution of complex rearrangements to its missing 
heritability. In addition, we have studied second-hit susceptibility genetic 
factors in a group of individuals with Williams-Beuren syndrome, a genomic 
disorder associated with a mirror phenotype. Finally, we have explored 
parental knowledge and the effect of genetic counseling in affected families. 
Our results reveal that both highly penetrant mutations and inherited variants 
of milder effect contribute to its susceptibility, following monogenic and 
oligogenic or multifactorial models, respectively. Each of them may contribute 
to part of the variability and may explain a subset of cases. 

Resum 

Malgrat el fort component genètic dels Trastorns de l’Espectre Autista (TEA), 
l’etiologia de la majoria de casos es desconeix. Un major coneixement de les 
seves bases genètiques seria molt beneficiós, ja que permetria un 
assessorament genètic específic a les famílies i, a la llarga, el 
desenvolupament d’estratègies terapèutiques personalitzades. En aquesta 
tesis, s’han aplicat diverses tècniques recents de seqüenciació i estratègies 
d’anàlisi adaptades. S’ha investigat el paper de variants rares i les seves 
conseqüències transcripcionals, així com de reordenaments complexos. A 
més, hem estudiat la presència de variants de susceptibilitat en un grup de 
persones amb síndrome de Williams, un trastorn genòmic associat a un 
fenotip oposat. Finalment, hem explorat el coneixement i les opinions en un 
grup de famílies afectades i, també, l’efecte de l’assessorament genètic. Els 
resultats obtinguts indiquen que, en el TEA, hi contribueixen tant mutacions 
altament penetrants, com variants heretades que augmenten lleugerament el 
risc i poden seguir tant models monogènics com oligogènics. Cada un 
d’aquests models contribuiria a explicar part de la variabilitat i dels casos.  
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Prologue 

The development of new sequencing technologies in the recent years has 
revolutionized our understanding of genetics and its relation to disease. 
Autism Spectrum Disorders (ASD) have not been led behind in this quest. 
The application of these new techniques has revealed the implication of 
hundreds of new loci and the great genetic heterogeneity behind its huge 
clinical diversity.   

This thesis expands the knowledge about the genetic basis of ASD, relying 
on the application of various next-generation sequencing technologies, 
including exome and transcriptome sequencing. In addition, it explores 
knowledge and perspectives in affected families and evaluates the utility of 
genetic counseling. The thesis is structured as follows. 

The introduction gives a general overview of the clinical characteristics, 
molecular basis and medical management of ASD, and also addresses the 
role of segmental duplications in disease and evolution, focusing on the 
7q11.23 region and its relation to neurodevelopmental disorders. The last 
part provides a general picture about genetic counseling and specifically 
focuses on genetic counseling in idiopathic ASD. 

The main body of the thesis is divided in five chapters corresponding to 
different studies that describe in detail the methods and results obtained.  

The discussion aims to integrate and interpret the results obtained in 
previous chapters, as well as to place them into the framework of previous 
knowledge of the genetic basis of ASD. Following the discussions, the main 
findings of the thesis are summarized in the conclusions. 
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1. Autism Spectrum Disorders 

Autism Spectrum Disorders (ASD) [Online Mendelian Inheritance in Man 
(OMIM) 209850] are a group of neurodevelopmental disorders characterized 
by alterations in three main domains: communication deficits, impaired social 
interaction and a restrictive and repetitive pattern of behavior. Dr. Leo Kanner 
was the first to describe eleven children with “infantile autism” in a paper 
entitled “Autistic Disturbances of Affective Contact” in 1943 (1). One year 
later, Dr. Hans Asperger described four males with normal intelligence but  "a 
lack of empathy, little ability to form friendships, one-sided conversation, 
intense absorption in a special interest, and clumsy movements" (2).  

1.1 Clinical features 

ASD comprise a heterogeneous group of complex disorders, which 
manifestations can vary greatly among individuals. The first signs and 
symptoms, such as a lack of eye contact, not sharing things with others or an 
strict adherence to routines, usually appear from early childhood, typically 
before three years old (3). About 30% of children with ASD may suffer a 
regression of the previously acquired skills, usually after the first or second 
year of age. Although language is probably the most frequently lost skill, a 
substantial proportion of children loose social skills or both (4). 

Regarding communication deficits, language impairments can range from a 
complete lack of speech in some individuals, delays in language acquisition 
in others or deficits in comprehensive speech or echolalia. Although some 
individuals may present intact formal language, social communication is still 
impaired. For example, language may be used in an overly literal manner 
and not be adequate to the social situation. Nonverbal communication is also 
affected in individuals with ASD. For instance, verbal and nonverbal 
communication may be poorly integrated or individuals may display 
alterations in eye contact, difficulties to understand gestures or deficits in the 
use of facial expressions (5,6).  

In the social interaction area, many affected individuals show a reduced or a 
lack of social interest. Young children may show deficits in social and 
imaginative play and adults may display an inappropriate behavior or a 
preference for solitary activities. As an example, young children may not 
share objects such as toys with their parents and, although they may initiate 
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physical contact, they may use their hands or arms as tools rather than 
seeking their company (5,6).  

Restricted and repetitive patterns of behavior, interests or activities include 
motor stereotypies or repetitive patterns of movement, echolalia, resistance 
to change or strict adherence to routines. In this regard, children with ASD 
may experience stress at small changes such as varying the road taken to 
school or manifest an obsession for particular colors or shapes (5,6). 

ASD are frequently associated with concurrent medical, developmental or 
psychiatric conditions. Regarding comorbid neurodevelopmental disorders, 
Intellectual disability (ID) is present in approximately 45% of individuals with 
ASD, although this estimate may vary if verbal skills are considered. ID is a 
strong predictor of poor prognosis and may be the most common co-
occurring disorder with ASD (7,8). Attention-deficit hyperactivity disorder 
(ADHD) is also frequent among children with ASD (28-44%), as well as tic 
disorders (14–38%) and motor abnormalities (<80%) (7).  

Medical conditions such as epilepsy, gastrointestinal problems and sleep 
abnormalities are also more prevalent among children with ASD. Individuals 
with ID or genetic syndromes present higher rates of epilepsy and seizures 
are a prognostic factor of poor outcome. Its incidence peaks in early 
childhood and in adolescence (7,9). Gastrointestinal problems in children with 
ASD include constipation, gastro-esophageal reflux, abdominal pain and 
diarrhea. They are estimated to affect between up to 70% of children (rang 
extension 9-70%) and are a frequent concern among parents (7,10,11). 
Sleep disorders are also frequent and are estimated to affect around 80% of 
individuals, mainly insomnia (7).  

In addition, psychiatric disorders such as anxiety, depression, obsessive-
compulsive disorder (OCD) and psychotic disorders are also common among 
individuals with ASD (7,12,13). An important proportion of children with ASD 
also present macro or microcephaly. Macrocephaly, defined as head 
circumference >97th centile is present in about 16% of children with ASD, 
whereas microcephaly (head circumference <3rd centile) is found in a similar 
proportion of patients, approximately 15% (14,15). Other minor and major 
physical anomalies are also more frequent in ASD patients than in general 
population (16). 
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1.2 Prevalence 

Estimates of prevalence of ASD vary greatly among studies and in time. In 
the United States it was estimated to affect 1 in 68 children in 2010 according 
to the Center for Disease Control and Prevention (CDC) Autism and 
Developmental Disabilities Monitoring (ADDM) Network (17).  As it can be 
seen in Table 1, the CDC reported approximately a twofold increase in 
prevalence from 2000 to 2008. It has been hypothesized that this increase 
may be due to higher awareness, a shift in diagnostic criteria or 
environmental causes. Some authors have proposed that it may be partly 
due to a shift in the type of diagnosis, particularly to a decrease in diagnosis 
of ID (18,19).  

Prompted by the press impact caused by the release of the CDC’s data, 
Taylor et al (20), conducted a similar and comparable study based on the UK 
General Practice Research Database (GPRD). The study focused on 8-year-
old children to allow for comparison and annual prevalence estimates were 
calculated for boys and girls separately. In 2010, the prevalence rate for boys 
aged 8 in the UK was approximately 1 in 256, a considerable lower figure 
compared to the estimates of 1 in 68 children or 1 in 42 boys in the CDCs’ 
data. Moreover, although both in the UK and USA the prevalence increased 
over the 90s (21), prevalence and incidence have remained stable in the UK 
since 2004 (Table 1). Therefore, the rise in prevalence of ASD over the last 
years remains a controversial issue and it is still unclear whether it may be 
due to underlying environmental factors or methodological concerns.  

 Table 1. Prevalence estimates of ASD in the United States and UK from 2000 to 2010 
according to (17,20,22–25). CDC data represents prevalence in all children, whereas 
GPRD prevalence rates include only boys. GPRD data from 2000 to 2002 is not 
available. 

Surveillance 
Year 

Birth Year CDC prevalence rate 
per 1000 

GPRD prevalence 
rate per 100 

2000 1992 6.7 (4.5—9.9) NA 
2002 1994 6.6 (3.3—10.6)  NA 
2004 1996 8.0 (4.6—9.8) 3.58 (3.28–3.8) 
2006 1998 9.0 (4.2—12.1) 3.86 (3.56–4.19) 
2008 2000 11.3 (4.8—21.2) 3.91 (3.59–4.25) 
2010 2002 14.7 (5.7—21.9) 3.9 (3.57–4.24) 
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However, both studies agree on the fact that ASD are five times more 
prevalent among men than women, although this ratio lowers to one male for 
every female among the group of patients with more severe manifestations 
(17).   

1.3 Diagnostic criteria  

Various classification systems for mental health disorders have been 
developed over the years. Currently, the most used by mental health 
professionals are the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5) by the American Psychiatric Association (2013) (5) and the 10th 
edition of the International Classification of Diseases (ICD) (26) by the World 
Health Organization (WHO). 

ASD definition and diagnostic criteria have varied greatly in the editions of the 
DSM. The third edition of the DSM (DSM-III) was the first to establish ASD as 
distinct diagnostic category. It was then termed “Infantile Autism” and was 
based in 6 characteristics, with an onset before 30 months of age which 
included lack of responsiveness to other people, deficits in language 
development and resistance to change or peculiar interests (27).  

The fourth edition of the DSM in 1994 and its revised edition in 2000 (DSM-IV 
and DSM-IV-TR) (28,29) established several subtypes of autistic disorders: 
Autistic Disorder, Asperger disorder, Childhood disintegrative disorder and 
Pervasive developmental disorder not otherwise specified (PDD-NOS). In 
addition, the triad of features in which the current definition of ASD is based 
was established: impairments in social interaction, impairments in 
communication and a restricted, repetitive and stereotyped pattern of 
behavior, interests and activities. A total of 16 symptoms were listed as 
present in ASD, although only six were needed for a diagnosis of autism 
(Table 2). The latest and current edition of DSM (DSM–5), published in 2013, 
unified the previous categories into the term ASD and reorganized the 
classical triad of features into two: difficulties in social communication and 
social interaction and restricted and repetitive behavior, interests, or activities 
(5).  
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In this respect, the classification and definition of ASD in the 10th Revision of 
the International Statistical Classification of Diseases and Related Health 
Problems (ICD-10), is similar to that of the DSM-IV. The ICD-10 includes 
ASD under the term PDD, which are defined as a group of disorders 
characterized by the classic triad of features mentioned above. Moreover, the 
ICD-10, provides eight different categories to further classify the disorder: 
Childhood autism, Atypical autism, Rett syndrome, Asperger syndrome, 
unspecified PDD, overactive disorder associated with mental retardation and 
stereotyped movements and other childhood disintegrative disorder. For a 
summary and comparison of criteria used between DSM-IV, DSM-5 and ICD-
10, see Table 2.  

It is still debated how changes in DSM-5 and DSM-IV-TR will affect 
individuals diagnosed with ASD. Some studies have pointed out that changes 
between editions may exclude high functioning atypical cases from diagnosis, 
difficult early diagnosis and result in lower prevalence estimates. This may 
affect services provided to families and patients (30–35). 

1.4 Genetic bases of ASD 

ASD are thought to have a strong genetic component. This is supported by 
heritability studies comparing affected status in monozygotic and dizygotic 
twin pairs. Several studies across the years have shown higher concordance 
between monozygotic twin pairs (36-96%) than between dizygotic pairs (0-
31%) (36–43). In addition, recurrence risk for siblings of an affected child is 
estimated to be between 5-10% for classic autism and 20% for a broader 
autistic phenotype (BAP), much greater than prevalence estimates in the 
general population. Recurrence risk in families with two affected children is 
even higher and is estimated to be around 30% (44). The relative risk of ASD 
is also increased in extended relatives of affected members, although it 
decreases as the degree of familial relationship diminishes. For full siblings, 
the relative risk compared to the general population is 10.3 (95% CI: 9.4–
11.3), for maternal and paternal half siblings is 3.3 (95% CI: 2.6–4.2) and 2.9 
(95% CI: 2.2–3.7) respectively, and for cousins, 2.0 (95% CI: 1.8–2.2) (45). 
Therefore, given its high heritability (36-96%), ASD may be the most heritable 
of developmental disorders. As a result, a large number of studies have tried 
to identify the underlying genetic causes. 
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Despite the body of evidence showing that genetics play a major role in ASD, 
currently a genetic cause can be identified in only 20 to 25% of cases (46). 
For the rest of cases (75-80%), the etiology remains unknown. The growing 
knowledge about genetic causes of ASD shows that its clinical heterogeneity 
is reflected in a high degree of genetic heterogeneity. Genetic factors 
involved in ASD comprise all type of genetic variation: chromosomal 
alterations, triplet expansions, de novo or rare inherited single nucleotide 
variants (SNVs) and copy number variants (CNVs) (Figure 1). Therefore, 
ASD present a high degree of genetic heterogeneity, with various types of 
genetic variation that can follow several modes of inheritance.  

Figure 1. Schematic breakdown of genetic factors contributing to ASD. Adapted from 
(46).  

1.4.1 ASD-related syndromes 

Approximately 10% of patients with ASD present a known syndrome, in 
which autism is one of the comorbid features. Among the disorders with a 
higher prevalence of ASD symptoms, some of the most known are: X-fragile 
syndrome (FMR1), tuberous sclerosis (TSC1, TSC2), neurofibromatosis type 
I (NF1), Rett syndrome (MECP2) and PTEN Hamartoma Tumor Syndrome 
(PHTS) related disorders (PTEN). Other genetic syndromes with prevalent 
ASD manifestations include Cri du Chat syndrome (5p deletion), the 7q11.23 
duplication syndrome or WAGR syndrome (11p13 deletion). More than 100 
genes and 44 loci have been proposed as causative genetic factors for ASD-
related syndromes, proving the high genetic heterogeneity of the phenotype 
and its genetic and biological overlap with other disorders such as ID or 
epilepsy (47). 

75% 

10% 

5% 
5% 

5% 

Unknown etiology 

ASD-related syndromes 

Chromosome 
abnormalities 
Rare CNVs 

Rare SNVs in highly 
penetrant genes 

Citogenetically visible 
abnormalities, trismoy 21, etc.  

Fragile X, Tuberous Sclerosis, 
Neurofibromatosis type  

PTEN Hamartoma Tumor 
Syndrome, etc. 

CNVs affecting 7q11.23, 16p11.2, 
15q11, 15q13, 22q11, etc.  

SHANK3, CNTNAP2, CHD8 
ARID1B, DYRK1A, SYNGAP1, etc.  
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1.4.2 Chromosome abnormalities 

Regarding cytogenetically visible chromosome abnormalities, around 5% of 
patients with ASD are caused by a chromosomal rearrangement of this type. 
This type of rearrangements is more common in patients with 
dysmorphologic features (48). One of the most prevalent abnormalities is a 
gain of 15q11-q13 either through direct duplication or as a supernumerary 
marker chromosome, which includes the imprinted ubiquitin-protein ligase 
(UBE3A) gene, responsible for Angelman syndrome. Aneuploidies, which are 
the presence of an abnormal number of chromosomes, have also been 
related to ASD. About 7% of patients with Down syndrome (trisomy 21), 
present ASD and a higher percentage show ritualistic and obsessive 
behaviors (49). The presence of an extra X chromosome, either in boys (46, 
XXY Klinefelter syndrome) or girls (XXX, Trisomy X) has also been related to 
a higher frequency of autistic symptoms (50). 

1.4.3 Rare CNVs 

Since 2004, the advent of chromosomal microarray (CMA) has enabled the 
detection of submicroscopic CNVs not detected previously by conventional 
karyotype (51,52). In the last ten years, its application to the study of disease, 
and especially neurodevelopmental disorders, has enabled the detection of 
submicroscopic CNVs in about 10% of ASD patients (53–56). Several studies 
have shown that the burden of de novo CNVs is higher in affected individuals 
than controls or their healthy siblings (56–58). In a study by Sebat et al 10% 
of patients with sporadic ASD were found to carry a de novo CNV, compared 
to only 3% of patients with an affected first-degree relative and 1% of controls 
(56). Similar proportions were described by Sanders et al in a similar study, 
where 5.6% of probands were found to carry a large de novo CNV, compared 
to 1.7% of siblings (58).  

Some of those CNVs are recurrent events, including microduplication or 
microdeletion syndromes that can be either de novo or in some cases 
inherited from unaffected progenitors, showing incomplete penetrance and 
variable expressivity. Among these, some of the most frequent are the 
7q11.23 duplication, 16p11.2 duplication and deletion, maternal 15q11.2-13.1 
duplication, deletion or duplication of 15q13.2-13.3 and deletion or 
duplication of 22q11.2 (Table 3). Some of these CNVs are implicated in a 
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wide range of disorders, such as schizophrenia, ID or milder phenotypic 
characteristics(59).  

CNV (deletion and 
duplication events 

combined) 

Events in cases/controls 
(n=2120) 

Frequency in 
ASD cases 

P-value 

16p11.2 18/2120; 3/2159 0,8% 0,001 
7q11.23 4/2120; 1/2159 0,2% 0,06 
22q11.2 4/2120; 1/2159 0,2% 0,214 
1q21.1 4/2120; 3/2159 0,2% 0,723 
15q13.3 5/2120; 0/2159 0,2% 0,030 
15q11-q13 2/2120; 0/2159 0,1% 0,245 
Table 3. Recurrent microdeletion and microduplication CNVs implicated in ASD. 

For instance, one of the recurrent deletions affecting the 16p11.2 region 
(between BP4 and BP5) has been found to be present in approximately 0.6% 
of patients with ASD but only in 0.04% of controls (60–64). A study 
characterizing the cognitive and behavioral phenotype of 16p11.2 deletion 
carriers showed that 90% presented psychiatric or developmental disorders 
and that those not meeting criteria for ASD presented a higher frequency of 
autism-related features. Moreover, although individuals showed a high range 
of intelligence, Intelligence Quotient (IQ) scores among carriers were 26 
points lower than those of non-carrier family members (65). This suggests 
that, for some CNVs and traits, penetrance may be complete, even though 
expressivity may vary greatly among individuals. 

1.4.4 Rare SNVs  

Besides comorbid monogenic Mendelian disorders in which autism is one of 
multiple clinical features, SNVs in highly penetrant genes have also been 
described as causes of ASD. Similar to the advent of CMA, the application of 
exome sequencing has enabled the study of SNVs and their role in disease. 
Recently, several high-throughput or next generation sequencing (NGS) 
studies of large cohorts have expanded the knowledge about the role of point 
mutations in ASD. Most of these studies have focused on de novo variation 
(66–70) and only a few have studied rare inherited variation (71–75) or 
combined both sources of information (74,76). Therefore, most studies have 
limited their research to variants of high penetrance that are expected to 
follow a dominant model of inheritance, as well as recessive conditions more 
common in inbred populations. 
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 The first pioneering studies that applied exome sequencing to the study of 
ASD relied on a trio based design in order to identify de novo events (66–70). 
Although these studies vary in sample size, patient selection or variant calling 
and filtering parameters, similar conclusions can be drawn from them. First, 
the incidence of loss of function (LoF) or Likely Gene Disruption Mutations 
(LGD) variants seem to be approximately two times higher in probands than 
in unaffected siblings. Also, de novo LoF variants are more frequent in 
affected females than affected males. This is consistent with the prevalence 
differences between sexes and the hypothesis that females may need a 
higher genetic load to develop the disorder, a phenomena called the female 
protective effect. In addition, most studies confirm the direct relation between 
the incidence of de novo mutations and advanced paternal age. Overall, it 
seems that de novo LoF variants may contribute to up to 10% of ASD cases 
and they may affect hundreds of genes, highlighting the extreme genetic 
heterogeneity of the disorder. However, a few genes with recurrent LoF 
variants have emerged (Table 4) (66–70,77). Interestingly, an important 
proportion of genes with de novo mutations in ASD are also recurrently 
mutated in other neuropsychiatric disorders, such as epileptic 
encephalopathy, ID and schizophrenia (78).  

Table 4.  Recurrent genes affected with de novo LoF events in several NGS sequencing 
studies with a trio based design. Adapted from (77). 

These initial analyses have paved the way to subsequent studies targeting 
specific genes that have identified additional patients and reinforced their 
implication in ASD (79,80). Moreover, the detailed clinical characterization of 
patients sharing mutations in the same gene has enabled the identification of 
specific endophenotypes, that differ in their manifestations but result in ASD. 

Genes # of events FDR 
CHD8 7 <0.0005 
ARID1B, DYRK1A, SYNGAP1 5 <0.005 
ADNP, ANK2, DSCAM, SCN2A 4 <0.01 
CHD2, GRIN2B, KDM5B, POGZ, SUV420H1 3 <0.05 
ANKRD11, ASXL3, ASH1L, BCL11A, 
CACNA2D3, CUL3, DIP2A, FOXP1, GIGYF1, 
ILF2, KATNAL2, KDM6B, MED13L, NCKAP1, 
PHF2, RANBP17, RIMS1, SPAST, TBR1, 
TCF7L2, TNRC6B, WAC, WDFY3, ZC3H4 

2 <0.2 
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For example, mutations in CDH8 result in similar phenotypic characteristics, 
such as macrocephaly, common dysmorphic features and gastrointestinal 
complaints, resulting in a definable syndromic subtype identified by a 
genotype first approach (81). 

Regarding the identification of inherited causes of ASD by NGS, studies have 
followed two main approaches. The first approach has focused on genetic 
factors following a recessive model and have tried to identify biallelic genetic 
factors taking advantage of consanguineous families or families with distant 
shared ancestry. Related families have shown homozygous genetic variants 
in genes previously related to Mendelian disorders that result in attenuated 
phenotypes that lack some classical diagnostic features. In addition, studies 
in unrelated population show an increase of biallelic LoF variants in ASD 
patient compared to controls (71,73,75). 

In the second and more recent approach, studies relying on larger sample 
sizes have combined both sources of evidence, inherited and de novo 
variants, in order to identify multiple hits in recurrently altered genes and 
pathways. Similar to previous reports, an excess of de novo LoF mutations in 
recurrent genes with a lower false discovery rate (FDR) was found among 
patients, especially among females. Unlike previous studies, an effect for de 
novo missense variants was also found. Inherited and de novo variants in 
recurrent genes were enriched in three main pathways that could play a role 
in the development of the disorder: chromatin remodeling, transcription and 
splicing and synaptic function (76). Interestingly, a second study found that 
private, inherited, truncated variants are enriched in probands compared to 
siblings and that their inheritance is biased towards a maternal origin. This is 
consistent with an oligogenic model, where transmitted mutations may 
increase the risk to develop the disorder and, again, consistent with a female 
protective effect (74). 

1.4.5 Common SNVs 

Apart from rare variants of high or moderate penetrance, common variants 
(present in >1% of population) of lower penetrance could also influence the 
risk of ASD. The contribution of common variants to complex disorders has 
been studied mainly through case-control studies interrogating Single 
Nucleotide Polymorphisms (SNP) throughout the whole genome, commonly 
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known as Genome-Wide Association studies (GWAs). To date, four large-
scale GWAs studies that have been estimated to be able to detect variants of 
modest effect size have been carried out in ASD (82–87). These studies 
have found either single genetic loci associated to ASD that do not overlap 
between studies (5p14.1, 5p15.2, 20p12.1 and CNTNAP2 in a secondary 
analysis) or no associations (82–85). In addition, studies targeting previously 
associated locus such as MACROD2 in 20p12.1 have not replicated original 
findings (88). Moreover, a meta-analysis of three of the studies has shown 
that the combined data would result in a smaller association of each locus 
(89).  

A possible explanation for these inconsistent results is that these studies may 
be underpowered and that larger cohorts are necessary to detect small effect 
signals. Some authors have pointed out that the low number of identified loci 
is similar to the results obtained in the first schizophrenia GWAs. Later on, 
these studies were proven to be underpowered given the promising results in 
recent studies with larger cohorts (87,90). 

Even though no clear associated loci have emerged from GWAs, estimates 
of narrow sense heritability from studies of common variants in ASD have 
shown that they have a substantial contribution to risk (91,92). A first study 
estimating heritability found that common variants account for 60% of 
heritability in multiplex families and 40% in simplex families. This is consistent 
with an additive model in which each common variant exerts a small effect 
(91). A later study estimated narrow-sense heritability to be around 52%, 
mostly due to common variation. According to this study, rare variation has a 
small contribution to ASD variance, estimated to be around 3% (92). 

To sum up, studies of common variation in ASD have resulted in few 
variants, each one contributing to a slight increment in risk. This explains only 
a small proportion of the familial aggregation observed in ASD. Taking into 
account rare variants, currently known genetic factors explain only a small 
proportion of the estimated heritability. Factors explaining this missing 
heritability include structural variants not genotyped by current methods, rare 
variants outside coding regions not yet detected, unaccounted gene-gene 
interactions and shared familial environmental conditions (93–95). The 
potential contribution of complex genetic rearrangements in regions of 
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segmental duplications (SD) and their inherent difficult study will be 
discussed in next sections. 

1.4.6 Mosaic events 

Another possible source of genetic variation contributing to ASD, although 
not inheritable, is mosaicism. Mosaicism is the presence of more than one 
genetically distinct cell line in a single organism. It is usually divided into 
somatic and germline or gonadal mosaicism, depending on the presence of 
different cell lines in the somatic tissue or the reproductive cells, respectively 
(96). Mosaicism has been observed in various Mendelian disorders, although 
its rate may be underestimated due to the difficulty of detecting low levels of 
mosaicism and the chose of the studied tissue, which is key to the 
identification of somatic mosaicism. Although brain would be the choice 
tissue for the study of mosaicism in ASD, more accessible tissues such as 
blood can provide a good approach. SNP array and NGS technologies are a 
good method to identify mosaic events at low frequencies (97,98), and have 
been recently applied to the study of mosaic mutations in the brain of ASD 
patients (99). The results of this study showed two cases with deleterious 
somatic point mutations, which may either be causative or contribute to the 
liability to ASD (99). 

1.4.7 Inheritance models 

As seen in the previous sections, a wide range of genetic factors of different 
effect sizes affecting hundreds of genes can influence the risk of ASD. ASD 
have a complex genetic architecture and the risk of developing the disease 
can be shaped by hundreds of variants of different magnitude of effect. As 
proposed for other complex diseases, the effect of a variant shows an inverse 
relationship with its frequency in the general population (93,100) (Figure 2). 
Genetic factors with a major effect usually have very low frequencies, since 
there is a strong selection pressure against their maintenance in the general 
population. In contrast, variants with small to modest effects have higher 
allelic frequencies in the general population and may also be present in 
control individuals. 
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Figure 2. Relationship between allele frequency and size of effect. Different 
genetic factors with different effects contribute to complex diseases. Rare alleles causing 
Mendelian disease are identified by linkage studies or exome sequencing studies in 
selected families, whereas common variants with small effects are effectively detected by 
GWAs, provided that the study sample size is large enough. From (93). 

In the case of ASD, different models of inheritance have been proposed to 
explain the interplay of genetic factors and their contribution to liability and 
variable expressivity. Each of them may contribute to part of the variability 
and may explain a subset of cases (87,101). The proposed models differ in 
their contribution of rare and common variants and range from Mendelian 
monogenic models to polygenic models, in which hundreds of variants of 
small effect shape the risk, as proposed in the common variant-common 
disorder hypothesis (87,102,103) (Figure 3). 

In Mendelian models, a single genetic factor is sufficient to cause ASD. This 
single genetic factor may follow different inheritance patterns: autosomal 
dominant, autosomal recessive or X-linked, either dominant or recessive. 
Mutations in highly penetrant genes that cause syndromic or essential ASD 
follow this pattern of inheritance, such as FMR1, MECP2, PTEN, CACNA1C, 
CNTNAP2, SHANK3, CHD8, etc. In addition, cytogenetic defects, such as 
the 15q11-15q13 maternal duplication or deletions of 22q13 also follow this 
model. This model accounts for approximately 20-25% of cases found to 
carry a single and sufficient genetic factor. Interestingly, these rare highly 
penetrant variants are enriched in females and in individuals with lower IQ 
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scores, suggesting that females may need a higher genetic load to develop 
the disorder (102,103). However, additional genetic or environmental factors 
could also contribute to the disorder, since expressivity varies between 
individuals with the same genetic defect.  

Although the Mendelian model may explain a fraction of the cases, there are 
evidences pointing towards a more complex genetic model, where various 
combinations of genetic and environmental factors may increase the risk of 
the disorder, but none is sufficient to cause it. Evidences supporting this 
model include studies observing that first-degree relatives of ASD patients 
often show subclinical traits associated with the disorder, commonly called 
“the broader phenotype”. These include restrictive repetitive behaviors, 
deficits in social abilities or language delay (104–107). In addition, studies 
measuring autistic traits in the general population suggest a quantitative 
continuum and it has been hypothesized that the distribution of underlying 
genetic factors could be responsible for that gradient (108). In oligogenic 
models, relatives of affected individuals would carry a significant genetic load, 
consistent with the broader phenotype observed in families (87,102,103). 
Finally, genetic variants linked to ASD have been shown to influence social 
skills in unaffected people, supporting the notion that ASD lies along a 
continuum of traits in the population (109). 

Proposed oligogenic models of inheritance take into account both rare and 
common variation and include various subtypes with different roles for rare 
and common events (87,102,103) (Figure 3).  

Two of these models propose that ASD can arise from a combination of rare 
and common variants (Figure 3). In the first case, each parent would carry a 
few rare events of medium penetrance, whereas in the second, ASD would 
be caused by a combination of rare variants in a background of common risk 
alleles (87,103). De novo variants of smaller impact could also play a role 
and increase the risk of developing the disorder. These two models are 
supported by studies showing that private truncated mutations are enriched 
in probands compared to their siblings and that their inheritance is maternally 
biased (74). This is consistent again with a female protective effect, in which 
females would be carriers, but would need additional genetic variants to 
develop the disorder. In addition, the model is also supported by recurrent 
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CNVs inherited from an unaffected progenitor, such as deletions or 
duplications of 16p11.2 that show a reduced penetrance (60–64) (Table 3).  

 

Figure 3. Schematic figure showing proposed models of inheritance in ASD. Mendelian 
cases (left) arise from highly penetrant mutations, that may follow different patterns of 
inheritance (autosomal dominant, recessive or X-linked). A de novo mutation is depicted 
on the figure. Oligogenic models include various combinations of rare and common 
variants (second left to right). Common variants have smaller effect sizes (red) and, 
therefore, a higher number of variants (blue) is needed to develop the disorder. 
Mendelian cases are enriched for individuals with lower IQ (depicted in purple) and 
females (depicted in green), as seen in studies comparing rates of de novo LoF mutations 
among groups.  

Finally, a third polygenic model proposes that ASD arise from a genetic 
background of common risk alleles. In that case, the accumulation of a high 
load of low risk alleles would be sufficient to cause the disease, without 
contribution of rare alleles. These common variants are also present in the 

Number of risk alleles involved 1 >1000 

Effect size of each variant High Low 

IQ score Higher Lower 

Single rare 
variant  

Combination of 
rare variants 

Combination of rare 
and common variants 

Combination of 
common variants 

Male to female ratio 1:1 5:1 

Highly penetrant rare variant Rare variant of medium effect High burden of common risk variants 



  Introduction  
   

 19 

general population, but accumulate in affected individuals and trespass the 
threshold of clinical expression. This is consistent with the common disease-
common variant hypothesis, which refers to the theory that common diseases 
are due to genetic variants present in more than 1% of the population (110). 
This model may explain a subset of cases with higher IQ, where the male 
bias is even more marked and the rate of de novo LoF mutations is lower, 
and the previously explained fact that the same variants contributing to ASD 
are related to social skills in the general population. (102,109). 

Ultimately, it should be noted that the role of common and rare inherited or de 
novo variants is not mutually exclusive and that both contribute to shape the 
risk and expressivity of ASD (87,102,103,111). In addition, environmental 
factors could also act as susceptibility or modifying or factors. 

1.5 Environmental factors 

Recent studies point towards an important contribution of environmental 
factors in ASD, with estimates of 50% of influence (45). This is supported by 
discordance in monozygotic twin pairs, which also suggests a role for 
environment (112). A few associations between environmental factors and 
risk of ASD have been described to date. However, it is difficult to reach solid 
conclusions due to the different methodology and lack of replication among 
studies. Until now, a few factors, such as maternal infection and drug 
exposure during pregnancy, as well as paternal age, are broadly accepted 
(113).  

Regarding maternal infection, an epidemiological study in Sweden found out 
that maternal infection during pregnancy increased by 30% the risk of having 
a child with ASD (114). In addition, studies measuring maternal antibodies in 
pregnant women found that the presence of IgG reactivity to fetal brain was 
associated with having affected children (115). Animal models have also 
replicated this finding. By injecting isolated IgG from mothers with children 
with ASD (ASD-IgG) or typically developing children to a group of pregnant 
female rhesus monkeys, a subsequent study found that the offspring of 
mothers injected with ASD-IgG showed abnormal patterns of social 
interaction (116). 
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Paternal and maternal age have been also consistently associated with ASD 
(117,118). Although advanced paternal age is related to an increased rate of 
de novo mutations, other possible explanations for this phenomena are 
increased epimutations and accumulation of environmental toxins (113,117). 

Other evidences for the influence of environment come from large 
environmental studies, such as the Childhood Autism Risks from Genetics 
and the Environment (CHARGE). This study found an association between 
various toxics contained in air pollution and ASD, which is also supported by 
previous associations in smaller studies (119,120). For example, exposure to 
nitrogen dioxide and other traffic-related pollutants during the late period of 
pregnancy and early childhood has been associated with an increased risk of 
ASD (119,120). Studies focusing on perinatal and postnatal conditions have 
also identified several factors that could increase the risk. Some of these are: 
abnormal fetal presentation, umbilical cord complications, fetal distress, 
multiple birth, small size of gestational age and low birth weight (113).  

Environmental factors can act through epigenetic mechanisms, which provide 
a link between genetics and environment. Epigenetics comprises the study of 
changes in gene function that are mitotically and/or meiotically heritable and 
that do not entail a change in DNA sequence (121). Complex traits such as 
height, fertility or food metabolism are environmentally influenced and its 
modifications can be transmitted by epigenetic mechanisms (122). The study 
of epigenetics in ASD is relatively new, but there is evidence that methylation 
changes, as well as chromatin remodelers, could be implicated in the 
disorder (123). For instance, studies have found genome-wide 
hypomethylation rates in patients but not in matched siblings or controls 
(124). In addition, regions that have been associated to ASD have been 
found to be located near imprinted sites. Finally, numerous chromatin 
remodelers are mutated in ASD, as well as in other neurodevelopmental 
disorders (125). 

1.6 System biology approaches to ASD 

In the recent years, new genetic approaches have uncovered hundreds of 
genetic variants implicated in ASD. However, the effects of the deregulation 
of these genes on molecular pathways, the functioning of the cell and, 
ultimately, on neural circuits and behavior are not so well known. System 
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biology tools can help understand the mechanistic effects of the altered 
genes by integrating different sources of information, such as genetic variants 
identified by GWAs or NGS studies, expression data or physical interaction 
networks of proteins (126).  

Regarding expression, transcriptional studies can help to identify and 
understand deregulated gene networks in ASD. Although, this approach is 
limited by the difficulty to obtain neural tissue, several studies have analyzed 
expression changes in brains of ASD patients. The first studies used a case-
control approach to measure differential expression by microarray technology 
and came up with few reproducible results. Overall, they identified alterations 
in neuronal systems, implicating glutamatergic neurons, and alterations in 
immune related genes, but few genes were coincident among studies (127–
130). More recently, two studies using weighted correlation network analysis 
(WGCNA) found similar altered modules, one related to neuronal and 
synaptic functions and a second module enriched for microglia immune 
genes. Interestingly, the neuronal module was enriched for genes previously 
identified by GWAs studies, suggesting a causal role in the disorder 
(131,132). 

Mapping altered genes to expression networks is also a good strategy to 
understand which mechanisms are affected by genetic factors. Some authors 
have suggested the importance of mapping genes to developmental 
expression networks (133), since ASD are classified as a 
neurodevelopmental disorder and the alterations leading to it begin during 
prenatal time (126). The first study to do that mapped ASD candidate genes 
and GWAs associated loci to co-expression modules based on gene 
expression in the human brain (134). Two neuronal modules were enriched in 
genes harboring both common and rare variation. In addition, its expression 
was found to vary among developmental stages, showing the importance of 
neural development in ASD (134).  

