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Abstract  

Autism Spectrum Disorder (ASD) is a group of neurodevelopmental disorders, 

the etiology of which is unknown in the majority of cases. Little is known 

about complex genomic regions containing part of the missing heritability. In 

this thesis, we have assessed three complex genomic regions including the 

well-known 7q11.23 locus and unexplored 8p23.1 and 17q21.31 loci bearing 

common inversions. We have performed genomic and transcriptomic analyses 

to unravel common pathophysiological mechanisms in ASD patients with 

several susceptibility variants (Dup7, inv8p23.1 and inv17q21.31) and also in 

idiopathic patients considering a multiple-hit model. By using these strategies, 

we have uncovered several pathways and GO categories, including cholesterol 

biosynthesis, actin cytoskeletal dynamics, glutamate receptor signaling and 

immune-inflammatory pathways, that could partially contribute to the 

underlying molecular mechanism of ASD. Lastly, our data supports the 

implication of previously ASD-related genes and points out the potential role 

of novel ASD candidate genes such as NR4A3, SLC12A6 or DUSP6.  

Resum 

El Trastorn de l’Espectre Autista (TEA) és un grup de trastorns del neuro-

desenvolupament, l’etiologia dels quals és desconeguda en la majoria dels 

casos. Se sap poc sobre les regions genòmiques complexes que podrien 

contenir part de l’heretabilitat perduda. En aquesta tesi, hem estudiat tres 

regions complexes incloent el conegut 7q11.23 locus, i els inexplorats 8p23.1 i 

17q21.31 loci que contenen inversions. Hem realitzat anàlisis genòmics i 

transcriptòmics per trobar mecanismes fisiopatogènics comuns en pacients 

TEA amb diverses variants de susceptibilitat (Dup7, inv8p23.1 i inv17q21.31) i 

també en pacients idiopàtics considerant un model de multiple-hit. Hem 

descobert vies i categories d’ontologia gènica, com la síntesi de colesterol, la 

dinàmica del citoesquelet d’actina, la senyalització dels receptors de glutamat 

i vies immune-inflamatòries, que podrien contribuir parcialment al mecanisme 

fisiopatològic del TEA. Per últim, les nostres dades donen suport a la 

implicació de gens prèviament relacions amb TEA i assenyalen el rol potencial 

de nous gens candidats com NR4A3, SLC12A6 o DUSP6. 
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Preface  

Given the high genetic heterogeneity of Autism spectrum disorder (ASD), the 

exploration of complex genomic regions is a good strategy to be approached 

in ASD patients taking advantage of techniques such as exome sequencing, 

SNP array and transcriptome sequencing.  

This thesis expands the knowledge about certain complex genomic regions 

and its implications in ASD focusing on regions flanked by segmental 

duplications that predispose to recurrent rearrangements such as duplications, 

deletions and inversions. In addition, it addresses deregulated functional 

pathways that could explain common pathophysiological mechanisms in ASD. 

The thesis is structured as follows. 

The introduction gives a broad overview of the main clinical characteristics of 

ASD patients and the genetic architecture of ASD. It also covers the role of 

segmental duplications and inversions in complex genomic regions focusing 

on 8p23.1 and 17q21.31 loci as well as provides a general picture about 

7q11.23 complex region and associated disorders. The last part focuses on 

common pathophysiological mechanisms in ASD. 

The main body of the thesis is divided in four chapters addressing the 

corresponding objectives and with a detailed description of methods and 

results obtained.  

The discussion pretends to globally interpret and integrate the results 

presented in the chapters of the main body of the thesis. At the same time, it 

aims to contextualize these results in the previous knowledge of the ASD field. 

Finally, conclusions are a summary of the main findings derived from the 

studies performed in this thesis. 
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1. Autism Spectrum Disorder 

Autism Spectrum Disorder (ASD) is a heterogeneous neurodevelopmental 

condition characterised by impairments in social-communication skills and the 

presence of repetitive and restricted behaviours or interests (1). 

1.1 Epidemiology: history and prevalence 

In 1943, the child psychiatrist Dr. Leo Kanner described 11 children with an 

“inability to relate themselves in the ordinary way”, “desire for maintenance of 

sameness”, good memory and intellectual potential, “limitation in the variety of 

spontaneous activity”, echolalia and sensitivity to loud noises. He coined the 

term “infantile autism” and was the first to describe this neurodevelopmental 

disorder (2). Nevertheless, the paediatrician Hans Asperger started in 1938 

giving lectures about “Autistic Psychopathy”, but it was not until 1944 when he 

published an article describing 4 patients with impairments in non-verbal 

communication, avoidance of social contact, lack of eye-to-eye contact, sensory 

disturbances, clumsy movements and in some cases, special abilities (3). 

Asperger’s work was widely unknown prior to 1981 when Lorna Wing brought 

it to light (4). Thus, the early recognition of autism is a controversial topic among 

the scientific community (5).  

Estimation of ASD prevalence is a challenging task and differs depending on 

the methodology and diagnostic criteria used. The first epidemiological study, 

conducted in 1966, predicted a prevalence of 4.1/10000 for classical autism (6). 

Since then, prevalence estimates have steadily increased worldwide, probably 

due to changes in diagnostic criteria, more awareness of the disorder and 

diagnosis at earlier ages, as well as cultural and environmental factors (7,8). 

Several reviews have estimated the global ASD prevalence oscillating from 

2.67/1000 to 7.6/1000 (9–11). However, prevalence estimates differ greatly 

among countries, ranging from values of 0.01% in Oman up to 2.7% in South 

Korea (12,13). The majority of epidemiological studies have been performed in 

America and Europe. In fact, prevalence is estimated to be ~1.5% in developed 
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countries (14). In US, the last study from the CDC (Centers for Disease Control 

and Prevention) estimated an overall ASD prevalence of 1 in 54 (or 1.85%) 

among children aged 8 years old in 2016 (15,16). In Catalonia, the most recent 

epidemiological study was based in the administrative data for all children aged 

2-17 years insured in the public Catalan Health System during 2017 and found 

an ASD prevalence of 1.23% (13). It is worth noting that all the above-mentioned 

studies have been focused on children, but there is one study conducted in 

England in 2007 that examined the ASD prevalence in adults finding an estimate 

of 1% (17).  All in all, it is important to bear in mind that it is difficult to compare 

epidemiological studies due to lack of homogeneity in methodological 

procedures.  

Males are more likely to be diagnosed of ASD than females. Despite many 

studies reporting the ASD male-to-female ratio to be 4:1 (1,16), a recent meta-

analysis concluded that the true gender ratio is closer to 3:1 (18). However, in 

United States the last CDC data found a 4.3:1 male-to-female ratio (15). This 

review also suggested a possible diagnostic gender bias in which girls meeting 

criteria for ASD are at higher risk of not receiving a clinical diagnosis. This bias 

is more noticeable in high-functioning females, whereas girls with comorbid 

intellectual disability (ID) are more likely to be diagnosed (19). However, even 

when symptoms in girls and boys are equally severe, girls are less likely to be 

identified with ASD (20,21). The misrecognition of ASD in females might be a 

result of gender stereotypes in the diagnostic process as well as a better 

compensation of girls through a process called “camouflaging”, in which they 

seek coping strategies to overcome socio-communication difficulties such as 

peer-imitation and masking (22). 

1.2 Diagnosis and screening 

Diagnosis of ASD can be challenging due to the variation in the degree of 

symptomatology displayed by affected individuals. Currently, the two most 

used international classification systems for diagnosing ASD are the 5th edition 

of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) by the 
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American Psychiatric Association (APA) and the 11th revision of the International 

Classification of Diseases (ICD-11) by the WHO (World Health Organization). 

In 2013, the APA revised the Diagnostic and Statistical Manual of Mental 

Disorders publishing the 5th edition (DSM-5) (1). There are two remarkable 

changes compared to its previous edition, the Diagnostic and Statistical Manual 

of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR) from 2000 (23). 

Firstly, former diagnostic subtypes (Autistic disorder, Asperger disorder, 

Pervasive developmental disorder-not otherwise specified (PPD-NOS) and 

Childhood disintegrative disorder) were grouped into a single category in DSM-

5 named Autism Spectrum Disorder. Rett’s disorder was also considered a 

subcategory in DSM-IV-TR, but no longer is included as automatically having a 

diagnosis of ASD according to DSM-5 (1,23). The second relevant change refers 

to the core symptoms of ASD. In DSM-IV-TR symptoms were divided into three 

areas: social interaction, social communication and restricted, repetitive and 

stereotyped patterns of behaviour. In DSM-5, core symptoms have been divided 

in two areas merging the social interaction and social communication domains 

into one “social communication” domain, and maintaining the area of restricted 

and repetitive patterns of activities, behaviours or interests (1,23). 

In order to fulfill diagnostic criteria for ASD using DSM-5, all symptoms of social 

communication area need to be present as well as 2 of 4 features related to 

restricted and repetitive behaviours. See table 1 (1). 

The DSM-5 notes that although symptoms should be present in the early 

developmental period, they may fully manifest at older ages. Also, the DSM-5 

has introduced a rating of severity divided in three levels depending on the 

support required (1,23). Recent studies have shown that DSM-5 criteria are 

more stringent, but have good sensitivity and specificity. However, children with 

previous diagnosis of Asperger’s disorder or pervasive developmental disorder 

and cognitively able individuals are less likely to be diagnosed of ASD using 

DSM-5 (24,25). 
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Table 1. DSM-5 Diagnostic criteria for Autism spectrum disorder. From the Diagnostic and 

Statistical Manual of Mental Disorders, Fifth edition (copyright 2013) (1). American Psychiatric 

Association. All rights reserved. 