Later on, subsequent studies made use of the availability of NGS studies of 
ASD and ID and transcriptome data from fetal and adult brain tissues. To this 
end, big-data initiatives such as the Genotype-Tissue Expression (GTEx) 
project or the Allen Brain Atlas provide key information to integrate genotypes 
and expression across a whole range of tissues, specific brain areas and 
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precise time-points. Making use of this important amount of data, a study 
identified that ASD genes were enriched in modules, such as synaptic 
functions and translational regulation, expressed during cortical development. 
Moreover, the study found that ASD and ID candidate genes presented 
distinct patterns of expression (135). A second study mapped ASD strong 
candidate genes derived from sequencing studies to very specific time points 
and locations: the midfetal layer 5/6 cortical projection neurons (136). 

Another approach to identify common deregulated pathways in ASD is to 
make use of physical interaction data, either from experimental approaches 
or from curated literature, such as protein-protein interaction (PPI) networks.  
This approach was first applied to results from exome sequencing studies 
studying the contribution of de novo variation and found that genes carrying 
LoF mutations conformed a highly interconnected network, related to 
synaptic transmission and regulation of translation (66,67). Other studies 
taking into account both inherited and de novo variation also found a tight 
network, with four clusters including previously related pathways such as 
synaptic transmission and transcriptional regulation (Figure 4) (76). A 
posterior study constructed PPI networks to look for interacting partners 
among 35 ASD candidate genes and found novel interactions and 
unexpected connections between syndromic ASD genes (137). Interestingly, 
another study analyzing interactions between spliced variants of brain 
expressed ASD risk genes identified new interacting partners, showing the 
importance of taking into account isoform networks (138).  

 

Figure 4. PPI network of 
candidate genes identified by 
integration of data from exome 
sequencing studies, showing 
four clusters, including 
previously related networks of 
synaptic transmission and 
transcriptional regulators with 
black circles. From (76). 
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Finally, a recent approach to integrate genes in network modules reflecting 
underlying phenotypes, called Network-Based Analysis of Genes (NETBAG), 
has been developed and applied to ASD (57). Genes altered by de novo 
CNVs in ASD cases were mapped into the network and were found to be 
primarily related to synapse development, axon targeting and neuron motility. 
A more recent study applied the same method to integrate genes affected by 
de novo truncating mutations from several exome sequencing studies and 
again found that cortical circuits seem to be particularly affected (139). 
Interestingly, the study also found that genes affected by truncating SNVs in 
affected females had higher expression in brain compared to genes with 
truncating mutations in males (139). This shows that system biology tools not 
only can provide insights in the pathophysiology of ASD, but also into its 
genetic architecture. A summary of the clinical characteristics, genetic causes 
and altered mechanisms in the first section are summarized in Figure 5.  

 

Figure 5. Summary of the main clinical characteristics, genetic causes and altered 
mechanisms in ASD. 
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1.7 Evaluation and medical management of ASD 

ASD are usually diagnosed in the early childhood and can be reliably 
diagnosed by the age of two (140). Early diagnosis is important, since early 
intervention can improve language and communication skills and adaptive 
behavior in children (141,142).  

Guidelines for ASD diagnosis state that it should involve a two-stage process. 
The first stage comprises surveillance and developmental screening through 
regular medical checkups with a pediatrician or a primary care physician. If 
concerns about the child’s development are raised, children should be 
referred for additional evaluation. In this second stage, thorough evaluation 
by a team of health professionals from a wide range of specialties should be 
performed (143,144).  

Once the diagnosis is established, a management program should be 
established. Follow-up should consider educational therapies and 
interventions in order to help mitigate the core features of ASD and treatment 
of possible associated medical problems, such as sleep dysfunction, 
psychiatric conditions or seizures (145). 

1.7.1 Surveillance and screening 

Surveillance has been defined as the ongoing process of identifying children 
who may be at risk of developmental delays, whereas screening is the use of 
standardized tools at specific intervals to support and refine the risk (146). 
According to current guidelines, routine developmental surveillance and 
screening for ASD should be performed on all children to identify those at risk 
for any neurodevelopmental disorder and, specifically those at risk for ASD 
(143,144). The American Academy of Pediatrics (APP) has even recommend 
that all children between 18 and 24 months should be screened for ASD 
during regular medical visits with their pediatrician (143).  

Surveillance should begin at regular care visits with the children pediatrician 
or primary care physician. It should include a careful family history to identify 
family members diagnosed with neurodevelopmental disorders. Professionals 
should pay especial attention to siblings’ developmental history, since the risk 
of ASD in siblings of children with ASD is increased ten times compared to 
the general population. Parents’ concerns about their child development and 
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behavior should also be taken into account, since several studies have 
shown that they provide useful information. Moreover, standardized parental 
reports have been shown to be effective for early screening (147–149). In 
addition, the health professional should also ask for specific questions 
regarding achievement of developmental milestones, interact and explore the 
child, to check if the elicited response corresponds to that of a typically 
developing child (143,144).  

Standardized screening tools should be administered when a specific 
concern about ASD has been raised as a result of surveillance protocols. 
Specific tools for the detection of ASD have been developed, although none 
has been validated for children younger than 18 months. Some of this, such 
as the Checklist for Autism in Toddlers (CHAT) (150), Modified Checklist for 
Autism in Toddlers (M-CHAT) (151) and the Pervasive Developmental 
Disorders Screening Test-II Primary Care Screener (PDDST-II) (152) were 
specifically designed for early detection.  

1.7.2 Diagnostic evaluation 

Once a child has been identified through specific screening, he or she should 
be referred without delay to additional services for a comprehensive 
evaluation and early intervention (143). 

I. Clinical assessment 

A detailed clinical assessment is an important part of the diagnostic 
evaluation, since it can identify underlying associated medical conditions. A 
complete medical history, including detailed prenatal, perinatal and postnatal 
development and family history should be obtained. Patients should also 
undergo clinical examination. Clinicians should pay attention to dysmorphic 
features, head circumference, neurological abnormalities and skin spots in 
order to identify specific syndromes comorbid with ASD. Audiological 
evaluation should also be performed in all children, especially those with 
language delay (153). 

As part of the diagnostic evaluation, genetic testing to identify a genetic 
etiology should be performed. There are several genetic tests available for 
the diagnosis of ASD (153). 
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X-fragile testing 

Approximately 0,5% of children with ASD have X-fragile syndrome and about 
20% of children with X-fragile syndrome present ASD features. Due to this 
overlap, the American College of Medical Genetics and Genomics (ACMG) 
recommended X-fragile testing for all boys being evaluated for ASD. 
Regarding girls presenting with ASD, the ACMG does not recommend X-
fragile testing, unless there are suggestive items such as positive family 
history, a suggestive phenotype or associated features (premature ovarian 
insufficiency, ataxia or tremors) in relatives (154). 

Karyotype 

G-banded karyotype has been the traditional approach to diagnose patients 
with a neurodevelopmental disorder of unknown origin. The diagnostic yield 
of karyotype is estimated to be around 3% excluding chromosomal 
syndromes clinically recognizable, such as Down syndrome. However, since 
the advent of CMA in 2004 (51,52), traditional karyotype has been replaced 
(155).  

Chromosomal microarray 

Since around 15% of individuals with ASD carry a CNV detectable by CMA, 
its diagnostic yield in ASD is much higher than that of previous techniques 
such as karyotype or X-fragile testing (48,53–56). Because of this, the ACMG 
and other authors have proposed chromosomal microarray as the first 
diagnostic tool for the diagnosis of ASD, developmental disabilities and 
congenital abnormalities (154,155). 

However, the adoption of CMA as a first tier tool also poses challenges, such 
as the identification of Variants of Unknown Significance (VOUS). This 
challenge can be addressed by using a suitable level of resolution, which 
should offer enough sensitivity to identify all known recurrent and 
nonrecurrent genomic rearrangements, but minimize unexpected findings 
(153). In addition, the development of databases, such as the International 
Standard Cytogenomic Array (ISCA) Consortium Database 
(www.iscaconsortium.org), DECIPHER (www.decipher.sanger.ac.uk) or the 
DataBase of Genomic Variants (DGV, www.projects.tcag.ca/variation/) is 
helping in the classification of CMA findings, by further defining variability in 
control population and recurrent events in affected patients. Finally, genetic 
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study and detailed phenotypic characterization of the progenitors can also 
help to interpret VOUS (153).  

Single-gene testing 

Several single-gene disorders, apart form X-fragile, have been associated to 
ASD. For example, deletions or mutations in MECP2 are associated to Rett 
syndrome in girls and duplications and mutations with a milder effect have 
been found in boys with ASD and severe ID. In addition, mutations in PTEN 
have been found in approximately 5% of patients with ASD and in a higher 
frequency among patients with macrocephaly (154). With the advent of NGS 
sequencing, it is now possible to sequence multiple genes, all protein-coding 
parts of all genes or the entire genome in a single test, relegating single-gene 
testing to confirm clear clinical suspicions (154,156).  

Exome sequencing 

Due to the extreme genetic heterogeneity of ASD, exome sequencing and 
other NGS based methods have been proposed as diagnostic tools for ASD 
(154,156). However, few studies have evaluated the diagnostic yield of this 
approach in ASD or other neurodevelopmental disorders (157,158). In a 
recent study where both CMA and exome sequencing were applied to a 
group of patients with ASD, the diagnostic yield of the two methods was 
estimated to be 9.3% and 8.4% respectively (158). This diagnostic yield was 
higher in patients with syndromic ASD (158). Although studies in larger 
cohorts are needed, these data show the utility of exome sequencing in ASD. 
Moreover, exome sequencing can also detect CNVs, which is expected to 
increase the diagnostic yield an additional 10% (159), with a total diagnostic 
yield combining the detection of SNVs and CNVs of approximately 20%. 
However, studies comparing the detection rate of CMA and exome 
sequencing are needed before the definition of the optimal first-tier genetic 
test. 

Similar to the application of CMA, the clinical use of exome sequencing 
poses important challenges, such as the finding of VOUS and the increased 
probability of incidental findings not related to the phenotype. This supposes 
a challenge for genetic counseling (160–163). Several recommendations 
have been proposed for the report of incidental findings and the contents of 
informed consent (164–166). Finally, the application of whole genome 
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sequencing (WGS), now restricted to research, to the clinics is also expected 
to increase the diagnostic yield in ASD. Since the potential of incidental 
findings and VOUS will increase substantially, the study of genetic variation 
in non-coding regions in the general population will help to interpret the 
results (72,167). 

Based on current recommendations and recent advances in the molecular 
diagnosis of ASD, a model for genetic testing is proposed on Figure 6. 

Figure 6. Proposed tiered genetic evaluation for ASD. Exome sequencing is 
proposed as the first tier diagnostic tool for ASD patients without clinical suspicion of a 
known syndrome. The proposal relies on the higher expected diagnostic yield of exome 
sequencing, by the combined detection of CNVs and SNVs. Since X-fragile is caused by 
a triplet expansion and therefore cannot be detected by exome sequencing, testing is 
recommended to all males, especially if there is a suggestive family history of X-fragile 
related disorders. Due to its cost effectiveness, exome sequencing is also the choice 
diagnostic approach for patients with a clinical presentation suggestive of a known 
syndrome with genetic heterogeneity. Single gene disorder testing is indicated only in 
patients with a clinical suspicion of a monogenic syndrome. 

As well as genetic testing, additional tests should be considered when 
evaluating a child with ASD. Due to the high incidence of seizures among 
children with ASD, electroencephalogram (EEG) is indicated, especially in 
children with clinical signs of seizures or those with language regression. 
Neuroimaging studies, such as magnetic resonance imaging (MRI), are also 
indicated in children with ASD and additional neurological signs in order to 
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detect brain malformations. Although there is not a specific biomarker for 
ASD, metabolic studies are indicated in patients with ASD and additional 
suggestive clinical signs, such as organomegaly, coarse features, etc. 
(143,168). 

II. Psychological assessment 

Given that there are not biological biomarkers that confirm the diagnosis of 
ASD, psychological and behavioral assessments are the most common 
instruments for the diagnosis. There are several tools, but the two most 
widely used and with the highest sensitivity and specificity are the Autism 
Diagnostic Interview-Revised (ADI-R) and the Autism Diagnostic Observation 
Schedule (ADOS) (169). The ADI-R is a semi-structured interview conducted 
to the parents by a highly trained clinician. It focuses on three main areas, as 
described in the ICD-10 and DSM-IV: reciprocal social interaction, 
communication and language and restricted repetitive stereotyped interests 
and behaviors. It is suitable for children from 18 months (170). The ADOS is 
a semi-structured assessment of behavior in which the clinician scores 
behaviors categorized in three main areas: communication, social interaction 
and play. It has four modules, each of one specific for different 
developmental and language stage (171). Some authors have suggested that 
the combined use of both tools reaches higher levels of accuracy and 
recommend their combined use (169). 

1.7.3 Management 

I. Medical management 

Currently, there are no curative treatments for ASD. Therefore, medical 
management, psychopharmacological treatments or educational 
interventions aim to reduce the symptoms and improve the quality of life of 
affected individuals (172). 

Regarding medical attention, children with ASD have specific medical needs 
in addition to the basic healthcare that all children must receive. As 
commented before, seizures, gastrointestinal problems and sleep 
disturbances are frequent in children with ASD. Children with underlying 
conditions, such as X-Fragile or tuberous sclerosis, may present associated 
medical concerns. Morbidity and mortality are increased among individuals 
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with ASD, and the data suggests that mortality is 2.4 to 2.6 times higher 
compared to that of the general population (131,152). 

Regarding seizures, anticonvulsant treatment should be used depending on 
the specific seizure type and based in regular criteria. Abnormalities in EEG 
are common in children with ASD. However, since the consequences of 
abnormal EEG without frank seizures on development are unknown, 
treatment is not recommended.  

Even though gastrointestinal problems are more frequent among children 
with ASD, specific testing is not recommended unless clinical signs are 
present. Treatment of gastrointestinal complaints is important because they 
may lead to sleep disturbances or aggression outbursts.  

Sleep disturbances, they can have a great effect on functioning and quality of 
life of the children and family. Behavioral therapies are the first line of 
treatment for those cases with no identified cause. Pharmacological 
management is also possible, although few studies have been conducted 
(131,152). 

II. Educational interventions 

Educational interventions in children with ASD aim to improve socialization 
increase adaptative behaviors and minimize interfering behaviors. Therapies 
may help to improve the core symptoms of ASD, although they usually 
remain over life (145,173).  

There is a wide range of educational interventions, which are usually divided 
into three types: behavior analytic, developmental or structured teaching. 
Although these approaches may vary in their strategies and there is not a 
global consensus (174), experts agree that effective interventions should 
include early intensive intervention, a low student-to-teacher ratio and family 
involvement. In addition, they should provide opportunities for interacting with 
typically developing peers and include a curriculum that considers acquisition 
of communication, social and adaptive skills as well as cognitive and 
academic skills (145,173). 

The most common methodologies include Applied Behavior Analysis (ABA), 
structured teaching (also called Treatment and Education of Autistic and 
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Related Communication Handicapped Children or TEACCH), specific 
language therapies such as the Picture Exchange Communication System 
(PECS) and occupational and sensory integration therapies (145,173). 

Apart from early intervention therapies, programs should also include 
transition for older children and adolescents. These programs should 
consolidate and expand social, communication and behavior skills in order to 
achieve independence. Finally, transition to adolescence and adulthood 
should include an individualized plan for employment according to each 
individual’s needs and abilities (145,173). 

III. Psychopharmacology interventions 

Pharmacological treatment should be considered in individuals presenting 
disruptive behaviors that cause impairment in daily activities, such as self-
injury, compulsions and stereotypies, sleep disturbances, irritability or 
anxiety. An important proportion of individuals with ASD are treated with 
diverse medication (around 45% of children) and this percentage is increased 
in older individuals (75% of adults) and those with lower adaptive social skills 
(145). 

The most commonly prescribed drugs are selective serotonin-reuptake 
inhibitors (SSRIs), atypical antipsychotic agents, stimulants and α2-
adrenergic agonist antihypertensive agents. Even though SSRIs have 
several adverse effects, several studies have shown their efficacy in targeting 
core symptoms, including repetitive behaviors, irritability or aggression. 
Risperdone, which is an atypical antipsychotic agent, is among the most used 
drugs for the treatment of irritability in children and adolescents with ASD. 
Stimulants are also effective for the treatment of hyperactivity, impulsivity and 
inattention in children with ASD. Finally, α2-adrenergic agonist 
antihypertensive agents can help reducing irritability, impulsivity and 
repetitive behaviors (145). 

IV. Family support 

Management should also consider family support. Several studies have 
shown that stress and depression are more frequent among parents of 
children with ASD than among parents of typically developing children or of 
children with other neurodevelopmental disorders (175,176). In order to 
support parents’ needs, health care professionals should provide them with 



Introduction 

32 

education about ASD, access to resources, emotional support and guidance 
in therapy and educational decisions. Genetic counseling should be included 
as part of the family support and should be offered to parents, as well as to 
other family members interested (145).  

The main steps and points to take into consideration regarding evaluation 
and medical management of patients with ASD are depicted in Figure 7. 

 

 

Figure 7. Schematic representation of the main steps involved in the evaluation and 
medical management of patients with ASD. 
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2. Segmental Duplications 

Several authors have suggested that complex rearrangements, occurring 
mostly in polymorphic multi-copy number variants located in SD, could 
explain part of the missing heritability in complex disorders (94,177,178). SD 
are defined as segments of DNA that range from 1 to 400kb, are present in at 
least two locations in the genome and share a high degree of identity (90-
100%). They are also known as low-copy repeats (LCR) and are estimated to 
account for a substantial part of the human genome, approximately 5% 
(179,180). They can predispose to various types of chromosomal 
rearrangements, such as duplications, deletions, inversions, translocations 
and marker chromosomes through misalignment of non-allelic homologous 
regions and unequal crossing over.  

The study of segmental duplications is of great interest, since they have a 
crucial role in human and primate evolution and in the predisposition to 
recurrent genomic disorders. More than 25 genomic disorders are thought to 
be mediated by non allelic homologous recombination (NAHR) between LCR 
(179–184). Intriguingly, some of the duplicated regions have arisen in the 
primate lineage and are even specific of the human lineage (185). For 
instance, SD flanking the 16p11.2 region, which has been extensively 
associated to ASD, have been found to be duplicated only in the modern 
human lineage. This recent rearrangement predisposes to NAHR and, 
therefore, to deletions and duplications associated to ASD (186).  

This example raises intriguing questions about the relation between genes 
contained in SD, human specific traits and neurodevelopmental disorders. 
Given that an important part of SD have been generated in the primate or 
human lineage, they are expected to be enriched in genes with a role in 
cognition and behavior. These genes could play a role in ASD and contribute 
to its missing heritability. Although SD could represent an important part of 
genetic variability, these regions have been largely unexplored due to its 
inherent complexity. Several techniques have been applied to identify and 
refine the structure of LCR, such as array comparative genomics (aCGH) or 
SNP microarrays. The advent of NGS offers new opportunities to further 
define duplicated regions and breakpoints in recurrent rearrangements.   
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2.1 Type of segmental duplications and distribution in the human 
genome 

SD can be classified into two groups: interchromosomal and 
intrachromosomal (179,180). Interchrosmosomal SD localize in non-
homologous chromosomes, whereas intrachromosmal SD are located in the 
same chromosome and, usually, in the same band. Both groups of SD are 
enriched in pericentromeric and subtelomeric regions, although 
intrachromosomal SD are usually more distant to centromeres or telomeres 
(187). The distribution of SD in human chromosomes is not uniform, and 
some chromosomes harbor more LCR than others (Figure 8). Since SD are a 
source of genetic variability, CNVs and copy neutral structural variants tend 
to localize near these regions (188). 

Figure 8. Map of the human genome showing the distribution of SD (in black) across 
all chromosomes. SD are enriched in subtelomeric and pericentromeric regions and 
structural variants (insertions, deletions and inversions) in regions surrounding SD. 
Adapted from (188). 

2.2 Origin and role of segmental duplications in evolution 

SD have evolved in a rapid manner through the evolution of primates, 
especially during the divergence of great apes and humans (178). 
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Chromosomal rearrangements have been particularly important in 
centromeres and telomeres, which are thought to be more tolerant to the 
addition of extra genetic material. This process has occurred during different 
time points, although possibly not at a constant rate (180,189).  

SD have an important role in the apparition of new genes and, therefore, new 
functions (178). In most cases, gene duplications would result in non-
functional pseudogenes, termed paralogous copies. Paralogous copies may 
be complete or may lack necessary elements for transcription, such as 
regulatory elements or 5’ exons. In addition, they tend to accumulate 
variants, that may result in premature stop codons and truncated proteins. In 
a small proportion of cases, gene duplications may result in the apparition of 
new functions due to positive selection. In that case, a new copy of the gene 
may evolve without functional constraints, since its progenitor copy would still 
retain its original role. An example of the acquisition of new functions is the 
duplication of the X-linked opsin genes, which enabled the evolution of 
trichromatic color vision (180,189). 

2.3 Segmental duplications and disease 

Genomic disorders were first described as conditions that result from 
rearrangements of genetic material due to the recombination of highly 
homologous stretches of DNA (190). These rearrangements usually result in 
deletion or duplication of dosage sensitive gens in the single copy region 
flanked by SD. 

Chromosomal rearrangements between SD give rise to contiguous gene 
syndromes, as well as monogenic traits, depending on the distance between 
SD and the number of genes included in the flanked segment. Among 
monogenic traits, some of the most common are adrenal hyperplasia due to 
21-OH deficiency, spinal muscular atrophy, familial juvenile nephronophthisis 
1, Charcot–Marie–Tooth (CMT1A). Examples of contiguous gene syndromes 
include Williams-Beuren syndrome (WBS), Prader-Willi and Angelman 
syndrome, Smith-Magenis syndrome or DiGeorge syndrome (46). 

2.4 Rearrangement mechanisms 

There are three main mechanisms that can give rise to genomic 
rearrangements: NAHR, non-homologous end joining (NHEJ) and Fork 



Introduction 

36 

Stalling and Template Switching (FoSTeS). Of those, only NAHR is mediated 
by SD, being associated with a higher risk of occurrence and recurrence of 
genomic disorders (191).  

2.4.1 Non allelic homologous recombination 

NAHR is responsible of most recurrent rearrangements and can give rise to 
deletions, duplications and inversions. It occurs due to misalignment of non-
allelic LCR and subsequent unequal crossing over. It occurs mostly in 
meiosis, although it may also happen in mitosis. If duplicated sequences are 
found in the same chromosome and are in direct orientation, NAHR can give 
rise to either deletions or duplications. If duplicated sequences are found in 
the same chromosome but in inverse orientation, NAHR can result in 

inversion of the in-between fragment (Figure 9). 

Figure 9. Schematic representation of NAHR. A) Repeats in the same orientation 
can generate duplications or deletions. B. Blocks in the opposite direction can result in 
an inversion. Adapted from (191). 

During meiosis, NAHR can occur between SD on the same chromatid 
(intrachromatid), on sister chromatids (interchromatid) or on the homologous 
chromosome (interchromosomal). If it takes place between two segments in 
direct orientation, interchromatid and interchromosomal NAHR can give rise 
to reciprocal deletions and duplications. However, intrachromatid NAHR can 
only lead to a deletion and circular DNA molecule without centromere that 
that will not segregate during cell division (Figure 10) (192). This explains 
why the frequency of deletions in reciprocal genomic disorders is usually 
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higher than that of duplications, since one of the mechanisms, intrachromatid 
NAHR, only leads to deletions. 

Figure 10. Mechanisms for non-allelic homologous recombination 
(NAHR). The three classes of NAHR are interchromosomal, interchromatid  
and intrachromatid. Interchromatic or interchromosomal can result in a 
deletion or duplication, whereas intrachromatid NAHR can generate a 
deletion and a circular DNA molecule without a centromere. Adapted from 
(191). 

2.5 Methods to study multi-copy variants in segmental duplications 

Despite the fact that genes inside SD play a major role in evolution and 
disease, these regions remain largely unstudied. Conventional techniques to 
detect CNVs, such as aCGH or SNP microarrays, have a limited detection 
rate in multi-copy number variants sites due to the high similarity of these 
regions. Their power decreases as the underlying number of copies 
increases. aCGH has been successfully applied to the genome-wide 
identification of CNVs, but the identification and fine characterization of 
variation in SD has proven more difficult. Due to probe cross-hybridization, 
the specific duplicated or deleted copy can be quite difficult to 
define(182,193,194). SNP microarrays are neither a good technique for 
studying multi-copy regions, since probes covering SD are underrepresented 
in the current genome-wide platforms. Although paralogous sequence 
variants (PSVs), which are positions differing between duplicated copies, can 
be genotyped with with SNP microarrays and an important proportion of 
SNPs are in fact PSVs, cross-hybridization can also confound the results 
(195–197).  

Interchromosomal Interchromatid Intrachromatid 



Introduction 

38 

However, the advent of NGS provides new tools to study SDs, with 
information about the number of copies (by read-depth) and the identity of 
duplicated sequences (by genotyping PSVs). This approach has been 
successfully used in WGS data of control individuals, providing a reference 
map of SDs and PSVs to be used in further studies (198,199).  

3. The 7q11.23 region: a dosage-dependent effect on 
neurodevelopment  

One of the complex regions in the genome is the 7q11.23 band. Despite its 
complex genomic architecture, it has been characterized in detail (200–202). 
It contains three different blocks of SD that predispose to various 
rearrangements: reciprocal deletions and duplications, inversions and 
polymorphic CNVs. Interestingly, the reciprocal deletion and duplication of 
the single copy genes flanked by SD result in mirror phenotypes, in terms of 
behavior and other clinical conditions. The deletion causes WBS (OMIM!
#194050), which is associated to mild to moderate ID, overfriendly 
personality and relative language preservation. On the other hand, the 
reciprocal duplication (OMIM #609757) results in speech delays and 
alterations and deficits in social interaction (203). The study of this region 
provides an opportunity to understand the involvement of the dosage 
sensitive genes in language development and behavior, as well as the effect 
of modifying factors, such as alleles with varying degrees of activities or 
genes outside the affected region, in the phenotype.  

3.1 7q11.23 genomic architecture 

The singly copy region of the WBS locus is flanked by three large SD, which 
share a high degree of homology (≈98-99%) located in the centromeric (c), 
medial (m) and telomeric (t) sides. Each SD is composed of three blocks with 
different order and orientation, named A, B and C. The centromeric and 
medial blocks are in the same orientation, but different order, whereas the 
telomeric blocks are ordered as the centromeric, but in inverse orientation 
(Figure 11) (200).  

Regarding gene content, the blocks contain multiple transcriptionally active 
units, although some are transcriptionally active. The B block contains GTF2I 
and GTF2IRD2. GTF2I is considered the main candidates for the 
neurocognitive profile and GTF2IRD2 a possible modulator (Figure 11) (204–
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207). Of the three copies of GTF2I, only one (located in the medial B block) is 
functional. The rest of the copies (located in the centromeric and telomeric B 
blocks) are transcribed but result in a truncated protein, since they lack the 5’ 
region of the gene (208). Regarding GTF2IRD2, there are two functional 
copies of the gene located in the medial and telomeric blocks, while the 
centromeric copy is not transcribed since it lacks the first two exons (188).  

 

Figure 11. Schematic representation of the 7q11.23 region. The centromeric (c), 
telomeric (t) and medial (m) SD are showed in arrows with their respective blocks 
colored in blue (A), orange (B) and green (C). A magnified image of centromeric block 
B shows the functional copies of GTF2I, with the first twelve exons present only in the 
single copy region in grey. 

3.1.1 Deletion 

There are two types of recurrent deletions that result in WBS syndrome. The 
most frequent is a 1.55Mb deletion that occurs in 87% of cases as a result of 
NAHR between the medial and centromeric B blocks. Around 10% of patients 
present a larger deletion of 1.8Mb due to a crossing over between 
centromeric and medial A blocks (Figure 12). Atypical deletions mediated by 
other mechanisms can be found in approximately 3% of patients (209,210).  

Figure 12. Schematic representation of the two most frequent deletions in WBS 
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syndrome.  The size of the deletion depends on the type of blocks where the unequal 
crossing over occurs. 

It has been hypothesized that deletions between B block may occur more 
frequently than between A blocks due to the their higher degree of homology  
(99.6%) and because the genomic distance between B blocks is shorter than 
between A blocks (209). Haplotype analysis have shown that most of the 
deletions, approximately two thirds, arise from intechromosomal 
recombination rather than from intrachromosomal crossing over (either inter 
or intra-chromatid) (209,211,212). No bias depending on paternal origin of 
the transmitting disease chromosome has been reported (209). 

3.1.2 Duplication and triplication 

Reciprocal duplications of the WBS region should occur at the same 
frequency of deletions due to interchromosomal crossing over. However, the 
first case was not described until 2005 (213). Since then, and thanks to the 
application of CMA, many additional cases have been reported. The clinical 
characterization of new cases has permitted to delineate a novel syndrome, 
estimated to affect 1:13,000–1:20,000 individuals However, this frequency 
may be underestimated due to the variable and milder phenotypic expression 
of this syndrome compared to WBS. The milder phenotype explains that the 
duplication is inherited from an affected parent in approximately 27% of 
probands (215). 

In 2010, a patient with a triplication of the region was described. The 
triplication was detected by chromosomal microarray and confirmed by 
Multiple Ligation Probe Amplification (MLPA) and Fluorescence In Situ 
Hybridization (FISH). Since the triplicated region did not include the common 
deleted genes FZD9 and FKBP6, the triplication does not seem to be caused 
by NAHR. The patient presented with ID, a severe expressive language 
delay, behavioral problems and dysmorphic features similar to those found in 
individuals with the duplication. These findings support the idea, that the 
WBS region is sensitive to dosage changes (216). 
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3.1.3 Other rearrangements 

I. The paracentric inversion of 7q11.23 

A polymorphic inversion has been identified in 7q11.23 occurring in 25% to 
33% of WBS transmitting progenitors (217) and in a similar frequency in 
transmitting parents of children with a de novo reciprocal duplication 
(unpublished data). In the general population, however, it is found in a far 
lower percentage, around 5.8% of individuals (209,215,218). Although 
carriers of the inversion have no abnormal phenotype, it predisposes to 
rearrangements of the region by facilitating unequal crossing over during 
meiosis. Therefore, individuals carrying the inversion have an increased 
probability of having a child with a duplication or deletion of the region 
compared to the general population. The recurrence risk for carriers of the 
inversion is 1 in 1750 compared to 1 in 9500 for non carriers (218).  

The inversion is most likely due to an intrachromsomal misalignment of 
centromeric and telomeric LCR. Since NAHR could have occurred in any of 
the blocks (A, B or C), it can result in a variable range of sizes (from 
approximately 2.34 to 1.79 Mb (209).  

II. Copy Number Variants 

Apart from the paracentric inversion of 7q11.23, other susceptibility alleles 
predispose to rearrangements of the region. In 2008 it was found that 
approximately 4.44% of WBS-transmitting progenitors are carriers of a large 
deletion of LCR, compared to only 1% of control individuals. Duplications of 
LCR are also more prevalent in transmitting progenitors (approximately 
2.22%) compared to controls (around 1.16%). All identified CNVs contained 
mostly pseudogenes and had no obvious phenotypic effect (219).   

3.2 Williams-Beuren syndrome 

WBS syndrome is a rare neurodevelopmental disorder that results from a 
heterozygous deletion of 26-28 genes at chromosome 7q11.23 and is 
estimated to affect approximately 1 in 7500 individuals (220). The first cases 
of WBS were described in the early 1950s (221), but it was not until 1961 
when Williams et al, and a year later Beuren et al, suggested that the 
associated features represented a new syndrome (222,223).  

3.2.1 Clinical features 



Introduction 

42 

WBS individuals show a set of shared clinical signs and symptoms, although 
the phenotype can vary across patients. 

I. Facial features 

Individuals with WBS have a distinctive facies characterized by a broad 
forehead, periorbital fullness, flat nasal bridge, short nose with a broad tip, 
long philtrum and a wide mouth (Figure 13). Young children are usually 
described as elfin, while adults tend to present coarser features, with a long 
neck and face (224).  

 

 

 

 

Figure 13. Characteristic facial features of WBS patients. The pictures shows a female 
patient at different ages, from left to right: 2, 8 and 34 years respectively. From (225). 

II. Cardiovascular Abnormalities 

Cardiovascular disease is common among WBS patients and is the major 
cause of death among patients, with an associated mortality 25 to 100 times 
higher than in general population (226). Supravalvular aortic stenosis (SVAS) 
is present in approximately 70% of individuals and pulmonary arterial 
stenosis and mitral valve prolapse are also frequent (227). In addition, the 
frequency of hypertension among individuals with WBS is 50% and can begin 
as early as in childhood in some cases (224).  

III. Endocrine abnormalities 

Diabetes mellitus, subclinical hypothyroidism and hypercalcemia are the most 
frequent endocrine alterations seen in WBS. Impaired glucose metabolism is 
seen in a high percentage of individuals, with up to 75% showing abnormal 
results in oral glucose tolerant tests (228,229). Subclinical hypothyroidism is 
seen in 15 to 30%, often related to structural abnormalities of the thyroid 
gland (230,231). The frequency of hypercalcemia varies greatly (5 to 50%) 
across studies, possibly due to the differences in design and criteria. 
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Although it is more frequent in young children, adults with calcium alterations 
have also been reported (224). 

Finally, children with WBS also show abnormal growth patterns, with a 
diminished adolescence growth spurt resulting in decreased adult height. In 
addition, females present an earlier menarche, on average two age earlier 
than general population (232,233). 

IV. Other alterations 

Gastrointestinal difficulties are also frequent among individuals with WBS.  A 
frequent concern is constipation, which is present in around 50% of patients 
and can be a risk factor for diverticulitis or diverticulosis, which are also more 
prevalent in WBS population (233,234). Celiac disease is also more frequent 
and is found in approximately 10% of patients (235). Other gastrointestinal 
problems include feeding problems during infancy, gastroesophageal reflux 
and chronic abdominal pain (236,237).  

Congenital renal genitourinary abnormalities in children with WBS are also 
frequent in children with WBS. The prevalence of renal anomalies in WBS is 
17 times higher compared to general population and can range from minor 
anomalies to severe malformations, such as renal hypoplasia (238,239). 
These abnormalities result in a higher frequency of voiding dysfunction. The 
prevalence of abdominal wall or external genitalia abnormalities is also 
increased in WBS. Approximately 73% of males present anomalies, such as 
undescended testis, retractile testis, hypospadias or unilateral cryptorchidism. 
Females also have an increased frequency of anomalies, such as umbilical, 
unilateral inguinal or bilateral inguinal hernias (240).  

WBS is also characterized by typical audiological anomalies, such as 
abnormal sensitivity to sounds and sensorineural or mixed hearing loss, 
mostly in the high frequency range that tends to worsen over time (241). 
Opthalmological anomalities are also frequent with most patients showing at 
least one ocular abnormality. The most frequent are strabismus and the 
presence of a typical stellate pattern of the iris (20-70%) and, less frequently, 
hyperopia, myopia, cataracts, astigmatism or tortuosity of renal vessels 
(234,242–245).  
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V. Cognitive and behavioral profile 

Individuals with WBS present mild to moderate ID, with an average IQ of 55 
to 62, that ranges from 40 to 102. However, a global measure of IQ is not 
representative of the distinct cognitive profile of people with WBS. Individuals 
with WBS show relative strengths in auditory memory and expressive 
language, but weaknesses in visuospatial construction and visuomotor skills 
(224,237,246,247).  

Language acquisition is usually delayed in children with WS, both vocabulary 
and grammar onset. Interestingly, children with WBS show a delay in the use 
of referential pointing gestures, likely due to their deficits in visuospatial 
construction. Both expressive and receptive concrete vocabulary are 
conserved, whereas conceptual relational vocabulary is an area in which 
WBS individuals show difficulties. Although children and adults with WBS are 
usually very loquacious and show a good expressive language and correct 
grammar, individuals with WBS show difficulties with the pragmatic aspects 
of language. For example, they use an excessive number of stereotyped 
phrases or tend to show inappropriate over-familiarity (224,246,247). 

Regarding their weak areas, WBS individuals present great difficulties in 
tasks involving visuospatial construction, such as pattern construction and 
drawing. When asked to draw an object, individuals with WBS focus on the 
parts rather than the global organization, resulting in poor cohesion and 
disorganization. However, drawing abilities seem to improve with age, 
consistent with the development process. Interestingly, performance on 
visuospatial tasks is directly correlated to performance on other areas, such 
as language, working memory and nonverbal reasoning (224,246,247). 

As for behavior, patients with WBS have a friendly, empathic and hypersocial 
personality (246,247). For example, a study found that children with WBS 
show more interest in persons, even if they are strangers and in the presence 
of toys, compared to typically developing children (248). Moreover, 
individuals with WBS are more open towards strangers compared to children 
with other neurodevelopmental disorders or typically developing children. 
This could lead to dangerous situations, since individuals with WBS tend to 
approach strangers, disregard their countenance or possible social danger 
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clues. In contrast, individuals with WBS show difficulties in establish and 
maintain long term friendships (249). 

Other concerns associated with WBS are psychiatric disorders, which have a 
high prevalence. Studies have reported that an important proportion of 
individuals with WBS (48-82%) met criteria for the diagnosis of one anxiety 
disorder (250–252). This rate is higher than among children with ID of other 
etiologies. Children with WBS also show a high rate of fears and of specific 
phobias (253). Also, one of the most frequent concerns of parents is the lack 
of motivation and pleasure in completing challenging tasks that can lead to 
low employment and independence levels in adults (254). ADHD has also a 
high prevalence among individuals with WBS (40-65%) (251,255). 

3.2.2 Comorbidity with ASD 

Due to their different associated behaviors, ASD and WBS have often been 
described as two diametrically opposite disorders (256), although some 
authors have suggested that this consideration is an oversimplification of 
both phenotypes (257). In this regard, several cases of WBS patients with co-
existing ASD features have been described (258–269). Due to the rarity of 
WBS syndrome, most of these studies are anecdotal reports or are based on 
small sample sizes. Methods and criteria to evaluate features of ASD also 
vary across studies and difficult drawing conclusions about the frequency of 
ASD features among WBS patients (270). 

However, a recent meta-analyses analyzed the presence of ASD features 
among several genetic syndromes, including WBS, selecting only high quality 
studies (270). The authors concluded that the prevalence of ASD features 
among WBS individuals is approximately 12%. Among the syndromes 
included, WBS was found to be among the group with lower prevalence of 
ASD symptoms. The study also found that syndromes with higher intellectual 
function, including WBS, had substantial lower incidence of ASD features. 
Still, the prevalence of ASD among WBS patients is approximately ten times 
higher than among general population, a striking finding especially 
considering the typical neuropsychological profile of individuals with WBS. 
Some authors have suggested that ASD should be reconsidered as part of 
the WBS phenotype (265). 
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Given that the WBS locus has been associated with mirror phenotypes in 
language and behavior, some authors have hypothesized that a trans-acting 
factor present in the remaining allele could act as a genetic modifying factor. 
In this regard, GTF2I and GTF2IRD2, the genes related to the cognitive 
phenotype, have been proposed as the main candidates. Another possible 
explanation is a cis-acting mechanism in which breakpoints of the deletion 
would alter flanking genes. However, the fact that nearly all of the patients 
described present the common deletion excludes this possibility (266). 
Finally, a polygenic model in which interaction of genes present in the WBS 
locus with the genetic background could modify the expression of the 
phenotype has also been proposed (265,266). Some authors have observed 
that some WBS-ASD patients, present hyperserotonemia, which is also a 
frequent finding among individuals with ASD of another etiology (261,266). 
For that reason, the serotonin transporter gene SLC6A4 has been proposed 
as a possible modifier factor (266). However, no unbiased genome-wide 
studies have been carried out to study the contribution of other genes. 

3.3 7q11.23 duplication syndrome 

The first case of a 7q11.23 duplication was described in 2005 (213). Since 
then, 46 children and 15 adults with the syndrome have been reported (215). 
Some of the patients have been identified by CMA in large scale studies of 
various neurodevelopmental or psychiatric conditions (214,271–274), 
revealing that the duplication is a risk factor for ASD and schizophrenia 
(58,275). Overall, it seems that the duplication phenotype is much more 
variable than its reciprocal deletion.  

3.3.1 Clinical features 

I. Facial features 

Although not so recognizable as the typical facial features of individuals with 
WBS, carriers of the 7q11.23 duplication also share some common 
craniofacial features. Common facial features include macrocephaly 
(approximately in 50% of individuals), brachycephaly, broad forehead, 
straight eyebrows, broad nasal tip, low insertion of the columnella, short 
philtrum, thin upper lip and facial asymmetry (Figure 14) (214,215,276).  
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Figure 14. Characteristic facies of individuals with the 7q11.23 duplication. The pictures 
show five young children with the classic 7q11.23 duplication. 

II. Cardiovascular Abnormalities 

Cardiovascular abnormalities are a frequent finding among patients with 
7q11.23 duplication. The most frequent abnormality is dilation of the aorta, 
which has been described in 46% of patients of all ages in large series. 
Congenital cardiovascular malformations have also been described, including 
septal defects, subvalvar aortic stenosis and patent ductus arteriosus 
(215,277). 

III. Abnormalities affecting other organs and systems 

Gastrointestinal anomalies are also frequent, with chronic constipation 
affecting more than half of children (around 66%), than, in some cases, need 
medical intervention (215).  

Similar to WBS, genitourinary anomalies have also been observed in patients 
with the reciprocal duplication. They affect around 20% of patients and range 
from unilateral renal agenesis to hydronephrosis (215,278).  

Various musculoskeletal alterations have also been noted in approximately 
28% of patients with the 7q11.23 duplication, such as hyperextensible joints, 
pectus excavataum, lordosis or pes planus (215). 

IV. Cognitive and behavioral profile 

The cognitive profile of the 7q11.23 duplication is usually contrasted to that of 
WBS. Individuals with the 7q11.23 present difficulties with verbal skills and in 
social interaction (279,280). This was evident from initial case reports, but it 
was not until recently that individuals bearing the 7q11.23 duplication were 
systematically evaluated in order to define their cognitive and behavioral 
profile (279). 
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Regarding cognition, individuals with the duplication were found to have a 
Differential Ability Scale (DAS) score, which is similar to IQ, of 85, ranging 
from severe disability to high average hability. In toddlers and adults, a 
pattern of relative strength in non verbal reasoning and poorer performance 
in verbal abilities could be observed. Adults also showed a relative strength in 
visuospatial construction (279). 

As for language, around 82% of children with the duplication meet criteria for 
speech sound disorder, according to DSM-5. Speech delay is also a frequent 
finding among affected children. The most common subtypes of speech 
sound disorder are dysarthria and childhood apraxia of speech. The 
percentage of children with a speech sound disorder seems to be lower 
(40%) among adolescents, although most of them had received or still 
received speech teraphy (279,280).  

Regarding behaviour, children with the duplication are often described as shy 
and withdrawn when interacting with unknwon people. An important 
percentage of individuals with the duplication, were diagnosed with various 
disorders. For instance, 50% met criteria for social phobia, 29% for selective 
mutism, 13% for separation anxiety disorder and 6.5% for generalized 
anxiety disorder. ADHD is also frequent, with 35% of children diagnosed. 
Although anxiety disordres are present in both WBS and the reciprocal 
duplication, the duplication seems to increase the risk for social phobia and 
selective mutism, which has not been reported in WBS (279,280). 

3.3.2 Comorbility with ASD 

Although several case reports have identified children with duplication 
meeting criteria for ASD diagnosis, no formal assessment has been carried 
out in a large sample to asses the frequency of ASD in individuals with the 
duplication. However, screening using the Social Communication 
Questionnaire (SCQ) showed that around 30% of children had a positive 
screening (279). A formal assessment with clinically validated tools, like ADI-
R and ADOS is needed to confirm or discard the diagnosis and establish the 
frequency of ASD among individuals with the duplication. Some authors have 
argued that, although children with the duplication present social anxiety and 
speech problems, they also show characteristics that are not compatible with 
the diagnosis of ASD. For example, they maintain adequate eye contact with 
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their peers and enjoy interacting with their partners and imaginative play 
(279). However, given the frequency of the duplication among children with 
ASD, the 7q11.23 could represent a risk factor for the disorder (p<0.003) 
(58,279,280). 

As seen in the previous section, individuals with reciprocal deletions and 
duplications of the 7q11.23 present mirror phenotypes in some clinical 
aspects (Table 5).  

 Table 5. Comparison of clinical characteristics between patients with deletions or 
duplications of the 7q11.23 region. Adapted from (219). 

The increased prevalence of ASD features in both types of rearrangements 
(Table 5) suggests that the 7q11.23 region plays an important role in 
behaviour, language and cognition. Therefore, the detailed study of this 
region can provide insights into genes and mechanisms altered in 
neurodevelopmental disorders. However, the study of this region is difficulted 
by its complex genetic architecture, since one of the main candidate genes 
for the cognitive profile, GTF2I, lies in a duplicated region.  

3.4 The role of the transcription factor II-I family in cognition 

 7q11.23 deletion 7q11.23 duplication 
Facial characteristics Broad forehead 

Low nasal root 
Long philtrum 
Full lips 

Broad forehead 
High, broad nose 
Short philtrum 
Thin lips 

Growth/endocrine 
problems 

Growth retardation 
Hypercalcemia 

Normal growth 
Normal calcemia 

Cardiovascular 
abnormalities 

SVAS Dilatation of the aorta 

Connective tissue 
anomalies 

Joint laxity Joint laxity 

Cognitive profile  Developmental delay 
ID 
Relative strength in 
expressive language 
Deficit of visuospatial 
skills 

Developmental delay 
ID 
Speech and language 
delay 
Visuospatial skills 
conserved 

Behavioral problems  Hypersocial personality 
Increased prevalence of 
ASD 
ADHD 

Social deficits 
Increased prevalence of 
ASD 
ADHD 
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Several approaches have been used to study the specific contribution of 
genes in the WBS locus to the features of the WBS and the reciprocal 
duplication. These strategies are mainly the comparison of clinical and 
molecular characteristics of patients with typical and atypical duplications, 
mouse models and functional gene studies. Evidences from these studies 
point towards a major role of the transcription factor II-I family (TFI-II) family 
of factors in cognition and behavior (281). 

The TFII-I family contains three genes (GTF2I, GTF2IRD2 and GTF2IRD1) 
with multiple helix-loop-helix-like domains (known as I-repeats). GTF2I has a 
ubiquitous expression, with wide expression in the developing head. It is 
thought to act as a transcription factor that can bind to various enhancer and 
core promoter elements (282). Interestingly, GTF2I was found to be 
paternally imprinted, pointing towards an epigenetic mechanism regulating its 
expression (283).  

Genomic alignments suggest that GTF2IRD2 may have evolved from GTF2I, 
and that it may be a truncated version (284,285). Whereas GTF2I is deleted 
in both the 1.55Mb common deletion and the large 1.8Mb deletion, 
GTF2IRD2 is deleted in only the larger 1.8Mb deletion (209). Although 
GTF2IRD2 has three copies, located in the Bc, Bm and Bt blocks, only the 
copies present telomeric and medial blocks are fully transcribed, since the 
centromeric copies lack the first two exons (Figure 10) (286). GTF2IRD2 
interacts with GTF2I and may act as a regulator by sequestrating GTF2I to 
inactive nuclear regions (287). 

The last member of the TFII-I family is GTF2IRD1, which is located in the 
single copy region of the WBS locus. It is a regulatory factor that binds 
several genes with a highly conserved DNA element (288). GTF2IRD1 is also 
highly expressed during development (289). 

GTF2I is the main candidate gene related to the neurocognitive profile seen 
in WBS patients. Evidences come from patients with atypical deletions, as 
well as mouse models. On the one hand, several case reports of patients 
with smaller atypical deletions that do not include GTF2I showed a milder 
cognitive phenotype (with normal IQ in some cases) and no hypersocial 
personality. They also implicated GTF2IRD1 in the visuospatial construction 
defects seen in most patients with atypical deletions (205,290–292). On the 
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other hand, a patient with an atypical deletion including the three members of 
the TFII-I family was also described. The patient, who met criteria for ASD 
but also presented the specific WBS cognitive and behavior profile, further 
suggested the role of this gene in the cognitive and behavior deficits (263). 
Finally, evidences from atypical rearrangements also come from patients with 
atypical duplications. A study of CNVs among the Simons Simplex Collection 
(SSC) screening for genetic factors for ASD, revealed a de novo duplication 
in a patient, encompassing the interval from GTF2IRD1 to WBSCR16, which 
also includes GTF2I (293).  

Regarding mouse models, in 2010 a mouse model that lacked the first the 
first 140 aminoacids of Gtf2i was described. This model recapitulated, in 
heterozygosis, some of the features present in WBS, such as craniofacial 
alterations, sound intolerance or increased anxiety ((294). A second mouse 
model described in 2011, which was also deficient in Gtf2i, showed an 
hypersocial behaviour, reinforcing its role in the hypersocial personality (206).  

Regarding GTF2IRD2, a study comparing WBS patients with the typical 
1.55Mb deletion with patients with the larger 1.8Mb (which includes 
GTF2IRD2) found that the second group presented more cognitive 
impairment and a higher rate of externalizing behaviours. This suggests that 
GTF2IRD2 may influence reasoning and executive function (207).  
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4. Genetic counseling 

Information regarding genetics and inheritance in the context of genetic 
diseases can be difficult to understand and to assimilate. However, it is key to 
adapt to a risk or a condition and to take informed choices. For that reason, 
there is a need for genetic counselors, professionals specialized in medical 
genetics and counseling that can provide genetic counseling.  

Several definitions of genetic counseling have been proposed over the years, 
but the most recent and widely accepted is the 2006 definition proposed by 
the National Society of Genetic Counselors (NSGC) (295). According to the 
NSGC, genetic counseling is “the process of helping people understand and 
adapt to the medical, psychological, and familial implications of the genetic 
contributions to disease. This process integrates: 1) Interpretation of family 
and medical histories to assess the chance of disease occurrence or 
recurrence; 2) Education about inheritance, testing, management, prevention, 
resources and research; and 3) Counseling to promote informed choices and 
adaptation to the risk or condition” (295). 

Accordingly, genetic counseling aims to assist affected and/or at risk 
individuals to understand the nature of a genetic disorder, its transmission 
and available options for management and family planning, as well as to 
cope with derived psychological stress and minimize it. Families and patients 
use the information provided during a genetic counseling session to make 
decisions related to their genetic condition and according to their risk, family 
goals and ethical or religious convictions. In the context of common 
disorders, where environmental factors play a substantial role in the 
development of the disorder, genetic counseling can help individuals to adopt 
healthy habits and to reduce the risk of developing a disease. Since genetic 
diseases are heterogeneous, genetic counseling is necessary and present in 
a variety of settings: assisted reproduction, cardiovascular disease, familial 
cancer, personalized medicine, psychiatric disorders, reproductive and 
prenatal counseling, etc (296). 

The goals of genetic counseling are both educational and psychosocial. 
According to this, two main models for genetic counseling have been 
proposed: a teaching model and a counseling model. On the one hand, the 
teaching model is based on the assumption that patients come for 
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information and, therefore, education and information giving are considered 
the central parts of the process (297–299). On the other hand, the counseling 
model emphasizes a psychotherapeutic approach, where the emotional well 
being of patients is a key part of the process (298,299). Some authors have 
suggested that genetic counseling should be based on a combination of both 
models and apply both skills depending on the individual’s needs 
(296,298,300,301).  

One of the principles of genetic counseling is non-directiveness, which aims 
to increase the autonomy of the individual, as well as his or her sense of 
personal control (296). To that end, the genetic counselor should not only 
provide comprehensive and understandable information, but also use his or 
her counseling skills to increase the individual’s self-directness (302). For 
example, genetic counselors should increase the sense of autonomy of the 
patient, by validating their feelings and acknowledge their strengths and 
competencies (302). It is also important to guide patients to their own 
decisions by helping them to think through their situations. One of the context 
in which non-directiveness acquires more relevance is in the prenatal setting, 
where individuals are often faced with the decision of terminating a 
pregnancy. In this context, genetic counselors could help a patient to reach a 
decision by asking how she would feel in each situation, providing a 
framework by which she could think through all the aspects of the situation 
and reach her own conclusion (302). In addition to the prenatal setting, non-
directiveness is also relevant in other contexts, such as pre-symptomatic 
testing.  

Besides counseling abilities, communication skills are also essential to 
provide good genetic counseling in a non-directive manner. In order to take 
informed choices, individuals need to attain a good understanding of their 
risk. Some studies have shown that the manner in which risk is 
communicated can influence patient’s perceptions (303,304). It is also 
important to know factors that can influence its understanding and its 
subjective perception, such as education, prior experiences or 
preconceptions about the severity and the risk (305). Some 
recommendations about communicating risks in an effective manner have 
been published (306,307). They include informing about the baseline 
population risk to allow for comparison, framing the risk both in a positive and 
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negative manner and using figures and graphs. It is also very important to 
check the counselee’s understanding by asking questions and allowing time 
to assimilate the information (306,307).   

Genetic counseling is essential in complex disorders, such as ASD. Although 
ASD has a strong genetic component, in most families a genetic cause 
cannot be identified. Therefore, most families with one or more children with 
ASD are faced with great degree of uncertainty, especially when considering 
family planning and their reproductive options. Genetic counseling can help 
families understand the genetic component of ASD, their recurrence risk and 
to cope with the disorder.  

4.1 Genetic counseling in ASD 

Genetic counseling in ASD is complicated by the great genetic heterogeneity 
and the low diagnostic yield of available genetic tests. Current tests applied 
into the clinical setting (karyotype, X-fragile testing, single gene testing and 
CMA) have a combined diagnostic yield of approximately 20-30% (46). 
Recent technologies, such as exome sequencing, are expected to increase 
the diagnostic yield by at least 10% (159), but are still not applied to the 
clinics and studies evaluating their acceptance among families are lacking.  

In genetic counseling, it is key to establish an accurate diagnosis in the index 
case or, if not possible, determine the inheritance pattern of disease in the 
family in order to offer appropriate RR. In addition to that, genetic diagnosis is 
useful to offer information about the prognosis of the disorder and monitor 
and prevent associated medical conditions. When a specific etiology is 
identified, genetic counseling and recurrence risk can be provided on the 
basis of that specific diagnosis. All possible patterns of Mendelian 
inheritance, except Y-linked inheritance, have been described in ASD: 
autosomal dominant or recessive and X-linked dominant and recessive 
conditions. In that case, recurrence risk is usually straightforward.  

However, in most cases of ASD, the etiology remains unknown and families 
must base their reproductive decisions on recurrence risk estimates based on 
empirical data. Several studies evaluating the recurrence risk have been 
performed, with different recurrence rates among full siblings (see Figure 15 
for a general overview) (44,45,308–314).  
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Figure 15. Recurrence risk (RR) estimates for ASD in several epidemiological studies. 
Estimated recurrence risk in different situations is depicted with 95% confidence 
interval (CI) bars. Studies not examining specific recurrence risk are left for comparison, 
but no data is depicted. The upper part of the figure shows recurrence risk estimates in 
all families (right) and in families with more than one affected child (left) for both sexes 
combined. The lower left part shows specific risk estimates separated by sex of the 
sibling (blue for male siblings and pink for female siblings). In the lower right part of the 
figure, the recurrence risk for siblings of male probands is shown in blue and for female 
probands in pink.  

Earlier studies placed the recurrence risk of ASD between 3 and 7% (308–
311), and in the clinical practice a conventional and general risk figure of 5-
10% is usually given (315). However, more recent studies in larger cohorts 
point towards a higher RR, estimated to be between 10 and 24% (44,45,312–
314). This risk may even be higher for the BAP, with studies pointing towards 
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a 17.5% frequency among non-affected siblings (314). Therefore, quoting a 
recurrence risk of 10-20% may be a more accurate estimate. The number of 
affected children should also be taken into account when communicating RR. 
Some studies have also estimated recurrence risk in families with more than 
one child affected, showing that the risk is higher in those families, 
approximately 30-50% (44,313,314). 

Results between studies also differ in sibling sex liability to ASD. Two studies 
suggest that recurrence risk may be higher for male siblings than for female 
siblings (44,313), although these results are not consistent in all studies (45) 
(Figure 14). Finally, sex of the affected child could also have an effect on 
recurrence risk for siblings of both sexes, with higher recurrence risk in 
siblings of female probands (Figure 14). This is consistent with a 
multifactorial model of inheritance, in which risk is increased in the relatives 
of a proband of the less commonly affected sex. However, there is mixed 
evidence for this model, since studies are not consistent in this point (Figure 
14).  

One of the possible and suggested explanations for the lower recurrence 
risks of earlier studies is their inability to account for reproductive stoppage. 
Reproductive stoppage is a frequent phenomenon among families with a 
child affected with ASD, where parents decide to have none or fewer children 
after the first affected child. Various studies have shown that reproductive 
stoppage is extended among families with children with ASD 
(308,314,316,317). Corroborating this finding, one of the studies showed that 
reproductive behavior of affected families does not change for the first years 
after the first affected child is born, a time when the diagnosis has not been 
established. However, after that, the birth rate of families with an affected 
child falls compared to control families (317).  

Genetic counselors should consider this body of knowledge when 
communicating recurrence risk to parents. They should also take into account 
that the degree of severity is unpredictable, whatever the diagnosis of the first 
child. Importantly, the most reliable and useful tool to predict recurrence risk 
is still family history. Therefore, it is essential to properly collect clinical 
information and correctly draw the family tree, which can help to identify a 
pattern of inheritance and other family members at risk. In the case of ASD, 
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clinicians should pay special attention and specifically ask for other 
neurodevelopmental and psychiatric disorders in the family, as well as for 
BAP features in the extended relatives. The genetic counselor should 
consider these additional risk factors present in the family history to adjust 
the recurrence risk in each individual case (318). For instance, in the 
presence of a clear and identifiable pattern of X-linked inheritance, specific 
and Mendelian risk figures should be given instead of empirical estimates, 
even if the underlying genetic cause can not be identified. 

Besides numeric recurrence risk estimates, other factors can influence 
perceived recurrence risk and acceptance of genetic testing, such as 
perceived causes of etiology and motivations for genetic testing. All these 
factors should be explored during genetic counseling sessions, since they 
can affect decision-making processes. Several studies have demonstrated 
that perceived recurrence risk has an effect on family planning and that 
genetic services are underutilized among families with children with ASD 
(319–326). However, all studies published up to date have been carried out 
in USA, where the health system varies greatly from the Spanish's public 
health system. Therefore, results could differ from those in European 
countries, due to factors related to insurance polices. In addition, cultural 
factors may also shape perceived causes of ASD and RR. 

Finally, genetic counseling should also take into account psychosocial 
factors, such as the impact that raising a child within the spectrum has on 
family dynamics and possible derived feelings of guild among parents 
(319,327–330). Although few data is available about recurrence risk in 
extended family members (45), such as cousins or siblings of affected 
individuals, genetic counseling should also be offered to extended family 
members. When counseling for ASD, it is important to acknowledge that 
some families and individuals do not see ASD in a negative light, but rather 
as the result of a different developmental process. Therefore, some of the 
terms usually used in the clinical practice can carry negative connotations 
and provoke negative reactions. To avoid this, terms such as risk or normal 
development can be replaced for more neutral words, such as probability or 
neurotypical development. Feelings of self-identity and community belonging 
have been widely reported in individuals with Asperger syndrome, who were 
especially concerned about the latest changes in classification in DSM-5 
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(331–333). Also, contact to patients and family associations should be 
offered to parents, since they can offer them shared experiences and 
ongoing support. 
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Objectives 

The aim of this thesis is to contribute to the knowledge of the genetic 
architecture of ASD, as well as to provide insights into deregulated 
mechanisms leading to the disorder. To conduct this work, we relied on 
the indispensable collaboration of approximately 300 families affected with 
the disorder, who generously gave samples and access to their detailed 
family history and clinical characteristics. 

In order to achieve this global aim, we set the following specific objectives: 

1. To identify pathogenic variation by the join study of exome and
transcriptome data in a group of males with idiopathic ASD, in order
to pinpoint loci involved in the etiology of the disorder.

2. To study the contribution and the extent of previously identified loci in
a larger group of individuals, in order to reinforce their role in the
disorder.

3. To explore the variation and the role in ASD of two complex regions
of the genome specifically duplicated in the human lineage, the
7q11.23 and the pericentromeric region of chromosome 9, which
have been neglected by previous studies.

4. To search for second-hit genetic factors that may explain the co-
occurrence of ASD in a group of individuals with WBS, in order to
identify ASD susceptibility loci of milder effects.

5. To study perceptions, knowledge and the effect of genetic counseling
in a group of parents with children affected with ASD in order to
provide appropriate genetic counseling to families, as well as to
contribute to the translation of research findings.
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Targeted sequencing of Autism Spectrum Disorder candidate genes 
identifies pathogenic mutations and an excess of rare variants in the 

neurexin and neuroligin superfamily of genes 
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Miguel del Campo, Elisabeth Gabau, Luis A. Pérez-Jurado, Ivon Cuscó 

In preparation 

Abstract 

Introduction: Despite the strong genetic component of Autism Spectrum 
Disorders (ASD), the etiology of most than 70% of cases remains unknown. 
Genetic factors involved in ASD affect hundreds of genes, making it difficult 
to prove the causality of new candidate loci.  Despite this high degree of 
genetic heterogeneity, altered genes cluster in functionally related pathways, 
such as synaptic cell adhesion molecules. To establish the role of candidate 
genes identified by a previous exome sequencing study, as well as to study 
the contribution of rare mutations in the neurexin and neuroligin gene 
superfamilies, we performed a case-control study of 38 candidate genes. 
Materials and methods: We selected a group of 38 genes on the basis of 
previous evidence from our group or their association to synaptic cell 
adhesion molecules and sequenced their coding regions in 279 ASD patients 
and 105 population-matched controls. We applied a comprehensive 
annotation and filtering pipeline to identify variants of high penetrance and 
perform gene and pathway-based analysis to identify sets of rare variants 
associated to ASD. 
Results: We identified de novo pathogenic mutations in various genes of 
high penetrance (SCN2A, CDKL5, SHANK3 and CNTNAP2), as well as 
inherited pathogenic variants in two genes (CNTNAP2 and NRXN2). 
Although gene-based association studies yielded no significant results, cases 
showed a statistically significant higher burden of rare variants in loss of 
function intolerant genes related to synaptic functions.   
Conclusions: Our results demonstrate the utility of pathway-based 
approaches in the study of complex disorders with high genetic heterogeneity 
such as ASD. Overall, this work illustrates the complex genetic architecture of 
ASD, with both de novo mutations and inherited variants of milder effects 
contributing to risk.  
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Introduction  

Autism Spectrum Disorders (ASD) are a group of neurodevelopmental 
disorders of early onset, defined by communication deficits, impaired social 
interaction and a restrictive and repetitive pattern of behavior. ASD comprise 
a heterogeneous group of complex disorders and their manifestations can 
vary greatly among individuals. They have a strong genetic component, as 
shown by high heritability estimates and increased recurrence risk among 
siblings of affected individuals (1–10). However, a genetic cause can be 
identified in only 20 to 25% of cases. Genetic factors involved in ASD 
comprise all type of genetic variation and affect hundreds of genes, reflecting 
its high degree of clinical heterogeneity (11).  

Despite their high degree of genetic heterogeneity, several evidences point 
towards the role of functionally related genes, such as synaptic cell adhesion 
molecules and synaptic scaffold proteins, in the etiology of ASD. This 
signaling pathway includes several gene families, such as neurexins 
(NRXNs), neuroligins (NLGNs), contactin-associated proteins, contactins and 
Shank family proteins. NRXNs and NLGNs are membrane bound molecules 
that mediate synapsis, connecting pre and postsynaptic neurons, 
respectively. The human genome contains three NRXN (NRXN1, NRXN2 
and NRXN3) and four NLGNs (NLGN1, NLGN2, NLGN3 and NLGN4), all of 
which have been associated to ASD (12–20). In addition, some members of 
the contactin-associated proteins (CNTNAP1, CNTNAP2, CNTNAP3, 
CNTNAP4 and CNTNAP5), which belong to the neurexin superfamily of 
genes, have also been extensively related to ASD (21–26). Contactin-
associated proteins interact with contactins, which mediate synaptic plasticity 
and glia interactions (27) and are also altered in ASD (28,29). Finally, 
mutations in synaptic scaffold proteins from the Shank family, such as 
SHANK3, have also been described in patients with ASD (30–33). 

Besides synapse-related genes, recent high-throughput studies in ASD have 
uncovered novel candidate genes, associated to transcriptional regulation 
and chromatin-remodelling pathways. Most studies have followed a trio-
based design and focused on de novo variation to identify recurrently 
mutated genes (34–41). However, recent approaches have also studied the 
burden of inherited variation (42–44). Although de novo mutated genes can 
give an insight into new deregulated pathways, de novo mutations occur 
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randomly across all the genome, with an estimated average of approximately 
74 Single Nucleotide Variants (SVNs) per genome and per generation (45). 
Therefore, identifying a single de novo event in a gene does not necessarily 
implicate pathogenicity and recurrent events or functional evidences are 
needed to confirm its role. Thus, due to the great genetic heterogeneity of 
ASD, some genes may remain elusive and require replication studies to 
identify additional cases. 

In a previous exome sequencing study, we identified several candidate genes 
that could influence the risk of ASD by following a monogenic or oligogenic 
model of inheritance (46). Several genes presented variants of high 
penetrance, either de novo or X-linked (CDKL5, CUL3, MED13L, KCNV1, 
SCN2A and MAOA). In addition, we identified a group of genes with inherited 
variants of milder penetrance that could act as susceptibility factors in a 
multiple hit model.  This group consisted of recurrently mutated genes 
(ANK3, ASMT, NLRP8, RBM19 and SVEP1) and genes harboring loss of 
function (LoF) variants in our cohort but none or very few in data from Exome 
Variant Server (ALG9, DDHD2, IGSF10 and RTN3). To establish the role of 
candidate genes previously identified by exome sequencing, as well as to 
study the contribution of rare mutations in the neurexin and neuroligin gene 
superfamilies, we performed targeted sequencing of 38 genes in 279 ASD 
patients and 105 controls. We study the contribution of highly penetrant 
variants by performing segregation studies of deleterious variation, as well as 
the burden of rare variants by gene-based and pathway-based case-control 
association studies. In addition, we explore the contribution of other sources 
of variation, such as somatic SNVs and small exonic Copy Number Variants 
(CNVs). 

 

Materials and methods 

Sample selection 

We studied 279 unrelated patients with a diagnosis of idiopathic ASD 
selected from a European cohort of 519 affected individuals. All had a 
confirmed diagnosis of one of the categories of ASD listed in the Diagnosis 
and Statistical Manual of Mental Diseases IV (DSM-IV), categorized 
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according ADI-R (Autism Diagnostic Interview-Revised. The study was 
approved by the Clinical Research Ethics Committee of the involved centers 
(CEIC-Parc Salut Mar), and informed consent for participation was obtained 
from the parents or legal caregivers. Parental and familial samples were 
obtained from available relatives who gave informed consent.  

Control samples (n=105) were randomly selected from a cohort of Spanish 
anonymous blood donors (n = 600). Genomic DNA was extracted from 
peripheral blood by the salting-out method using the Puragene DNA 
purification Kit (Gentra Systems).  

Targeted sequencing probe-set design  

A total of 38 genes were selected, based on evidence from a previous exome 
sequencing study (n=15) or on their association to synapse-signaling 
pathways (n=23) (Supplementary Table 1) (46). The first group included 
genes with previously detected de novo and X-linked mutations (n=6), as well 
as possible risk loci: recurrently mutated genes (n=5) and genes harboring 
LoF variants in patients (n=4), but none or very few in publicly available data 
from Exome Variant Server (EVS) (46,47). LoF variants were defined on the 
basis of their functional effect and included stop, frameshift and splicing 
mutations. The second group of genes consisted of 23 genes from various 
gene families: neurexins, neuroligins, contactins, contactin-associated 
proteins and members of the Shank family. 

Library preparation, capture and sequencing 

DNA was fragmented using a Covaris ultrasonicator (Covaris, Woburn, USA) 
to 200-400 bp fragments. Libraries were prepared following Illumina’s TruSeq 
standard protocol (Illumina, Inc., San Diego, CA, USA) and double-indexed 
samples were pooled together (96 samples per pool). Target genes were 
captured using a custom design panel by NimbleGen SeqCap EZ custom 
Library (Hofman-La Roche, Basel, Switzerland). Finally, enriched fragments 
were paired-end sequenced at a read length of 150 bp on an Illumina MiSeq 
(Illumina, Inc., San Diego, CA, USA). 
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Sequence analysis pipeline, variant annotation, and prioritization 

Quality control was assessed using FastQC and adaptor sequences were 
trimmed using Trim Galore. Sequences were aligned to the latest version of 
the human genome (hg19) using the Burrows-Wheeler aligner (BWA) with 
default parameters, PCR duplicates were marked and removed using 
PicardTools, and quality scores of alignments were recalibrated using the 
GATK toolkit. Single nucleotide variants (SNV) and indel calls were only 
considered if positions had a depth of coverage of at least 10×, and 
heterozygous positions were only called when a minimum of 20% of the 
reads showed the variant (AB between 0.2 and 0.8). Annotation of variants 
was performed using ANNOVAR (http://www.openbioinformatics.org/
annovar/), taking into account the variant frequency in control databases: 
dbSNP137 (http://www.ncbi.nlm.nih.gov/SNP/), Exome Variant Server (EVS) 
(http://evs.gs.washington.edu/EVS/), Exome Aggregation Consortium 
(ExAC), Database of genomic known variants (Kaviar) and an in-house 
database of 90 Spanish controls (48). The nature of the changes was 
assessed by SIFT, PolyPhen and Condel protein effect prediction algorithms 
(http://bg.upf.edu/fannsdb/). To distinguish putative disease-causing variants, 
we selected unique exonic variants and those affecting canonical splicing 
sites. Synonymous variants and variants previously described in the general 
population (ExAC and Kaviar) with a minor allele frequency (MAF) >0.002 
were filtered. Variants selected for validation were manually inspected to 
exclude false positives using Integrative Genomics Viewer (IGV). 

CNV detection 

XHMM was used to call CNVs, following the standard steps as described in 
the online tutorial. We applied the same filters previously described (cita): 
XHMM quality score (SQ) ≥65, exons spanned ≥3, and estimated CNV length 
≥1kB. We focused our analysis on rare CNVs, so we excluded CNVs 
overlapping with polymorphic variants reported in Database of Genomic 
Variants (DGV) (http://dgv.tcag.ca/dgv/app/home). 

Detection of mosaic SNVs 

In order to detect mosaic SNVs at lower AB ratios (<0.2), we performed 
variant calling using MuTect2. Variants were filtered following Mutect’s 
default hard filtering. To discard non-somatic events, we filtered recurrent and 
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reported variants in the previously mentioned control databases. Finally, we 
selected exonic variants and manually revised all variants to exclude false 
positive using Integrative Genomics Viewer (IGV).  

Validation 

To perform validation and segregation studies in selected variants, we used 
Sanger sequencing by capillary electrophoresis (ABI PRISM 7900HT, 
Applied Biosystems, Foster City, CA, USA). PCR reactions were performed 
under standard conditons. For CNV validation, we used multiple ligation 
probe amplification (MLPA) with custom probes in the target region. MLPA 
reactions were carried out under standard conditions. The relative peak 
height method was used to determine the copy number status.  

Paternity testing 

To corroborate paternity on patients with de novo mutations, we performed 
microsatellite genotyping parental and patient samples. We selected highly 
heterozygous microsatellites markers randomly distributed in different 
autosomal chromosomes. PCR products were amplified under standard 
conditions, and fragments were separated and analyzed by high-resolution 
electrophoresis using GeneMapper software (ABI 3100, Applied Biosystems, 
Foster City, CA, USA. 

Statistical analysis 

Allele frequencies in ASD patients and control were compared using 
Pearson's χ2 and Fisher’s exact tests. Statistical analysis was performed 
using R-platform software. A P-value < 0.05 denoted the presence of 
statistically significant differences.  

 

Results 

Overall, we identified 2214 different variants, with a mean of 198 variants per 
individual. To prioritize disease-causing variants, we filtered variants based 
on frequency and predicted pathogenicity. Since ASD is a highly genetic 
heterogeneous disorder, we excluded common (MAF > 0.002) and non-
unique variants. To distinguish rare innocuous variation from those with 
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potential pathogenic effect, we focused on variants with possible functional 
consequences that affected either exonic or canonical splicing sites (Figure 
1). After filtering, we remained with a total of 322 different variants, with an 
average of 1 variant per individual. 

  

 

 

 

 

 

 

Figure 1. Prioritization pipeline used to select variants for segregation and case-control 
studies studying the burden of rare variants. 

Highly penetrant variants  

In order to identify highly deleterious SNVs, we selected LoF and non-
synonymous variants predicted as damaging according to SIFT and 
Polyphen prediction algorithms. We identified five LoF variants in patients 
and one in controls, as well as 20 nonsynonymous damaging variants in 
patients and six in controls (Table 1).  

 Candidate genes (n=15) NX, NL and contactin gene 
families (n=23) 

LoF Nonsyn D Total 
 

LoF Nonsyn D Total 

Cases 
(n=279) 

2 7 9/279 3 13 16/279 

Controls 
(n=105) 

 3 3/105 1 3 4/105 

Table 1. Prevalence of novel deleterious variants in control and cases.  

×=198 SNVs 

×=1 SNV 

Frequency-based filter: 
•   >1:500 in EXAC 

•  Non Unique variants 
 

Function-based filter: 
only exonic and 

canonical splicing sites  

Highly penetrant 
variants 

Case-control 
studies 

•  LoF variants 
•  Nonsyn D variants 

•  Gene-based 
•  Pathway-based 
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Validation and segregation studies were performed in all available trio 
samples (n=6) (Supplementary Table 2). All variants (n=9) were validated 
and three were found to be de novo. Paternity was confirmed in all 
cases. The three de novo variants were two nonsynonymous mutations 
affecting highly conserved residues in CNTNAP2 (p.S820R) and CDKL5 
(p.Y171C) and a stopgain mutation in gene SHANK3 (p.Q1275X).  