In 2018, the WHO published a new revision of the International Classification of 

Diseases, the ICD-11, which will come into effect in 2022. In line with DSM-5, 

previous subcategories from the ICD-10 are grouped under the heading of 

Autism Spectrum Disorder, characterized by deficits in social communication 

and by a range of restricted, repetitive, and inflexible patterns of behaviour and 

interests (26,27). 

Although ASD symptoms usually appear in infancy, the average age of 

diagnosis is at 4-5 years old (28,29). Early recognition of the disorder through 

surveillance and screening is key for early intervention which can improve the 

children’s outcome, etiologic investigation and reproductive counselling. 

Surveillance is defined as an ongoing and longitudinal process in which health 

caregivers collect data to identify children at risk of developmental delays, 

whereas screening involves the use of standardized tools for specific ages and 

developmental stages (30). 
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A systematic surveillance strategy must be provided to the general pediatric 

population with routine developmental screenings at 9, 18 and 30 months of 

age as well as autism-specific screening tests at 18 and 24 months according to 

the American Academy of Pediatrics. Standardized developmental tools should 

be used when concerns or risks are raised (31). The developmental surveillance 

process should begin with the collection of the family history in order to identify 

risk factors including if any member has been diagnosed of ASD, specially a 

sibling (31). A recent study found that the ASD recurrence rate is sex-specific 

and it is higher when the older sibling is a female. The probability of ASD 

recurrence in a younger male sibling is 16.7% if the older sibling is a female and 

12.9% when it is a male. Instead, when the younger sibling is a female, the ASD 

recurrence is 7.6% with an older sister diagnosed of ASD and 4.2% with an older 

brother (32). Recurrence risk will be discussed in section 2. 

Surveillance should also include accurate observations and rigorous records of 

the child’s developmental history in order to evaluate the attainment of age-

specific developmental milestones (31). Some of these are considered early 

symptoms of ASD called “red flags” and they may alert of ASD risk. The 

American Academy of Neurology and Child Neurology Society suggests the 

next red flags are indicative for immediate evaluation: no babbling or pointing 

or other gesture by 12 months, no single words by 16 months, no 2-word 

spontaneous phrases (not echolalic) by 24 months and any loss of any language 

or social skills at any age (33). 

The most common ASD-specific screening tools for toddlers are the Modified 

Checklist for Autism in Toddlers, Revised, with Follow-up (M-CHAT-R/F) and 

Survey of Wellbeing of Young Children (SWYC) (34,35). For school-age children, 

screening tools available are Social Communication Questionnaire (SCQ) and 

Social Responsiveness Scale (SRS), among others (36). Screening tests are not 

diagnostic tools, but they help the identification of children at risk of an ASD 

diagnosis. However, additional evaluation is required (31). 
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1.3 Clinical presentations and co-occurring conditions 

ASD is considered a complex and clinically heterogeneous condition due to the 

enormous clinical diversity among subjects. Symptoms usually emerge in early 

childhood, before 3 years of age and are classified into core and secondary 

symptoms (1,37). More than 30% of individuals with ASD experience regression 

of acquired skills happening between 19 and 20 months (38). 

As stated before, the core symptoms of ASD are divided into the social-

communication area and restricted and repetitive patterns of activities, 

behaviours or interests (Table 1). In the social-communication domain, 

individuals show a wide range of symptoms including absence of joint attention, 

no response to name, not pointing at objects to show interest, lack of social 

smiling and social interest, impairment understanding other people’s feelings 

and poor eye contact. Individuals with ASD have limited social and imaginative 

play and are less likely to conceive appropriate peer relationships as well as may 

prefer solitary activities. Moreover, the majority of affected individuals present 

language impairments ranging from complete lack of speech to delays in 

language acquisition. Other common features are echolalia, lack of desire to 

communicate, inadequate facial expressions and poorly integrated verbal and 

nonverbal communication (1,29). 

Activities, behaviours and interests in ASD individuals are frequently restrictive 

and repetitive. They tend to have obsessive or intensely focused interests and 

although the topic of interest can be typical for a child, it is abnormal in 

intensity. Furthermore, they can be very persistently attached to objects. 

Stereotyped or repetitive movements such as hand flipping, finger flicking or 

persistent sniffing can be recognized. Repetitive use of speech and objects such 

as lining up toys are also frequent symptoms in ASD children. Insistence on 

sameness, anger at minor changes and ritualistic behaviour can be seen as well. 

Sometimes, individuals with ASD show hyper- or hyposensitivity to sensory 

stimuli or sensory aspects of the environment such as fascination for smells or 

textures or insensitivity to pain (1,29). 
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Secondary symptoms or co-occurring conditions are present in more than 70% 

of individuals with ASD and contribute to autism severity. In general terms, co-

occurring conditions are classified in developmental, general medical, 

psychiatric and behavioural categories (39). Some conditions can mask core 

ASD symptoms delaying its diagnosis (40). 

Regarding concurrent developmental conditions, motor problems like 

hypotonia, motor delays or catatonia are found in approximately 80% of 

children with ASD and up to 70% present comorbid ID, although estimates may 

vary if verbal skills are taken into account (39,41). Between 28 and 44% of ASD 

individuals fulfill criteria for attention-deficit hyperactivity disorder (ADHD). 

Moreover, tic disorders can be seen, including Tourette syndrome, which is 

more frequently associated with ASD than expected by chance (39). 

Among comorbid general medical conditions, epilepsy, gastrointestinal 

disturbances, sleep disorders and immune dysregulation can be reported. The 

risk of epilepsy and seizures is increased in ASD individuals, and a recent review 

found the median prevalence of epilepsy in people with ASD to be around 12% 

(42). Brain imaging studies have reported increased total brain volume 

implicating grey and white matter structures as well as decreased corpus 

callosum size (43). Gastrointestinal problems are also frequent between children 

with ASD ranging from 9 to 91% in prevalence reports. Some observed 

symptoms are abdominal pain, flatulence, diarrhea, reflux and constipation (44). 

Sleep disorders, mainly insomnia, are reported to affect between 50 and 80% of 

ASD individuals (39,45).  

Psychiatric and behavioural disorders become more apparent in school-aged 

children and adolescents. Mood disorders are reported to affect up to 70% of 

ASD individuals, whereas anxiety disorders have been observed in up to 40%. 

Depression can be seen among 11% of subjects with ASD, which is strongly 

associated with high rates of suicidal ideation (46,47). Psychotic disorders are 

mostly reported in adults with ASD ranging from 12 to 17%, but a recent review 

found an overall pooled prevalence estimate of 4% for schizophrenia spectrum 

disorders. Oppositional defiant disorder is also frequent among ASD individuals 
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(16-28%), as well as obsessive-compulsive disorder (9%) and eating disorders 

(4-5%). Common behavioural problems in children with ASD are 

aggressiveness, self-injury and pica (39,47). 

ASD is a lifelong neurodevelopmental disorder, in which risk of premature 

mortality has been estimated to increase 2.56-fold compared to matched 

general population. The markedly higher premature mortality observed in ASD 

individuals has been associated to a multitude of medical conditions and is 

particularly increased in females with low-functioning ASD. Suicide rates are 

reported to be higher in high-functioning ASD individuals (48). 

1.4 Environmental risk factors 

The etiology of ASD is complex and only recognized in ~25-35% of patients. 

Although twin studies have enabled to conclude that ASD is highly heritable, it 

is considered a complex multifactorial disorder with contributions from genetic 

and environmental factors. Cohort and case-control studies have allowed to 

shape the possible role of environmental factors in etiology (49). The ASD 

heritability and genetic factors will be discussed in following sections. 

Numerous studies have identified many potential environmental risk factors, 

but only the most relevant will be revised. 

Advanced parental age has been involved in ASD risk in many occasions. A 

recent study that performed an umbrella review concluded that advanced 

maternal age was associated with increased risk of ASD with convincing 

evidence, whereas paternal age was graded as highly suggestive evidence (50). 

Every 10-year increase in maternal and paternal age, the offspring’s risk of ASD 

increased 18 and 21%, respectively (51). 

Maternal health factors, including pregnancy-related complications and 

conditions, have been exhaustively studied. Maternal diabetes, maternal 

overweight, maternal autoimmune diseases and family history of autoimmune 

diseases were associated with an increased risk of ASD in offspring (50,52,53). 

Convincing evidence for association between chronic or gestational 
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hypertension (odds ratio –OR– 1,48 and 1,37 respectively) and pre-eclampsia 

(relative risk –RR– 1,32) with ASD was found (50). Moreover, maternal infection 

during pregnancy is another factor observed to increase ASD risk (52,53). 

Medication use during pregnancy is controversial. Despite use of maternal 

valproate and selective serotonin reuptake inhibitor (SSRI) was related to 

increased ASD risk, it is important to take into account the presence of 

confounders such as seizures. No association was found between maternal 

smoking nor alcohol intake and ASD (50,52). Another polemical topic is 

exposure to toxins during pregnancy. While the majority of studies detected a 

positive association between air pollution exposure during pregnancy and ASD, 

there are some others that show no association. The most detrimental effect on 

ASD development is found with exposure to particulate matter PM2.5 during the 

third term of pregnancy. Another strong association was observed between 

pesticide exposure and ASD. For exposure to endocrine-disruptive chemicals 

and heavy metals, results are inconsistent (54). Nevertheless, breastfeeding and 

folic acid supplementation during pregnancy were reported to decrease ASD 

risk (50). 

There are several perinatal risk factors that have been linked to neurological 

vulnerability and increasing risk for ASD. Some examples are birth injury or 

trauma (RR 4.90), low birth weight (RR 1.63), caesarean section (pooled adjusted 

OR 1.23) and umbilical cord complications (pooled RR 1.50) (53). 