Two LoF variants were detected in individuals with no available parental 
samples. The first was a stopgain variant in SCN2A predicted to result in a 
prematurely truncated protein lacking the third and four transmembrane 
domains. Although no parental DNA was available, it is probably a de novo 
variant, since no LoF inherited variants have been described in . The second 
LoF variant affects a canonical splice site of CNTN2 (c.3014-2A>G) and is 
found in an anonymous healthy control. However, the probability of LoF 
intolerance according to ExAC in this gene is very low (pLI=0.13). 

Among inherited variants, we identified a paternal inherited nonsense 
mutation in CNTNAP2 (p.W184X), and two maternally inherited LoF 
mutations in RBM19 (c.2196_2203del) and CNTN6 (p.Q740X). Interestingly, 
the nonsense mutation in CNTN6 was found in the same patient carrying the 
de novo stopgain mutation in SHANK3 (p.Q1275X).  Finally, we identified an 
inherited novel missense mutation in NRXN2 affecting a highly conserved 
residue (p.R728C), which segregated with the phenotype in a multiplex 
family. The variant was found in two affected siblings, but not in a third 
unaffected sibling, who presented specific language impairment (SLI). It was 
inherited from the father, who was diagnosed with Obssessive-Compulsive 
Disorder (OCD) (Figure 2). 
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Figure 2. Inherited possible pathogenic rare variants in patients with ASD.  

Interestingly, some of the variants have already been reported before in other 
affected patients, although they are also present in the general population 
(Supplementary Table 5). We report a second patient with a previously 
described rare missense variant in CNTNAP2 (p.D1129H). This variant was 
first described in two monozygotic twins, both affected with ASD and was 
found to be inherited from their unaffected father (49). Previous functional 
studies showed that the variant D1129H impairs normal protein traffic, being 
retained in the endoplasmatic reticulum and inducing proteasomal 
degradation, probably due to an incorrect protein folding (42). Taking into 
account the patient described in this study, the allele frequency in ASD cases 
is 2/1828, whereas it is only found in 1/121410 alleles from the general 
population. Segregation studies in our case showed that the mutation is 
inherited from the unaffected father (Figure 2). 
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Case-control study 

Besides the study of highly penetrant variants, we studied the contribution of 
rare variants following an oligogenic model, by comparing the burden of rare 
variants between cases and controls. We first compared the load of rare 
protein-coding variants per gene between patients and controls. This analysis 
did not yield any significant association when comparing exonic, deleterious 
(nonsynonymous damaging and LoF variants) or LoF variants, respectively 
(p>0.05 in all cases).  

Since ASD present a high degree of genetic heterogeneity, gene-based 
association studies may be underpowered to detect single locus 
associations. Therefore, we performed pathway-based association tests to 
study the contribution of synaptic cell adhesion molecules and scaffold 
proteins, including 21 functionally related genes (Supplementary Table 1). 
Comparison of the burden of exonic rare variants of all genes revealed a 
nearly significant association (p=0.07), with rare variants being more 
prevalent among patients (Table 2). We then carried out separate analysis of 
LoF intolerant genes (n=10), defined as those with probability of LoF 
intolerance (pLI) > 0.9 according to ExAC, and LoF tolerant genes (n=11). 
Interestingly rare variants affecting LoF intolerant genes were significantly 
more prevalent among cases compared to controls (p=0.03), but the same 
effect was not seen for LoF tolerant genes (p=0.56).   

Table 2. Prevalence of rare variants in controls and cases. Fisher’s exact test was used to 
establish statistical significance. 

Somatic variation 

In addition to rare deleterious SNVs, we also studied the contribution of 
somatic mosaicism. Taking advantage of our relative high coverage (70x), we 
studied variants present at lower AB ratios, by applying a more sensitive 

 All synaptic 
genes (n=21) 

LoF intolerant 
synaptic 
genes (n=10) 

LoF tolerant 
synaptic genes 
(n=11) 

Cases (n= 279) 113/279 63/279  61/279 
Controls (n=105) 32/105 12/105 20/105 
p.value (Fisher’s 
exact test) 

0.07 0.03 0.52 
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variant calling algorithm. Previous studies modeling the statistical probability 
of detecting mosaicism at differing depths, have shown that at our coverage, 
we have >90% probability of detecting mosaic events present in 
approximately 15% of alleles, which corresponds to around 30% of the 
studied cells (50). In order to discard false positive mosaic events, we 
selected only variants with an AB ratio <0.2 (which had not been evaluated 
by our previous approach) and discard previously described variants and 
those present in more than one individual. After this filtering, only three 
variants affecting coding regions and with functional consequences were 
found. All of the variants were discarded after manually examination with 
IGV, since they corresponded to technical artifacts.  

Copy Number Variants (CNVs) 

Finally, we analyzed CNVs using XHMM in order to detect smaller exonic 
CNVs not detected previously by aCGH. After appropriate filtering, we 
detected a total of 5 unique CNVs. All CNVs except one were found in 
regions of high variability, with previous variants being reported in the general 
population. The remaining CNV, a partial exonic deletion affecting exons 4 to 
11 of CNTNAP5 was validated by MLPA. Unfortunately, no parental DNA 
was available to perform segregation studies. 

 

DISCUSSION 

In this study, we have analyzed rare genetic variants affecting a group of 
candidate genes in a group of controls and ASD patients by targeted 
sequencing. Our aims were to confirm the role of candidate genes previously 
identified by exome sequencing, as well as to study the prevalence and 
extend of rare variants in synaptic cell adhesion and scaffold molecules. ASD 
present a very complex genetic architecture, with hundreds of affected loci 
harboring variants of variable penetrance. To identify both type of variation, 
highly penetrant mutations and variants with milder effects, we have 
performed validation and segregation studies of probably deleterious 
variants, as well as gene-based and pathway-based case control studies. 

A total of 15 candidate genes with previous evidence from exome sequencing 
were included in this study (Supplementary Table 1). In six of these genes 
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(CDKL5, CUL3, MED13L, KCNV1, MAOA and SCN2A), a variant of high 
penetrance, either de novo or X-linked, had been identified. In this study, we 
have detected additional deleterious variants in SCN2A and CDKL5, 
confirming their role in the pathogenesis of ASD. A de novo missense variant 
affecting a highly conserved residue of CDKL5 (p.Y171C) was identified in a 
female patient with a phenotype compatible with those previously described 
(51). The patient presented subtle dysmorphic features, with mid-face 
hypoplasia, deep-set eyes, a low nasal bridge with anteverted nares and a 
marked philtrum. In addition, her speech acquisition was delayed with only 
babble being acquired and she presented hand sterotypies. Unfortunately, no 
parental DNA was available from the patient carrying the nonsense mutation 
in SCN2A, but since no LoF inherited variants have been described in this 
gene, it is probably a de novo variant. No additional deleterious variants were 
identified in the rest of the genes (CUL3, MED13L, KCNV1, MAOA), 
reaffirming the high genetic heterogeneity of ASD.  

The rest of the genes included to replicate previous exome sequencing 
findings were genes with inherited variants that could act as susceptibility 
factors of milder penetrance in an oligogenic model. This group of genes 
included recurrently mutated genes (ANK3, ASMT, NLRP8, RBM19 and 
SVEP1) and genes harboring LoF variants in patients but none or very few in 
EVS (ALG9, DDHD2, IGSF10 and RTN3). Recent data from collaborative 
projects integrating large-scale sequencing projects, such as Kaviar and 
ExAC, has expanded our knowledge about the distribution of LoF variants 
and gene redundancy in humans. This large amount of data revealed that the 
probability of LoF intolerance in this group of genes was, in fact, very close to 
0. Therefore, since we did not identify any clearly pathogenic additional 
variant and gene-based case-control studies did not reveal any significant 
association, we cannot confirm their role in the liability to ASD.  

In contrast, our results point towards a prominent role of synaptic cell 
adhesion molecules and scaffold proteins in the etiology of ASD. First, we 
identified rare deleterious variants, both de novo and inherited segregating 
with the phenotype. Two de novo variants in genes SHANK3 and CNTNAP2 
were identified. The variant found in SHANK3 was a stopgain mutation 
(p.Q1275X), resulting in a premature stop codon and a truncated protein. The 
patient presented severe intellectual disability, frequent stereotypies, was 
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non-verbal and had experienced an early regression. In addition, he 
presented epilepsy with generalized tonic-clonic seizures with an age of 
onset around 20 months old. His head circumference was <2 SD at age 2. 
Interestingly, we detected a second LoF mutation in this patient, a maternally 
inherited nonsense mutation in CNTN6 (p.Q740X). Mutations in SHANK3 can 
result in a varying degree of severity, suggesting that additional genetic 
variants could act as modifying factors (31). Therefore, the maternal inherited 
nonsense mutation in CNTN6 could act as a modifying genetic factor, 
affecting the degree of severity in this patient. Interestingly, a second-site 
CNV affecting CNTN6 was already proposed as two-hit factor in a girl with 
ASD presenting an inherited 16p11.2 deletion (52). The second de novo 
variant was a missense mutation, (p.S820R) predicted as damaging by 
various prediction algorithms, in CNTNAP2. The patient presenting this 
mutation showed global developmental delay with marked impairments in 
language: immediate and delayed echolalia, a stereotyped and repetitive 
language and pronoun reversal. Interestingly, CNTNAP2 has been 
associated to language impairments, being a target of FOXP2 and affecting 
language development in the general population (22,53,54). 

In addition to de novo variants, we have also identified rare inherited variants 
that could act as susceptibility factors. Two additional pathogenic variants 
were identified in CNTNAP2: a nonsense mutation resulting in a truncating 
protein and a damaging missense variant previously shown to impair protein 
traffic. Both variants were inherited from non-affected progenitors, in 
agreement with previous studies showing a role of both common and rare 
variation in CNTNAP2 in the susceptibility to ASD and to related traits 
(21,23,24,55,56). A novel missense variant in NRXN2 (p.R728C) was also 
identified in a family with two affected siblings and their father presenting 
OCD. Previous studies addressing the overlap between both disorders have 
shown that the risk of comorbid OCD is increased in individuals with ASD. In 
addition, individuals with OCD have an increased risk of having children with 
ASD, suggesting shared genetic liability between both disorders (57,58). 
Therefore, this variant could act as a genetic risk factor for psychiatric 
disorders and its phenotypic outcome could depend on additional genetic and 
environmental factors. The fact that the third unaffected sibling presents SLI 
suggests that additional variants creating a sensitized background may be 
present in this family. 
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Although gene-based case-control association studies of neurexin and 
neuroligin genes yielded no significant results, we identified a positive 
association using a pathway-approach. Pathway-based approaches offer 
significant advantages compared to single locus strategies. They avoid the 
use of multiple-test correction and are especially well suited for complex 
diseases presenting with a high degree of genetic heterogeneity, such as 
ASD, where single loci associations can be difficult to replicate. By comparing 
the burden of exonic rare variants, we identified a nearly significant increase 
of rare variation in synaptic cell adhesion and scaffold molecules in ASD 
patients. However, only LoF intolerant genes were driving the effect of this 
association, with a significant increase in the burden of rare mutations 
(p=0.03). This result further proves the implication of the synaptic related 
proteins in the pathogenesis of ASD. Interestingly, nearly all variants included 
in this analysis have been previously described in the general population, 
albeit at low frequencies. Therefore, their contribution to the liability to ASD 
may follow an oligogenic model, in which each variant may increase the risk, 
but none would be sufficient to cause it. 

One of the main limitations of this study is our small sample size. Case-
control studies of complex disorders with genetic heterogeneity require large 
sample sizes since the rarity of the events reduces the statistical power. 
However, a few approaches can help overcome this limitation. Segregation 
studies of highly deleterious variants can detect de novo and variants 
cosegregating with the phenotype in families with multiple affected members. 
In addition, reporting variants can help identify additional cases, such in the 
case as the previously described variant in CNTNAP2. Also, performing 
functional studies of selected variants can provide further evidence. Finally, 
pathway-based approaches can help increase the statistical power, as well 
as to identify altered mechanisms, by combining information from functionally 
related genes.  

By combining all these lines of evidence, we have shown that both de novo 
and rare inherited variants in brain related genes and, specifically in synaptic 
cell adhesion and scaffold proteins play a role in the pathogenicity of ASD. 
Our results reinforce the role of previously associated genes, such as SCN2A 
and CDKL5, which follow a Mendelian monogenic model, in which de novo 
mutations in a single genetic factor would be sufficient to cause ASD. 
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Nonetheless, we provide additional cases that point towards a more complex 
role of de novo and inherited variants in the genetic architecture of ASD. For 
example, we describe both inherited and de novo pathogenic variants 
affecting the same gene, CNTNAP2. This suggests that inherited variants 
may only act in a background of additional risk modifying factors and that 
some de novo variants may need additional risk alleles in order to show their 
effect. Moreover, inherited variants of milder effect may also act as 
phenotypic modifying factors that explain the variable range of severity in 
patients carrying highly penetrant variants, such as the inherited nonsense 
mutation in CNTN6 described in a boy with a de novo LoF in SHANK3. 
Therefore, this study provides specific examples of the complex genetic 
architecture of ASD and the role of both de novo and inherited variants. 
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Supplementary Material 

 

Gene Group Previous evidence pLI  
ANK3 Codina-Solà et al 2015 Recurrently mutated 1 
CDKL5 Codina-Solà et al 2015 de novo variant 1 
CNTN1 Contactin   1 
CNTN4 Contactin   1 
CUL3 Codina-Solà et al 2015 de novo variant 0,97 
MED13L Codina-Solà et al 2015 de novo variant 1 
KCNV1 Codina-Solà et al 2015 de novo variant   
MAOA Codina-Solà et al 2015 X-linked variant   
NLGN2 Neuroligin   0,99 
NLGN3 Neuroligin   0,9 
NLGN4X Neuroligin   0,93 
NRXN1 Neurexin   1 
NRXN2 Neurexin   1 
NRXN3 Neurexin   1 
SCN2A Codina-Solà et al 2015 de novo variant 1 
SHANK1 Intracelular linking protein   1 
SHANK2 Intracelular linking protein   1 
SHANK3 Intracelular linking protein   1 

ALG9 Codina-Solà et al 2015 
LoF variant not present in control 
database (EVS) 0 

ASMT Codina-Solà et al 2015 Recurrently mutated 0 
CNTN2 Contactin   0,13 
CNTN3 Contactin   0,01 
CNTN4 Contactin   1 
CNTN5 Contactin   0 
CNTN6 Contactin   0 
CNTNAP1 Contactin associated protein   0 
CNTNAP2 Contactin associated protein   0 
CNTNAP4 Contactin associated protein   0 
CNTNAP5 Contactin associated protein   0,1 

DDHD2 Codina-Solà et al 2015 
LoF variant not present in control 
database (EVS) 0 

DLG2 Intracelular linking protein   0 
DLG4 Intracelular linking protein   0,67 

IGSF10 Codina-Solà et al 2015 
LoF variant not present in control 
database (EVS) 0 

NLGN1 Neuroligin   0,76 
NLGN4Y Neuroligin   0,65 
NLRP8 Codina-Solà et al 2015 Recurrently mutated 0 
RBM19 Codina-Solà et al 2015 Recurrently mutated 0 

RTN3 Codina-Solà et al 2015 
LoF variant not present in control 
database (EVS) 0,04 

SVEP1 Codina-Solà et al 2015 Recurrently mutated 0,59 
 

Supplementary Table 1. Genes included and the desing and basis for its inclusion.  
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Abstract 

Introduction: Autism Spectrum Disorders (ASD) are among the most 
heritable neurodevelopmental disorders, but their etiology remain unknown in 
a high proportion of cases. Rearrangements, mutations and conversion 
events in segmental duplications (SD) largely unstudied could contribute to 
the missing heritability. To determine their variation and role in ASD, we have 
studied two candidate regions that harbor recently duplicated genes in the 
human lineage: the Williams-Beuren syndrome locus at 7q11.23 and the chr9 
pericentromeric region. 
Methods: We performed targeted capture and sequencing of the coding 
regions of three multi-copy genes located in SDs (GTF2I, GTF2IRD2 and 
CNTNAP3) along with single-copy genes in 216 ASD patients and 64 
controls. To identify both Copy Number Variants (CNVs) and Single 
Nucleotide Variants (SNVs), we mapped the sequences to a single 
paralogous copy and integrated read depth and relative paralogous 
sequence quantification. All results were experimentally validated by other 
methods and extended to a larger case (n=) and control (n=) population.  
Results: Copy-gains of 7q11.23 were identified in 2% ASD cases compared 
to 1% of controls, with duplications of a single SD block (B) significantly 
increased in patients compared to controls (p=0.02). In addition, we identified 
a likely pathogenic mutation (p.M1?) in a functional copy of GTF2IRD2 in two 
affected brothers, inherited from their father. At CNTNAP3, a de novo 

deletion of CNTNAP3B was identified in a patient but the global distribution of 
rearrangements and rare SNVs did not differ significantly between groups. 
Conclusions: Our approach successfully identified rearrangements and 
SNVs in highly identical SDs, including copy-gains and mutations at 
GTF2IRD2 or deletions of CNTNAP3 that could represent susceptibility 
factors for ASD.  
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Introduction 

Autism Spectrum Disorders (ASD) are a group of neurodevelopmental 
disorders of early onset, characterized by impairments in social 
communication and interaction and the presence of repetitive and restrictive 
behaviours. They are among the most heritable of neurodevelopmental 
disorders, but currently a genetic cause can be identified in only 20 to 33% of 
cases (1). Part of the missing heritability of ASD and other complex diseases 
could lye in unexplored variation in regions of segmental duplications (SD) 
(2–4). SD are fragments of DNA that range from 1 to 400kb, are present in at 
least two locations in the genome and share a high degree of identity (>95%). 
They comprise approximately 5% of the human genome and are among the 
most dynamic regions of the genome (5,6). Due to their high sequence 
identity, they are substrates for nonallelic homologous recombination (NAHR) 
and predispose to several genomic disorders, as well as to polymorphic 
variation in the population. Some genes contained in SD are likely to play an 
important role in primate and human evolution, since they show strong 
signatures of positive selection and are enriched in functional categories 
related to environment adaptation (7). Therefore, they are excellent 
candidates to contribute to the interspecies phenotypic variability related to 
human specific traits, such as language or social behavior. 

Despite their possible role in disease and evolution, variation in multi-copy 
regions remains largely unexplored due to their inherent complexity. Earlier 
studies using aCGH pinpointed specific regions and demonstrated its high 
variability, but were limited to duplications in the lower range of copies (8,9). 
Recently, several studies have used NGS data to infer the range in copy 
number of multiallelic CNVs (mCNVs) and even to precisely define integer 
copy number states by taking advantage of the quantitative nature of short-
read mapping (10,11). Sequencing approaches offer additional advantages 
by providing qualitative and quantitative information of the underlying 
sequence. Quantification of Paralogous Sequence Variants (PSVs) has been 
used to identify the specific rearranged copy, as well as the specific 
breakpoints inside SD (10,12,13). Although genome-wide studies offer 
insights into the extend and the variability of SD, studies targeting specific 
regions can apply customized computational and molecular strategies to 
precisely identify and validate rearrangements (14–16). 
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In this study, we focused on two such complex regions: the 7q11.23 locus, 
involved in Williams Beuren syndrome (WBS) and its reciprocal duplication 
syndrome, and the pericentromeric region of chromosome 9. Both have 
evolved rapidly during the primate lineage, are uniquely duplicated in the 
human species and contain genes with high brain expression. Therefore, 
they may play a role in human adaptative behavior and, ultimately, in 
neurodevelopmental disorders.  

The 7q11.23 region is composed of a single copy interval flanked by three 
large and complex SD located in the centromeric (c), medial (m) and 
telomeric (t) sides. Each SD is composed of three blocks with different order 
and orientation, named A, B and C (Figure 1). The region appears to be 
highly polymorphic in humans and prone to different rearrangements, since 
paracentric inversions and variation in block copy number have been 
described in the general population (17,18). This region contains two genes 
related to cognition, GTF2I and GTF2IRD2. GTF2I has been postulated as 
the main candidate for the neurocognitive profile observed in WBS and 
GTF2IRD2 as a possible modulator (19–22). GTF2I has a single functional 
copy located in the Bm block and two pseudogenes in the Bc and Bt block, 
whereas GTF2IRD2 has two functional copies located in the Bm and Bt 
blocks and one pseudogene in the Bc, that lacks the first two exons (23,24). 
Interestingly, this region has evolved rapidly in the hominoid lineage and has 
species-specific rearrangements, such as the duplication of the B block, that 
is present only in the human lineage (10,25). Therefore, humans are the only 
species with two functional copies of GTF2IRD2. 

Figure 1. Schematic representation of the 7q11.23 region. The centromeric (c), 
telomeric (t) and medial (m) SD are showed in arrows with their blocks colored in blue 
(A), orange (B) and green (C). A magnified image of medial block B shows the 
orientation of genes and the only functional copy of GTF2I. The location of the block-
specific short-tandem repeats (BASTR1, BBSTR1, BCSTR1) evaluated is shown.  
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The pericentromeric region of chromosome 9 is very complex with multiple 
copies of SDs of high sequence identity (>95%) at both edges of the 
heterochromatic regions flanking the centromere. It is one of the most 
dynamic regions of the human genome and, like the 7q11.23 locus, it 
contains a gene specifically duplicated in the human lineage: CNTNAP3 (26–
28). CNTNAP3 belongs to the neurexin family of genes, which are cell 
recognition molecules that ligate to membrane-bound neuroliguins to mediate 
neuronal interactions. Both neurexins and neuroliguins have been extensively 
associated to ASD (29). CNTNAP3 is highly expressed in human brain and 
has been suggested to mediate neuron-glial interactions in vertebrates and 

be involved in vesicle transport along the axon (30). According to the hg19 
reference genome, humans have two complete functional copies of 
CNTNAP3, located in the 9p13.1 and 9p11.2 chromosome bands termed 
CNTNAP3A and CNTNAP3B, respectively and seven partial pseudogenes, 
that share around 99% of the sequence with the two functional copies (Figure 
2). Both CNTNAP3A and CNTNAP3B have 24 exons that can give rise to 
multiple isoforms. Due to its complexity and variability, the region has 
changed substantially on the latest human reference genome assemblies.  

  
 

 

 

 

 

 

 

Figure 2. Schematic representation of the pericentromeric region of chromosome 9, 
with functional copies CNTNAP3A and CNTNAP3B depicted in red and partial non-
functional copies in grey, according to the hg19 human reference genome assembly. The 
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relative orientation of the copies is shown by the direction of the arrows. Below, the 
enlarged figure shows the extend of partial copies of CNTNAP3A and CNTNAP3B, 
showing the exon content of each one. 

To determine the variation and explore the role of these two candidate hot-
spot regions in ASD, we have performed targeted sequencing of candidate 
multi-copy genes GTF2I, GTF2IRD2 and CNTNAP3 in 216 ASD patients and 
64 controls. To identify CNVs, SNVs and conversion events, we have applied 
a customized computational pipeline, mapping sequences to a single 
paralogous copy and integrating read depth and relative quantification of 
PSVs. All results have been experimentally validated and extended in an 
additional case and control cohort.  

MATERIAL AND METHODS 

Subjects 

We studied 216 European unrelated patients with a diagnosis of idiopathic 
ASD. The diagnosis was based on the Diagnosis and Statistical Manual of 
Mental Diseases IV (DSM-IV). The study was approved by the Clinical 
Research Ethics Committee of the involved centers (CEIC-Parc Salut Mar), 
and informed consent for participation was obtained from the parents or legal 
caregivers. Parental and familial samples were obtained from the available 
relatives who gave informed consent. Results were replicated in an additional 
group of patients from the same ancestry (n=186). 

Regarding control samples, we analyzed 64 unrelated individuals from a 
cohort of Spanish anonymous blood donors. Genomic DNA was extracted 
from peripheral blood by the salting-out method using a Puregene DNA 
purification Kit (Gentra Systems). Results were replicated in a group of 
additional controls (n=827). 

Library preparation, capture and sequencing 

DNA was fragmented using a Covaris ultrasonicator (Covaris, Woburn, USA) 
to 200-400 bp fragments. Libraries were prepared following Illumina’s TruSeq 
standard protocol (Illumina, Inc., San Diego, CA, USA) and double-indexed 
samples were pooled together. Target genes (GTF2I, GTF2IRD2 and 

CNTNAP3) and 60 additional single copy genes included as control target, 
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were captured using a custom design panel by NimbleGen SeqCap EZ 
custom Library (Hofman-La Roche, Basel, Switzerland). Finally, enriched 
fragments were paired-end sequenced at a read length of 150 bp on an 
Illumina MiSeq (Illumina, Inc., San Diego, CA, USA). 

Quality control, adaptor trimming and mapping 

Quality control was assessed using FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and adaptor 
sequences were trimmed using Trim Galore 
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Sequences 
were mapped to a single paralogous copy to avoid arbitrarily reporting of only 
one of the possible aligning positions produced by most mapping algorithms. 
This strategy avoids dispersion of the read depth signal to all copies and 
increases the power to detect small changes in relative depth of coverage 
(DOC) and variants with lower AB ratios, compatible with heterozygous 
mutations in multicopy regions. To this end, we constructed an artificial 
genome reference in which all but one functional paralogous copy of each 
duplicated genes were masked to N (Bm-GTF2I and Bm-GTF2IRD2 and 
CNTNAP3A) using Bedtools utility maskfasta. Genomic coordinates of this 
genome construct were based on the hg19 version of the human genome. 
Mapping was performed with BWA using standard parameters, which 
consider a 2% uniform base error rate and a default maximum edit distance 
of 0.04, allowing up to 5 mismatches for a read of 150 bp of length. This 
strategy resulted in a single location per each read that could correspond to 
any of the paralogous copies of each gene.  

CNV detection 

Standard CNV detection algorithms are usually designed for the analysis of 
variation in single copy regions. Therefore, they are not appropriate for 
detection of changes in multi-copy sites, since its signal decreases as the 
underlying number of duplicated segments increases. We developed a 
pipeline to analyze CNVs in SD, which is based on the assumption that 
relative DOC is stable among samples. First, read depth was computed for 
probe, for gene and for region using GATK’s DepthOfCoverage function. To 
reduce background signal, targets with low coverage (<40x) were removed. 
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Finally, normalization was performed against 60 single copy control target 
regions depth, per sample’s per-target, per-gene and per-region.  

CNVs in 7q11.23 region, had been previously reported to be rare (1% of 
general population) (17). Due to its rarity, they are not expected to affect the 
distribution of relative coverage, which follows a Gaussian distribution. 
Therefore, to detect CNVs, we compared and plotted each sample’s relative 
coverage to the baseline distribution calculated by the mean of all samples 
and those individuals with values deviating from the expected normal 
distribution were selected for validation.  

In contrast, the pericentromeric 9 region has been reported to be highly 
polymorphic, affecting the relative coverage distribution (11). Therefore we 
followed a different method to accurately determine the integer copy number 
state of CNTNAP3A, CNTNAP3B and its partial copies. We calculated 
standardized RPKM z-scores (ZRPKM) per probe. ZRPKM were analyzed in 
two different windows according the overlap with the two largest partial 
copies (exons 1-9 and exons 10-24). Values were plotted in order to establish 
thresholds to assign absolute copy number states (Supplementary Figure 1).  

PSV analyses 

To characterize the identified rearrangements, we studied Paralogous 
Sequence Variants (PSVs). First, we performed a multiple alignment of the 
reference sequence of duplicated genes and annotated the positions differing 
between copies. In the 7q11.23 region, we identified a total of 7 PSVs in 
GTF2I and 14 in GTF2IRD2 located in exons or nearby positions (+/- 150bp). 
Regarding chromosome 9, we identified 27 PSVs. Previous studies from the 
Genotype-Tissue Expression project (GTEx) have shown that, whereas 
CNTNAP3A is expressed both in blood and brain (among other tissues), the 
expression of CNTNAP3B is restricted to brain (31). To precisely assign to 
the PSV with the functional copies (CNTNAP3A and CNTNAP3B) we 
performed an expression screening in 40 samples from Peripheral Blood 
Mononuclear Cells (PBMCs) and three samples from fetal brain tissue by 
retro-transcriptase PCR and Sanger sequencing.  

To compute PSV ratios, we extracted the number of reads with each position 
and calculated the ratio between the reads belonging to the functional copy to 
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the total coverage (Supplementary Figure 2). Only positions covered with at 
least 50 reads were considered and PSVs that showed a high level of 
variance, consistent polymorphic variation, were discarded. To assign the 
observed CNVs to the specific paralogous copy we compared the observed 
ratios to the expected for each rearrangement. Rearrangements were 
assigned to the best fit model. 

SNV analyses 

Since SNVs in multi-copy regions are expected to have a lower allelic 
balance (AB) compared to those in single copy regions, we adapted variant 
calling and filtering to allow their detection. Variant calling using GATK and 
standard quality filtering parameters were applied. SNVs and indel calls were 
only considered if positions had a depth of coverage of at least 10x. Variants 
with AB ratios lower than 0.2 (the standard AB ratio) were kept and annotated 
using ANNOVAR, taking into account frequency in control databases 
(dbSNP142 and Exome Aggregation Consortium [EXAC] database). The 
nature of the changes was assessed by PolyPhen and Condel protein effect 
prediction algorithms(http://bg.upf.edu/fannsdb/). Variants present in more 
than one individual were excluded, since they could represent PSVs or 
polymorphic variants not previously described in control databases due to the 
complexity of the regions. PSVs located within read distance (+/- 150bp) 
were annotated and variants were manually inspected using Integrative 
Genomics Viewer (IGV) to examine if both changes were in cis and could be 
assigned to a specific copy.   

Genomic rearrangements validation  

Genomic rearrangements were validated by various techniques: relative 
quantification of short tandem repeats (STRs) and site-specific nucleotides 
(SSNs) and Multiple Ligation Probe Amplification (MLPA).  

For the 7q11.23 region, STRs located on block A (D7S489 or BASTR1), 
block B (BBSTR1 and BBSTR2), and block C (POM121) of the LCRs flanking 
the WBS locus were amplified in order to confirm rearrangements of B blocks 
and identify the number of copies of A and C blocks, following conditions 
previously reported in (17,32). Quantification of the number of alleles at 
multiloci microsatellites was performed by comparing the relative ratios of the 
area under the peaks from alleles of the same size in different samples, using 
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the GeneScan 3.1 software (PE Applied Biosystems) as previously described 
(32). To validate rearrangements affecting the B block and to measure the 
number of functional copies of NCF1 we analyzed ratios of a 2-bp deletion 
PSV located in NCF1. This PSV differs in size between the Bc/Bt blocks 
corresponding to NCF1 pseudogenes (99 bp) and the Bm block containing 
the functional copy (101 bp) (33,34). Finally, to quantify the number of 
functional copies of GTF2IRD2, we analyzed a site-specific PSV (SSN11a) 
located at the 5’ part of the gene (intron 2-3), which is only present in the two 
functional copies located at Bm and Bt blocks. This site-specific PSV 
corresponds to a single nucleotide change detected using the restriction 
enzyme BtnII (New England Biolabs), followed by size fractionation on a 3% 
MetaPhor agarose gel (32). To quantify the relative number of copies of each 
type of block, we measured the intensity of bands corresponding to the Bm 
and Bt blocks using the ImageJ software (35). Relative intensities were 
calculated by means of a dosage quotient between the Bt and Bm blocks, 
that can be distinguished relative to the others, using several controls as 
reference values in the same experiment. Finally, the number of functional 
copies of GTF2I was measured by MLPA with specific custom probes 
targeting the single-copy region. MLPA reactions were carried out under 
standard conditions and the relative peak height method was used to 
determine the copy number status. 

Regarding the pericentromeric region of chromosome 9, rearrangements 
were validated by two main techniques. We designed a custom MLPA panel 
with specific probes to quantify PSVs belonging to CNTNAP3A and 
CNTNAP3B as well as the total number of copies (Supplementary Table 1). 
MLPA was previously shown to be a robust method to quantify the number of 
copies in mCNVs (36). MLPA reactions were carried out under standard 
conditions and the relative peak height method was used to determine the 
copy number status.  

Rearrangements were required to meet cut-off values in the total and in one 
specific copy quantification, which were set to ≤0.8 for deletions and �1.1 for 

duplications.To confirm the identified rearrangements and to perform 
segregation studies on available parental samples, we designed a second 
assay based on a PSV-STR located in intron 12 that differs in length between 
the CNTNAP3 (342 bp) CNTNAP3B (338 bp) and the partial copy located at 
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65 Mb that contains exons 10-24 (328 bp) (Supplementary Table 1). PCR 
reactions were carried under standard conditions and the relative number of 
alleles was quantified by comparing the relative height of the peaks, 
measured using the GeneScan 3.1 software (PE Applied Biosystems).  

SNVs validation  

To perform validation and segregation studies in patients and available 
relatives of point mutations and small indels, we used PCR followed by 
Sanger sequencing by capillary electrophoresis (ABI PRISM 7900HT, 
Applied Biosystems, Foster City, CA, USA). In addition, we performed 
reverse transcriptase PCR (RT-PCR) from blood mRNA in patients with 
available samples, followed by standard PCR and Sanger sequencing to 
determine if the SNVs were present in functional expressed copies. 

 

Statistical analysis 

Allele frequencies in ASD patients and control individuals were compared 
using Pearson's χ2 and Fisher’s exact tests. Statistical analysis was 
performed using R-platform software. A p-value < 0.05 denoted the presence 
of statistically significant differences.  

RESULTS 

Validation of known rearrangements 

To confirm that our method can successfully identify CNVs in duplicated 
regions, we included samples with known rearrangements as positive 
controls in the design. For the 7q11.23 region, we included four WBS patients 
with the four possible types of B recombinant blocks already described and 
two control individuals carrying a confirmed deletion or a duplication only of 
the duplicated blocks (33). The four WBS patients showed a relative 
decrease in depth of coverage with respect to the rest of individuals (!=0.47, 
SD=0.12) in the single copy region of GTF2I (exons 1-12), compatible with a 
hemizygous deletion. The combined relative depth of coverage for regions of 
GTF2I and GTF2IRD2 contained in SDs was also clearly decreased with 
respect to the rest of individuals ( ! =0.77, SD=0.08), (Figure 3A). 
Rearrangements in the control samples were also validated, with a relative 
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depth of coverage with respect to controls of 0.88 and 1.14 for the deletion 
and duplication respectively. Both values were compatible with the expected 
values: 0.83 (5/6) for the deletion and 1.16 (7/6) for the duplication.  

To further characterize the type of rearrangement, we analyzed PSVs in 
GTF2IRD2 and calculated the PSV ratio with respect to the medial copy by 
dividing the number of reads with PSVs belonging to the medial copy to the 
total number of reads. This operation can result in three different ratios, 
depending on the specificity of the PSV to tag paralogous copies: Bm/Total, 
Bm+Bc/Total or Bm+Bt/Total. Depending on the deletion breakpoint, patients 
with WBS can present four types of recombinant B blocks, that result in 
different number and type of paralogous copies of GTF2IRD2 (33). If the 
deletion is mediated by NAHR between A blocks, both the Bc and Bm blocks 
would be lost, resulting in four copies of GTF2IRD2 (1C+1M+2T). If 
recombination occurs before or within GTF2IRD2, it would result in five 
copies of GTF2IRD2, either 1C+2M+2T in the first case and 1C+2T and one 
chimeric copy between the medial and telomeric chimeric blocks in the 
second (1C+2T+2Q). Finally, a deletion mediated by inversion, would result 
in the loss of a medial copy and a gain of a telomeric copy of GTF2IRD2, 
resulting in a 1C+1M+3T genotype, as represented in Figure 3C. Following 
this method, we were able to correctly assign each patient to its correct 
recombinant B block type. PSV ratios from the patient bearing the 1C+1M+3T 
recombinant block B are shown in Figure 3B. Rearrangements in controls 
were also correctly assigned to the centromeric block, as previously 
described (17). 
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Figure 3. Validation of known rearrangements in individuals with WBS. A) Relative 
depth of coverage in regions of GTF2I and GTF2IRD2 is decreased in individuals with 
WBS compared to controls (!=0.77, SD=0.08). This decrease is similar to the expected 
ratio theoretical ratio (5/6≈ 0.83). B) The PSV ratio of a WBS patient with a 
1C+1M+3T genotype shows values closer to the expected ratio than to that of control 
individuals. C) Schematic representation of the common deletion associated with WBS. 

Regarding CNTNAP3, we included three patients with ASD who presented 
rearrangements previously detected by comparative genomic hybridization 
(aCGH) with a BAC array: two duplications (CDup1, CDup2) and one deletion 
(CDel). All rearrangements were experimentally validated by a short tandem 
repeat (STR-PSV) located in intron 12, that varies in length between the 
copies predicted to contain this region (CNTNAP3A, CNTNAP3B and the 
largest partial copy located in 65 Mb) (Supplementary Table 1). This assay 
allows the relative quantification of copies, as well as their assignment to a 
specific paralogous copy, although its specificity is limited by the expected 
high degree of conversion between copies. By calculating a dosage quotient 
between alleles, we were able to determine that the two individuals with 
complete duplications and the individual bearing a deletion carried 7 and 5 
alleles respectively (Figure 4B). 

Our method to detect CNVs in multi-copy regions based on the relative depth 
of coverage, confirmed all rearrangements, since all individuals showed 
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values compatible with each specific rearrangement, as shown in Figure 4A. 
Patients bearing duplications showed an increment in relative depth of 
coverage of 1,25 (CDup1) and 1.25 (CDup2), compared to 0.69 in the patient 
carrying a deletion (Figure 4A).  