Undoubtedly, the association that has achieved the greatest popular resonance 

is vaccination, concretely the vaccine for mumps, measles and rubella (MMR). 

In the late 1990s, a physician from the Royal Free Hospital in London named 

Andrew Wakefield published an article relating the MMR vaccine with autism. 

He hypothesized that the measles virus was responsible for inflammatory 

lesions in the colon that disrupted its permeability letting through neurotoxic 

proteins that reached the brain causing autism. Although in 2005 Wakefield was 

accused of research misconduct, conflict of interests and probably falsehood 

and his article was retracted, the vaccination theory had been quite accepted 

among the general population. Later, another hypothesis that aroused was that 
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autism was caused by the exposure to mercury. Some vaccines contained an 

antiseptic called thimerosal, which was a combination of ethyl-mercury and 

thiosalicylate (55). At present, there is any scientific evidence proving these 

hypotheses and no significant association has been found neither for 

mercury/thimerosal exposure by vaccination nor MMR vaccine (50). 

1.5 Evaluation, management and treatment of ASD 

When ASD screening result is positive or multiple risk factors have been 

identified, it is indicated that the child is referred to a multidisciplinary team for 

a comprehensive ASD evaluation as well as for management and treatment (31). 

The diagnostic approach followed in ASD patients will be explained in the 

following sections (Figure 1).  

Figure 1. Diagnostic approach for ASD patients. If ASD screening result is positive or risk 

factors are identified, the diagnostic approach for ASD will start including a comprehensive 

ASD evaluation and the following management and treatment of the patient. 

1.5.1 Comprehensive ASD evaluation 

This process should start with a detailed and rigorous assessment of health, 

developmental and behavioural history including at least a 3-generation family 

pedigree. It is key to evaluate co-occurring conditions and current functioning 

of the child as well as to assess cognitive, language and adaptive function, 

motor and sensory skills and hearing and visual impairment (56). 

In order to determine the presence of a categorical DSM-5 diagnosis, a trained 

specialist may use standardized ASD diagnostic tools such as Autism Diagnostic 

Observation Schedule Second Edition (ADOS-2) or Autism Diagnostic Interview-
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Revised (ADI-R). The ADOS-2 consists of a semi structured standardized 

evaluation of communication, social interaction and play, whereas the ADI-R is 

a standardized interview assessing the child’s development and current 

functioning. Other tools used to support the ASD diagnosis are the Childhood 

Autism Rating Scale 2 (CARS-2) (57). 

Another step in the ASD evaluation is the physical examination due to the 

association of ASD with neurogenetic syndromes (discussed in further sections). 

It should include assessment of dysmorphic features, growth parameters, skin 

manifestations, organomegaly and neurologic problems (56,57). 

Etiologic assessment is also important in the ASD evaluation process. Although 

G-banded karyotyping and fragile X testing are commonly performed, 

chromosomal microarray is considered the first-tier clinical test for ASD patients 

because it substantially increases the diagnostic yield. However, when there are 

suspicions for a possible neurogenetic or metabolic syndrome, it is indicated to 

proceed with appropriate genetic testing. If any of these options succeeds in 

finding a possible etiology, whole-exome sequencing (WES) should be 

considered. All families should be offered genetic counselling sessions (56,57). 

1.5.2 Management and treatment of ASD  

After completing the comprehensive ASD evaluation and concluding with an 

ASD diagnosis, families should be offered information and support and be 

guided towards appropriate treatment options. Currently, a cure for ASD does 

not exist, but treatment strategies are useful for reducing core symptoms and 

concurrent conditions, improving cognitive ability and adaptive skills and 

maximizing the child’s ability to participate in the community (58). 

Treatment strategies should target the child’s individual needs, varying with age 

as well as strengths and weaknesses of every child. Treatment approaches can 

be divided in four categories, which will be discussed below (57,59). 

Behavioural and educational interventions are the mainstay of treatment for 

ASD and are principally focused on programs for young children including early 

intensive intervention with low student-to-teacher ratio for at least 25 hours per 
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week during 12 months. These programs should promote interactions with 

developing peers and mainly work communication, social and adaptive skills, 

maladaptive behaviour and cognitive and academic skills. It is recommended to 

include transition to adult-oriented activities in order to achieve competences 

needed to promote independence in the workplace and community (59). The 

gold-standard intervention is Applied behavior analysis (ABA). Other commonly 

used interventions are Early Intensive Behavioral Intervention (EIBI) and Joint 

Attention Symbolic Play Engagement and Regulation (JASPER) (57,60). 

Other therapeutic interventions include speech and language therapy, which 

are focused on improving communication skills in ASD children. Gestures, sign 

language and picture communication programs are commonly used strategies, 

such as the Picture Exchange Communication System (PECS) (57,59). 

Occupational therapy is also widely used for ASD treatment in order to improve 

not only self-care and academic skills, but also adaptive and play skills (56,57). 

According to the US Food and Drug Administration (FDA), no medications are 

approved to treat ASD core symptoms nowadays. However, because of the high 

prevalence of co-occurring behavioural and psychiatric disorders with ASD, 

approximately 65% of children diagnosed with ASD receive a psychotropic 

medication being antipsychotic drugs the most common (57,61). Medication 

use increases with age, lower levels of adaptive skills and higher challenging 

behaviours. It is important to bear in mind that adverse effects should be 

carefully monitored in ASD children as they tend to experience more side effects 

(57). 

The National Center for Complementary and Alternative Medicine (CAM) from 

the US National Institutes of Health defines CAM as “a group of diverse medical 

and health care systems, practices and products not presently considered to be 

part of conventional medicine” (62). They can be divided in natural products 

(such as dietary modifications), mind and body practices (as acupuncture or 

yoga) and other therapies like traditional medicine and naturopathy (56). The 

efficacy of many of these interventions remains unproven, although some have 

been examined in clinical trials. Evidence has been found supporting dietary 

supplement of melatonin to treat sleep problems in ASD (56,57).  



Introduction 

15 

2. Genetics of Autism Spectrum Disorder 

ASD is considered to have a strong genetic component, supported by multiple 

heritability studies including twin pairs and population-based designs. A recent 

meta-analysis of twin studies found ASD heritability estimates to range between 

64-91% (63). Accordingly, 3 recent population-based studies estimated the 

heritability of ASD to be approximately 80-85%. Minimal contributions were 

observed for shared environmental factors and maternal effects described as 

the association of a maternal phenotype with ASD in offspring (64–66). Hence, 

the risk for ASD is mostly explained by genetic factors.  

The closer the degree of familial relatedness, the higher the risk of ASD. The 

relative recurrence risk (RRR) is defined as the ASD risk among individuals with 

an affected family member compared to individuals without any ASD family 

member. Recurrence risk estimation usually relies on empirical data, which is 

known as empirical risk, defined as the probability of a trait based on experience 

instead of based on the inheritance pattern as the causative mechanism is 

unknown. The ASD RRR for full siblings was reported to be 9.3% (95% CI:8.5-

10.1), whereas for maternal and paternal half-siblings was 5.8% (95% CI:4.2-8.1) 

and 3.9% (95% CI:2.6-5.8), respectively (67). However, in multiplex families with 

more than one ASD affected child, the RRR was estimated to be around 28.9-

50% (68–70). 

2.1 Genetic models of ASD 

The genetic architecture of ASD is recognized to be complex since different 

patterns of inheritance have been described including monogenic models and 

more complex forms such as polygenic and multifactorial models. In addition, 

ASD genetic liability is shaped by different variants: rare single nucleotide 

variants (SNVs), copy number variants (CNVs), de novo variants (SNVs or CNVs) 

and common risk alleles from SNPs (Single Nucleotide Polymorphisms). As 

depicted in figure 2 rare and de novo variants account for a moderate or high 

penetrance, whereas common variants have a small effect size (71,72).  
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Figure 2. Contribution of different genetic variants to ASD genetic liability. Each dot 

represents a variant which can contribute to ASD risk: in blue, common risk alleles from SNPs 

(allelic frequency higher than 0.01 in general population and little effect size); in black, 

structural variants or copy number variants (CNVs); in red, rare single nucleotide variants 

(SNVs); and in green, de novo mutations which can be either SNVs or structural variants. All 

these last three categories have an allelic frequency lower than 0.01 in general population and 

moderate to large effect size. Adapted from (72). 

Monogenic models are explained by the rare variant-common disease 

hypothesis, in which a single highly penetrant gene mutation or CNV is the 

major contributor to ASD risk (49). Both de novo mutations and rare damaging 

inherited variants can be involved, usually following a Mendelian inheritance, 

although incomplete penetrance and variable expressivity have been described. 

The major gene model is supported by the significant higher number of de novo 

mutations found in ASD patients compared to their unaffected siblings (73,74). 

Regarding polygenic models, the additive effect of multiple genetic variants 

accounts for the ASD phenotype. The number and type of mutations involved 

vary depending on the various models described. The first polygenic model is 

known as the “two-hits model”, in which one rare variant predisposes to the 

disorder, while a second rare variant is actually the cause. The second variant 

can also contribute to the phenotypic severity (49). For instance, a recent study 

found that ASD patients with more than one risk variant were more severely 

affected regarding cognitive ability than patients carrying one or any risk 

variants (75).  
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In the second polygenic model, a rare variant acts additively in a pre-existing 

genetic background of common risk alleles, whereas the third model assumes 

that the combination of rare and common variants is the cause of ASD. These 

first three polygenic models can explain the presence of some de novo 

mutations in healthy population and the fact that some rare variants are 

inherited from healthy parents (49,72). The common variant-common disease 

is the fourth polygenic model, in which thousands of common variants (or 

SNPs), individually of little effect size contribute additively to the overall ASD 

risk. The sum of these inherited common risk alleles confers a susceptibility 

above a theoretical risk threshold causing ASD development (49,71).  

Lastly, in multifactorial models, it is considered that genotype, environment and 

de novo variation contribute to the genetic landscape of ASD (76). 

2.2 Genetic causes of autism 

Many studies have focused on unravelling the genetic causes underlying this 

condition, but ASD etiology is still unclear in many cases known as idiopathic 

autism. Up to date, only in about 25-35% of patients diagnosed with ASD is 

possible to recognize the genetic etiology (49). As discussed in the previous 

section, identified genetic causes can include from a single penetrant mutation 

causing ASD to a cumulative sum of low-risk alleles, demonstrating the high 

degree of genetic variability in ASD (Figure 3).   

Figure 3. Schematic representation of identified genetic causes of ASD. CNVs: copy 

number variants, SNVs: single nucleotide variants. 
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2.2.1 ASD-related syndromes 

Among some ASD individuals, autistic features are part of the behavioural 

manifestation of known genetic syndromes, called syndromic autism. These 

disorders account for approximately 5-10% of all cases of ASD. Usually, patients 

with syndromic autism also present dysmorphic features associated to the 

specific single gene disorder and unlike in idiopathic ASD, male-to-female ratio 

is equal (77,78).  

The most common monogenic disorder related to ASD is fragile X syndrome 

(FXS), identified in 1.5-3% of individuals with ASD. It is caused by triplet repeat 

expansions in the X-linked gene FMR1 (fragile X mental retardation 1), essential 

for synaptic plasticity. Around 90% of males with full FMR1 mutations (>200 

CGG repeats) display autistic features at some point, and 60% meet ASD 

diagnostic criteria. In females, up to 23% can be diagnosed of ASD. 

Macrocephaly with prominent forehead, long face, large protruding ears and 

prominent chin are typical FXS facial features (49,79).  

Mutations in MECP2 (methyl-CpG-binding protein 2) cause Rett syndrome 

(RTT), which can be diagnosed in 1-2% of ASD female patients. This X-linked 

gene is responsible for brain function regulation. Girls affected with RTT develop 

normally in their first 6 to 18 months until they loss acquired language skills 

during a regression period and show stereotypic movements (79). Tuberous 

sclerosis (TS) can be found in approximately 1% of ASD patients and is 

characterized by hypopigmented macules, brain tumors and multi-organ 

involvement. Mutations in TSC1 and TSC2 (tuberous sclerosis complex 1 and 2) 

are responsible for TS. These genes are involved in local translation in the 

central nervous system through rapamycin signaling pathway (mTOR) (49,78). 

Also, mutations in PTEN (Phosphatase and tensin homolog) have been reported 

in individuals with ASD-macrocephaly syndrome (79).  

Other common ASD-related syndromes include neurofibromatosis type 1 (NF1 

gene; ~1%), Williams-Beuren syndrome (WBS; 7q11.23 deletion), 7q11.23 

microduplication syndrome, Duchenne muscular dystrophy (DMD gene), 

Timothy syndrome (CACNA1C gene), Cohen syndrome (COH1 gene), Smith-
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Magenis syndrome (17p11.2 duplication), DiGeorge syndrome or 

velocardiofacial syndrome (22q11.2 deletion) and 16p11.2 deletion syndrome. 

Cornelia de Lange (SCM1A/SMC3 genes) and CHARGE syndromes can be found 

in ASD individuals with co-occurring ID and dysmorphic features. Metabolic 

diseases like phenylketonuria (PAH gene) and Smith-Lemli-Opitz syndrome 

(DHCR7 gene) as well as some mitochondrial diseases have also been reported 

(49,78,79). 

2.2.2 Chromosomal abnormalities 

Cytogenetically visible chromosomal rearrangements are found in 2.2-7.4% of 

individuals with ASD. These alterations can be detected with karyotyping and 

fluorescence in situ hybridization (FISH) techniques which have a resolution of 

>3 Mb and >1 Mb, respectively (77,80). One of the most common chromosomal 

abnormalities is the 15q11-q13 maternal duplication, observed in 1-3% of ASD 

patients. Two genes encompassed in this region, GABRB3 and UBE3A, are brain-

related genes that codify for GABA receptors and proteasome complex 

components which have been related to ASD. Individuals with this gain present 

hypotonia, hypogonadism, fine motor delays, moderate to severe ID, speech 

and language impairments, epilepsy and other behavioural problems (81). 

Other examples of chromosomal rearrangements include 22q11 deletion, 2q37 

deletion, 17p11.2 duplication and some aneuploidies such as trisomy 21 (Down 

syndrome); 45,X Turner syndrome; 47,XXY Klinefelter syndrome and 47,XYY 

(80,81). Some of these chromosomal abnormalities can also be included in the 

ASD-related syndromes category.   

2.2.3 Copy number variants 

The advent of chromosomal microarray (CMA) platforms has enabled the 

detection of submicroscopic chromosomal abnormalities not detected by 

conventional karyotype thanks to their higher resolution. Usually, CMA are used 

to identify CNVs, which are structural variants (duplication and deletion) with a 

length from 1 Kb to several Mb. CNVs can be either common or rare, 

transmitted or de novo, and have been widely studied in neurodevelopmental 

disorders (78). 
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For the last decades, several studies have revealed a higher rate of CNVs in ASD 

subjects than in controls. Sebat et al. found that de novo CNVs were significantly 

associated with ASD as 10% of sporadic ASD patients (families with no previous 

history of ASD or so-called simplex families) carried a de novo CNV, whereas the 

frequency in multiplex families and healthy controls was 3% and 1%, 

respectively (82). Further studies encountered similar results with a rate of de 

novo CNVs of 5.8-7.9% in simplex families, 2% in multiplex families and 1.7-2% 

in siblings (83–85). Moreover, the burden of de novo CNVs was higher in 

affected females than in males (11.7% vs 7.4%) (85). In another study, rare CNVs 

were significantly more frequent in ASD subjects (4.3%) compared to 

neurotypical population (2.3%) (86). ASD-specific CNVs were reported in 11.6-

12.5% of ASD individuals (87,88). All this suggests that de novo CNVs have a 

major contribution in ASD, but there is also evidence for rare CNVs inherited 

from apparently normal progenitors that show incomplete penetrance and 

variable expressivity (89).  

The most common ASD-associated CNVs are the microdeletion of 593 Kb in 

16p11.2 and the reciprocal microduplication, found in 1% of ASD patients. 

Interestingly, subjects with the 16p11.2 deletion present macrocephaly whereas 

duplication carriers have microcephaly (90).  

Other recurrent CNVs are 1q21.1 duplication, 7q11.23 duplication, 15q11.2-13 

duplication and 22q11.21 deletion and duplication. Some of these CNVs are 

also involved in other neuropsychiatric disorders like ID, schizophrenia (SCZ) or 

ADHD. See table 2 for CNVs strongly associated with ASD (91).  
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Table 2. Recurrent CNVs strongly associated with ASD. Other neuropsychiatric phenotypes 

are also reported. Del: deletion, Dup: duplication, ID: intellectual disability, ADHD: attention 

deficit hyperactivity disorder, SCZ: schizophrenia. Adapted from (91,92). 

In addition, structural variants encompassing ASD susceptibility genes, such as 

NRXN1, SHANK3, NLGN1, NLGN4 or PTCHD1, have been reported as well (83). 

Other recurrent ASD-linked loci with a less strong association include 2q37 

deletion, 16p13.1 deletion and 17p11.2 duplication (49). 

2.2.4 Single nucleotide variants 

The advent of next-generation sequencing (NGS) techniques, including WES 

and whole genome sequencing (WGS), has drastically accelerated gene 

discovery in ASD highlighting the large number of genes (>1000) that 

contribute to ASD risk (93,94). In addition, NGS has allowed the identification of 

SNVs in highly penetrant genes as another cause of ASD. De novo SNVs 

mediating ASD risk have been found in approximately 7-14% of idiopathic ASD 

cases (91,95,96). Recent analysis concluded that both WES and WGS are efficient 

diagnostic tools for ASD, especially in idiopathic patients with negative findings 

in microarrays (75,97). 

The first NGS studies focused on simplex families using WES technology in a 

trio based design to investigate de novo events, and in some cases unaffected 

Risk Loci CNV Gene Associated neuropsychiatric phenotypes 

1q21.1 del/dup  ID, SCZ (both) and ADHD (dup) 

2p16.3 del NRXN1 - 

3q29 del  ID, speech and language disorder, SCZ, anxiety and 

bipolar disorder 

7q11.23 dup  ID, ADHD, anxiety and oppositional defiant 

disorder, speech delay 

15q11.2-q13.1 dup  ID, ADHD 

15q12 dup GABRA5 ID, ADHD, speech delay 

15q13.2-q13.3 del/dup  ADHD (del), speech delay (dup) and ID (both) 

16p11.2 del/dup  ID (del), SCZ and bipolar disorder (dup) 

22q11.21 del/dup  SCZ, ADHD, speech delay and anxiety disorder 

(del), ID and ADHD (dup) 

22q13.33 del SHANK3 ID, language disorder 
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siblings were also evaluated (73,95,96,98,99). The first conclusion drawn from 

these studies was that de novo Loss of Function (LoF) or likely gene-disrupting 

(LGD) mutations, including nonsense, frameshift and splice site variants, were 

twice as frequent in affected probands than in unaffected siblings (73,95,96). It 

has been estimated that in probands approximately 41-46% of de novo LGD 

events contribute to ASD risk (73,91). Moreover, de novo LoF variants were 

found at higher rates in affected females than in affected males, and other 

studies observed similar results with a 2-fold enrichment of de novo LGD 

mutations in females. This fact is in accordance with the female protective effect 

hypothesis, which states that females require more genetic load to reach the 

threshold of ASD diagnosis (100,101). Other conclusions extracted from the first 

studies were that de novo mutations were biased towards a paternal origin (4:1) 

and were positively related to parental age (73,96,98).  