 

Figure 4. Detection of previously experimentally validated rearrangements in the 
pericentromeric region of chr9. A) Relative depth of coverage analysis showed an 
increase in individuals with validated duplications and a decrease in the individual 
carrying a deletion. B) Experimental validation of rearrangements by a PSV-STR located 
in intron 12 of CNTNAP3. The peaks (from left to right) correspond to the partial copy 
located in 65Mb, CNTNAP3B and CNTNAP3A respectively.  

CNVs at 7q11.23 

After applying our CNV detection method to the genes contained in the 
region (GTF2I and GTF2IRD2), we identified a total of 6/216 (2,9%) of 
patients bearing a CNV, compared to 1/64 (1,56%) of controls. Of these, 
2/216 patients (0,95%) presented a deletion compared to 1/64 controls 
(1,6%). Duplications of B blocks were found in 4/216 patients (1,85%), but 
none was found in controls (Table 1). All rearrangements were 
experimentally validated by means of a previously described PSV located in 
exon 2 of NCF1 (NCF1-PSV) (32,33). Segregation studies in all patients with 
available parental samples showed that all rearrangements were inherited 
from unaffected progenitors (Supplementary Table 2). 

Since B block duplications were more frequent in patients than in our cohort 
of controls and in previously described data (17), we extended the analysis in 
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additional cohorts by genotyping of the NCF1-PSV. We detected 4/186 
(2,1%) duplications and 2/186 (1,1%) deletions. In the extended cohort of 
controls, we detected 10/827 (1,1%) duplications and 9/827 (1,0%) deletions. 
Overall, the frequency of duplications was two times higher (2%, 8/395) in 
cases than in controls (1.08%, 10/929) (Table 1), but did not reach statistical 
significance (p=0.19, Fisher’s exact test). 

Table 1. Frequency of gains and losses of B blocks among cases and controls detected 
by two methods: targeted sequencing and analysis of the PSV located at NCF1. 

Molecular characterization of CNVs in 7q11.23 

To further characterize the rearrangements, we analyzed various 
microsatellites and PSVs located within the duplicated blocks. First, we 
defined the extend of the rearrangements by relative quantification of two 
microsatellelites located at the adjacent A and and C blocks (BBSTRA and 
POM121).  Three types of rearrangements had been previously defined: 
WBS-CNV1 (affecting A, B and C blocks), WBS-CNV2 (including A and B 
blocks) and WBS-CNV3 (containing only blocks B) (17). Regarding deletions, 
no significant differences in the type of rearrangements were observed 
between cases and controls (Table 2). In contrast, one of the duplication 
types (WBS-CNV3dup) was significantly more prevalent in cases than 
controls (p=0.02, Fisher’s exact test) (Table 2). 

 Deletions Duplications 
Cases Controls Cases Controls 

WBS-CNV1 3 7 1 5 
WBS-CNV2 0 3 1 2 
WBS-CNV3 1 0 6 3 

Total 4/395  10/929 8/395 10/929 

Table 2. Type of rearrangements identified in cases and controls according to the 
extend of the CNVs. 

 Read depth NCF1-PSV Total 

Cases Controls Cases Controls Cases Controls 
Del 2/216 1/64 2/186 9/827 4/395 (1.0%) 10/929 (1.1%) 

Dup 4/216 0/64 4/186 10/827 8/395 (2.0%) 10/929 (1.1%) 

All 6/216 1/64 6/186 19/827 11/395 (2.8%) 20/929 (2.1%) 
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We next defined the origin of the specific rearranged block and the functional 
genes affected in the rearrangements, by the analysis of various PSVs and 
microsatellite loci. The B block contains three genes: GTF2I, GTF2IRD2, and 
NCF1. Of the three copies of GTF2I, only the one located in the Bm block is 
functional, since the rest of the copies lack the 5’ region of the gene. Since 
none of the individuals with rearrangements showed changes in the single-
copy region of this gene by MLPA, none of the rearrangements affect a 
functional copy of this gene. Regarding NCF1, its number of functional copies 
can be easily quantified by measuring the already genotyped indel PSV 
located in exon 2 (Supplementary Table 2).  

GTF2IRD2 has two functional copies located in Bm and Bt blocks, whereas 
the centromeric copy lacks the two first exons and is not transcribed. To 
define the origin of the rearranged copies of GTF2IRD2 in those individuals 
with available sequencing data, we studied PSV-ratios (Figure 5, 
Supplementary Table 3 and 4). For the rest of individuals we analyzed a site-
specific PSV (SSN11a), which is located at intron 3 of GTF2IRD2. Since this 
intron is present in the 5’ part of the gene, it is contained in the telomeric and 
medial copies, but not in the centromeric copy. Regarding deletions, all 
rearrangements except one were of centromeric origin, with agreement 
between results from SSN11a and PSV ratios (Figure 5, Supplementary 
Table 2 and 3). The remaining deletion was of telomeric origin, hence 
encompassing a functional copy of GTF2IRD2, and was found in a patient 
(Supplementary Table 2).  

As for duplications, results from SSN11a at intron 3 showed that two of the 
gains were of medial origin, containing a functional copy of GTF2IRD2. They 
were found in a patient and a control and both were of the WBS-CNV1 type 
(Supplementary Table 2). According to SSN11a, located in intron 3, the rest 
of the duplications were of centromeric origin, since no gain was detected at 
this point. However, the detailed characterization by PSV-ratios in four cases 
with available sequencing data showed compatible results with a gain of a 
telomeric or medial copy (Figure 5, Supplementary Table 4). All four cases 
had a WBS-CNV3 type duplication, which was previously suggested to be of 
telomeric or medial origin (17). Interestingly, the frequency of WBS-CNV3 
duplications was significantly increased in cases compared to controls. Taken 
together, the results from PSV-ratios and SSN11a suggest that duplications 
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in these individuals encompass a partial telomeric or medial functional block, 
with its breakpoint located between exon 5 and intron 3 of GTF2IRD2 (Figure 
5). The inability to distinguish medial and telemoreic rearrangements is due 
to the high degree of identity between the two copies, resulting in few specific 
PSVs. In contrast, rearrangements affecting centromeric copies can be more 
easily identified, as shown by the correct assignment of a positive control 
included in the design (C2) (Figure 5, Supplementary Table 4).   

 

Figure 5. Schematic representation of the detailed genetic architecture and PSV content 
of GTF2IRD2 and its paralogous copies. Two functional copies encompassing the entire 
gene are located at the medial (black) and telomeric (orange) blocks, whereas the non 
functional copy lacking exons 1 and 2 is located in the centromeric B block (blue). The 
location of different PSVs is shown below and are colored according to its origin. 
Circles showed origin established by analysis of PSV-ratios obtained from targeted 
sequencing, whereas squares refer to information obtained by SSN experimental 
validation.  

Rare SNVs affecting coding regions of GTF2I and GTF2IRD2  
Besides genomic rearrangements, pathogenic SNVs in multi-copy genes 
could also act as susceptibility factors to ASD. Therefore, we studied SNVs in 
the coding regions of GTF2I and GTF2IRD2. To exclude PSVs and SNPs not 
previously described in control databases, we filtered variants present in 
more than one individual. The nature of the changes was assessed by 
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various protein effect prediction algorithms, with respect to the medial copy of 
both genes.  

In GTF2I, we detected a total of 16 SNVs: 10 SNVs in patients (n=279) and 6 
SNVs in controls (n=105) (Supplementary Table 5). All SNVs presented AB 
ratios consistent with a heterozygous state in multi-copy regions, which is 
expected to be around 16% (mean AB ratio=16%, range=9-28%). To assign 
each SNV to a specific copy, we annotated PSVs in read distance length and 
manually examined if both variants were present in cis or performed 
experimental approaches, such as long-range PCR and sequencing. Among 
patients, we detected only one variant that could be clearly pathogenic: a 1bp 
insertion in exon 13 of GTF2I, that was predicted to give rise to a stop codon 
shortly after. To determine if it affected a functional copy of GTF2I, we 
performed long range PCR with primers located at exon 12 and exon 13, 
followed by Sanger sequencing. The medial functional copy of GTF2I is the 
only containing exons 1 to 12, and, therefore, the only amplified in this assay. 
Since the variant was not detected, it must be located in the non-functional 
telomeric or centromeric copies. The rest of the variants in patients were 
missense. To determine their possible contribution, we validated and 
performed segregation studies on all individuals with available parental 
samples. All SNVs were validated and all were inherited from a non-affected 
progenitor (Supplementary Table 5). 

Regarding GTF2IRD2, only one rare SNV was identified in a single patient, 
that was predicted to affect the start codon (c.T2G, p.M1?). Since this SNV is 
located on the first exon of GTF2IRD2, it must affect one of the two functional 
copies, either the telomeric or medial copy. Validation and segregation 
studies by Sanger Sequencing revealed that the mutation was also present in 
an affected brother and was inherited from his unaffected father.  Sequencing 
of blood mRNA of the three carriers confirmed that the mutation is located in 
a functional expressed copy. In silico prediction of the resulting possible open 
reading frames (ORF) showed that there is a nearby in-frame alternative start 
codon at position +21 (Met21), that would result in a protein lacking the first 
20 aminoacids.  
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Genetic architecture of the pericentromeric region of chr9 

In order to identify rearrangements in this complex region, we have analyzed 
the total copy number integer state of CNTNAP3A, CNTNAP3B and its partial 
copies.  Since most variation probably affects pseudogenes and may occur 
independently in different paralogous copies, we have determined copy 
number states in two window regions, defined by its overlap with the two 
main partial copies. The results show that the region is highly polymorphic, 
especially for exons 2-9, that are contained in the partial copy located at 9p 
(Table 3). The two window regions overlapping with the largest partial copies 
showed different frequencies and discordant copy number states in the same 
individual, suggesting that the two partial copies are responsible for most 
variation and are segregating independently. 

  Integer copy number state 
  4 5 6 7 
Exons 2-9 Cases (n=216) 14 (6%) 65 (30%) 118 (55%) 19 (9%) 

Controls (n=64) 3 (5%) 19 (29%) 36 (56%) 7 (11%) 
Exons 10-24 Cases (n=216) 0 (0%) 11 (5%) 202 (94%) 3 (1%) 

Controls (n=64) 0 (0%) 3 (5%) 56 (87%) 5 (8%) 

Table 3. Inferred copy number states from ZPRKM data for exons overlapping with 
the two main partial copies.  

To confirm the validity of our method, we compared our distribution of integer 
copy number calls for exons 2-9 to that recently reported for European 
population in a genome-wide study evaluating multiallelic CNVs (11). The 
results showed a similar CNV distribution, with 30% of our cohort carrying a 
heterozygous deletion of the partial copy containing exons 2-9, a very similar 
proportion to that previously described. The similar distribution in both 
cohorts confirms that our method can correctly assign total integer copy 
number states (Figure 6A). No significant differences were found between 
patients and controls (Figure 6B).  
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Figure 6. A) Copy number state inferred from ZRPKM distribution in our cohort 
(orange) compared to that described in Handsaker et al. (grey) (11). The results show 
similar distributions, confirming the validity of our method. B) The distribution of copy 
number states in patients (red) compared to that of controls (green), showed no 
significant differences.  

In addition, we experimentally validated copy number states inferred from 
ZRPKM for exons 10-24 by relative quantification of the STR-PSV located at 
intron 12. We selected 11 individuals carrying predicted deletions and five 
individuals with predicted duplications. The global correlation between both 
methods was 80%, being perfect for duplications, but lower (72%) for 
deletions. This discordance could be due to the presence of additional partial 
copies containing intron 12 or incorrect relative quantification of the STR-PSV 
due to an amplification bias. 

Definition of PSVs in CNTNAP3 

In order to distinguish rearrangements affecting complete copies from 
polymorphic variation of partial copies, we started by defining PSVs that 
could uniquely tag the two functional copies of CNTNAP3. Previous 
expression data from GTEx already showed that the two complete copies 
had different expression patterns, with CNTNAP3B being expressed in brain 
and CNTNAP3A in blood, as well as in brain. By analyzing sequencing data 
form these two tissues, we have specifically assign PSVs to each copy. We 
compared the expression in both tissues of 27 positions differing between the 
two copies, according to the human reference genome hg19 version. In the 
human fetal brain samples, 15/27 positions were polymorphic, with both 
variants being expressed. In contrast, in the PBMC samples, the 15 PSVs 
with polymorphic expression brain were monomorphic, with only the variant 
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belonging to CNTNAP3A being expressed. Our data corroborates that 
CNTNAP3A is expressed both in PBMCs and brain, whereas CNTNAP3B is 
restricted to brain and is also expressed during the fetal period 
(Supplementary Table 6).  

PSV ratios of the 15 positions differing between CNTNAP3A and CNTNAP3B 
showed values consistent with their expected ratio, being specific of 
CNTNAP3A but common between CNTNAP3B and partial copies. This 
suggests that partial copies originated from CNTNAP3B. To identify unique 
PSVs that specifically tag non-expressed partial copies, we performed 
multiple alignment of all paralogous copies and select those positions that 
were neither expressed in blood or fetal brain samples. We identified 2 PSVs 
in exon 7, originally annotated as belonging to CNTNAP3B, that showed 
ratios consistent with specific tagging of the partial copy containing exons 2-9 
(Supplementary Figure 3). We did not identify any specific PSV tagging 
CNTNAP3B and the second largest partial copy containing exons 10-29. 

Rearrangements affecting functional copies 

To identify rearrangements affecting functional copies, we used the combined 
information of read depth and PSV ratios to infer the total integer copy 
number state and the number of copies for each paralogous copy. This 
approach was only possible for exons 2-9, where PSVs uniquely tagging 
CNTNAP3A and the partial copy were identified. The number of copies of 
CNTNAP3B was deducted by subtracting the number of previously deduced 
copies from the total copy number. Since this approach is based on relative 
quantification, it is limited by the expected high degree of conversion between 
copies and the high rate of polymorphic variation of partial copies, which can 
confound the results (Supplementary Figure 4). Consequently, further 
analyses are required to distinguish between CNVs in functional copies and 
conversion events. 

Since complete copies contain all exons (1-24), deletions and duplications 
affecting a functional copy should show a compatible copy number integer 
state in exons 2-9 and 10-24. Therefore, we analyzed the total number of 
copies in exons 10-24. Since the correlation of inferred copy number states 
form ZRPKM and experimental approaches was 80%, we also quantified the 
total number of copies by the previously described PSV-STR located at intron 
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12. The results showed two deletions showing compatible values in inferred 
copy number state and PSV-STR ratios in two patients (AUT319 and 
GF1378), but none in controls (Figure 7A). Segregation studies in a patient 
with available parental samples (Figure 7A) showed that the deletion was 
inherited from the unaffected father. Regarding gains, three duplications of 
CNTNAP3B were found in two patients and a control (Table 4). 

To ascertain the frequency of rearrangements in cases and controls we 
screened an additional cohort of patients (n=133) and controls (n=178) by the 
relative quantification of the PSV-STR located at intron 12. In addition, we 
designed a custom MLPA panel that enables the absolute quantification of 
copy number to help interpret doubtful cases by PSV-STR due to the 
limitations of relative quantification. The custom panel was first tested in 
samples with previously identified rearrangements using samples with the 
most frequent copy number state in both intervals (a total of six copies) as 
control references. Using that approach, we validated all previously identified 
rearrangements, with a mean value for deletions of 0.74 and 1.16 for 
duplications (Supplementary Table 7).  

In the extended cohort of cases and controls, we detected 4/133 patients with 
deletions and 2/133 with duplications of CNTNAP3B. Regarding controls, 
3/179 and 2/179 of individuals carried a deletion and duplication, respectively 
(Table 4). 

Table 4. Frequency of gains and losses of CNTNAP3B among cases and controls 
detected by two methods: targeted sequencing and experimental validation by MLPA 
and PSV-STR located at exon 11.  

Segregation studies were performed in all patients with available parental 
samples (n=4) by PSV-STR quantification and, interestingly, we identified a 
de novo deletion in a patient (AUT186) (Figure 7B). The rest of 
rearrangements (n=3) were inherited from unaffected progenitors. No 

  Targeted sequencing MLPA/PSV-STR Total 

  Cases Controls Cases Controls Cases Controls 

Del 2/216 0/64  4/133 3/179 6/349 (1.7%) 3/243 (1.2%) 

Dup 2/216 1/64 2/133 2/179 4/349 (1.1%) 3/243(1.2%) 

All 4/216 1/64 6/133 3/179 10/349 (2.9%) 6/243 (2.4%) 
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parental samples of control individuals were available to perform segregation 
studies. 

 

Figure 7. A) AUT319 presented a deletion of CNTNAP3B, identified by targeted 
sequencing, which was inherited from his unaffected father. B) De novo deletion of 
CNTNAP3B detected by PSV-STR and the MLPA custom panel. 

Taking together results from both methods, the frequency of deletions did not 
differ significantly between patients and controls (p=0.74, Fisher’s exact test) 
(Table 4). The frequency of duplications was also equal between patients 
(4/341, 1.2%) and controls (2/225, 1.2%) (p=1, Fisher’s exact test). 

Rare SNVs affecting coding regions of CNTNAP3A and 
CNTNAP3B 
Finally, we studied SNVs in the coding regions of CNTNAP3A and 
CNTNAP3B. As previously done for the 7q11.23 region, we excluded SNVs 
present in more than one individual and the nature of the changes was 
assessed with respect to CNTNAP3A. In patients, we identified 35 unique 
variants, present in 32 individuals, compared to 14 variants in controls 
present in 12 individuals (Supplementary Table 9). All SNVs presented AB 
ratios consistent with a heterozygous state in multi-copy regions (mean AB 
ratio=12,5%, range=7-21%), with the range probably due to the varying 
number of underlying copies of each exon. 

To determine if the identified rare SNVs were present in CNTNAP3A, which 
is expressed in blood, we performed RT-PCR followed by Sanger 
Sequencing of three patients with available RNA (Supplementary Table 8). 
Only one of the five analyzed variants was detected in blood mRNA, a 
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missense variant (p.C969Y) predicted as damaging affecting a highly 
conserved cysteine residue which forms a disulfide bridge with another 
nearby cysteine. In the rest of individuals with no available RNA, we validated 
and performed segregation studies of all LoF and missense damaging 
mutations. All were inherited from non-affected progenitors.  

Interestingly, one of the five patients sequenced (AUT190), presented an 
abnormal pattern of expression, showing expression of PSVs belonging to 
both functional copies (CNTNAP3A and CNTNAP3B). This pattern was not 
observed in 40 samples from PBMCs, in which the expression of CNTNAP3B 
was restricted to brain (Figure 8).  

 

Figure 8. Expression of PSVs in brain, PBMCs from a control and PBMCs from 
patient AUT190.01. Brain samples PSVs from both copies of CNTNAP3 (CNTNAP3A 
and CNTNAP3B), whereas PBMC from 47 controls expressed only PSVs belonging to 
CNTNAP3A. In contrast, AUT190.01 expressed PSVs from both copies, as his 
unaffected mother. 

To see if this could be due to gene conversion between the two functional 
copies, we analyzed PSVs ratios, but detected no evidence of gene 
conversion. Another possible explanation for this abnormal pattern of 
expression may be a structural rearrangement causing a positional effect that 
activates the expression of CNTNAP3B in blood. Sanger sequencing from 
blood mRNA of parents showed that the mother presented the same aberrant 
pattern of expression. Interestingly, this individual was found to be a carrier of 
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the common pericentromeric inversion of chromosome 9, inherited from his 
mother. However, the same pattern of expression was not detected in other 
carriers of the inversion. 

Discussion 

In this study we have analyzed the contribution to ASD of copy number and 
sequence variation in two complex regions of the genome: the 7q11.23 locus 
and the pericentromeric region of chromosome 9. Both regions have been 
specifically duplicated in the human lineage and contain brain-expressed 
genes, suggesting a role in the emergence of human traits. Therefore, their 
dysregulation could contribute to explain part of the missing heritability of 
ASD. Despite their possible role in neurodevelopmental disorders, they have 
been poorly studied due to its complexity. Here, we have developed a 
method to identify paralog-specific CNVs from targeted sequencing data, by 
analyzing distribution of multiple aligned reads across samples and relative 
PSV quantification. Using a sequencing approach, also allowed us to look for 
point mutations in coding regions, by adapting calling parameters to expected 
ratios in multi-copy regions. Finally, we have experimentally validated all 
results and performed additional studies in an extended cohort of patients 
and controls.  

In the 7q11.23 locus, we have sequenced the two main candidate genes for 
the neurocognitive profile observed in WBS and its reciprocal duplication 
syndrome: GTF2I and GTF2IRD2. Our sequencing approach enabled us to 
evaluate both CNV and SNV variation. By the combined analysis of depth of 
coverage and experimental replication in an extended cohort, we detected an 
increased frequency of B block duplications, but not deletions, in ASD 
patients (2%) compared to controls (1%), but the difference was not 
statistically significant. However the detailed molecular characterization of the 
CNVs revealed a significant difference in the type of CNVs between both 
cohorts, with an increased frequency of duplications encompassing only 
block B in cases compared to controls (p=0.02). Therefore, our results point 
towards the contribution of duplications of block B duplications to the 
susceptibility of ASD.  

To explore the mechanistic effects of these rearrangements, we 
characterized its origin and functional gene content. Analysis of PSVs 
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suggested that the rearrangement was compatible with a partial duplication of 
a telomeric or medial B block, with an unknown effect on functional gene 
content. The resulting rearrangement could either contain a partial non-
functional copy with no effect or interrupt a functional copy of GTF2IRD2, 
given that the breakpoint seems to be located between exon 5 and 3 of this 
gene. In addition, block B duplications could also exert a positional effect by 
altering the expression of nearby genes. The only functional gene contained 
in the medial and telomeric block is GTF2IRD2. GTF2IRD2 has been 
described a modulator of the WBS phenotype. Individuals with WBS carrying 
the larger 1.8 Mb deletions show higher cognitive impairments, obsessions 
and maladaptive behaviors than those with the most frequent 1.5 Mb deletion 
(22). This suggests that GTF2IRD2 may be the locus behind this effect. 
However, further detailed characterization of the deletion breakpoint is 
needed to confirm this hypothesis.  

In addition to the specific quantification of paralogous copies, our sequencing 
approach allowed us to study the role of point mutations. To this end, we 
adapted variant calling to detect SNVs in multi-copy regions with lower AB 
ratios. Since complex regions have been poorly studied and variation on such 
regions is not usually reported, we focused on novel unique variants. In 
GTF2I, no differences in the frequency of rare variants were observed 
between cases and controls. To show that variant calling on multiple mapping 
reads can successfully identify SNVs in duplicated regions, we validated and 
perform segregation studies on a set of selected deleterious variants, 
showing that all were inherited from non-affected progenitors. Due to the high 
degree of identity between copies and the lack of PSVs within read length, it 
was difficult to assign variants to their specific paralogous copies. For the 
unique LoF variant found in a patient affecting GTF2I, we performed a long-
range PCR followed by Sanger sequencing, showing that it was not present 
in the only functional copy of the gene. Interestingly, the same filtering 
analysis applied to the coding regions of GTF2IRD2 revealed a single rare 
variant in a patient (p.M1?) affecting the translation initiation site. Segregation 
studies showed that it is present in the proband, his affected sibling and 
inherited from his unaffected father. The mutation is predicted to alter the 
protein structure by abolishing the translation initiation site and switching it to 
an in-frame alternative start codon at a nearby methionine residue (Met21). 
Further studies assessing the translation and protein levels of the mutated 



Chapter 3    
 

 138 

allele are needed to confirm its pathogenic effect. However, this pathogenic 
variant affecting GTF2IRD2 adds to previous evidence showing an increased 
frequency of B block rearrangements in patients that pointed towards a role 
of GTF2IRD2 in the susceptibility to ASD. Interestingly, all variants identified 
in this study are inherited from unaffected progenitors, suggesting that they 
may act as part of a multiple hit model, where several genetic variants may 
increase the risk but none is sufficient to cause it. 

In the pericentromeric region of chromosome 9, we have sequenced all 
coding regions of CNTNAP3, a candidate gene for neurodevelopmental 
disorders, given its function and the fact that is specifically duplicated in 
humans. The region shows a highly complex genetic architecture that has 
changed dramatically over the latest human reference genomes. Therefore, 
its correct assembly and variation have not been established yet, making its 
study highly difficult. Our work provides the first basis for in-depth studies of 
the region. Our approach based on ZRPKM values replicated previous 
results, that showed a high variability in copy number (11). In addition, by 
analyzing windows overlapping with partial copies, we have shown that most 
variation of the region is due to rearrangements affecting non-functional 
partial copies. Moreover, we have shown that both functional copies of 
CNTNAP3 are expressed in brain during the fetal period, a crucial time for 
the formation of the central nervous system, which is disrupted in ASD and 
other neurodevelopmental disorders (37–39). A part from brain, CNTNAP3A 
is also expressed in blood, providing an accessible tissue to explore the 
effect of variation in a functional copy. The expression screening of 
CNTNAP3A and CNTNAP3B has also allowed the functional validation of 
copy-specific PSVs, obtained by a detailed study of the underlying genetic 
sequence. Finally, the exploratory study by targeted sequencing has allowed 
the design of experimental approaches, setting the framework for further 
studies.  

By the combined use of targeted sequencing data and experimental 
methods, we have validated and extended the results in an additional cohort 
of cases and controls. The results show that rearrangements affecting 
complete functional copies are relatively rare, with duplications being present 
in approximately 1% of cases and controls, while the frequency of deletions 
seemed slightly increased in patients compared to controls (1.7% vs 1.1%). 
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Interestingly, segregation studies in cases with available parental samples 
showed that one of the deletions had arisen de novo, suggesting a possible 
contribution to ASD susceptibility. However, further studies assessing the 
contribution of de novo variation in this region in ASD patients and controls 
are needed, given that duplicated regions have higher mutation rates than 
singly-copy regions, due to their highly repetitive content (40). In addition to 
the slightly increased frequency deletions in cases, we report a patient 
showing an aberrant pattern of expression, with expression of both functional 
copies (CNTNAP3A and CNTNAP3B) in blood. This patient carried the 
common pericentromeric inversion of chromosome 9, which was inherited 
from his mother, who presented the same aberrant pattern of expression in 
blood. This suggests that this effect may be mediated by a positional effect, 
activating the expression of CNTNAP3B. However, expression of 
CNTNAP3B was not observed in other individuals carrying the same 
inversion, implying that this patient may be carrying a cryptic rearrangement 
not detected with our current methods. Moreover, this patient was also found 
to carry three paternally inherited mutations, predicted as damaging. Since 
the variants were not detected in blood, they can either be present in the 
remaining functional copy (CNTNAP3B) or in one of the partial copies. These 
findings suggest a possible inherited second-hit in this patient. Therefore, 
taken together the results in this region warrant further studies to elucidate 
the possible role of CNTNAP3 in neurodevelopmental disorders. 

Therefore, our results show that sequencing-based studies can successfully 
detect changes in copy number of multi-copy regions and that they have 
similar detection rates compared to experimental methods. Moreover, they 
allow the study of multiple PSVs in a single assay, avoiding time-consuming 
protocols that analyze single positions at a time. Although most studies 
evaluating variation in complex regions have been carried out in WGS data, 
targeted sequencing offers some benefits over WGS approaches, as well as 
a few disadvantages. One of the main advantages is its higher coverage, 
which allows better discrimination of copy number states and PSV ratios. 
However, enrichment and pooling methods also introduce biases in coverage 
distribution between samples and targets, especially in GC rich regions. In 
this assay we included only coding sequences of candidate target genes and 
chose not to analyze PSVs lying in intronic sequences. Although this design 
was adequate for our purpose, capture of the entire sequence may be a 
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better approach for regions with less coding content or higher sequence 
identity. Finally, focusing on specific regions allows applying customized 
computational pipelines and specific experimental validation methods. 

To conclude, our study shows that NGS based approaches can successfully 
identify copy number and sequence variants in complex regions, by providing 
information about the number of copies (by read-depth) and the identity of 
duplicated sequences (by PSVs). The development of new methodologies, 
such as the one described here, together with the refinement of the human 
reference genome, will increase the study of complex regions and elucidate 
their role in complex disorders. Here, we explored the variation and the role 
of two duplicated regions in ASD: the 7q11.23 region and the pericentromeric 
region of chromosome 9. Our results suggest that these two regions may be 
involved in ASD susceptibility, and warrant further detailed studies and 
molecular characterization in additional cases.  
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Supplementary Information 

 

Supplementary Table 1. Sequences of primers and MLPA probes used for validation 
of results regarding CNTNAP3. 

 

 

 

 

 

 

 

 

 

 

 

 

Expected size (hg19) Sequence
Forward primer
5'-[6FAM]GGTTCTCACAGTGAATGTTGGAGAAAAATCTCCT-3'
Reverse primer
5'-TGTATTAGGTCTGAGTCCTTTAGGGAGCC-3'

L-probe:    GAATTCCGACACCCGGAAGATCGCGGGCATTCA
R-probe:                GACGTAAAAGCTTTCATGGGTGTTTAGAA
L-probe:    GAATTCCGACACCCGGAAGATCGCGGGCATTCA
R-probe:                   
CACGTAAAAGCTTTCATGGGTGTTTAGAA
L-probe:                               
GGCTTTACTATATTGATGCAGATGG   
R-probe: 
AAGTGGCCCCCTGGGACCATTTCTTGTGTACTGCAAT

CNTNAP3A

CNTNAP3B and partial copy containing exons 2-9

CNTNAP3A, CNTNAP3B and partial copy located at Mb 65

MLPA

Partial copy (65 Mb): 328 bp  CNTNAP3A: 342bp 
CNTNAP3B: 338 bp

PSV-STR
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Supplementary Figure 1. ZRPKM thresholds to assign copy number states in the first 
window (exons 2-9) are shown in the figure. Values were set to <-1.5 ZRPKM for a 
diploid copy number of 4, >-1.5 and <0 for a diploid copy number of 5, >0 and <1.5 
for a diploid copy number of 6 and >1.5 for a diploid copy number of 7. 

Supplementary Figure 2. Schematic representation of the method used to calculate 
PSV ratios.  
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Supplementary Figure 3. Mean PSV ratio of the two PSVs in exon 7 specifically 
tagging the partial copy containing exons 2-9. The difference in mean PSV ratio between 
groups is statistically significant (F3,25=153.790, p<0.0001). The table shows the 
expected PSV ratio assuming that variation in copy number is due to CNVs of the 
partial copy.  

 

 

 Total copy number integer state 

 4 5 6 7 
Expected ratio 0/4 (0) 2/5 (0.2) 2/6 (0.33) 3/7 (0.43) 

Mean 0.04 0.21 0.33 0.4 
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Supplementary Figure 4. Schematic representation of two events affecting a partial 
(A) or a complete copy (B) indistinguishable by our approach. Figure A (left) represents 
a gene conversion between CNTNAP3B and the partial copy located at 40 Mb in an 
individual lacking a partial copy.  The right panel B) depicts a deletion affecting 
CNTNAP3B. Both would result in the same PSV ratios and total copy number integer 
state, as shown in the table below, and would be indistinguishable by our approach.s 
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Genetic modifiers of the Williams-Beuren syndrome 

neurobehavioral profile 

Marta Codina-Solà, Debora Pérez-Garcia, Raquel Flores, Gabriela 
Palacios, Luis A. Pérez Jurado, Ivon Cuscó 

In preparation 

Abstract 

Introduction: The hallmark of the neurobehavioral phenotype of Williams-
Beuren syndrome (WBS) is increased sociability and relatively preserved 
language skills, often described as the opposite to Autism Spectrum 
Disorders (ASD). However, the prevalence of ASD among WBS 
individuals is 12%, approximately 10 fold higher than in the general 
population. To look for phenotypic modifying factors, we have performed 
an unbiased study of genetic variants in eight individuals with WBS and 
co-occurring ASD. 
Subjects and Methods: The study was conducted on eight individuals 
with WBS. All had a confirmed diagnosis of ASD by the Autism Diagnostic 
Interview-Revised (ADI-R). We performed a detailed characterization of 
the deletion at the molecular level and looked for genome-wide variants, 
both rare and common, using exome sequencing. 
Results: No evidence of second-hit cis or trans acting factors was found 
in the remaining hemizygous allele, neither of large Copy Number 
Variants. However, we identified several loss of function (LoF) mutations 
in ASD candidate genes, as well as in brain-expressed genes with a high 
probability of LoF intolerance. In addition, we found an increased number 
of rare deleterious variants in candidate genes in females compared to 
males.  
Conclusions: Our results suggest that deleterious variants in functionally 
constrained brain expressed genes could act as second-hit modifying 
factors. The higher load of deleterious variants in ASD candidate genes in 
females suggests that the female protective effect may still exert a role the 
variable expressivity of disorders with full penetrance. 
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Introduction 

Williams-Beuren syndrome (WBS, OMIM! #194050) is a rare 
neurodevelopmental disorder resulting from a heterozygous deletion of 
26-28 genes at chromosome 7q11.23, estimated to affect approximately 1 
in 7500 individuals (1). The 7q11.23 chromosomal region has a complex 
genomic architecture that can predispose to Non Allelic Homologous 
Recombination (NAHR). The single copy region of the WBS locus is 
flanked by three large SDs, which share a high degree of homology (≈98-
99%) located in the centromeric (c), medial (m) and telomeric (t) sides. 
There are two types of recurrent rearrangements that result in WBS 
syndrome: the most frequent is a 1.55Mb deletion that occurs in 87% of 
cases as a result of NAHR between the medial and centromeric B blocks. 
However, around 10% of patients present a larger deletion of 1.8Mb due 
to a crossing over between centromeric and medial A blocks. The 
remaining 3% of WBS patients show atypical deletions mediated by other 
mechanisms (2,3).  

WBS is characterized by a set of clinical signs and symptoms, although 
the phenotype can vary greatly across patients. It is a multisystemic 
disorder characterized by cardiovascular disease with frequent 
supravalvar aortic stenosis and hypertension, distinctive facies, 
connective tissue abnormalities and growth and endocrine alterations 
among others. Regarding cognition and behavior, it is associated with 
mild to moderate intellectual disability (ID), an overfriendly personality and 
relative language preservation. Interestingly, the reciprocal duplication of 
7q11.23 (OMIM #609757) results in a mirror phenotype, characterized by 
language impairment, speech delay and alterations and deficits in social 
interaction, which is often associated with Autism Spectrum Disorders 
(ASD) (4). 

Due to their different associated behaviors, ASD and WBS have often 
been described as two diametric opposite disorders (5), although some 
authors have suggested that this consideration is an oversimplification of 
both phenotypes (6). In this regard, several cases of WBS patients with 
co-existing ASD features have been described and some authors have 
even suggested that ASD should be reconsidered as part of the WBS (7–
18). Due to the low frequency of WBS and the even lower prevalence of 
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ASD features, most of studies focusing on the association both disorders 
are anecdotal reports or are based on small sample sizes. Methods and 
criteria to evaluate features of ASD also vary across studies and difficult 
drawing conclusions about the frequency of ASD features among WBS 
patients (19). However, a recent meta-analyses studying the presence of 
ASD features among several genetic syndromes concluded that the 
prevalence of ASD features among WBS individuals is approximately 12% 
(19). This represents a prevalence approximately ten times higher than 
among general population, a striking finding considering the typical 
neurocognitive profile of individuals with WBS.  

To date, no genome-wide unbiased study has been carried out to look for 
second-hit genetic factors that could explain the presence of ASD features 
in some individuals with WBS. However, several explanations have been 
suggested. The mirror phenotypes observed in WBS and the 7q11.23 
reciprocal duplication syndrome suggest that genes contained in the 
region are dosage sensitive and contribute to language development and 
behavior. In this regard, GTF2I and GTF2IRD2, the genes related to the 
cognitive phenotype, have been proposed as the main candidates. Given 
the association of the WBS locus with language and behavior, some 
authors have hypothesized that a trans-acting factor present in the 
remaining allele could act as a genetic modifying factor. Another possible 
explanation is a cis-acting mechanism in which breakpoints of the deletion 
would alter flanking genes, but given that nearly all of the patients 
described until the moment present the common deletion, this hypothesis 
seems improbable (15). Finally, a polygenic model where genes present 
in the WBS locus would interact with additional genetic factors creating a 
sensitized background and modify the phenotypic expression of the 
disorder has also been proposed (7,15). In this regard, two WBS-ASD 
patients, presenting hyperserotonemia, were described in a previous 
report (11,15). Both individuals were homozygous for the short (s) allele in 
the promoter of the serotonin transporter SLC6A4 (5-HTTLPR), pointing 
towards the role of this locus as a possible modifying factor (15).  

In the present work, we study second-hit modifying genetic factors in eight 
individuals with WBS and associated ASD. We have performed a 
genome-wide unbiased analysis by exome sequencing, which allowed us 
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to explore large and exonic Copy Number Variants (CNVs), as well as 
Single Nucleotide Variants (SNVs) in coding regions of the genome in a 
single assay. In addition, we have performed a detailed molecular 
characterization of the deletion and genotyped the previous candidate 
locus in the promoter of the serotonin transporter SLC6A4. 

Materials and methods 

Patient selection and deletion characterization 

This study was conducted on eight WBS patients with associated ASD, 
consisting of four males and four females aged from 6 to 31 years old. All 
patients underwent an extensive clinical genetic examination and showed 
the distinct WBS facial dysmorphism. The clinical diagnosis was 
confirmed by molecular techniques and the size and parental origin of the 
deletion established using analysis of single and multiple-copy 
microsatellite as previously described (2). Based on the direct observation 
of a trained psychologist, a diagnosis of ASD was made and confirmed in 
seven of the patients by means of the Autism Diagnostic Interview-
Revised (ADI-R). The remaining patient had a clinical diagnosis of ASD. 
Written informed consent was obtained from all parents or legal 
caregivers and the study was approved by the Clinical Research Ethics 
Committee of the centers involved (CEIC-Parc Salut Mar). 

Exome capture and sequencing 

Blood samples were obtained, and genomic DNA was extracted by the 
salting out method using the Puregene® DNA Purification Kit (Gentra 
Systems, Big Lake, MN, USA). Exomes were captured using the 
SureSelect Human All Exon V5 capture kit (Agilent, Santa Clara, CA, 
USA) and libraries were sequenced on an Illumina MiSeq platform. 
Paired-end sequences were obtained with a read length of 250 bp. 

Mapping and calling  

Reads were mapped to the hg19 version of the human genome using 
BWA following standard parameters. GATK’s pipeline was applied for 
variant calling and SNV and indel calls were only considered if positions 
had a depth of coverage of at least 10× and a minimum of 20% of the 
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reads showed the variant (AB between 0.2 and 0.8). Annotation of 
variants was performed using ANNOVAR 
(http://www.openbioinformatics.org/annovar/), taking into account the 
variant frequency in control databases: dbSNP137 
(http://www.ncbi.nlm.nih.gov/SNP/), ExAC (http://exac.broadinstitute.org/), 
Kaviar (http://db.systemsbiology.net/kaviar/) and an in-house database of 
248 Spanish controls. The nature of the changes was assessed by 
PolyPhen and Condel (http://bg.upf.edu/fannsdb/) protein effect prediction 
algorithms.  

Detection of second hit hemizyogus SNVs in GTF2I and 
GTF2IRD2 

Since SNVs in multi-copy genes, such as GTF2I and GTF2IRD2, are 
expected to have a lower allelic balance (AB) compared to those in single 
copy regions, we adapted mapping, variant calling and filtering to allow 
their detection. The pipeline followed for mapping and annotation of 
variants has been previously described in Chapter 3.  

Genome-wide analysis of second hit CNVs  

In order to detect additional pathogenic CNVs, we applied ExomeDepth, 
that uses read depth data to call CNVs and compared our samples to a 
matched aggregate reference set of 248 exomes captured and sequenced 
with the same protocol. CNVs were filtered based on their overlap with 
variants previously described in the Database of Genomic Variants 
(DGV), and DECIPHER (20) 

Genome-wide analysis of rare variants 

To look for rare second-hit SNVs, we selected only exonic variants with a 
functional effect and excluded variants previously described in the general 
population (Kaviar, ExAC and in-house database of Spanish controls) with 
a minor allele frequency (MAF)>0.01.  

Sanger sequencing validation 

To validate and perform segregation studies, we used Sanger sequencing 
by capillary electrophoresis (ABI PRISM 7900HT, Applied Biosystems, 
Foster City, CA, USA). Primers were designed with PRIMER 3 application 



Chapter 4   
 

 162 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/) and 
PCR reactions were carried following standard conditions. 

Altered genes in SW 

To study the contribution of epistatic effects, we established a list of 
altered genes in WBS patients by various mechanisms: transcriptional 
dysregulation, differentially methylation and direct GTF2I targets. We 
performed a systematic literature review and selected only high quality 
studies carried out in human subjects (21–24), obtaining a list of 2251 
dysregulated genes. 

Genome-wide analysis of ASD susceptibility loci 

In order to detect common variants that could act as susceptibility 
variants, we focused on SNVs that had been previously associated to 
ASD by Genome-Wide Association Studies (GWAs). The list of 
associated SNPs was obtained from the Genome-Wide Repository of 
Associations between SNPs and Phenotypes (GRASP) database version 
2.0 and all variants that contained the term “Asperger” or “Autism” under 
the phenotype category were selected (25). We then compared the allele 
frequency in our sample to that described in Non Finnish European 
population data form ExAC by Fisher’s Exact Test and calculated their 
estimated q-value and False Discovery Rate (FDR) values using the R 
package qvalue (26). Finally, to avoid population stratification, we 
compared ExAC allele frequencies to that reported in Spanish Variant 
Server, which contains data from 578 Spanish individuals 
(http://csvs.babelomics.org/). 

SLC6A4 genotyping 

The promoter polymorphism of the serotonin transporter SLC6A4 (5-
HTTLPR) was genotyped by PCR followed by agarose gel 
electrophoresis, using primers previously described (15).  

Results 

To look for second-hit genetic factors that could act as modifiers, we 
performed an unbiased genome-wide study of variation in coding regions 
of the genome following the strategy depicted in Figure 1.  
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Figure 1. Strategy followed for the identification of second-hit genetic factors. 

 

Patient description 

The study has been carried out in eight Spanish WBS patients with a 
comorbid diagnosis of ASD, consisting of four males and four females 
aged from 6 to 31 years old. All patients underwent an extensive clinical 
genetic examination and the diagnosis of WBS was confirmed in all by 
molecular methods. All individuals had a clinical diagnosis of ASD, based 
on the direct observation of a trained psychologist, which was confirmed 
in seven individuals by means of the Autism Diagnostic Interview-Revised 
(ADI-R). The main clinical characteristics of patients are summarized in 
Table 1. 
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Detailed characterization of the 7q11.23 deletion  

To study the presence of cis-acting factors, we characterized all deletions at 
the molecular level by genotyping multiple polymorphic markers. The results 
showed that all rearrangements were de novo, being 7/8 of parental origin 
and one originated in the maternal allele (Table 2). Most of the patients (6/8) 
carried the common 1.55 Mb deletion mediated by blocks B, whereas 2/8 
carried the larger 1.83 Mb deletion mediated by blocks A. In two patients, the 
common 1.55 Mb deletion had been mediated by an inversion in the 
transmitting progenitor. Since GTF2IRD2 has been postulated as a possible 
modulator of the cognitive phenotype in WBS (27), we analyzed the deletion 
breakpoint to assess the number of functional copies of this gene (Figure 2).  

 

Figure 2. Schematic representation of the WBS locus, showing the two most common 
deletions and the gene content of the B block. The B block contains three genes: 
GTF2I, NCF1 and GTF2IRD2. GTF2I and NCF1 have a single functional copy, located 
at the medial B block, whereas GTF2IRD2 has two functional copies, located at the 
medial and telomeric B blocks. The 1.55 Mb most common deletion is mediated by B 
blocks and results in a chimeric medial-centromeric block. The number of functional 
copies in this case depends on the deletion breakpoint. The 1.8 Mb deletion is mediated 
by A blocks, resulting in the loss of the medial and centromeric B blocks and an 
additional functional copy of GTF2IRD2. 

As expected, the two deletions mediated by A blocks showed four copies of 
GTF2IRD2, since the centromeric and medial B blocks are lost, resulting in a 
centromeric (C), a medial (M) and two telomeric (T) (1C/1M/2T) copies of 
GTF2IRD2. The two patients with inversion-mediated deletions had a 
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1C/1M/3T genotype, originated from the loss of a medial copy and a gain of a 
telomeric copy of GTF2IRD2. Regarding the rest of the patients with 1.55 Mb 
deletions, in three the deletion breakpoint had occurred before GTF2IRD2, 
resulting in the loss of only a centromeric copy (1C/2M/2T), whereas in the 
remaining patient it had occurred within GTF2IRD2, creating a medial-
centromeric chimeric copy of the gene (1Q/1M/2T). 

!! Size Inversion Origin  GTF2IRD2  # functional 
copies 

WBS1 1,55 Yes P 1C/1M/3T 4 
WBS2 1,55 No P 1C/2M/2T 4 
WBS3 1,55 Yes P 1C/1M/3T 4 
WBS4 1,83 No P 1C/1M/2T 3 
WBS5 1,55 No P 1C/2M/2T 4 
WBS6 1,55 No M 1Q/1M/2T 3+? 
WBS7 1,55 No P 1C/2M/2T 4 
WBS8 1,83 No P 1C/1M/2T 3 

Table 2. Deletion characterization in the eight patients with WBS and ASD. 

Second-hit hemizygous variants in the 7q11.23 region 

To look for the presence of second hit trans-acting factors in the remaining 
7q11.23 hemizygous allele, we performed a detailed analysis of the region 
and studied overrepresented common variants, shared haplotypes and rare 
deleterious SNVs. First, we looked for the presence of common variants or 
Single Nucleotide Polymorphisms (SNPs) that were overrepresented in our 
cohort. Allele frequencies of all previously described hemizygous variants 
(n=32) in our cohort were compared to those reported in ExAC. To avoid 
population stratification, variants with significantly different frequencies in 
ExAC and Spanish Variant Server were excluded. Due to our small sample, 
Fisher’s exact test did not reveal any significant difference in allele frequency. 
However, we identified a nearly significant association (p=0.076), with two 
individuals (WBS2 and WBS6) carrying a SNP (rs12539160), that had been 
associated to ASD in a previous GWA study (28). The variant was a 
synonymous SNV lying in an exon boundary of MLXIPL, with a MAF of 0.06 
in European population according to ExAC and of 0.03 in the Spanish Variant 
Server.  
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Taking advantage of the hemizygous state of SNPs located in the deleted 
single-copy region, we extracted phased haplotypes in the deleted single 
copy interval to study if a common haplotype was shared between 
individuals. Two linkage disequilibrium blocks were identified from rs1128349 
to rs13227841 (DNAJC30 to WBSCR28) and from rs17851629 to rs2074667 
(located in GTF2IRD1) (Figure 2, Supplementary Table 1). Allele frequencies 
of the tag markers did not differ significantly from those in the general 
population and no common shared haplotype was identified in our cohort. 

In addition, we looked for rare SNVs in the single-copy region of WBS. Only 
homozygous variants with a MAF<0.01 were selected. After filtering for 
exonic variants and excluding synonymous SNVs with no functional effect, 
we remained with two nonsynonymous variants in genes MLXIPL and TBL2 
predicted as tolerant by various protein effect prediction algorithms (SIFT, 
Polyphen and Condel). Besides hemizygous genes, we studied variation in 
GTF2I, considered the main candidate gene for the neurocognitive profile, 
and GTF2IRD2, one of the possible modulators. Since SNVs in duplicated 
genes, such as GTF2I and GTF2IRD2, are expected to have lower allelic 
balance (AB) ratios than those in single copy regions, we adapted mapping 
and variant calling settings to allow their detection, as detailed in the 
materials and methods section. After filtering variants with a MAF<0.01 we 
did not identify any variant.  

Genome-Wide Analysis of second-hit variants 

Copy Number Variants 

Since large CNVs acting as two-hit factors have been described in patients 
with neurodevelopmental disorders carriers of CNVs of incomplete 
penetrance, we studied the presence of additional rearrangements that could 
explain the presence of autistic symptoms in our cohort. A part of the WBS 
deletion, we observed an average of 25 additional CNVs per patient ranging 
for 170 bp to 334 kb. None of the additional CNVs overlapped with known 
genomic disorders or was previously associated to neurodevelopmental 
disorders and all were present in the general population. All CNVs containing 
genes were intersected with a list of candidate loci previously associated to 
ASD (SFARI gene list), resulting in two CNVs overlapping with candidate 
genes SIK1 and DUPS22. The CNV affecting SIK1, found in patient WBS3, 
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was a partial duplication affecting exons 1 and 2, whereas a complete 
heterozygous deletion containing DUSP22 was found in patient WBS7. Both 
rearrangements overlapped with previous CNVs described in the general 
population (29,30). 

Rare Single Nucleotide variants 

We next analyzed the presence of second-hit rare SNVs that could act as 
susceptibility factors to ASD. Since second-hit variants are not expected to 
be the sole cause of ASD in individuals with WBS, they might be present in 
the general population and inherited from unaffected progenitors. Moreover, 
given the high degree of genetic heterogeneity of ASD, they could affect 
hundreds of genes. Taking into account the prevalence of ASD in individuals 
with WBS and the large number of genes involved, we reasoned that the 
frequency of each individual variant should be relatively rare and, 

consequently, set our MAF threshold at �0.01. To prioritize SNVs that could 

act as two-hit risk factors, we selected deleterious variation, defined as LoF 
and nonsynonymous damaging variants predicted by both SIFT and 
Polyphen, affecting candidate genes from SFARI (n=792) (31). In addition, 
we focused on deleterious variants present in functionally constrained genes, 
defined as those with a probability of being LoF intolerant (pLI)>0.9 (32).  

Regarding variants in candidate genes, we detected a total of 39 rare 
deleterious SNVs, found in 35 genes. Six of the identified variants were LoF 
(Table 3), whereas the rest were missense variants predicted as damaging 
(Supplementary Table 2). It is interesting that five of the genes with LoF 
variants in our cohort (PYHIN1, UBR5, AGAP1, CC2D1A and USP45) were 
proposed as candidate loci for ASD due to the presence of de novo LoF 
variants. In addition, two of them (AGAP1 and UBR5) are functionally 
constrained genes with a very low burden of LoF mutations in the general 
population. In addition, we found a novel frameshift variant in PIK3CG, which 
results in a prematurely truncated protein, containing only exon one and part 
of exon two. PIK3CG encodes for a catalytic subunit of phosphoinositide 3-
kinase (PI3K) part of the PI3K/AKT/mTOR intracellular signaling pathway, 
which regulates multiple cellular functions and has been extensively 
associated to ASD (33–35).  
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Table 3. LoF mutations identified in candidate genes in five different patients. 

Among candidate genes harboring deleterious SNVs, we identified four 
recurrently mutated loci: HLA-A, SDK1, PCDH15 and TSC2. HLA-A, SDK1 
and PCDH15 had been previously described as risk loci in several case-
control association studies but, to our knowledge, no rare variants have been 
described in individuals with ASD (46–50). Clinical examination of the two 
individuals carrying rare variants in TSC2, WBS_1 and WBS_7, did not 
reveal any suggestive sign of tuberous sclerosis, although rare variants in 
TSC2 have also been associated to non-syndromic ASD (51,52). 

Previous studies have shown that genes predisposing to ASD carry a low 
burden of disrupting mutations in the general population, since they usually 
result in phenotypes of reduced fecundity (53). Therefore, we analyzed 
deleterious variation in highly constrained genes, defined as those with a pLI 
> 0.9 (31). Excluding candidate genes, we detected 68 SNVs in 64 genes, 
including five LoF mutations (Table 4) and 63 missense damaging variants 
(Supplementary Table 3). 

Table 4. LoF mutations identified in functionally constrained genes (pLI>0.9). 

Interestingly, all genes with LoF in our cohort, but very few in the general 
population, are brain expressed genes and some have been previously 

Individual Gene Variant pLI MAF Evidence Ref 
WBS_4 CC2D1A c.1357-2A>C 0 4,4E-04 1,2 (36,37) 
WBS_5 PYHIN1 p.R373X 0 2,8E-04 2 (38) 
WBS_5 UBR5 p.R633X 1 0 2 (38–41)   
WBS_6 AGAP1 c.1051-2A>T 1 2,0E-04 1,2 (37,42–

44) 
WBS_7 USP45 p.E220X 0 6,5E-04 1,2 (37,45) 
WBS_8 PIK3CG p.12_13del 0,56 0 3,4 (33–35) 

Individual Gene Variant MAF Inheritance 

WBS3 PRR12 p.P482fs NA NA 

WBS5 SEC24C c.2682+2A>G NA NA 

WBS7 CXXC1 p.S222fs NA NA 

WBS8 MED26 c.147+2A>G 87/154602 NA 

WBS8 EPHB1 p.A433fs NA Maternal 
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associated with psychiatric and neurodevelopmental disorders. Three of the 
LoF variants affecting PRR12, SEC24C, CXXC1 and EPHB1, were novel and 
had not been described in 77,781 individuals from Kaviar database. PRR12 
was previously found to be disrupted in a girl with ID and psychiatric 
alterations (54). SEC24C is involved in vesicle trafficking and in the transport 
of the serotonin transporter and has been associated to bipolar disorder by 
topological analysis of protein-protein interaction (PPI) networks (55,56). 
CXXC1 encodes a transcriptional activator that binds specifically to non-
methylated CpG and interacts with SETD1A, a chromatin regulator 
associated to schizophrenia and developmental disorders (40,57). EPHB1 
belongs to the ephrin family, which play an important role in axon guidance 
and dendritic spine maduration, and has been described as a schizophrenia 
risk loci in a GWAs study in Japanese population (58,59). Moreover, EPHB1 
was recurrently mutated in our cohort, since a second patient (WBS7) carried 
an additional rare missense damaging variant. Finally, the same patient 
carrying a maternally inherited LoF mutation in EPHB1, WBS8, also carried a 
reported mutation in MED26, a transcription regulator factor involved in 
neuronal gene expression (60). 

Epistatic effects of rare variants 

To look for second hits disrupting the same pathway that could cause a more 
severe phenotype by an epistatic effect, we intersected a manually curated 
list of genes altered in WBS WITH our previously selected candidate and 
functionally constrained genes (Figure 3). The results showed that four genes 
altered in WBS, that were previously described as ASD candidate genes and 
functionally constrained, harbored rare deleterious mutations in our cohort. 
These included AGAP1, with a LoF mutation in our cohort. Interestingly, 
EPHB1, which is recurrently mutated in our cohort, was also altered in WBS.  
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Figure 3. Overlap between candidate and functionally constrained genes mutated in our 
cohort and genes altered in WBS.  

Increased burden of deleterious mutations in females 

Since ASD are four times more prevalent in males than females, it has been 
suggested that females have a higher risk threshold and require a higher 
genetic load to develop the disorder (61). In fact, several studies have shown 
that de novo LoF variants are more frequent in affected females than affected 
males and that there is a maternal bias in the inherited of truncating variants 
and second-hit CNVs (38,39,62,63).  

To examine if females in our cohort carried a higher genetic burden, we 
compared the frequency of rare deleterious variants in ASD candidate genes 
between affected males (n=4) and affected females (n=4) (Figure 4A). The 
results showed a statistically significant increase (p=0.016) in the average 
number of mutations per patient in females (! = 6, SD=1,7) compared to 
males (! = 3, SD=1,2). This effect was not due to an increased prevalence of 
rare variants between genders, since the global frequency of rare variants 
was not significant different between both genders (p=0.51, Figure4B). 
Finally, we compared the frequency of deleterious variants in functionally 
constrained genes between both sexes and found a nearly significant 
association (p=0.064, Figure 4C)), that was reduced when candidate genes 
(n=19) were excluded from the analysis (p=0.15, Figure 4D). 
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Figure 4. A) The number of rare (MAF<0.01) deleterious mutations per individual in 
candidate genes is compared in females (n=4) and males (n=4). B) The number of rare 
variants (MAF<0.01) per individual is compared in females (n=4) and males (n=4). C) 
The burden of rare variants (MAF<0.01) per individual in functionally constrained 
genes (pLI>0.9) is compared in females (n=4) and males (n=4), including candidate 
genes. D) The number of rare variants (MAF<0.01) per individual in functionally 
constrained genes (pLI>0.9), excluding previously reported candidate genes, is 
compared in females (n=4) and males (n=4). Statistical significance in all tests was 
calculated using a two-sided student's t-test, excluding SNVs present in the X and Y 
chromosomes from the analysis.  

Genome-wide analysis of ASD susceptibility loci 

Finally, to study the role of common susceptibility variants, we have 
performed a genome-wide study of all SNPs previously associated to ASD by 
GWAs. To this end, we compared the frequency of previously reported 
associated markers in our cohort to that of non Finnish European population 
in ExAC. A total of 645 single-nucleotide markers located in coding regions 
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were analyzed, of which only 13 obtained a significant p.value (p<0.05) and 
none passed FDR correction. For ten of the significantly overrepresented 
SNVs in our cohort, the overrepresented allele corresponded to the risk 
allele, whereas for the remaining, it was the protector allele (Supplementary 
Table 4). Three of the markers had been previously described as Expression 
Quantitative Trait Loci (eQTL) in brain, with rs2275477 associated with 
increased expression of OSCP1 and rs4823086 and rs5749088 of transcript 
RP1.130H16.16, located in CCDC157 (64). Interestingly, we identified a 
nominally significant increase in the frequency of a marker located in 
PCDH15 (rs2135720) (46). This gene was recurrently mutated in our study of 
candidate genes, with two deleterious mutations in two individuals (WBS_1 
and WBS_8) who where not carriers of the previously mentioned risk allele. 

SLC6A4 genotyping 

Since SLC6A4 had been proposed as a modifying locus for the phenotypic 
outcome observed in WBS in two WBS patients with autistic symptoms and 
hyperserotonemia, we genotyped the known polymorphism located in the 
promoter, as previously described (15). In our cohort, the genotype 
frequencies were similar to those found in population of European origin, with 
3/8 individuals homozygous for the major long variant (l), 4/8 presenting an 
heterozygous genotype with both l and short (s) variant, and 1/8 individual 
being homozygous for the s allele. 

Discussion 

In this study we have performed a comprehensive analysis of second-hit 
genetic factors in eight patients presenting WBS and associated ASD by 
exome sequencing, which allows the detection of both SNVs and CNVs at a 
genome-wide level. To our knowledge, this is the first study exploring genetic 
modifying factors in WBS with associated ASD in an unbiased manner. To 
date, the only locus suggested as a modifying factor of the WBS 
neurocognitive profile is the serotonin transporter SLC6A4. A previous study 
by Tordjman et al, reported two WBS individuals with associated ASD and 
hyperserotonemia, both homozygous carriers of the ss polymorphism of the 
promoter of the serotonin transporter (5-HTTLPR). (15). To confirm this 
association, we genotyped this locus in our cohort, showing that the genotype 
frequencies were similar to those found in population of European origin. 
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Since hyperserotonemia is a frequent finding among individuals with ASD, 
the question remains if it plays a primary role in the associated ASD features 
seen in WBS patients or if it appears as a secondary finding.  

Similar to previous reports, the detailed molecular characterization of the 
deletions showed no atypical rearrangement, excluding the alteration of 
flanking genes by atypical rearrangements as a possible explanation. 
Moreover, the detailed characterization of the number and type of GTF2IRD2 
copies showed no differences with those previously reported in WBS patients 
with the typical neurocognitive profile (2). However, in seven of eight patients, 
the deletion had originated in the paternal allele, suggesting a role of 
epigenetic control mechanisms. In fact, it has been shown that the 
expression of GTF2I is lower in WBS patients with deletions of paternal 
origin, and it has been hypothesized GTF2I is paternally imprinted (65,66). 
Although several cases of patients with WBS and associated ASD have been 
reported in the literature, we could not find any study evaluating parental 
origin of the deletion. Taking into account the prevalence of ASD among 
WBS patients and the fact that deletions occur with equal frequency in the 
maternal and paternal allele, parental origin cannot be the sole factor 
influencing ASD risk. Molecular characterization of the parental origin of the 
deletion in additional patients presenting ASD features can shed more light 
on this matter.  

Second hit hemizygous variants in the 7q11.23 region disrupting the same 
pathway could also act as modifying factors with an epistatic effect. The 
detailed analysis of SNVs did not reveal any common haplotype or any rare 
variant in the coding regions of GTF2I or GTF2IRD2, the main candidate 
genes for the neurocognitive profile observed in WBS. However, the analysis 
of overrepresented common variants revealed that two individuals (WBS2 
and WBS6) carried a SNP (rs12539160) in hemizygous state previously 
associated to ASD. This variant is a synonymous mutation located in 
MLXIPL, a candidate gene for the lipid abnormalities observed in WBS 
patients (67). Although this marker may not be responsible for the increased 
risk of ASD, it may be in linkage disequilibrium with a causative SNP in a 
noncoding region, not covered by exome sequencing. Additional studies 
examining variation in noncoding regions in a larger cohort of individuals with 
WBS and ASD features are necessary to confirm this finding. 
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Since deletion characterization and analysis of hemizygous variation did not 
reveal any clear second-hit factor that could explain the presence of ASD in 
these individuals, we studied second-hit variation at a genome-wide level. An 
advantage of exome sequencing is its potential to detect both CNVs and 
SNVs, as shown by the validation of all WBS deletions. However, no 
additional second-hit CNV was identified in any of the patients. Likewise, a 
previous study evaluating second-hit CNVs in genomic disorders showed that 
second-site variants are more frequent in disorders of variable expressivity 
than in syndromic entities, such as WBS (63). In fact in this study, second-
site variants were only detected in 5% of patients with WBS, suggesting that 
additional large CNVs may be incompatible with life. Our results support this 
hypothesis, since no rare large additional CNV was identified in any of the 
patients. 

Besides CNV, we examined the effect of rare deleterious SNVs, focusing on 
ASD candidate genes and functionally constrained genes, as they have been 
shown to be enriched in ASD susceptibility genes (53). By this approach, we 
have uncovered several candidate genes harboring LoF mutations in our 
cohort, as well as LoF mutations in brain-expressed genes with very few LoF 
mutations in the general population. Interestingly, two of the candidate genes 
with LoF mutations in our cohort, USP45 and PHYN1, harbor LoF mutations 
in the general population, but are recurrently de novo mutated in ASD 
patients and not in their unaffected siblings (37–41,45). This suggests that de 
novo deleterious mutations in these genes could have a milder effect and 
would require a sensitized background to manifest their effects. In our case, 
the WBS deletion would act as major genetic lesion, whereas in ASD patients 
without a major hit, it could act as part of an oligogenic model. It is also 
noticeable that all genes with LoF variants in our cohort selected on the basis 
of being intolerant to deleterious mutations (PRR12, SEC24C, CXXC1, 
MED26 and EPHB1) are brain-expressed genes, with some cases even 
being associated to various neuropsychiatric disorders. Moreover, two of the 
genes harboring LoF mutations, EPHB1 and AGAP1, have been shown to be 
altered in WBS, suggesting a possible epistatic effect. AGAP1 was found to 
be hypermethylated in WBS patients compared to individuals with the 
reciprocal duplication, which is associated to a phenotype of language 
impairment, anxiety and increased risk of ASD and schizophrenia (24,68–70). 
EPHB1 was underexpressed in WBS patients and individuals with atypical 
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deletions and low IQ, suggesting a possible epistatic mechanism in which the 
frameshift mutation described in our patient would result in an even lower 
expression, possibly mediated by non-sense mediated decay (21). Taking 
together, these evidences suggest that inherited rare LoF in brain-expressed 
genes could play a major role in the susceptibility to ASD in these patients by 
both additive and epistatic effects.  

Interestingly, we show that the number of rare deleterious variants in 
candidate genes is higher in females with WBS and associated ASD than 
males, in agreement with previous studies suggesting that females require a 
higher burden of damaging variants to develop ASD. We also observed a 
tendency for variants contained in highly functionally constrained genes, 
which lost significance when excluding reported candidate genes. A higher 
burden of second-site deletions disrupting ASD associated genes has also 
been observed in female patients carrying susceptibility variants at 16p11.2 
(71). Although our small sample size requires caution interpreting the results, 
the same effect was not observed when considering all rare variants. Further 
studies assessing the difference in prevalence and severity of ASD features 
between genders in individuals with WBS will help to clarify if a higher burden 
of deleterious variation is also seen in females carrying fully penetrant 
syndromic variants, such as the WBS deletion. 

Finally, to assess if common variation contributed to the different behavioral 
phenotype observed in these patients, we studied if any variant previously 
associated to ASD was overrepresented in our cohort. Although none of the 
variants passed FDR correction, three of the analyzed markers with nominal 
p-values had been previously described as an eQTL in brain, suggesting that 
these or other variants in LD could have a direct functional effect. However, 
this analysis has two clear limitations. First, our small sample size and the 
expected low effect of common variation pose a great limitation for statistical 
power. Second, most of the interrogated variation in previous GWAs studies 
resides in noncoding regions not covered by exome sequencing and, 
therefore, only 645 out of a total of 23847 previously associated SNPs could 
be evaluated in this study. Moreover, this limitation did not allow us to 
calculate polygenic risk scores, as previously done by various studies 
evaluating the effect of common variation on schizophrenia risk in patients 
with 22q11.2 deletions or susceptibility CNVs (72,73). The results of these 
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two studies suggest that common variation en masse could affect disease 
susceptibility and that a sensitized background may act as a susceptibility 
factor for additional neuropsychiatric phenotypes. Therefore, it would be of 
great interest to see if polygenic risk scores are also increased in WBS 
patients with accompanying ASD compared to WBS individuals showing the 
typical neurocognitive profile. This study would require whole-genome 
genotyping of associated markers, as well as in deep studies of the effect of 
combined common variation on ASD risk, since current polygenic scores for 
ASD explain only a small proportion of the variance (<1%), representing only 
about a third part of that explained for schizophrenia (46,74). 

 

Although our work represents the first genome-wide study carried out in WBS 
patients with associated ASD, it presents several limitations. First, our 
sample size is small, even though this fact is explained by the low prevalence 
of WBS and the even lower prevalence of associated ASD. Second, exome 
sequencing does not interrogate noncoding variation. However, our unbiased 
analysis of second-hit factors suggests that rare deleterious coding variants 
in brain expressed genes that are functionally constrained could play a role in 
the phenotypic variability observed in patients, both by additive and epistatic 
effects. The higher burden of deleterious variants in females suggests that 
the female protective effect may still play a role in the phenotypic variability 
observed in genomic disorders of full penetrance, although further studies are 
needed to confirm that hypothesis. Finally, the study of second-hit SNVs in 
disorders of full penetrance, but variable expressivity, can help uncover new 
genes with milder effects that manifest only in a sensitized background, such 
as in the presence of a major genetic lesion. 
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Supplementary Table 1. Phased haplotypes of all individuals in the two linkage 
disequilibrium blocks identified from rs1138349 to rs13227841 (grey and blue) and from 
rs17851629 to rs2074667 (orange and green). 
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Parental perspectives of knowledge, causes and recurrence risk in 

idiopathic autism and the effect of genetic counseling 

Marta Codina-Solà, Miguel del Campo, Ivon Cuscó, Luis A. Pérez Jurado, 
Clara Serra-Juhé 

In preparation 

Abstract 

Introduction: Autism Spectrum Disorders (ASD) are among the most 
inheritable neurodevelopmental disorders, but their aetiology remains 
unknown in the majority of cases. Therefore, most parents must base their 
reproductive decisions on empiric recurrence risk (RR) estimates. To 
determine factors influencing family planning and benefits of genetic 
counselling (GC), we studied knowledge and perceptions in parents with 
children with idiopathic ASD.   
Materials and Methods: Parents with at least one child with ASD (n=39) 
answered a basal questionnaire addressing different topics, such as 
knowledge, perceived causes and RR or attitude towards genetics. A subset 
whose child had obtained negative results in molecular karyotype and exome 
sequencing (n=15) received GC and a following-up questionnaire afterwards 
and fifteen days later. 
Results: Although most parents had received information about ASD, few 
had seen a medical geneticist or a genetic counsellor. Genetics was the most 
frequent perceived cause, especially among those with affected relatives. RR 
was overestimated by most parents and qualitative and quantitative 
estimates correlated. About half of parents believed that RR affected their 
family planning and their risk perception was higher compared to those who 
did not. After GC, quantitative but not qualitative RR estimates lowered and 
knowledge and favorable opinion towards genetics increased. 
Conclusions: Although most parents perceived genetic factors as the most 
common cause of ASD, few had visited a genetics service. Perception of RR 
affects family planning and is overestimated by most parents. GC can 
improve knowledge and RR estimates and is key to take informed choices.  
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Introduction 

Autism Spectrum Disorders (ASD) are a group of neurodevelopmental 
disorders characterized by impairments in three main domains: 
communication, social interaction and a restricted and repetitive pattern of 
behavior. They typically appear at early childhood and symptoms can vary 
greatly among affected persons, ranging from individuals with severe 
cognitive deficits to high functioning individuals with impaired language and 
poor social skills, but above average intelligence. They are estimated to 
affect 1 in 88 children in the United States, with a male to female ratio of 
4:1(1). ASD are among the most inheritable neurodevelopmental disorders, 
with concordance rates of 60% between monozygotic twin pairs for classic 
autism, that increase to 90% when considering the Broader Autistic 
Phenotype (BAP) (2–9). They are considered a complex multifactorial 
disease, with great genetic heterogeneity and epigenetic and environmental 
factors contributing to the risk.  

Current guidelines for genetic evaluation of patients with ASD recommend a 
tiered approach, in which pedigree analysis and physical examination to 
identify known syndromes should be the first steps. If the clinical presentation 
is suggestive of a specific syndrome, targeted testing of the responsible gene 
is recommended. If no particular condition is suspected, chromosomal 
microarray (CMA) is indicated for all patients. In addition, fragile X testing is 
recommended for all males, as well as MECP2 sequencing to all females 
with a suggestive phenotype. Finally, PTEN testing should be performed in all 
patients with a head circumference >2.5 SD. Overall, the clinical genetics 
evaluation identifies an etiology in approximately 15-30% of individuals 
(10,11). 

Therefore, most cases remain idiopathic and families must base their 
reproductive decisions on recurrence risk figures based on empirical 
estimates. When a specific pattern of inheritance cannot be identified, the 
empiric recurrence risk for ASD of unknown cause is thought to be 10% for 
classical ASD and 15-20% for milder associated conditions, usually termed 
the Broader Autistic Phenotype (BAP) (12–14). Families with more than one 
affected child, have a higher recurrence rate, approximately 35%. In addition, 
the degree of severity is unpredictable, whatever the diagnosis of the first 
child.  



  Chapter 5 
 

 197 

Genetic counseling, the process of helping people understand and adapt to 
the medical and familial implications of a genetic disease, might help families 
understand complex information. A correct understanding is key to adapt to a 
condition and to take informed choices, especially regarding family planning. 
Besides numerical recurrence risk figures, other factors that can affect 
decision-making in family planning are perceived recurrence risk, perceived 
causes and acceptance of genetic testing. Due to its complexity and the low 
diagnostic yield of current genetic tests, information regarding ASD 
heritability and recurrence risk can be difficult to understand and to 
assimilate. Therefore, genetic counseling has great relevance and is 
necessary both for families where a genetic cause can be identified and 
families where the cause remains idiopathic.  

In this regard, several studies have shown that recurrence risk has a great 
impact on family planning in families with children with ASD of unknown 
cause. Reproductive stoppage, the trend for parents of a child with a severe 
disability to have none or fewer children, is a frequent phenomena among 
parents (13,15,16). In fact, studies have shown that reproductive behavior of 
affected families does not change for the first years after the first affected 
child is born, a time when the diagnosis has not been established, but after 
that, their birth rate falls compared to control families (16). Also, children with 
ASD are often the later to be born, suggesting that reproductive stoppage 
should be taken into consideration when estimating recurrence risk (13). 

Since recurrence risk has a great influence on reproductive decisions, 
several studies have evaluated parents’ perception, showing that it is 
consistently overestimated (17–20). Although the impact of perceived 
recurrence risk on reproductive behavior has been less explored, having a 
higher risk perception has been associated to a stronger influence on family 
planning (18). One of the factors influencing risk perception are perceived 
causes. Interestingly, genetic factors are among the most cited causes by 
parents, as well as, vaccines and pregnancy and delivery complications (17–
19,21,22). Although studies in further populations are needed, cultural factors 
seem to have a great impact on perceived causes (20).  

Despite the fact that ASD have a strong genetic component and a clinical 
genetic evaluation is recommended for all patients, several studies show an 
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underutilization of genetic services by affected families(18,23,24). Some 
studies have also addressed reasons to pursue further genetic testing among 
families with children with affected children(21). The majority of responders 
were favorable towards genetic testing, mainly to identify the cause of ASD, 
for family planning and to provide early intervention and treatment. The same 
study also suggested that parents who had undergone genetic testing often 
feel frustrated due to the low diagnostic yield of current diagnostic tests.  

The present study extends previous research about knowledge and 
perceptions about ASD in a sample of Spanish parents, where similar studies 
had not been carried before. Particularly unique to this study is the study of 
the effect of genetic counseling in a group of parents who underwent CMA 
and exome sequencing in the context of a research project. Therefore, the 
aims of this study are: 1) To study perceived causes of ASD, knowledge of 
genetics, opinion and motivation for genetic testing in parents before genetic 
counseling sessions, 2) To assess recurrence risk perceptions and its impact 
on reproductive behavior and 3) To evaluate the impact of genetic counseling 
on knowledge, perceived personal control (PPC), perception of recurrence 
risk in a group of parents with children with idiopathic ASD. 