The identification of multiple de novo variants in the same gene from unrelated 

individuals pointed out candidate ASD-risk genes, which allowed the 

development of target sequencing studies of candidate genes (102–104). 1% of 

sporadic ASD cases were estimated to be explained by de novo disruptive 

mutations in six recurrent genes: CHD8, DYRK1A, GRIN2B, TBR1, PTEN and 

TBL1XR1. Variants in CHD8 accounted for 0.35% of ASD cases and were 

associated with macrocephaly, while patients carrying DYRK1A mutations had 

significantly smaller head sizes (98). A more recent target sequencing study 

found that severe de novo variants including missenses in SCN2A and CHD8 

accounted for 1.5% of ASD cases and identified novel macrocephaly-associated 

ASD genes (WDFY3, GIGYF2 and KMT5B) (104). It is very useful to clinically 

characterize ASD patients sharing variants in the same gene in order to identify 

specific subphenotypes.  

Subsequent studies not only investigated de novo events, but also rare inherited 

truncating variants using both WES and WGS strategies (100,105–108). Rare 

inherited truncating SNVs in highly conserved genes were found enriched in 

probands compared to their unaffected siblings (100,106). A recent study by 

Satterstrom et al., which is the largest exome sequencing analysis to date, 
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observed for the first time a 2.1-fold enrichment of de novo damaging missense 

variants in cases compared to controls (100). In line with previous studies, de 

novo variants were mainly originated in the father, whereas rare inherited 

truncating SNVs showed a bias towards a maternal origin (106,107).  

Taking advantage of large sample sizes, several studies carried out a weighted, 

statistical model known as TADA (Transmission And De novo Association) that 

integrates de novo, transmitted and case-control variation to identify ASD risk 

genes (91,105,109). Following this approach, 33 ASD risk genes were identified 

with an FDR<0,1 (False Discovery Rate) and 107 genes with an FDR<0,3. These 

genes encoded proteins implicated in three pathways: chromatin remodeling, 

transcription and splicing, and synaptic function (105). Another study found 65 

ASD risk genes with an FDR≤0,1 involved in chromatin regulation and synapse 

(91). Recently, 69 genes were significantly associated with ASD (FDR<0,1), from 

which 16 were newly identified genes (109). All ASD risk genes described in the 

above-mentioned articles are summarized in table 3. 

Table 3. ASD risk genes identified with TADA model. Adapted from (91,105,109). Genes in 

bold are the highly confident subset of genes observed significantly associated with ASD in 

the three studies. Genes shown underlined are found in two of the articles. If genes were in 

different categories, prevailed the one with higher FDR.   

Common variants, such as SNPs (occurring in more than 1% of the population) 

could also contribute with small effect size to ASD risk. In fact, the variance in 

liability accounted for measured SNPs was estimated to be 49.4% (110). 
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However, a recent meta-analysis found that SNPs-based heritability was 11.8% 

(111). Anyhow, the contribution of common variants to ASD liability seems to 

be significant.  

Genome-Wide Association studies (GWAS) allow to explore the association 

between SNPs and human traits like diseases. First GWAS studies investigating 

ASD failed to achieve genome-wide significant signals (112). The first study to 

find variants with genome-wide significant association with ASD found a SNP 

on 5p14.1 (rs4307059-T p=10-10) that was related to a long noncoding RNA 

(lncRNA) named MSNP1AS (113). Later on, a meta-analysis identified a single 

association marker at rs1409313-T (OR=1.12 p=1.058·10-8) on chromosome 

10q14.32 in linkage disequilibrium with a gene-rich region. Among these genes, 

CUEDC2 and PITX3 were related to the ubiquitination-proteasomal degradation 

pathway and neuronal differentiation, respectively (114). The most recent GWAS 

based in a case-cohort population with an increased sample size found five 

common risk variants robustly associated with ASD. These genome-wide 

significant signals included rs910805 on 20p11.23, rs10099100 on 8p23.1, 

rs201910565 on 1p21.3, rs71190156 on 20p12.1 and rs111931861 on 7q22.3. 

Additionally, 7 more loci were identified shared with other traits (schizophrenia, 

major depression and educational attainment) at equally strict significance 

levels (111). 

2.2.5 Mosaic events 

Most of the variants described above are constitutional variants present in every 

cell (or the majority) in an individual. However, sometimes these variants can be 

found in mosaicism, which is defined as the presence of two or more genetically 

different cell populations in the same individual as a result of postzygotic 

mutations. Depending on the moment after fertilization when the mutation 

occurs and the cell lineage, they can generate somatic mosaicism or gonadal 

mosaicism. De novo mutations present as heterozygous variants in every cell of 

an organism are thought to occur in the parental germline, but a considerable 

part of de novo mutations are likely to have arisen postzygotically rather than 

in parental gametes (115).  
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Postzygotic mosaic mutations (PMMs) have been implicated in cancer and 

neurodevelopmental disorders like epilepsy and genetic disorders of neuronal 

migration (116). However, the detection of PMMs is challenging due to the 

limited sensitivity to detect this type of mutations and the availability of specific 

tissues. Although brain would be the tissue of choice for ASD, it is not accessible, 

so whole blood can be a good approach. In fact, a study carried out deep 

sequencing in postmortem ASD brains and found two cases with deleterious 

somatic mutations which might contribute to ASD risk (117). Further studies 

using WES technology estimated that 4.2-7.5% of all de novo mutations were 

actually PMMs (118–120). In addition, mosaic events were significantly enriched 

in ASD probands compared to their unaffected siblings as well as ASD probands 

harbored more deleterious PMMs in brain-expressed critical exons than their 

siblings (118,119). Mosaic mutations have been identified in previously 

associated ASD genes such as SCN2A, SYNGAP1, KMT2C and TBL1XR1, among 

others (120). Therefore, the study of PMMs is also useful in ASD gene discovery. 
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3. Susceptibility factors 

In complex models (polygenic and multifactorial) explained in previous sections, 

the sum of multiple genetic variants and environmental factors is responsible 

for the ASD phenotype, although the number, type of mutations and the 

environmental factors involved can vary. Most of these variants are 

susceptibility factors that arouse risk for developing ASD (49). Nowadays, the 

majority of studies that try to understand the genetic causes of ASD have 

focused on monogenic causes and/or highly penetrant variants. Therefore, 

single copy regions and coding regions have been exhaustively explored in ASD 

patients, but little is known about complex regions and non-coding regions, 

which may contain part of the lost heritability.                                       

3.1 Segmental duplications 

Segmental duplications (SDs) are part of these complex unexplored regions. 

SDs, also known as low-copy repeats (LCRs), are segments of DNA ranging from 

1 to 200 Kb in length with high homology (>95%) found in two or multiple 

genomic locations. First studies using FISH analysis and computational 

approaches estimated the human SD content to be around 3.6-5% (121,122). 

However, a more recent study developed a new computational tool which 

identified a total of 219 Mbp (7,6%) with SDs in the human genome (123).  

SDs can be organised in tandem or interspersed locations around the human 

genome. Although they have been identified in all human chromosomes, LCRs 

are non-randomly distributed being enriched in chromosomes 22 and Y. In 

addition, SDs can be divided into two groups including interchromosomal 

duplications, in which duplicated segments are found among non-homologous 

chromosomes and intrachromosomal duplications that are located in a specific 

chromosome or chromosomal arm (121) (Figure 4). SDs have been observed to 

cluster together with up to 10-fold enrichment in pericentromeric and 

subtelomeric regions (122,124). Intrachromosomal SDs are more prone to 
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contain genes than interchromosomal duplications. Moreover, SDs containing 

gens tend to be longer and to have higher sequence similarity (124). 

Segmental duplications are a common architectural feature of the genomes of 

primates and are relevant for genetic diversity and evolution. SDs have 

appeared relatively recently during primate evolution. They have been 

estimated to emerge during the past 35 million years and have rapidly evolved 

since the divergence of great apes (125).  In addition, SDs can mediate 

chromosomal structural variation related to genomic disorders. Due to their 

similarity, they can initiate non-allelic homologous recombination (NAHR) 

events in which there is a misalignment of highly homologous SDs followed by 

paralogous recombination. These events can lead to recurrent rearrangements 

including deletions, duplications, translocations, inversions and marker 

chromosomes. The type of resulting rearrangement will depend on the 

orientation of the repeats. In fact, these alterations are found with a 4-12-fold 

greater frequency close to SDs (126–128).  

A study identifying potential hot spots of genomic instability by the presence 

of SDs mapped 169 large regions flanked by LCRs, from which 24 regions had 

already been related to genomic disorders (Figure 4) (129). For example, in the 

chromosome region 17p12, there are two 24 Kb SDs called CMT1A-REP flanking 

a unique copy region. NAHR between these repeats can result in a 1.5 Mb 

deletion associated with hereditary neuropathy with liability to pressure palsies 

(HNPP), whereas the reciprocal microduplication causes Charcot-Marie-Tooth 

disease type 1A (CMT1A) (126). 

Moreover, SDs are important in the evolution of novel genes. One of the 

mechanisms to create new genes is the duplication of an entire gene due to the 

presence of SDs followed by positive selection. It is thought that this mechanism 

is one of the forces driving vertebrates to achieve its proteome diversity and 

morphological complexity (125,128). Many studies are trying to elucidate the 

function of these novel genes. Recently, some genes derived from human-

specific SDs (SRGAP2C and ARHGAP11B) have been associated with 

enlargement of human brain. Therefore, it seems that the advent of novel genes 
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mediated by SDs and the progress of new function have played a key role in 

human evolution and adaptation (130).  