Material and methods 

Participants' recruitment 

The study was aimed to parents with at least one child affected with ASD. 
Parents were recruited through three different settings. The first group 
consisted of parents who had attended the genetics or pediatric neurology 
services for the first time from January to May 2015 (n=9). Families with 
known diagnoses were excluded from the study and questionnaires were 
given to parents during waiting times before genetic counseling visits. The 
second group consisted of parents recruited through various local ASD family 
associations. Parents who agreed to participate sent their filled 
questionnaires back by email (n=15). Finally, a group of parents was 
recruited through a research study, which applied CMA and exome 
sequencing to unravel new genetic factors involved in the etiology of ASD. 
The group consisted of 15 parents from 11 families. Most families (n=9, 13 
parents) had obtained negative results in both genetic tests.  
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To evaluate if genetic counseling affected parent’s knowledge and 
perceptions of recurrence risk and causes of ASD, we carried out a pilot 
study in the third group of parents recruited through the research study 
(n=15). Parents, as well as close relatives to whom information may be 
relevant, were invited to attend a personalized genetic counseling session to 
discuss genetic tests performed during the project, results and implications 
for family members. Sessions included recording of medical and family 
history, discussion about genetic influence in ASD and modes of inheritance, 
genetic tests performed and implications for other family members. Sessions 
lasted from one hour and a half to two hours. A report explaining genetic 
tests, results and implications for other family members was sent to all 
participants (see Supplementary Information 1). 

Instrumentation 

The questionnaire was designed taking into account previous studies 
addressing parent's knowledge, beliefs and concerns regarding ASD and 
was reviewed by a genetic counselor and a clinical geneticist. Questions 
addressed different topics: 1) Demographics, 2) Previous information and 
sources of information, 3) Perceived causes of ASD, 4) Knowledge, opinions 
and motivation regarding genetics and genetic testing, 5) Knowledge and 
perception of recurrence risk and 6) Impact on reproductive behavior. Types 
of questions included different formats such as: dichotomous, multiple choice, 
Likert scales and nominal.  

All parents were given a basal questionnaire addressing previously 
mentioned topics (Supplementary Information 2). Parents who attended 
genetic counseling sessions were also asked to answer the PPC 
questionnaire (25) before the genetic counseling session.  After the genetic 
counseling session and two weeks later by phone interviews, they were 
asked to answer shorter version of the questionnaire addressing knowledge 
and perception of recurrence risk, applicable knowledge and opinion 
regarding genetics and PPC. 
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Data analysis 

Descriptive statistics were calculated for most of the items. Correlations and 
statistical significance among selected items were assessed with chi-square 
and exact fisher’s tests and t-tests for independent groups. Values in items 
regarding applied knowledge of genetics, opinion, perceptions of recurrence 
risk and PPC were compared before, right and fifteen days after genetic 
counseling sessions. Items of applied knowledge of genetics were rated on a 
one-point scale (0 points for incorrect or do not know answers and 1 point for 
correct answers). The total score was the sum of raw scores. Opinion’s total 
score was calculated in a similar manner. Each item was rated on a one-point 
scale, and each item was rated on a three-point scale of agreement (-1=do 
not agree, 0= has not yet formed a view on this, 1=agree). Perceived 
personal control was measured as previously described (25) . 

Results 

Sample Demographics 

A total of 39 parents agreed to participate in the study. As shown in table 1, 
the majority was female. Their mean age was 44.79 years (SD=7.35) and 
most (82%) was married. The highest level of education obtained varied 
among participants and most of them were employed full time. The majority 
of families had two children. All families had one affected child and most of 
them were reported to be affected with classic autism.  Participants were also 
asked about the presence of additional affected family members and 
approximately 44% of respondents thought they had one or more affected 
relative.  

Previous information about ASD 

Most parents (29/37, 78%) had received previous information about ASD. 
When asked about which professional informed them about the disorder, a 
great majority answered that their source of information was a pediatrician 
neurologist (27/39, 69%). The second most frequent source of information 
was the Internet (9/39, 23%), followed by a clinical geneticist (4/39, 10%), a 
genetic counselor (2/39, 5%) and finally a primary care physician (1/39, 
2.5%). 
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The most common topic parents had 
received information about was 
therapies and treatments (20/39, 
51%). An important part had also 
received  

information about diagnostic and 
characteristics of the disorder 
(16/39, 41%), but only a quarter or 
less had received information about 
recurrence risk (10/39, 25%), 
genetic tests available (8/39, 20%) 
and causes (4/39, 10%). Among 
parents who have been contacted 
through family associations, who 
represent an unbiased sample of the 
population, these percentages 
varied. Although the number of 
participants is small (n=15), none 
had seen a clinical geneticist. 

Perceived causes of ASDs 

To evaluate parents’ perceived 
causes, participants were asked to 
choose as many items as wanted 
among a list of the most common 
reported causes of ASD. The most 
frequent believed cause was genetic 
factors, as 74% of parents (29/39) 
chose this option. The second most 
prevalent perceived cause was 
different brain development (15/39, 
38%) followed by vaccines (10/39, 
25%). A breakdown of the different 
causes included in the questionnaire 
and their relative percentage can be 
seen in Table 2 

Gender % 
Men 26% 
Women 74% 
  Age (years) 
26-34  28% 
35-44 47% 
45-49 15% 
50-59 11% 
  
Current relationship status 
Married 82% 
Divorced 15% 
Living with partner 3% 
  
Highest level of education obtained 
Primary school 8% 
High school 21% 
Grade vocational training 28% 
College graduate 36% 
Post graduate degree 8% 
  Employment status 
Full time 49% 
Half time 23% 
Student 3% 
Retired 0% 
Work at home 18% 
Unemployed 8% 
  Number of children 
1 21% 
2 56% 
3 23% 
  Diagnosis of affected children 
Autism 64% 
Asperger 33% 
PDD-NOS 3% 

Table 1. Sample demographics 
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Table 2. Parents’ perceptions of ASD causes. 

Chi-square analysis was conducted to test whether perception of genetic 
factors as causative of ASDs was associated with reporting affected relatives 
and between reported diagnosis (classic autism, Asperger or PDD-NOS). 
Perception of genetic factors as a cause was associated with having an 
affected family member (p=0.017) and Asperger’ self-reported status of 
affected child (p=0.01). 

Knowledge and opinion about genetics 

Next, we evaluated parents’ knowledge and opinion about genetics. 
Questions were designed to evaluate topics that would have been addressed 
in a genetic counseling session and that could apply to most genetic 
diseases. Participants were asked to answer five true/false items, such as 
“Current genetic tests discard all causes of ASDs” or “Negative genetic test 
results mean that recurrence risk in an hypothetic subsequent pregnancy is 
similar to that of the general population”. For 4 out of 5 of the questions, 
incorrect and do not know answers exceeded correct answers (Figure 1a). 

Opinion about genetics was evaluated by four items addressing different 
topics, such as expectations, approval or interest in genetic testing. 
Participants were asked to rate each item with one of three possible options 
(Agree, disagree or do not know). Opinion about genetic testing was 
favorable, with positive answers towards genetic and genetic testing ranging 
from 70 to 80%. The lowest number of favorable opinions was registered for  

Cause N % 
Genetic factors 29 74% 
Alternative brain development 15 38% 
Vaccines 10 26% 
Pregnancy complications 9 23% 
Toxic exposure during pregnancy 8 21% 
Childbirth complications 3 8% 
Childhood illness 2 5% 
Infections during pregnancy 3 8% 
Mother's age 1 3% 
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an item regarding therapy development, which stated, “Genetic advances will 
contribute to development of therapies” (Figure 1b). 

Figure 1. A) Applied knowledge of genetics. B) Opinion about genetics 

Access and interest in genetic testing 

Regarding access to genetic testing, 61% of participants (24/39) stated that 
their child had undergone some kind of genetic test. When asked what type 
of genetic test had their children undergone, 54% of participants (13/24) 
answered fragile X, followed by karyotype (9/24). Approximately 29% of 
respondents did not know what kind of genetic test had their children 
undergone. A similar proportion (29%, 7/24) answered MLPA and only 4% 
(1/24) answered CMA or single gene sequencing. Among parents recruited  
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through family associations, who are not biased by sample selection, only 
27% (4/15) had access to genetic testing, specifically fragile X (n=3) and 
karyotype (n=2). 

Interest in further genetic testing among parents with children with idiopathic 
ASD was high. The great majority (35/36) stated that they would be 
interested in further genetic testing. Parents were asked to indicate and 
prioritize reasons for wanting further testing. The participant who did not want 
further genetic testing stated that he/she “did not believed that the result 
would lead to a better treatment or therapy”. Among parents who were 
interested in further genetic testing, the first reason was to improve medical 
follow-up of their affected children, followed by information for non-affected 
children (Table 3). 

Table 3. First choice reason of parents for further genetic testing.  

Perception of recurrence risk and effect on family planning 

Perception of recurrence risk was measured in both quantitative and 
qualitative terms. Regarding quantitative risk, parents were asked to write 
their perceived recurrence risk from 0 to 100% in an open question. 
Qualitative risk perception was evaluated by a forced choice question, in 
which parents could choose between four different options: null, low, high or 
very high risk. Regarding quantitative measures, approximately a quarter of 
parents (26%) did not answer or said they did not know their recurrence risk 
(Table 4). Among parents who answered (n=29), 51%  believed that their 
recurrence risk was 50% and a great majority (75%, 22/39) believed their 
recurrence risk was 50% or higher. Regarding qualitative measumrents, 54% 
of parents qualified their perceived recurrence risk as high (Table 5). 

 

Reason for further genetic testing 1st choice (%) 

Medical follow-up 31 
Information for non affected children 21 
Contribution to science 17 
Definite diagnosis 10 
Information for other family members 10 
Future pregnancy 10 
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Quantitative risk range N % 
0 -1% 1 3 
1-10% 2 6 
11-25% 4 10 
26-49% 0 0 
50-69% 15 38 
70-99% 5 13 
100% 2 5 
N/K 3 8 
N/A 7 18 

Table 4. Quantitative risk estimates of recurrence risk among parents. 

 

 

 

Table 5. Qualitative risk estimates of recurrence risk among parents. 

Interestingly, perception of quantitative recurrence risk correlated with 
qualitative risk (Spearman R=0.75, p=0.01), although numeric values varied 
among each categorical risk classification  (Figure 2). 

 
 
 
 
 

 

 

 

 

 

Figure 2. Graph showing mean quantitative risk within each category of qualitative risk. 
Error bars show 95% Confidence Intervals. 

Qualitative risk N % 
Very high 7 21 
High 18 54 
Low 6 18 
Null 2 6 
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Regarding the effect of perceived recurrence risk on reproductive behavior, 
54% of participants (20/37) answered that recurrence risk had had an effect 
on their family planning. Of these, 82% said that it had affected “much” their 
reproductive behavior. Statistical analyses were carried out to assess if 
higher risk perception was associated to self-reported effect on reproductive 
behavior. Student’s t test was used to compare quantitative risk perception 
between respondents who answered that recurrence risk had an effect on 
their decisions and those who answered that it had not. Quantitative risk 
perception was not associated with family planning decisions, since mean 
quantitative recurrence risk measures did not differ between the two groups.  

However, qualitative perception of recurrence risk was associated with 
reporting an effect on family planning. Fisher’ exact test was used to test if 
the distribution of qualitative risk perception was significantly different 
between those who felt that it had an effect on family planning and those who 
did not. Parents who answered that perception of recurrence risk had an 
effect on family planning tended to perceive their risk as higher than those 
who did not (p=0.002, Figure 3).  

 
Figure 3. Distribution of qualitative risk among parents who stated that recurrence risk 
had had an effect on family planning and those who did not. 
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We also asked parents for reasons influencing their reproductive behavior 
(Table 6). The most common reason among respondents that believed 
recurrence risk had an effect on their family planning was “fear of having an 
affected children”, whereas among respondents not influenced by it (n=17), it 
was “family was already completed”.  

Table 6. Reasons influencing family planning among parents that believed that 
recurrence risk had an effect on their reproductive behavior and those who did not. 

Effect of genetic counseling on knowledge, opinion, perceived 
recurrence risk and personal control 

A subset of parents (n=15) from 11 families whose child had participated in a 
research project involving exome sequencing and CMA, were offered genetic 
counseling sessions to assess if genetic counseling improve knowledge 
about genetics, as well as about recurrence risk.  Parents who agreed 
received genetic counseling sessions, which included recording of medical 
and family history, discussion about genetic influence in ASD and modes of 
inheritance, genetic tests performed and implications for other family 
members. Sessions lasted from one hour and a half to two hours. 
Participants received a shorter questionnaire before, right after the session 
and two weeks later to evaluate the effect of genetic counseling on items 
related to knowledge, perceived personal control (PPC), and recurrence risk 
perception. 

Before genetic counseling sessions, the mean genetics knowledge score was 
1.3/5 (SD=1.79), which increased to 3.9 after genetic counseling (SD=0.83) 
and to 3.64 (SD=1.11) two weeks after. The effect of genetic counseling in 
knowledge was statistically significant at both time points (Student’s t-test for 
paired samples, p= 6x10-4 right after genetic counseling sessions and p= 

Reason 
Effect on family planning 

Yes No 
Fear of having an affected child 17 (85%) 0 
Economical resources devoted to a new child 8 (40%) 0 
Time devoted to a new child 9 (45%) 1 (6%) 
Efforts devoted to a new child 9 (45%) 0 
Completed family 4 (20%) 12 (71%) 
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2x10-2 15 days later, Figure 4A.) Regarding opinion about genetics and 
genetic testing, favorable attitude increase after the session, since the mean 
total score regarding opinion before genetic counseling was 2.47 (SD=1.88), 
and after was 3.5 (SD=0.63). However, this increase failed to reach statistical 
significance (p=0,051, Figure 4B). 

Mean perceived quantitative recurrence risk was compared before and after 
genetic counseling sessions. Families who were given positive results (n=2) 
were excluded, since their recurrence risk varied from those with children 
with idiopathic ASD. Since the cause was de novo in both families, their risk 
was estimated at 1% taking into account the possibility of germinal 
mosaicism. Participants from both families (n=2) estimated their recurrence 
risk correctly after and 15 days after genetic counseling session. Regarding 
the rest of participants with negative results, all estimated their recurrence 
risk at 50% before genetic counseling sessions. After genetic counseling 
sessions mean perceived recurrence risk was reduced to 24.5% (SD=15%, 
(p=0.001), Figure 4C). Moreover, the great majority of participants (77%, 
10/13) estimated that their risk was lower compared to their initial belief and 
of these, 7/10 (70%) gave accurate numeric values. However, 15 days after 
genetic counseling sessions, perceived risk increased for 5/10 (50%) of the 
participants who had lowered their estimates after sessions. Mean perceived 
risk 15 days after sessions was 30.8% (SD=28%). This was not statistically 
significant (p=0.06), although it shows a certain tendency.  

Qualitative measures of perceived recurrence risk were compared before, 
after genetic counseling session and 15 days later using the Wilcoxon rank 
test. Again, participants with positive results were excluded from the analysis. 
Both participants qualified their risk as null, since the cause was found to be 
de novo in both cases. Regarding cases with negative results, qualitative 
measures before genetic counseling sessions did not differ significantly from 
those after sessions (Wilcoxon signed-rank test, p= 0.56) or 15 days later 
(Wilcoxon signed-rank test, p= 0.26). However, post counseling qualitative 
high and low values seem to increase both just and 15 days the after 
sessions (Figure 4D). 
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Figure 4 a) Total knowledge scores pre, post and 15 days after genetic counseling 
sessions. b) Total opinion scores pre, post and 15 days after genetic counseling sessions. 
c) Quantitative recurrence risk pre, post and 15 days after genetic counseling sessions. 
d) Qualitative perception of recurrence risk pre, post and 15 days after genetic 
counseling sessions.  

Since PPC scores have been reported to increase after definite diagnosis, 
parents with positive results (n=2) were excluded from this analysis. PPC 
total score mean before genetic counseling was 1.30/2 (SD=0.59) and this 
score was slightly increased after genetic counseling (mean= 1.37, SD=0.56). 
This result was not statistically significant (p=0.093), although it approaches 
significance. Comparisons of cognitive, decisional and behavioral PPC 
dimensions were neither statistically significant, although the decisional mean 
score increased slightly, but failed to reach significance (p=0.096). 

Discussion 

In this study, we evaluated previous information, knowledge, opinion, 
perceived causes and recurrence risk in a group of 39 parents with a child 
affected with ASD. In addition, we assessed the effect of genetic counseling 
in a group of participants whose child obtained negative results in two of the 
current tests of choice for the genetic diagnosis of ASD (CMA and exome 
sequencing). Overall, the results show an underutilization of genetic services, 

a) b) 

c) d) 

0 

1 

2 

3 

4 

5 

Before Right after 15 days later 

To
ta

l s
co

re
 

Applied knowledge of genetics 

0"

1"

2"

3"

4"

Before After 

To
ta

l s
co

re
 

Opinion regarding genetics and 
genetic testing 

0 

20 

40 

60 

80 

100 

Before After 15 days later 

P
er

ce
nt

ag
e 

Quantitative recurrence risk 

0% 

20% 

40% 

60% 

80% 

100% 

Pre Post 15 days after 

P
er

ce
nt

ag
e 

Qualitative recurrence risk 

Very high 

High 

Low 



Chapter 5   
 

 210 

although nearly all participants expressed their interest in it and genetics was 
the most common cited cause by parents. Moreover, most parents had an 
inaccurate perception of their recurrent risk, yet half of them admitted it had 
an effect on their reproductive decisions. Finally, we show that genetic 
counseling has a positive effect on recurrence risk estimates, both for 
families with definite genetic diagnosis and those with ASD of unknown 
cause. 

Similar to previous results, we report an underutilization of genetic services 
by families with children with ASD (17,18,24). Only 10% of parents in our 
study had seen a clinical geneticist and, none of the participants recruited 
through families associations had access to a genetics service. It is also of 
interest, that two of the participants said they had never received previous 
information about ASD, despite having visited several health professionals 
multiple times. This suggests that the information provided during those visits 
did not meet parents’ needs and so, was perceived as of no utility.  

Clearly, the lack of utilization of genetic services does not seem to be due to 
a disinterest, since the great majority of parents in our study (74%) believed 
that genetic factors were one of the main causes of ASDs, similar to previous 
studies conducted in Western countries (17,18). Perception of genetic factors 
as a cause of ASD was related to presence of affected family members, 
highlighting that personal experience is one of the main factors that shape 
perception and beliefs. Interestingly, that 26% of parents in our study 
believed vaccination was a causative factor for ASD, similar to previous 
reports (17,18). Since vaccines are key elements of public health, health 
professionals should address cause perceptions during visits and provide 
parents with updated information about its benefits and the lack of proven 
association.  

Despite the fact that very few parents reported seeing a genetic professional, 
60% of families had undergone genetic testing. The percentage of families 
who had received genetic testing was lower among parents recruited through 
family associations, who represent an unbiased sample, since only 26% had 
received some kind of genetic testing.  Among this unbiased sample, the only 
genetic testing received was karyotype and fragile X testing and none of the 
participants had received CMA, the recommended first-choice test in ASD. 
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Interestingly, most participants showed a lack of knowledge about basic 
genetic concepts. Parents were asked several questions about the meaning 
of negative results and its implications for recurrence risk and reproductive 
options, showing that for most of the answers, incorrect and do not know 
answers outnumbered correct answers. This suggests that these topics were 
not addressed during pretest counseling sessions. 

Despite this lack of access to genetic services, interest in genetic testing was 
very high. Specifically, all participants except one expressed their interest in 
further genetic testing. The most common reason was to improve the medical 
management of their affected child and only 10% of parents would like to use 
this information for family planning. This low percentage may be due to time 
elapsed between ASD diagnosis and the present study and the age of our 
participants, since 60% of the participants were older than 40 years old. 
Moreover, the fact that half of the participants admitted that recurrence risk 
had an effect on family planning, suggests that genetic testing and conseling 
would have been considered useful if offered at the right time. In agreement, 
among families who felt that recurrence risk had had an effect on family 
planning, the main reason influencing reproductive behavior was “fear of 
having an affected child”. On the contrary, among parents who stated that it 
had not an effect it was “family already completed”. The high influence of 
recurrence risk on reproduction agrees with previous studies reporting a high 
incidence of reproductive stoppage in families with children with ASDs 
(13,15,16).  

The high influence of recurrence risk on family planning is also related to the 
inaccurate overestimation of recurrence risk by parents, which has also been 
reported in previous studies (18,20). In our study, most parents estimated 
their recurrence risk in 50%, a calculation based on the relation between the 
number of affected children and the total number of children they had. 
Interestingly, quantitative risk correlated with qualitative risk, with higher 
numeric estimates being more frequent among categorical estimates of “high” 
or “very high” risk. Therefore, perceived recurrence risk seems to be one of 
the most important decision making factors among parents with a child on the 
spectrum.  
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As genetic counseling might help families understand complex information 
and adapt to this risk, we explored if genetic counseling had an effect on 
knowledge, recurrence risk estimates and PPC. To this end, we offered 
counseling sessions to a group of parents (n=15) who had undergone exome 
sequencing and CMA in a research study. Despite our small sample size, the 
results show that genetic counseling improved knowledge scores both after 
sessions and 15 days after. PPC increased slightly after sessions, although 
the difference was not statistically significant. This may be due the fact that 
all parents had obtained negative results in both tests, since previous studies 
have shown that higher increments in PPC are experienced when families 
are given positive results. Although PPC did not change after genetic 
counseling sessions, recurrence risk perception lowered after sessions and 
two weeks later. Interestingly, qualitative risk estimates decreased from high 
to low for a group of respondents, but increased from high to very high for 
another group two weeks after genetic counseling sessions. This may be 
explained by different personal experiences between the two groups that 
shape their recurrence risk perceptions. Also, the qualitative difference 
between the categories “high” and “very high” may seem smaller than 
between “high” and “low”, making it more probable for parents to shift 
between the first two categories than between the last. Finally, the time 
elapsed between genetic counseling sessions and phone interviews two 
weeks after, may allow parents to assimilate the information provided and 
change their recurrence risk perception. In addition, sessions also provided 
parents with a space to share their experiences, which was corresponded 
with a general feeling of gratitude. Most participants recalled their initial 
confusion after the diagnosis and stated that they would have welcomed 
professional guidance, as well as an integral care plan. Siblings who 
attended counseling sessions shared their worries about the responsibility 
that entailed taking care of their affected sibling, as well as fears for their own 
recurrence risk. 

To conclude, the results of this study show an underutilization of genetic 

services among parents with children with ASD. In contrast, most parents 

believe genetics is one of the major causes and express interest in genetic 

testing. Despite this, most families had not access to CMA, the standard and 

recommended test of choice. The underutilization of genetic services leads, 
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among others, to an overestimation of recurrence risk, which has a great 

impact on family planning. Our smaller study on a selected group of parents 

shows that genetic counseling can help parents to understand the 

implications of negative results, as well as to better estimate their recurrence 

risk. Currently, about 20% of children with ASDs can be diagnosed by a 

tiered diagnostic approach, and this percentage will surely increase in the 

next years with the advent of next generation sequencing. Therefore, an 

important number of families would benefit from a comprehensive genetic 

evaluation and genetic counseling. For all that, the referral criteria and 

diagnostic process of children with ASD should be revised, to ensure that all 

families have access to genetic services and genetic counseling.  
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Máster en Asesoramiento Genético 
Universitat Pompeu Fabra 
 
 
 

CUESTIONARIO DEL PROYECTO: 
“ASESORAMIENTO GENÉTICO EN TRASTORNOS DEL ESPECTRO 

AUTISTA” 
 
 
Este cuestionario tiene como objetivo el análisis del conocimiento, opiniones y necesidades de las familias con 
un hijo con trastorno del espectro autista (TEA) en relación al asesoramiento genético. Los datos obtenidos 
mediante este estudio serán tratados de forma completamente anónima. Este estudio tiene como objetivo 
determinar cuales son las necesidades de las familias con el fin de mejorar la calidad del asesoramiento 
genético en familias con hijos con trastorno del espectro autista. 
 
 
Por favor, conteste siguientes preguntas marcando con una X las casillas correspondientes 
o rellenando las tablas correspondientes. Cuando termine, haga clic en guardar. 
 
1.  ¿Ha recibido información anterior sobre los trastornos del espectro autista? 

 
 Sí 
 No 

 
En caso afirmativo, ¿qué profesional le ha transmitido y asesorado sobre este tema? 
Puede marcar más de una casilla. 
 

 Mi médico de cabecera 
 Un médico especialista: pediatra, neurólogo, etc. 
 Un genetista clínico 
 Un asesor genético 
 Un enfermero/a 
 A través e internet o otros medios de comunicación 
 Otros (por favor, especifique):  

 
En caso afirmativo, ¿qué información ha recibido a través de este/os profesionales? 
Puede marcar más de una casilla. 
 

 Información sobre el riesgo de recurrencia para un futuro embarazo 
  Información sobre las causas de la enfermedad 
  Información sobre el diagnóstico y la historia natural de la enfermedad 

 Información sobre terapias y tratamientos para la enfermedad 
  Información sobre las pruebas genéticas disponibles para su diagnóstico 
 
2.  ¿Tiene contacto o forma parte de alguna asociación de padres con hijos/as con TEA o 
persones con TEA? 

 Sí 
 No 

 
En caso afirmativo, ¿de qué asociación se trata? 
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3. ¿Cuáles de estos factores cree usted que pueden causar autismo? 
Puede marcar más de una casilla. 
 
  Complicaciones durante el parto 
  Complicaciones durante el embarazo 
  Dieta (alergias o intolerancias a ciertos alimentos, etc.) 

 Exposición a tóxicos durante el embarazo (tabaco, drogas, alcohol, radiación…)  
  La edad del padre en el momento del nacimiento 
  Factores genéticos 
  Enfermedades durante la infancia o la niñez  
  Diferente desarrollo cerebral 
  Infecciones durante el embarazo 
  La edad de la madre en el momento del nacimiento 
  Vacunas 
  Otros (por favor, especifique):  
 
4. ¿Sabe si a su hijo se le ha realizado algún tipo de estudio genético? 

 Sí    
 No 
 No lo sé 

 
En caso afirmativo, ¿qué pruebas genéticas le han sido realizadas? 

 Cariotipo 
  aCGH o array 

 X-frágil 
 MLPA 
 Secuenciación de exoma 
 Secuenciación de genes específicos 
 No lo sé 

 
5. ¿En relación a los estudios genéticos realizados o no en su hijo/a,  cuáles de estas 
afirmaciones le parecen verdaderas o falsas? Marque con una X la casilla correspondiente. 
 
 Verdadero Falso No lo sé 
a. Las pruebas genéticas realizadas en mi hijo/a 
descartan todas las posibles causas genéticas. 

     

 

     

 

     

 

b. El hecho que todos las pruebas genéticas hayan 
dado negativo en mi hijo/a significa que el riesgo de 
recurrencia para un siguiente embarazo es muy bajo, 
igual al de otra pareja sin un antecedente. 

     

 

     

 

     

 

c. El hecho que todos las pruebas genéticas hayan 
dado negativo en mi hijo/a significa que su autismo 
no tiene un origen genético 

     

 

     

 

     

 

d. Se puede realizar diagnóstico prenatal en un 
siguiente embarazo aunque no se conozca la 
anomalía genética responsable de la enfermedad en 
el primer hijo afecto 

     

 

     

 

     

 

e. El resultado de un test genético puede tener 
implicaciones para otros familiares 
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6. ¿En relación a los estudios genéticos realizados en su hijo/a,  con cuáles de estas 
afirmaciones está de acuerdo? Marque con una X la casilla correspondiente. 
 
 De 

acuerdo 
En 
desacuerdo 

No lo sé 

a. Creo que el desarrollo de la genética contribuirá al 
desarrollo de tratamientos para el trastorno del 
espectro autista.  

     

 

     

 

     

 

b. Me gustaría saber si la enfermedad de mi hijo es 
hereditaria, aunque no haya tratamiento disponible 

     

 

     

 

     

 

c. Apruebo el uso de pruebas genéticas que puedan 
contribuir al diagnóstico temprano de la enfermedad  

     

 

     

 

     

 

d. En el caso de participar en estudios de investigación 
adicionales, me gustaría ser informado de los 
resultados, aunque no se haya encontrado ningún 
resultado 

     

 

     

 

     

 

 
 
 
7. Si fuera posible, ¿le gustaría participar en estudios genéticos adicionales que 
permitieran determinar la causa del autismo en su hijo/a? 
 

 Sí    
 No 

 
 
En caso afirmativo, ¿cuáles serían sus principales motivaciones? 
Ordénelas de mayor a menor preferencia, donde 1 es el principal motivo y 7 es el motivo 
que menos le influiría: 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
En caso negativo, ¿cuáles serían sus principales motivaciones? 
 

 No creo que el resultado del test mejore la situación de mi hijo ni contribuya a un 
mejor tratamiento 

 No deseo saber si se trata de una enfermedad hereditaria 
 No creo que la causa del autismo de mi hijo/a sea de origen genético 
 Otros (por favor especifique):  

 
 
 
 
 

Número Motivación 

     

 Contribuir al conocimiento y a la ciencia 

     

 Obtener un diagnóstico definitivo 

     

 Beneficios para otros familiares: establecer su riesgo de tener un hijo 
con autismo 

     

 Establecer el riesgo de recurrencia para el siguiente embarazo con el 
fin de tener un hijo no afecto 

     

 Beneficios para los hijos no afectos: establecer su riesgo de tener un 
hijo con autismo 

     

 Mejorar el manejo y tratamiento de mi hijo con autismo 

     

 Otros (por favor especifique): 
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8.  Si tuviera otro hijo, escriba el riesgo del 0% al 100% que cree que tendría padecer 
autismo, donde 0% es nulo y 100% es máximo: 
 
 

     

 % 
 
 
9.  ¿Si tuviera otro hijo/a, cuál cree que sería su riesgo de padecer autismo? 
    

Riesgo cero  
Riesgo bajo 
Riesgo alto 
Riesgo muy alto 

    
10.  En caso de tener otro hijo y resultar afecto, ¿cree usted que su autismo sería… 

 
 de menor gravedad  
 de igual gravedad   
 de mayor gravedad   
 No es posible prever la gravedad     
 No lo sé 

 
 
11.  ¿Cree usted que el riesgo de tener otro hijo ha afectado a su decisión de tener más 
hijos? 

  Sí     
  No 

 
En caso afirmativo, ¿en qué grado cree usted que afecta a su decisión? 

  
  Poco        
  Bastante      
 Mucho 

 
 
12. ¿Qué motivos influyen o influyeron en su decisión de tener o no tener más hijos/as?  
Puede marcar más de una casilla. 
 
    El miedo de tener otro hijo/a afecto 

  Tener otro hijo/a me impediría dedicar el tiempo necesario para el cuidado de 
mi hijo con autismo  

  Tener otro hijo/a me impediría dedicar el dinero necesario para el cuidado de mi 
hijo con autismo  

  Tener otro hijo/a me impediría dedicar el esfuerzo necesario para el cuidado de 
mi hijo con autismo  

   No deseo tener más hijos/as independientemente del resultado 
   Otros (por favor, especificar): 
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DATOS DEMOGRÁFICOS 
 
1. Edad actual: 

     

 
 
 
2. Relación actual 

 Divorciados o separados 
 Pareja de hecho 
 Casados 
 Soltero/a 
 Víduo/a 
 Otros (especificar): _________________ 

 
3.  Grado máximo de educación: 

 
 Primaria 
 Instituto 
 Formación profesional 
 Diplomatura/licenciatura 
 Postgraduado (máster, postgraduado) 
 Educación postgraduado (doctorado) 

 
 
4. ¿Cuál es su estado laboral actualmente? 
 

 Trabajo a tiempo completo 
 Trabajo a media jornada 
 Estudiante 
 Jubilado 
 Trabajo en el hogar 
 Sin trabajo 
  Otros (especificar): 

 
 
6. Por favor, rellene la siguiente tabla respecto al diagnóstico y edad de sus hijos: 
 
 
 
 
 
 
 
 
 
 
7. ¿Alguno de sus otros familiares padece también autismo? 
 

 Sí 
 No 
No lo sé 

 
En caso afirmativo, ¿qué relación familiar tiene con él o ella? 

     

 
 
 

Hijo/a Edad Sexo  
(H/M) 

Diagnóstico: 
afecto de autismo 
(SÍ/NO) 

1 

     

 

     

 

     

 
2 

     

 

     

 

     

 
3 

     

 

     

 

     

 
4 

     

 

     

 

     

 
5 
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Si desea recibir más información e asesoramiento genético acerca de los Trastorno del 
Espectro Autista, por favor deje sus datos de contacto: 
 
Nombre y apellidos: 

     

 
Teléfono/s de contacto: 

     

 
Dirección de correo electrónico (opcional): 
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INFORME DE ASESORAMIENTO GENÉTICO!

En la Unidad de Genética de la Universitat Pompeu Fabra se ha llevado a 
cabo un estudio de investigación con el objetivo de determinar las bases 
genéticas de los trastornos del espectro autista (TEA). Este estudio ha sido 
financiado por agencias públicas (FIS/ISCIII) y autorizado por el Comité 
Ético de Investigación Clínica de la Institución. Las muestras se obtuvieron 
con consentimiento informado. Se ha recibido una muestra de sangre 
periférica del paciente PACIENTE  , a partir de la cual se ha extraído ADN y 
se han realizado dos estudios genéticos (cariotipo molecular y secuenciación 
de exoma) con finalidades diagnósticas y de investigación. 

Nombre del paciente:  PACIENTE  !
Hospital de referencia: Hospital del Mar!

MOTIVO DE CONSULTA!

Acuden a consulta PADRE y MADRE, padres de PACIENTE, con el fin de 
conocer los resultados de las pruebas genéticas de PACIENTE.!

ANTECEDENTES PERSONALES!

PACIENTE es fruto de una gestación controlada, sin incidencias. Su 
desarrollo psicomotor fue normal durante el primer año. A los dos años, fue 
derivado al CDIAP por un retraso en el desarrollo psicomotor, donde estuvo 
en seguimiento hasta los cinco años. De pequeño realizaba con frecuencia 
estereotipias, que han disminuido mucho con la edad. En el año 2002 fue 
diagnosticado de TEA clásico mediante la Entrevista para el Diagnóstico de 
Autismo-Revisada (ADI-R), cumpliendo puntuaciones en las tres áreas 
evaluadas (comunicación, interacciones sociales recíprocas y conductas e 
intereses restringidos, repetitivos y estereotipados). Actualmente, 
PACIENTE tiene 10 años. En cuanto al lenguaje, presenta una buena 
comprensión y un lenguaje expresivo más limitado.  

Pruebas genéticas anteriores:!

- Cariotipo: 46, XY. !
El cariotipo permite estudiar alteraciones del número de 
cromosomas, así como pérdidas, ganancias y reordenamientos del 
material genético de gran tamaño. Los cromosomas son las 
estructuras en las cuales se organiza nuestro material genético 
dentro de las células. Cada una de nuestras células contiene 46 
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cromosomas (23 pares), 23 procedentes de la madre y 23 
procedentes del padre. En cada cromosoma hay varios genes o 
unidades de información y de cada uno de ellos también tenemos 
dos copias, la que heredamos del padre y la que heredamos de la 
madre. En este caso, el estudio del cariotipo no reveló ninguna 
alteración numérica o estructural.!
!

- Estudio molecular de X-frágil (Hospital de Cruces): negativo. !
El síndrome de X-frágil es la causa más frecuente de discapacidad 
intelectual hereditaria y una de las causas más comunes de TEA. Se 
estima que entre el 2-6% de los casos de TEA son debidos al 
síndrome de X-frágil y que un 30% de los afectos de X-frágil tienen 
TEA. El estudio molecular del síndrome de X-frágil no reveló 
ninguna alteración en el gen FMR1, descartando este síndrome 
como causante del trastorno de PACIENTE. !

ANTECEDENTES FAMILIARES:!

PACIENTE es hijo de una pareja sana no consanguínea. Tiene un hermano 
mayor y una hermana menor, HERMANO_VARÓN y HERMANA_MUJER. 
No hay antecedentes familiares de interés. 

PRUEBAS REALIZADAS EN LA UNIDAD:!

- Cariotipo molecular (diseño propio, 5300 BACs, densidad cada 
0.5Mb): negativo!
El cariotipo molecular detecta pérdidas o ganancias de material 
genético de menor tamaño no visibles mediante cariotipo 
convencional. Actualmente es la prueba genética recomendada para 
el diagnóstico genético de trastornos del espectro autista. En el caso 
de PACIENTE, el estudio del cariotipo molecular no ha revelado 
ninguna ganancia ni pérdida de material genético responsable del 
trastorno.!
!

- Secuenciación de exoma (captura Nimblegen SeqCap EZ Exome 
v2.0-36 Mb, secuenciador SOLiD 4 Seq, Applied Biosystems): 
negativo!
La secuenciación de exoma es una técnica que permite estudiar 
todos los genes en un solo análisis. Detecta pequeños cambios del 
material genético, llamadas variantes o  mutaciones, que pueden 
alterar la función de un gen y dar lugar a enfermedad. Este estudio 
no ha revelado la presencia de ninguna mutación asociada con el 
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trastorno de PACIENTE y no ha permitido establecer si existe una 
alteración genética responsable del fenotipo. !

VALORACIÓN Y ASESORAMIENTO GENÉTICO!

Los trastornos del espectro autista o TEA son un grupo de trastornos del 
neurodesarrollo infantil que normalmente se manifiestan antes de los 3 años 
de edad. Aunque los síntomas del TEA varían mucho en cada niño o niña, 
se pueden agrupar en tres áreas del desarrollo: conductas repetitivas y 
estereotipadas, dificultades de comunicación y dificultades en las relaciones 
sociales. Estas alteraciones se expresan de forma distinta en cada niño y, 
por eso, se habla de un grupo o espectro de trastornos. Tienen una 
prevalencia estimada de 1 de cada 110 niños y son cuatro veces más 
frecuentes en varones que en mujeres. Algunos niños y niñas con TEA 
pueden tener también otras alteraciones cognitivas, como dificultades de 
aprendizaje o discapacidad intelectual, trastorno por hiperactividad y déficit 
de atención o epilepsia.!