Figure 4. Genome-wide view of human intrachromosomal and interchromosomal 

segmental duplications. Locus with a letter indicate those regions associated with genomic 

disorders. SDs: segmental duplications. Adapted from (129). 

3.2 Inversions 

Inversions are described as a change in orientation of a specific DNA segment. 

They are classified in two classes including pericentric and paracentric 

inversions, which include or not the centromere, respectively (131,132). The 

most common mechanism to originate inversions is NAHR mediated by SDs 

when these repeats are oppositely oriented on the same chromosome (Figure 

5). However, if no high sequence similarity is found at the breakpoints, there are 

other mechanisms that can generate inversions, such as double-strand break 
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repair mechanisms or microhomology mediated replication-based mechanisms 

(132,133). 

Figure 5. Formation of inversions by NAHR events mediated by SDs. Chromosomes are 

represented by orange lines, whereas segmental duplications are shown as big arrows with 

opposite orientation. Capital letters above the line represent unique sequences, which after 

the NAHR will be inverted in the region flanked by SDs. Adapted from (126,127). 

Inversions are known to contribute to chromosomal evolution and are 

considered a source of genetic variability. These can be explained by indirect 

and direct effects of inversions. Indirectly, they cause suppression of 

recombination of the inverted regions in heterozygotes, which over time leads 

to linkage disequilibrium (LD) between haplotypes (131,132). On the other 

hand, although inversions are usually considered neutral variants, inversion 

breakpoints can directly cause gene disruption, alter gene expression due to 

separation of regulatory elements and in some cases predispose to genetic 

copy number imbalances (132). For instance, the disruption of IDS (Iduorante-

2-Sulphatase) due to the presence of an inversion is a common cause of Hunter 

syndrome (134). Also, the frequency of the 7q11.23 inversion is higher among 

transmitting parents of Williams-Beuren syndrome (WBS) patients indicating 

that the inverted allele may predispose to the 7q11.23 deletion (135). Therefore, 

inversions have been linked to multiple diseases, including being susceptibility 

factors for different multifactorial pathologies such as autism or obesity (136–

138).  
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3.2.1 Methods for the detection and genotyping of inversions 

Initially, inversions were detected by G-banded karyotyping and FISH 

techniques with limited resolution. Antonacci et al. characterize six large 

inversion polymorphisms in 3 HapMap populations using a metaphase FISH-

based assay (139). Other experimental techniques, including PCR (Polymerase 

Chain Reaction) and inverse PCR, have also been used for targeted studies of 

inversions. For the discovery of genome-wide inversions, sequencing 

techniques like WGS comparison and paired-end sequencing and mapping 

(PEM), have implicated a major breakthrough.  

However, these techniques are limited by their relatively low throughput, and 

for that reason computational algorithms are also useful in the detection of 

inversions (132). The majority of computational methods focus on the 

identification of specific genomic patterns caused by inversions. 

A powerful tool in the detection of inversions is InveRsion algorithm, which is 

able to predict inversions from SNP data (140). This tool is useful to find 

inversions as can predict putative regions harbouring inversions without 

previous knowledge of breakpoints. inveRsion scans the genome by measuring 

changes of LD between SNPs blocks across inversion breakpoints. It assumes 

that close SNP blocks from inversions have higher LD than distant blocks and 

can detect regions where this pattern has been disrupted, suggesting the 

presence of a chromosomal inversion. The algorithm quantifies these inversion 

signals with the Bayes Information Criteria (BIC), and a positive BIC value 

indicates that the region likely contains an inversion (Figure 6A) (141). However, 

inveRsion tool was conceived to detect inversion regions, so other algorithms 

are needed for inversion genotyping.  

As explained above, inversions cause suppression of recombination leading to 

differences between inverted and standard chromosomes. Therefore, it is 

possible to find variants exclusive from one of the inversion status such as tag 

SNPs, which are SNPs that individually differentiate the inverted and standard 

chromosome. The simplest approach for inversion genotyping is the 

identification of tag SNPs, but unfortunately many inversions do not have tag 
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SNPs linked (142,143). Clustering methods used for inversion genotyping are 

an extension of tag SNPs. They are based on a dimensionality reduction 

technique, such as principal component analysis (PCA) or multidimensional 

scaling (MDS), on all SNPs harboured in an inversion that allows to cluster 

haplotype groups due to differences in the mutational content between 

inverted and standard chromosomes. The first tool implementing this 

methodology was PFIDO (Phase Free Inversion Detection Operator), which 

performed a MDS on all the SNPs from the inversion interval in order to cluster 

inversion haplotypes (144). Later on, InvClust package was developed, which is 

an algorithm similar to PFIDO that infers inversion status considering the 

ancestry background, a possible confounder factor in clustering methods 

(Figure 6B) (145).  

Figure 6. Computational methods to detect and genotype inversions. (A) InveRsion: scan 

search for inversions showing BIC for each possible window. From (146). (B) InvClust: 17q21.31 

inversion genotyping in own data. BIC: Bayes information criteria, MDS: multidimensional 

scaling, NI: non-inverted, I: inverted.   

Nevertheless, these methods face important limitations such as the need of a 

minimum number of individuals to accurately compute calls, the inefficiency in 

genotyping large cohorts and problems with inversion calling harmonization in 

meta-analysis. A newer approach that overcomes these limitations is 

scoreInvHap, which can reliably genotype 20 human inversions from SNP data. 

This tool uses a set of experimentally validated reference haplotype-genotypes 

from the inversion of interest and classifies each individual according to their 

SNP similarities to the reference genotypes (Figure 7) (147). 
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Figure 7. Methodology followed by ScoreInvHap algorithm. Validated haplotype-

genotype references are obtained for a following comparison of SNP similarities with samples 

of interest. NI: non-inverted, I: inverted. 

3.2.2 Inversion 17q21.31 

The 17q21.31 inversion is a ~970 Kb inversion located in chr17: 43,544,138-

44,633,937 (hg19) with two LCRs flanking its breakpoints (Figure 8). It is one of 

the most structurally complex and evolutionarily dynamic regions of the 

genome (139,148). There are two highly divergent haplotype groups, H1 (direct 

orientation) and H2 (inverted) (149). The two status can be distinguished by 

genotyping a marker (DG17S142) in intron 9 of MAPT (Microtubule-Associated 

Protein Tau) and a characteristic 238 bp deletion in the same intron of H2 

haplotype (139,148). 

Figure 8. Schematic view of the 17q21.31 inversion. Represents the direct orientation 

corresponding to the H1 haplotype (hg19). Adapted from (150).   

While H1 is commonly found in all human populations, H2 is mostly present in 

individuals with European ancestry with a frequency of ~20%. Also, evidence 

was found for positive selection limited only to European populations, 

concretely in Icelanders where carrier females were observed to have more 

children and higher recombination rates. In individuals from Africa and Asia, H2 

haplotype was observed in 6-9% and 1%, respectively (139,148). Surprisingly, 
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comparative primate analysis suggested that H2 orientation represented the 

ancestral state of the inversion (151).  

The 17q21.31 region contains multiple genes including MAPT, CRHR1 

(Corticotrophin Releasing Hormone Receptor 1) and KANSL1 (KAT8 regulatory 

NSL complex subunit 1), among others. De Jong et al. studied the effect of the 

inversion status on gene expression within the region and found that several 

genes were functionally regulated by the inversion haplotypes. As other studies 

before, they found a higher expression of MAPT associated with the H1 status 

in the frontal cortex and the cerebellum. Expression of PLEKHM1 (Pleckstrin 

Homology domain containing, family M Member 1) was also significantly 

increased in H1 in cerebellum. Conversely, H1 genotype was associated with a 

lower expression of CRHR1 in cerebellum (152). 

The increased MAPT expression associated with H1 haplotype leads to an 

overproduction of hyperphosphorylated protein Tau that aggregates in 

neurons. This mechanism has been linked to neurodegenerative disorders 

including progressive supranuclear palsy, corticobasal degeneration, 

Parkinson’s disease and Alzheimer’s disease (149,153–156). The H2 haplotype is 

related to recurrent microdeletion of the 17q21.31 region predisposing to the 

Koolen-De Vries syndrome, which is characterized by moderate ID, 

developmental delay, hypotonia and facial dysmorphism. It has been 

hypothesized that the haploinsufficiency of MAPT may affect axonal elongation 

and neuronal migration possibly explaining the major features of the syndrome 

(157,158).  

3.2.3 Inversion 8p23.1 

The 8p23.1 inversion is the largest inversion found in the human genome 

encompassing almost 4.7 Mb in chr8: 7,238,552-12,442,658 (hg19). It is flanked 

by two large blocks of SDs, the olfactory repeat regions REPD and REPP. Its 

estimated frequency varies depending on the population studied: ~52-59% in 

Africans, ~12-27% in Asians and ~26-50% in Europeans (139,144,159,160). The 

inverted region encompasses at least 50 genes and four of them showed 

statistically significant different expression levels. NEIL2 (Nei Like DNA 
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Glycosylase 2) and CTSB (Cathepsin B) were reported to have a higher 

expression associated with the inverted allele, whereas BLK (B Lymphoid 

tyrosine Kinase) and MSRA (Methionine Sulfoxide Reductase A) genes were 

significantly decreased in the inverted conformation (160). Also, PPP1R3B 

(Protein Phosphatase 1 Regulatory subunit 3B) was found downregulated in 

inverted chromosomes in different tissues (144). 

Genes encompassing this inversion, such as PPP1R3B, have been related to lipid 

metabolism and an association was found between the 8p23 inversion allele 

and low BMI (body mass index) in children of European ancestry (141,161). Also, 

variants in FAM167A/BLK locus, harboured in the inverted region, have been 

linked to risk of systemic lupus erythematosus (SLE) and other autoimmune 

diseases (162–165). Recent studies detected an association effect between the 

non-inverted status of inv8p23.1 and susceptibility to SLE (OR=1.18,   

p=8.18x10-7) (166,167).   

Carriers of the inverted 8p23.1 allele have an increased risk of having offspring 

with unbalanced chromosomal rearrangements including deletions and 

duplications as a result of NAHR events between REPD and REPP blocks (132). 

The 8p23.1 deletion syndrome is related to developmental delay, behavioural 

and cardiac problems, whereas the reciprocal duplication is associated with mild 

dysmorphism and developmental and speech delay (168). More complex 

interchromosomal rearrangements have been observed in this region, where 

olfactory receptor-gene clusters exist as well as in 4p16. This is why 

heterozygous individuals for both 8p23.1 and 4p16 inversion are at risk of 

originating an unbalanced t(4;8)(p16;p23) translocation in offspring because the 

heterozygous state allows the recombination of two non-homologous 

chromosomes. Subjects carrying der(4), which implies the deletion of 4p16 and 

the duplication of 8p23, show Wolf-Hirschhorn syndrome (OMIM #194190) 

characterized by growth deficiency, variable developmental delay, seizures and 

dysmorphism. On the other hand, individuals with der(8), which involves the 

duplication of 4p16 and the deletion of 8p23, have a less severe phenotype 

(169).  
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4. The 7q11.23 recurrent rearrangements 

The human chromosome 7 exhibits an especially SD-rich sequence accounting 

for an 8.2% of the overall chromosomal content (170). Within this chromosome, 

there is one of the most well-studied complex genomic regions located in the 

7q11.23 band, which has been thoroughly characterized. This region is 

composed of a unique copy sequence flanked by groups of LCRs that mediate 

NAHR events predisposing to deletions, duplications, triplications and 

inversions. CNVs in 7q11.23 region lead to neurodevelopmental disorders. The 

recurrent microdeletion causes WBS (OMIM #194050) characterized by cardiac 

and connective tissue problems, facial dysmorphism, ID and hypersociability. 

Conversely, the reciprocal duplication originates the 7q11.23 microduplication 

syndrome (OMIM #609757) which courses with speech delay and autism. All 

this points out that genes encompassed in the 7q11.23 region are dosage 

sensitive and may be involved in human speech and language (171). 

4.1 7q11.23 genomic structure 

The 7q11.23 region is composed of a ~1.2 Mb single-copy gene region flanked 

by three large groups of SDs known as centromeric (c), medial (m) and telomeric 

(t). At the same time, each of these LCRs comprises three differentiated blocks 

named A, B and C (Figure 9). Centromeric and medial SDs are identically 

orientated with different order, whereas the telomeric repeat is found in the 

same order as the centromeric one, but with inverted orientation (172,173). The 

majority of genes found in the different blocks are truncated copies or 

pseudogenes with the exception of some transcriptionally active and functional 

genes. 

The high homology between flanking SDs, which is greater than ~97%, 

predisposes to misalignment and unequal crossing-over during meiosis leading 

to the 7q11.23 deletion or the reciprocal duplication. However, it is a highly 

dynamic region since polymorphic variation of LCR copy number and inversions 

have been observed in healthy population (135).  
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Figure 9. Schematic representation of 7q11.23 region. The ideogram of chromosome 7 is 

shown above. A detailed characterization of the region can be observed below. Centromeric 

(c), medial (m) and telomeric (t) SDs are represented as arrows which illustrate the order and 

orientation of the blocks. A block is shown in green, B block in blue and C block in orange. 

Adapted from (171). 

4.2 Williams-Beuren syndrome 

WBS is a rare neurodevelopmental and multisystem disorder caused by the 

hemizygous microdeletion of 26-28 contiguous coding genes encompassed in 

the 7q11.23 region with a prevalence of 1/7500 live births (174). Various 

individuals with unique facial features and infantile hypercalcemia were 

reported during the 1950s, but it was not until 1961 when Dr. Williams first 

recognized it to be a distinct clinical entity. Afterwards, Dr. Beuren reported 

more patients and since then it was known as Williams-Beuren syndrome 

(171,175,176).  

4.2.1 Genetic mechanism 

The 7q11.23 deletion arises when there is unequal crossing-over between 

directly oriented blocks in the centromeric and medial location (172,173). The 

size of the deletion varies depending on the LCRs implicated in the NAHR 

events, but two recurrent deletions are found among WBS individuals. The 

majority of cases (~90%) present a 1.55 Mb deletion due to recombination 

between the centromeric and medial B repeats (Bc/Bm) as they show 99.6% of 

sequence identity. In <10% of WBS individuals, the crossing-over is mediated 

by Ac and Am, which share 98.2% of sequence identity, resulting in a larger 

~1.83 Mb deletion (Figure 10) (135). Atypical deletions have also been detected 

and account for 2-3% of the cases (177,178). 
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Figure 10. NAHR events generating the two recurrent deletions in WBS. Adapted from 

(171). 

In two thirds of the WBS deletions, the NAHR event is interchromosomal 

(between different chromosomes 7s), whereas only one third is 

intrachromosomal (135). Although few cases of autosomal dominant 

inheritance have been reported, WBS usually occurs sporadically (179). Besides, 

no bias concerning the parental origin of the deletion has been observed (135). 

The polymorphic 7q11.23 inversion has been identified in 25-28% of WBS 

transmitting progenitors, which compared to the rate in general population 

(5.8%) implicates an increased risk of having a child with WBS. Concretely, from 

a chance of 1/9500 for non-inversion carriers, the risk for parents heterozygous 

for the inversion rises to 1/1750 (135,180). 

4.2.2 Clinical features of WBS 

WBS patients show a wide range of clinical signs and symptoms including 

distinctive facial features, cardiovascular abnormalities, growth defects, 

gastrointestinal and endocrine anomalies, connective tissue problems, 

neurological problems and unique cognitive and behavioural profiles (181). The 

condition is usually diagnosed around the second year of life (182).  

Regarding facial dysmorphism, WBS individuals present broad forehead, 

bitemporal narrowing, epicanthal folds, flat nasal bridge, short upturned nose, 

broad nasal tip, long philtrum, wide mouth with full lips, small jaw, widely 

spaced teeth, delicate chin and full cheeks (Figure 11) (171,181). 
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Figure 11. Distinctive facial appearance of subjects with WBS. Pictures of affected 

individuals at different ages: (A) young child, (B) school-age child, (C) young adult and (D) same 

subject at 12 years old in the left, and 83 years in the right. From (181). 

The most frequent and clinically significant cardiovascular finding is 

supravalvular aortic stenosis (SVAS) found in approximately 64-70% of WBS 

patients. The haploinsufficiency of elastin gene (ELN) has been linked to the 

SVAS phenotype observed in WBS, but also with the connective tissue lesions. 

Other cardiovascular problems include pulmonary arterial stenosis (34%), 

hypertension (17-50%), mitral valve disease (15%) and ventricular sept defect 

(12%) (181–183). Cardiovascular complications are considered the major cause 

of death among patients with WBS. In fact, the risk of sudden cardiac death is 

25 to 100 times higher in WBS compared to general population (184).  

During infancy, typically observed symptoms are feeding problems and failure 

to thrive in 70% and 80% of WBS individuals, respectively. Abnormal weight 

gain and short stature have also been reported. In relation to gastrointestinal 

anomalies, constipation, vomiting, colic, diverticular disease, chronic abdominal 

pain and gastroesophageal reflux are common features in WBS (182,185). Some 

of these symptoms are directly related to hypercalcemia, which can be found 

both during infancy and adulthood, but affecting a minority of patients (6-15%) 

(171). Other endocrine anomalies are hypercalciuria in most patients, high 

prevalence of diabetes mellitus and subclinical hypothyroidism in 15-30% of 

cases (181,185). As for connective tissue alterations, hoarse voice, hernias, joint 

laxity and soft skin are frequently seen in WBS subjects (171). 

Coordination difficulties, infantile hypotonia, hyperreflexia, cerebellar 

dysfunctions, strabismus, nystagmus and sensorineural hearing loss are some 

of the neurological problems observed in individuals with WBS. Also, around 
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85% of individuals develop hypersensitivity to certain noises and only ~10% of 

cases suffer from seizures (171,182).  

Concerning the cognitive profile, all WBS patients present developmental delay 

and mild to severe ID with an average IQ (Intelligence Quotient) of 55-62 in 

about 75%. Also, around 25% show language delays and they have a consistent 

pattern of cognitive strengths and weaknesses. Auditory rote memory and 

language ability are better than expected, whereas visuospatial construction 

and visual perception are severely impaired. They tend to focus on the details 

and do not appreciate the whole picture (181,186). As for the behavioural 

phenotype, WBS patients show a highly sociable, approaching and overfriendly 

personality with good social and interpersonal skills. They are extremely 

empathic persons and driven to engage with strangers, which may put them on 

risk for harm (186,187). However, individuals with WBS manifest high levels of 

anxiety, excessive fears and phobias as well as generalized worries and 

irritability. Moreover, ADHD was reported in 65-84% of cases (182,188). 