Todavía no se conocen todas las causas TEA, pero se cree que están 
involucrados tanto factores genéticos como ambientales. El material 
genético es el libro de instrucciones de nuestro cuerpo y regula tanto su 
formación como su funcionamiento. El material genético se encuentra en 
cada una de nuestras células y se organiza en 46 cromosomas (23 pares), 
23 procedentes de la madre y 23 procedentes del padre. En cada 
cromosoma hay varios genes o unidades de información y de cada uno de 
ellos también tenemos dos copias, la que heredamos del padre y la que 
heredamos de la madre. Desde el punto de vista genético, el TEA es una 
entidad muy heterogénea, en la que pueden estar implicados cambios 
genéticos o mutaciones en centenares de genes. Actualmente, se considera 
que la gran mayoría de casos (alrededor del 70%) son debidos a un modelo 
multifactorial. En los casos multifactoriales, la suma de cambios en el 
material genético de pequeño efecto y de factores ambientales contribuiría al 
riesgo final de desarrollar TEA, pero ninguno de estos factores sería 
determinante por si solo. El resto de casos (aproximadamente 30%) son 
causados por un único factor genético determinante. Este cambio puede 
afectar a centenares de genes diferentes y puede seguir un patrón de 
herencia autosómico dominante, autosómico recesivo o recesivo ligada al 
cromosoma X. En el caso de la herencia autosómica dominante, el riesgo 
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depende de si los padres son portadores o no de la misma alteración 
genética. En caso de padres portadores, el riesgo de descendencia afecta 
es del 50%. Si los padres no son portadores, la probabilidad es del 1%, ya 
que existe el riesgo de mosaicismo germinal, es decir, que la alteración en 
algunas células reproductivas adicionales (óvulos o espermatozoides) de 
uno de los dos progenitores. En la herencia autosómica recesiva, los dos 
miembros de la pareja son portadores de una alteración genética y el riesgo 
de descendencia afecta es del 25%. En el caso de la herencia recesiva 
ligada al X, las mujeres pueden ser portadoras sanas de una alteración. En 
ese caso, el riesgo para los hijos varones es del 50% y las hijas mujeres 
tendrían un 50% de riesgo de ser portadoras. 

 Esta gran heterogeneidad genética dificulta mucho el estudio genético 
de los TEA. Las pruebas genéticas disponibles en la actualidad en el ámbito 
clínico solo permiten detectar algunas de las causas determinadas por un 
único factor genético. Estas pruebas son: cariotipo convencional, cariotipo 
molecular y estudio molecular del síndrome de X-frágil. Actualmente, 
permiten encontrar una anomalía genética responsable en el 15% de los 
casos. En la gran mayoría de casos de TEA, las técnicas actuales no 
permiten encontrar una alteración genética causante del trastorno.!

En los últimos años, se han desarrollado nuevas tecnologías, como la 
secuenciación de exoma, que permiten estudiar mutaciones puntuales en las 
regiones codificantes de todos los genes. En la actualidad, estas pruebas 
sólo se están disponibles en el contexto de estudios de investigación y 
permiten detectar una anomalía genética responsable en un 20% adicional 
de casos. !

En la Unidad de Genética de la Universitat Pompeu Fabra, se ha 
analizado mediante cariotipo molecular y secuenciación de exoma una 
muestra de sangre periférica de! PACIENTE, con el fin de ampliar el 
conocimiento acerca de las bases genéticas del TEA y llegar a encontrar 
una causa genética que permita dar un mejor asesoramiento genético a las 
familias. En el caso de!PACIENTE, ambos estudios han sido negativos, 
y no han permitido encontrar una alteración genética causante de su 
trastorno.!

En aquellos pacientes en los que no se encuentra una alteración genética 
responsable del trastorno, el asesoramiento genético se basa en estudios 
realizados en familias en la misma situación. Estos estudios indican que el 
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riesgo de recurrencia o de tener un siguiente hijo con TEA para los 
padres que ya han tenido un hijo con TEA es del 10% para autismo 
clásico y del 20% para rasgos relacionados, como retraso del lenguaje 
o conductas particulares. El resto de los familiares de una persona afecta 
de autismo tienen un riesgo superior al de la población general de tener 
descendencia afecta, aunque no existen datos suficientes que permitan 
cuantificar este riesgo. La probabilidad de tener un hijo con TEA disminuye a 
medida que disminuye el grado de parentesco con el familiar afecto. 
Cuando no se encuentra una alteración genética responsable de la 
enfermedad, no es posible aplicar técnicas de diagnóstico prenatal o 
reproducción asistida que permitan disminuir el riesgo de tener un hijo 
afecto. 

En cuanto a HERMANO_VARÓN y HERMANA_MUJER, hermanos de 
PACIENTE, su riesgo de tener descendencia afecta es superior al de la 
población general y se estima alrededor del 3% y 5% respectivamente. 
Suponiendo que el TEA que presenta PACIENTE sea de origen multifactorial, 
el riesgo para ambos sería bajo, ya que la probabilidad  que se vuelvan a 
reunir los mismos factores de riesgo que han actuado en el caso de 
PACIENTE es baja. En el caso que el TEA que presenta PACIENTE sea 
causado por un único factor genético determinante, el riesgo depende del 
patrón de herencia. Si el patrón de herencia es autosómico dominante, el 
riesgo depende del estatus de portadores de sus padres. En el caso que la 
alteración genética sea de novo y se haya producido por primera vez en 
PACIENTE, el riesgo para HERMANO_VARÓN y HERMANA_MUJER es 
igual que al de la población general. En algunos casos de herencia 
autosómica dominante, las mutaciones pueden tener una penetrancia 
incompleta, es decir ser heredadas de un progenitor que no presenta el 
trastorno. La gran mayoría de estas mutaciones son alteraciones del número 
de copia, que se han descartado mediante cariotipado molecular. En el caso 
que el TEA que presenta PACIENTE siga un patrón de herencia autosómica 
recesivo, el riesgo para HERMANO_VARÓN y HERMANA_MUJER depende 
del estatus de portador de su pareja. Dado que la probabilidad de encontrar 
una pareja portadora de una alteración en el mismo gen es muy baja, el 
riesgo en este caso sería próximo a cero. Finalmente, existe la posibilidad de 
que el TEA que presenta PACIENTE sea debido a una alteración ligada al 
cromosoma X. En ese caso, el riesgo de descendencia afecta depende del 
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sexo del progenitor. En el caso de HERMANO_VARÓN, dado que es un 
varón y no es afecto, no puede ser portador de una alteración ligada al X, 
por lo tanto su riesgo en este caso sería igual al de la población general. 
HERMANA_MUJER, en cambio, tendría un 50% de riesgo de ser portadora. 
En este caso, la probabilidad de tener un hijo afecto sería del 50% si fuera 
varón. Las hijas de HERMANA_MUJER tendrían un 50% de probabilidades 
de ser portadoras. Las causas ligadas al X representan sólo un pequeño 
porcentaje del total y dado que no existe historia familiar que sugiera este 
patrón de herencia, la probabilidad de que el cuadro de PACIENTE sea 
ligado al cromosoma X es baja.  

En caso de querer recibir más información, se recomienda a los 
familiares de PACIENTE que acudan a una consulta de asesoramiento 
genético cuando estén en edad reproductiva. El conocimiento sobre la 
función de los genes y su papel en enfermedades y trastornos genéticos 
avanza de forma rápida y progresiva. Por lo tanto, las alteraciones genéticas 
identificadas y consideradas de significado incierto en la actualidad, deberán 
ser revisadas más adelante conforme avance el conocimiento científico y se 
disponga de nueva información que pudiera modificar la interpretación inicial 
del hallazgo. Si en el transcurso de este proyecto se identificara algún 
cambio genético considerado causante del trastorno, nos pondríamos en 
contacto de nuevo con la familia y/o el médico responsable para comunicar 
los resultados con el fin de proporcionar asesoramiento genético.  

Teléfono de contacto: 933160821!

!

Barcelona, 27 de enero de 2016 

Fdo. 

Dr. Luis Pérez Jurado     Dra. Clara Serra Juhé       Marta Codina Solà 
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Exploring ASD genetic architecture through high-throughput 
sequencing 

Our understanding of ASD genetic architecture has changed dramatically 
over the last years. Twin studies have long showed that genetics plays a 
major role in the etiology of ASD, but the identification of specific genes has 
proven more difficult (36–43). In the recent years, new developments in 
genomic technology have enabled the identification of a large number of new 
loci. First, the advent of CMA allowed the identification of small 
rearrangements in a genome-wide manner, uncovering the role of rare CNVs 
and recurrent microdeletion and microduplication events (53–56). More 
recently, the ability to sequence the entire genome or sets of protein-coding 
genes in a rapid and cost-effective manner has enabled the study of both 
common and rare genetic variants (66–76). The results of these recent 
approaches have uncovered the great genetic heterogeneity behind the wide 
range of expressivity of the disorder. These advances highlight the notion 
that ASD is not a single entity, but an ensemble of conditions that share a set 
of common features, just as its name implies.  

In this work, we have applied various NGS based strategies to study the 
contribution of rare and complex variants to the genetic etiology of ASD. First, 
we have integrated exome and transcriptome sequencing to explore the role 
of rare variation and its expression consequences. Selected loci have been 
sequenced in an extended cohort of cases and controls to confirm their 
pathogenic role. In addition, we have explored the role of second-hit variants 
in ASD susceptibility acting in the presence of a major genetic lesion, the 
WBS deletion, as well as the contribution of complex genomic variants to the 
etiology of ASD. Finally, to study if the recent advances in genetics have 
reached society, as well as to contribute to the knowledge translation of 
research findings, we have assessed parents’ knowledge and perceptions 
regarding ASD and provided genetic counseling to all interested families.  

The combined use of these different approaches has contributed to a better 
understanding of the interplay of genetic factors and their contribution to the 
liability and variable expressivity of ASD. Throughout this study, we have 
identified examples of various models of inheritance, ranging from monogenic 
cases, with individuals carrying highly penetrant variants, to individuals 
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harboring a combination of inherited rare variants of milder penetrance, 
probably conforming an oligogenic model. Despite being found in a wide 
range of loci, affected genes converge in several functional pathways, such 
as cell adhesion molecules involved in synapse development and the 
PI3K/Akt intracellular signaling pathway. In addition, this thesis has 
contributed to the diagnosis of several cases formerly considered idiopathic, 
as well as to gain a better insight of inheritance patterns in families with no 
identifiable cause, resulting in genetic counseling for participating families. 
Our results show an underutilization of genetic services among parents, 
which have an adverse impact on access to genetic services and recurrence 
risk estimation. In addition, we show that genetic counseling has positive 
effects on knowledge and recurrence risk estimates.  

Highly penetrant variants 

Over the last years, several studies have shown that de novo mutations play 
an important role to the causality of ASD and are estimated to contribute in 
about 20% of cases, with de novo LoF mutations present in approximately 
10% of cases and missense variants contributing to an additional 10% of 
patients (102). Our first study integrating exome and transcriptome 
sequencing in 36 males with idiopathic ASD revealed de novo mutations in a 
similar proportion of individuals, approximately 14%. Besides de novo 
mutations, highly penetrant variants following and X-linked pattern of 
inheritance were found in two additional cases, representing around 5% of 
individuals. Even though our study was not trio-based, our approach resulted 
in similar estimates of contributing de novo mutations, validating our 
prioritization strategy based on the integration of omics data. The study of the 
transcriptional consequences of genetic variants by transcriptome 
sequencing also allowed the identification of an additional case that would 
have been missed using standard filtering pipelines. Moreover, we identified 
several genes with rare variants showing nonsense-mediated decay, allele 
specific expression or changes in expression levels.  

Highly penetrant variants were identified in nine different loci: PTEN, MAOA, 
SCN2A, CDKL5, SHANK3, CNTNAP3, CUL3, MED13L and KCNV1 (Figure 
1). Some of these loci have already been reported before and their 
association to ASD has been extensively proven, whereas for others none or 
very few cases had been previously described. The identification of variants 
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in known loci highlights the relevance of genetic diagnosis in ASD, since 
some of the results have implications for clinical management or increased 
recurrence risk. For instance, a patient with a de novo pathogenic mutation in 
PTEN was identified during the course of this study, a finding with relevant 
clinical implications. Mutations in PTEN have been described in 
approximately 20% of patients with ASD and macrocephaly (334,335). In 
addition, they give rise to a variety of syndromes with increased risk of 
hamartomatous tumors, which are grouped together under the term PHTS 
(336). Functional analysis of PTEN mutations suggests that variants resulting 
in neurodevelopmental disorders or increased tumor susceptibility may have 
different protein effects. Whereas mutations that partially preserve protein 
activity may give rise to neurodevelopmental phenotypes, variants completely 
disrupting protein activity may result in increased tumor risk (337,338). 
However, several authors have suggested that all patients with PTEN 
germline mutations should follow the same surveillance protocol for 
malignant tumors (339–341). It is important to note that this mutation was 
identified thanks to the joint analysis of exome and transcriptome 
sequencing, showing the potential of transcriptome sequencing when applied 
to clinical diagnostic. Since the variant identified lied in an intronic region, it 
would have been missed by standard filtering, even though it activated a 
cryptic splice site and resulted in an aberrant transcript.  

Besides PTEN, we have identified variants in two X-linked genes (MAOA and 
CDKL5), with important familial implications, since female carriers have a 
50% chance of transmitting the mutated allele. A splicing variant in MAOA 
was found in two affected brothers and his mother, all presenting altered 
levels of urinary monoamines (342). At the time of publication, this was the 
third family described since 1993 with mutations in this gene (343,344). Since 
then, two more cases have been described, leading to potential dietary and 
therapeutic recommendations that could ameliorate the patients’ symptoms 
(345). Additionally, we identified two patients with variants affecting another 
X-linked gene, CDKL5. The first variant was found in a male with an 
Angelman-like phenotype. Although it was inherited from his mother and was 
also present in his unaffected sister, the selective inactivation of the mutated 
allele in the sister could explain their unaffected status. The second variant 
was a de novo missense variant found in a female patient, with a phenotypic 
presentation reminiscent of previous cases, which are beginning to delineate 



Discussion 

 232 

a separate entity (346). This suggests that both de novo damaging variants 
with a dominant effect in females, as well as hypomorphic alleles acting in a 
recessive way in males play a role in the etiology of ASD. 

Likewise CDKL5, recurrent mutations have also been identified in SCN2A, 
with two patients harboring nonsense mutations in this locus: one de novo 
and one with unknown inheritance due to the lack of available parental 
samples. SCN2A is one the few genes with recurrent LoF de novo mutations 
and, strikingly one of the loci with the highest number of variants described 
(68–70,74,76,347,348). In addition to SCN2A, we also identified de novo 
variants in SHANK3 and CNTNAP2, two genes belonging to the neurexin 

superfamily of cell adhesion molecules, crucial for synaptic function and 
connectivity. Interestingly, most mutations affecting CNTNAP2 reported 
before are inherited from unaffected parents and very few de novo 
variants have been described in patients with ASD (60,349). This fact 
highlights the complex genetic architecture of ASD, where mutations in 
the same gene can act following an autosomal recessive or dominant 
model. In the latter case, both inherited mutation with incomplete 
penetrance as well as de novo mutations of complete penetrance 
perhaps acting in a sensitized background would play a role.  

In addition to established candidate genes, de novo variants were also 
identified in genes were fewer de novo variants had been described at the 
time, such as CUL3 and MED13L. The additional cases identified in this 
thesis will contribute to the phenotypic characterization of the patients, which 
will hopefully result in the definition of specific ASD subtypes and the 
development of tailored management and therapeutic strategies. Finally, our 
work points towards a new candidate locus for ASD, since we identified a 
patient with a de novo LoF mutation in a KCNV1. KCNV1 encodes for a 
potassium channel subunit highly expressed in brain with a high probability of 
being intolerant to LoF variants, making it a great candidate gene for ASD. 
Since the identification of a single LoF de novo variant does not imply the 
functional involvement of a gene, further functional studies and/or in larger 
cohorts are needed to confirm or discard its role. To this end, large 
sequencing projects integrating phenotypic and genetic data, such as SPARK 
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(Simons Foundation Powering Autism Research for Knowledge, 
https://sparkforautism.org/portal/homepage/) will be key to achieve this aim.   

Therefore, our work reinforces the role of highly penetrant genes in the 
pathogenesis of ASD, showing that de novo SNVs could explain 
approximately 19% of cases so far considered idiopathic. However, the 
results also suggest the contribution of inherited rare variants following an 
oligogenic model in some additional cases that could explain an additional 
part of the missing heritability in ASD. 

The contribution of inherited rare variants to oligogenic models  
Besides de novo variants, the contribution of rare inherited variants is also 
important as shown by recent studies relying on larger samples (74). Since 
this type of variation is inherited from unaffected or mildly affected 
progenitors, its individual effect would not be sufficient to cause the disorder. 
However, they could act as phenotypic modifying factors that create a 
sensitized background that only manifests in the presence of a major genetic 
lesion. This would explain the wide range of expressivity seen in disorders of 
full penetrance, as well as the incomplete penetrance and wide expressivity 
of some CNVs. On the other hand, the accumulation of rare variants could 
also be pathogenic by itself. In that case, each parent would carry a few rare 
events of medium penetrance, and ASD would only result from the 
combination of factors inherited from both lines, consistent with an oligogenic 
model. Our work provides specific examples of the role of inherited variants 
in both models (Figure 2). 

First, inherited second-hit variants acting as phenotypic modifiers were 
detected in two different disorders of full penetrance: disruptions of SHANK3 
and WBS. By targeted sequencing of candidate genes, we detected an 
individual with a de novo nonsense mutation affecting SHANK3, who also 
carried a maternally inherited nonsense variant in CNTN6. As previously 
mentioned, SHANK3 encodes a protein located at the postsynaptic density 
that connects various membrane proteins to the actin cytoskeleton and 
mediates signaling in various functional pathways, such as the Pi3K/Akt 
(Figure 1) (350). SHANK3 is also deleted in Phelan-McDermid syndrome 
caused by a loss of 22q13 (351). Phenotypic variability has been observed 
both in individuals with deletions of 22q13 and patients carrying de novo 
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mutations, suggesting that other genetic factors, besides the range in 
deletion size, are responsible for the variable expressivity (352,353). In this 
regard, a previous case of an individual with a de novo mutation in SHANK3 
and an additional double-hit CNV has been described (354,355). 
Interestingly, CNTN6 has been proposed before as a second-hit factor in a 
girl with a 16p11.2 deletion (356). CNVs in CNTN6, both inherited and de 
novo, have been described in patients with neurodevelopmental disorders, 
although the frequency in cases does not seem to be significantly increased 
(357,358). Taken together, these evidences suggest that variants altering 
CNTN6 could create a sensitized genetic background and act as modifying 
phenotypic factors in the presence of a major genetic lesion.  

Besides susceptibility variants acting in a background of genetic lesions 
disrupting ASD candidate genes, second-hit variants could also predispose to 
ASD in a major genetic lesion resulting in a mirror phenotype: the WBS. 
Although most individuals with WBS show a particular neurocognitive profile 
with an overly friendly and empathetic personality, around 12% of patients 
present ASD features (270). Therefore, the prevalence of ASD among WBS 
individuals is increased by 10x compared to that in the general population, 
which is striking considering the typical neurocognitive profile associated with 
WBS. Our study of second-hit modifying variants in eight individuals with 
WBS and co-occurring ASD suggests that rare variants in highly constrained 
brain expressed genes could play a role in the phenotypic variability 
observed in these patients. Our unbiased approach using exome sequencing 
identified LoF and deleterious variants in candidate genes previously 
associated to ASD. Interestingly, females presented a higher burden of rare 
mutations in candidate genes. This phenomenon has been widely described 
in ASD, with de novo LoF variants being more frequent in affected females 
than affected males and the male to female ratio being more biased in high 
functioning cases (25,66–70). This is consistent with a female protective 
effect, in which females would need a higher mutational burden in order to 
develop the disorder. Our findings suggest that the female protective effect 
may still play a role in disorders of full penetrance in which ASD is not one of 
the common features.  

Moreover, the study of second-hit SNVs in disorders of full penetrance, but 
variable expressivity, can help uncover new genes with milder effects that 
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manifest only in a sensitized background. For example, our analysis of 
second-hit variants in individuals with WBS and co-ocurring ASD also 
revealed LoF variants in highly constrained genes. Interestingly, all genes 
with LoF in our cohort selected on the bases of being intolerant were brain-
expressed genes. Some of the genes (PRR12, CXXC1 and SEC24C) had 
also been previously associated to various neuropsychiatric disorders sharing 
a common neurobiological and genetic basis with ASD (ID, bipolar disorder 
and schizophrenia, respectively) (359–361). Such variants could also 
contribute to ASD susceptibility in other cases without a major hit, following 
an oligogenic model. Individually, each variant would not be sufficient to 
cause the disorder, but would contribute to increase risk. Since each factor 
would exert a smaller effect, their detection would be more difficult. 

Besides variation acting as a second-hit in the presence of a major genetic 
alteration, we have also explored the role of rare inherited variants in patients 
with idiopathic ASD. First, our study integrating exome and transcriptome 
sequencing revealed that inherited rare inherited variants resulted in common 
functional consequences. Enrichment analysis of individual rare variation 
revealed functional pathways exclusively overrepresented in ASD patients, 
such as the Pi3K-Akt signaling and axon guidance pathways (Figure 1). The 
incorporation of peripheral blood transcriptome data provided additional 
information to detect genetic variants associated with functional 
consequences. For instance, we identified a male patient carrying a rare 
variant in MECP2 who presented overexpression of the same gene, as well 
as a patient carrying three rare mutations in candidate genes ANK3, 
CREBBP and SEMA6B with concurring overexpression of the same loci. 
Overexpression of these loci could be due to a positive feed-back 
mechanism, which would upregulate the expression genes with impaired 
function due to the presence of the identified mutations. 

The contribution of rare variants following an oligogenic model is also 
supported by the identified specific examples of variants cosegregating with 
neuropsychiatric phenotypes in some families. For example, a novel 
damaging missense variant in NRXN2 was identified in two affected brothers 
and was found to be inherited from his father, presenting OCD, a 
neuropsychiatric disorder with a shared neurobiological basis with ASD. 
Interestingly, a female sibling of the family who did not present the damaging 
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variant had been also diagnosed with Specific Language Impairment (SLI) 
(Figure 2). This suggests the presence of additional genetic factors running in 
the family, which may be shared among affected individuals, but also present 
in unaffected relatives or relatives with milder related phenotypes. In addition 
to the previously mentioned variant in NRXN2, we identified several other 
examples of inherited pathogenic variants in CNTNAP2, specifically a 
nonsense mutation and a missense damaging altering protein traffic, in 
parents with no obvious phenotypes. To further support the role of the 
neurexin superfamily of genes in ASD, a case-control study revealed a 
significant increase in the burden of rare mutations in synapse related genes 
(Figure 1). However, a detailed breakdown revealed that this association was 
driven only by LoF intolerant genes, in agreement with previous studies 
showing that ASD candidate genes are enriched in functionally constrained 
genes (362). Nonetheless, that finding does not undermine the potential role 
of LoF tolerant genes in ASD, but rather suggests that their effect may be 
smaller and that larger cohorts are required to assess their possible 
contribution. Finally, this result illustrates the advantages of pathway-based 
approaches compared to gene-based case-control association studies. 
Enrichment analyses based on functional categories avoid the use of 
multiple-test corrections while relying on functional evidence (363). This 
makes them an approach especially well suited for complex disorders of high 
genetic heterogeneity, such as ASD. 

Despite this high degree of genetic heterogeneity, previous studies have 
shown that mutated loci in ASD converge in a set of functionally related 
pathways (76). Similarly, altered genes in our cohort cluster in functionally 
related networks, mainly associated with synapsis and the Pi3K/Akt signaling 
pathway (Figure 1). Highly penetrant mutations have been observed in 
various genes from the neurexin superfamily, as well as in voltage-gated ion 
channels and neurotransmitter regulators. In addition, we also found that rare 
inherited variants are enriched in the Pi3K/Akt signaling pathways in ASD 
patients, but not in controls. This is consistent with an epistatic oligogenic 
model where inherited variation disrupts a common signaling pathway.  The 
Pi3K pathway regulates the mammalian target of rapamycin (mTOR) 
signaling pathway, a major regulator of cell growth. The mTOR pathway is 
deregulated in patients with mutations in NF1, TSC1 or PTEN, which was 
also mutated in our cohort (103). 
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Figur
e 1. 

Mutated loci in our cohort converge in two functionally related pathways, associated 
with synapse function and the Pi3K/Akt signaling pathway. 

Mutations in recently duplicated genes 

In addition to rare SNVs, part of the missing heritability of ASD could also be 
lying in complex regions of the genome that have been poorly explored until 
now, such as segmental duplications (SD). The fact that many SD have 
appeared specifically in the human genome supports their contribution to 
human behavior (178). In addition, their complex structure predisposes them 
to rearrangements. Two of these loci are the 7q11.23 region and the 
pericentromeric region of chromosome 9, both containing candidate brain 
expressed genes (GTF2I, GTF2IRD2 and CNTNAP3). Despite their interest, 
these regions remain largely unstudied due to their inherent difficulty. To 
study the variation and the possible contribution of these two regions to ASD, 
we also performed an exploratory study based on targeted sequencing and 
developed a pipeline to identify CNVs and SNVs. Our strategy, based on the 
quantitative nature of read-depth and the specific copy information provided 
by PSVs, successfully identified rearrangements in both regions.  

Although rearrangements were identified and validated in both regions, the 
previous knowledge about the detailed architecture of the 7q11.23 region 
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allowed a much finer characterization of the identified CNVs. The results in 
this region revealed an increased frequency of duplications containing 
specifically the B block in cases compared to controls. Although a further 
characterization of the origin and breakpoint of the rearrangements is 
needed, the results point towards a role of GTF2IRD2. As mentioned in 
previous chapters, the B block contains three genes: GTF2I, GTF2IRD2 and 
NCF1. Since part of GTF2I lies in the single copy region not included in the 
identified rearrangements, none of the duplications contain a functional copy 
of this gene. Therefore, due to its role as a possible modulator of the 
phenotype in WBS, GTF2IRD2 seems the most plausible candidate. 
However, the effect of the duplications in GTF2IRD2 gene dosage is 
unknown. Although duplications are expected to result in increased gene 
dosage, the finer characterization of the rearrangements by experimental 
methods suggests that they may result in the disruption of a functional copy 
of GTF2IRD2. Hence, a detailed characterization of the duplication 
breakpoint is warranted. Other possible explanations include positional 
effects altering the expression of nearby genes. The role of GTF2IRD2 is also 
supported by an additional pathogenic mutation affecting the start methionine 
codon of this gene in two affected brothers and their unaffected father. In 
silico prediction of alternatives reading frames suggests the usage of an 
alternate methionine codon located nearby. Additional studies of protein 
function will help to elucidate the consequences of this variant. Taken 
together these results suggest that rearrangements in the 7q11.23 region 
may increase susceptibility to ASD. Since the same type of rearrangement 
has also been observed in controls, albeit at a lower frequency, they may act 
as susceptibility variants in the context of a polygenic model.  

Regarding the pericentromeric region of chromosome 9, our results show a 
much higher level of polymorphic variation and gene conversion events, that 
difficult even more its study. Despite this, our tailored approach based on 
measuring ZRPKM on windows overlapping with partial copies has enabled 
the accurate measurement of the total copy number of partial and functional 
copies of CNTNAP3. Our approach is validated by comparison with previous 
results showing similar and accurate distributions of copy number in the 
region. In addition, the detailed study of the sequence and its expression in 
PBMCs and fetal brain has enabled the definition of specific PSVs and the 
design of experimental methodologies for validation and extended study. 
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Overall, the results do not reveal a difference in the frequency of 
rearrangements or SNVs between cases and controls. However, some of the 
findings suggest functional alterations of CNTNAP3B in ASD patients. First, 
one of the deletions identified in patients was found to be de novo. In 
addition, we identified an aberrant pattern of expression in one of the 
patients, who expressed both CNTNAP3A and CNTNAP3B in blood, also 
present in his mother. Thus, further studies of the region in a larger cohort will 
help elucidate the possible role of this candidate region in the disorder.  

In summary, our results illustrate the complex genetic nature of ASD. We 
have identified cases following various models of inheritance, with different 
contributions of de novo and inherited rare variants (Figure 2). In addition, the 
data confirm the genetic heterogeneity of ASD, which is reflected in the highly 
variable expressivity. 

Figure 2. Summary of the main results of this thesis, ordered from top to bottom, 
according to the penetrance and polygenic nature of genetic factors involved. 
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Genetic counseling in idiopathic ASD in the genomics era 

As we have seen in the previous section, the genetic architecture of ASD is 
extremely complex, includes various models of inheritance and carries 
important familial implications. Moreover, despite the tremendous advances 
of the last decade, most cases remain idiopathic. Therefore, families must 
deal with a great amount of information and understand technical concepts in 
order to take informed decisions. Besides the complexity of the information 
provided, taking care of a child with ASD has a great impact on family 
dynamics.  For all these reasons, parents would benefit greatly from genetic 
counseling, which can provide accurate and understandable information, as 
well as psychological support to families.  

To explore the utility and extend of genetic counseling in ASD, we have 
evaluated the utilization of genetic services, perceived causes, knowledge 
and opinion about genetics in a group of parents with children with idiopathic 
ASD. The results show a widespread underutilization of genetic services. In 
fact, none of the participants recruited through family associations had seen a 
clinical geneticist, in contrast with current guidelines for diagnostic evaluation. 
It is also striking that, despite the clear underutilization of genetic services, 
27% of participants recruited through families associations and 60% of the 
total sample of parents had undergone some type of genetic testing, mainly 
karyotype and X-fragile testing. Therefore, most parents had not access to 
CMA, which is considered the clinical standard for first tier genetic testing in 
ASD. The underutilization of genetic services may also be the reason behind 
the lack of knowledge about practical aspects of genetic testing in the studied 
group of parents. Parents were asked several questions about the meaning 
of genetic results, such as if negative results meant that recurrence risk in a 
hypothetic subsequent pregnancy was similar to that of the general 
population. For most questions, most participants did not know the answer or 
selected an incorrect option.  

To examine the reasons behind the underutilization of genetic services, 
parents were asked about their interest in further genetic testing. An 
overwhelming majority of parents answered that they would be interested in 
genetic testing, mainly to improve the medical care of their affected children. 
This fact may be related to parental age, as well as to the time elapsed 
between the diagnosis of their affected child and the present study. Although 
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information for a next pregnancy was not one of the main reasons for interest 
in genetic testing, half of the participants admitted that recurrence risk had an 
effect on family planning. In fact, recurrence risk which was highly 
overestimated by most participants. Numerical estimates of risk correlated 
with categorical estimates, with most participants perceiving their risk as 
high” or “very high”. 

Finally, our study showed the value of genetic counseling in helping parents 
deal with the great amount of complex information surrounding ASD. A group 
of participants who underwent CMA and exome sequencing were offered 
genetic counseling sessions. The results show that knowledge and numerical 
recurrence risk estimates improved both after sessions and fifteen days later. 
Not only numerical risk estimates were more accurate after sessions, but also 
qualitative estimates of perceived recurrence risk reduced for most 
participants. However, perceived personal control measurements did not 
change, in agreement with previous studies showing higher increments for 
participants with positive results (364). Last, and beyond the numbers, 
sessions also provided parents and close relatives with a space to share their 
experiences, worries and feelings. One of the most recalled experiences was 
the initial confusion after the initial diagnosis, which for most of the parents 
had taken place years ago. Most participants stated that they would have 
welcomed professional guidance, as well as an integral care plan and hoped 
that the situation would have improved in the last years. In some families, 
siblings also attended counseling sessions, revealing the impact that caring 
for a child on the spectrum has on family dynamics. Some expressed their 
worries about the responsibility that entailed taking care of their affected 
siblings, as well as about their own recurrence risk.  

In summary, the results of this work offer a glimpse into parental perspectives 
of ASD. Similar to previous studies, very few parents had seen a genetic 
professional, despite genetics being perceived as the most prevalent cause. 
Risk recurrence was highly overestimated and had a great influence on 
family planning. Finally, our results also show that genetic counseling can 
help parents improve their knowledge about familial implications, as well as 
to better estimate their recurrence risk. Therefore, this work underscores the 
need for genetic testing and genetic counseling in individuals with ASD as 
part of an integrated care program, tailored according to individual needs. 
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Concluding remarks 

ASD are highly heterogeneous disorders, both from a genetic and clinical 
point of view. This great genetic heterogeneity hinders its methodological 
approach, although a few strategies can help overcome this limitation. First, it 
is essential to have a detailed clinical characterization of patients, which 
enables the identification of ASD subtypes. Obtaining a detailed family 
history, as well as relative samples, can also help identify mildly affected 
relatives and inheritance patterns. Finally, the study of the functional 
consequences of variation can help identify pathogenic variants and prove its 
casualty.  

By using these strategies, we have identified several cases following different 
inheritance patterns, showing the complex genetic architecture of ASD. Our 
data points to the contribution of highly penetrant variants, following a de 
novo or X-linked inheritance in approximately 20% of cases. Several 
evidences also indicate the contribution of variants of milder penetrance in 
oligogenic models, as well as phenotypic modifying factors. This complexity 
poses a great challenge for genetic diagnosis and makes genetic counseling 
essential for affected families. The work presented in this thesis will 
contribute to a better understanding of ASD genetic architecture. The 
discovery of new loci will improve genetic diagnosis and genetic counseling, 
by providing families with a specific recurrence risk. Ultimately, we hope that 
the identification of convergent pathways results in personalized therapeutic 
approaches that will improve the well-being of affected individuals.  
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Conclusions 

1. The joint study of genomic and transcriptomic sequencing is a good 
strategy to identify genetic variants related to ASD and has allowed the 
identification of additional monogenic causes, as well as of several 
pathogenic variants that would have been missed by standard filtering. 

2. Highly penetrant genetic variants were found in 19% of the patients in our 
study by exome sequencing, being 14% de novo and 5% X-linked. Variants 
were found in seven different genes, SCN2A, CDKL5, PTEN, MAOA, CUL3, 
KCNV1 and MED13L, and no recurrent hits were identified.  

3. The vast majority of the genetic variants identified by exome sequencing 
were inherited from unaffected progenitors, implying that they could not be 
the sole cause of the disorder. Nonetheless, some could contribute to its 
susceptibility as part of an oligogenic or multifactorial model. This is 
supported by enrichment analyses showing their accumulation in two 
pathways related to the disorder: axon guidance and Pi3K/Akt signaling. 

4. Sequencing of an additional cohort of cases and controls revealed 
additional de novo variants in SCN2A and CDKL5, suggesting that some loci 
may be more frequently mutated than others and highlighting the extreme 
heterogeneity of the disorder.  

5. Synapse related genes play a major role in the etiology of ASD. De novo 
pathogenic mutations were identified in SHANK3 and CNTNAP2, and 
variants cosegregating with the phenotype in CNTNAP2 and NRXN2. In 
addition, affected individuals carried a significantly higher burden of rare 
variants in LoF intolerant genes, compatible with an oligogenic model of the 
disorder. 

6. Our sequencing approach and adapted pipeline targeting duplicated genes 
can successfully detect rearrangements and point mutations in complex 
regions of the genome.  

7. Rearrangements containing only B block in 7q11.23 were significantly 
more frequent in cases than controls, pointing to their contribution as 
susceptibility factors to ASD and a possible role of GTF2IRD2.  
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8. The pericentromeric region of chromosome 9 harboring CNTNAP3 is 
highly polymorphic, with most variation being due to partial non-functional 
copies. The frequency of rearrangements affecting functional copies did not 
differ significantly between cases and controls, although a de novo deletion 
and an aberrant pattern of expression were detected in two cases.  

9. The search for second-hit genetic factors in a group of individuals with 
WBS and co-occurring ASD did not reveal a contribution of cis or trans acting 
factors in the remaining hemizygous allele, neither of rare CNVs or common 
genetic variants. All deletions were of paternal origin, suggesting a role of 
epigenetic control mechanisms. 

10. Individuals with WBS and co-occurring ASD presented several LoF 
variants in highly constrained genes, including previously known candidate 
genes. Interestingly, females carried a higher burden of rare deleterious 
variants in candidate genes compared to their male counterparts, in 
agreement with the well established female protective effect in ASD.  

11. Despite the strong genetic component of ASD, we found an extended 
underutilization of genetic services among families. Since the most frequently 
perceived cause of ASD was genetics and parents’ interest in genetic testing 
was high, this lack of access could not explained by families’ disinterest. The 
underutilization of genetic services has relevant implications for family 
planning, since most of patients do not receive the recommended first-tier 
diagnostic tests and parents highly overestimate their recurrence risk. 

12. Our results show that genetic counseling can help parents improve their 
knowledge about the genetic implications of ASD, as well as to better 
estimate their recurrence risk and provide psychological support to families. 
Genetic counseling should be included in integrated care programs, tailored 
according to each individual needs. 
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