Although WBS and ASD have repeatedly been described as opposite disorders, 

several cases of WBS with comorbid ASD features have been reported to date 

in the literature (189–195). Recently, a meta-analysis studying the comorbidity 

of ASD with a variety of genetic and metabolic syndromes found that 12% of 

WBS individuals have coexisting ASD (196). This represents a 6-10-fold increase 

in the ASD prevalence in WBS compared to general population. In fact, some 

socio-communicative impairments have been identified in WBS patients 

including delayed acquisition of language, difficulties with language pragmatics 

and non-verbal aspects of communication, delays in pointing or showing 

objects, problems differentiating lies and jokes, repetitive behaviours and 

difficulties establishing and maintaining friendships. Therefore, this pattern of 

socio-communicative deficits overlaps with those seen in children with ASD 

(197).  
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4.3 7q11.23 microduplication syndrome 

The 7q11.23 microduplication syndrome is caused by the reciprocal 

heterozygous duplication of the WBS critical region. As the WBS deletion was 

originated by NAHR between flanking LCRs, it was hypothesized that 

duplications should also occur, but it was not until 2005 when the first 

duplication case was reported (198). Deletions and duplications are equal in 

size, commonly 1.55-1.83 Mb, encompassing 28-30 genes (199). The estimated 

frequency of the duplication was 1/7500–20000 individuals with higher parental 

genetic transmission compared to WBS deletion (200,201). 

Usually, duplications have milder consequences than deletions, which explains 

why individuals with the 7q11.23 microduplication, or Dup7, have a milder 

phenotype that is less distinct and more variable than in WBS (171). In addition, 

this is also supported by the fact that a triplication case of the WBS region was 

reported in a patient with severe speech delay (202). Patients with the 7q11.23 

microduplication syndrome show mildly dysmorphic features, cardiovascular 

defects, growth and development anomalies, neurological problems and 

specific cognitive and behavioural profiles. For a comparison with WBS features 

see table 4. 

The characteristic facial features of Dup7 individuals include broad forehead, 

asymmetric face, macrocephaly, abnormal head shape, straight eyebrows, 

deep-set eyes, high broad nose, short philtrum, thin upper lip, high arched 

palate and over folded helices (Figure 12) (203,204). 

Figure 12. Facial features of Dup7 individuals. Pictures of affected individuals at mild 

childhood: (A) 5.7 years, (B) 5.9 years, (C) 6.8 years, (D) 8 years, (E) 10.3 years. Adapted from 

(203). 



Introduction 

41 

Regarding cardiovascular anomalies, the most common finding is aortic dilation 

observed in 30-46% of patients. Other defects comprise patent ductus 

arteriosus, atrial and ventricular septal defects and subvalvular aortic stenosis 

(203,204). Growth and development abnormalities include developmental delay 

(70%), macrocephaly (50%), short stature (13-17%) and obesity (18%). Among 

neurological problems, in 48-58% of cases hypotonia was reported, whereas 

seizures in ~20%. Abnormal brain imaging, such as decreased cerebral white 

matter volume, mild cerebral atrophy or ventriculomegaly, was found in 80% of 

Dup7 individuals and deficits of gait and station suggesting cerebellar 

dysfunction were observed in 62% of cases (199,203).  

In relation to the cognitive profile, 91% of Dup7 patients show significant 

speech and language delay, which is considered a hallmark feature of this 

syndrome. Usually, expressive language tends to be more impaired than 

receptive language, and symptoms can be divided into oral or verbal apraxia, 

phonological defects and dysarthria (204). In fact, Speech Sound disorder was 

diagnosed in 82.5% of Dup7 subjects (203,205). In order to compensate this 

deficit, the majority of individuals develop non-verbal communication including 

signs, gestures, pointing, drawing or writing (171). It has been reported from 

severe ID to high average nonverbal intellectual ability among Dup7 patients, 

but around 38% present mild-to-severe ID (204,205). 

Concerning the behavioural profile, anxiety disorders were the most common 

psychiatric finding among Dup7 individuals including social anxiety (42-50%), 

selective mutism (29%), separation anxiety disorder (13%) and specific phobia 

(36-53%). ADHD and oppositional defiant disorder were diagnosed in 37% and 

24% of cases, respectively (204,205). Other behavioural phenotypes include 

aggressiveness, temper outbursts, stereotypical movements, sensory issues, 

sleep problems and self-injury (199). 

The 7q11.23 microduplication has been significantly associated with ASD (84). 

Autistic features such as poor social interaction, poor eye contact, limited facial 

expressions and repetitive behaviours have been described in Dup7 individuals. 

A recent study focusing on ASD symptomatology among patients carrying the 
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7q11.23 duplication found a consistent ASD diagnosis in 19% of cases and 

39.7% when taking into account parental reports. Therefore, there is a higher 

prevalence of ASD among Dup7 individuals and the 7q11.23 duplication is 

considered a risk factor for ASD (194). Also, this duplication confers a 10-fold 

increase in risk for schizophrenia (206). 

Lastly, one or more congenital anomalies have been reported in approximately 

30% of individuals with the 7q11.23 duplication. Other medical problems 

reported are cryptorchidism (10%), cutis marmorata (24%), joint laxity (19%), 

growth hormone deficiency (9%), café au lait spots (2%), enuresis (2%), 

hydrocephalus, strabismus and lordosis (171,203,204). 

 Table 4. Comparison of clinical features observed in the 7q11.23 deletion causing WBS 

and the reciprocal microduplication. ADHD: Attention Deficit Hyperactivity Disorder. 

Adapted from (171,204).  

  

Feature 7q11.23 microdeletion 7q11.23 microduplication 

Craniofacial Broad forehead 

Periorbital fullness 

Low nasal root 

Full lips 

Long philtrum 

Broad forehead 

Deep set eyes 

High, broad nose 

Thin upper lip 

Short philtrum  

Growth and 

development 

Delayed growth, failure to thrive 

Developmental delay 

Normal growth 

Developmental delay 

Endocrine Hypercalcemia Normal calcium levels 

Musculoskeletal Joint laxity Joint laxity 

Cardiovascular Supravalvular aortic stenosis Aortic dilation 

Neurological and 

cognitive 

Relative strength in expressive 

language 

Hypotonia 

Poor visuospatial skills 

Mild intellectual disability 

Speech and language delay 

 

Hypotonia 

Poor visuospatial skills 

Mild intellectual disability 

Psychiatric/behaviour ADHD 

Lack of stranger anxiety 

Autism 

Specific phobias 

No aggression 

ADHD 

Social anxiety 

Autism 

Specific phobias 

Aggression/temper outbursts 
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5. Molecular pathophysiology of ASD 

The molecular bases of ASD continue to be largely unknown. Many large-scale 

genetic studies, including GWAS, arrays and NGS strategies, have been useful 

in the identification of ASD risk genes. In order to uncover the deregulated 

pathways underlying ASD, functional and pathways enrichment tests are 

commonly used approaches (49,207). Concretely, ASD risk genes encode 

proteins that can be grouped in two major biological classes: synapse processes 

and transcription/chromatin modification (Table 5) (105,208).  

 Table 5. Functions of ASD-associated genes. Adapted from(49,208,209). 

There are multiple synaptic aspects affected by ASD risk genes including 

synapse formation and elimination, synaptic transmission and plasticity. This 

suggests that synaptic dysfunction is partially involved in the ASD pathogenesis 

(209). These ASD risk genes have highlighted several disrupted signaling 

pathways including glutamatergic synapse, WNT/β-catenin signaling, 

PI3K/AKT/mTOR pathway, RAS/ERK pathway and MAPK signaling pathway 

(88,210,211). The majority of the pathways mentioned are highly integrated as 

can be seen in figure 13.   

Taking all together, ASD risk genes seem to be implicated in many aspects of 

basic cell function ranging from basic metabolism, transcription regulation, 

synaptic transmission and mRNA translation to neurogenesis, neuronal 

Function Genes associated with ASD 

Synaptic gene transcription and 

translation pathway 

FMR1, TSC1, TSC2, PTEN, NF1, CYFIP1, EIF4E, 

EIF4EBP2, SYNGAP1 

Synaptic cell adhesion molecules Neurexin and Neuroligin families, CNTN4, 

CNTN6, PCDH10 

Neurotransmitters and scaffolding 

proteins in synapse 

SHANK1, SHANK2, SHANK3, DLG4, GPHN 

Ion channel and transport proteins CACNA1A, CACNA1E, CACNA1H, CACNB2, 

SCN1A, SCN2A, KCNQ3, KCNQ5, KCND2 

Chromatin remodelling and 

transcription regulation 

CHD8, BAF155, MECP2, MEF2C, ADNP, POGZ 

Ubiquitination pathway UBE3A, PARK2, TRIM33 



Introduction 

44 

migration, axon guidance or dendrite outgrowth (207). In addition, there is an 

increasing number of genes involved in chromatin structure and epigenetic 

regulation (210). 

Figure 13. Major cellular pathways affected in ASD. Adapted from (212). 

Transcriptomic studies, including microarray gene expression and RNA 

sequencing (RNAseq), have been crucial approaches for the investigation of 

molecular pathways and networks related to ASD. Although the majority of 

transcriptomic studies have been performed in blood tissues, there are some 

that have been carried out in post-mortem brain tissues (213). The earliest 

microarray study in brain focused on the gene expression pattern of targeted 

genes relevant to ASD finding an upregulation of genes involved in glutamate 

signaling (214). This alteration could cause an excitatory-to-inhibitory 

imbalance that has been hypothesized to underlie ASD (215).  

Later on, weighted gene co-expression network analysis (WCGNA) were 

implemented (213). Voineagu et al. performed a WGCNA analysis in 

transcriptomic data of 19 ASD patients and 17 controls identifying two modules. 

The downregulated module was enriched for synaptic function, vesicular 

transport and neuronal projection, whereas the upregulated module was 
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enriched for astrocyte and activated microglial markers as well as immune 

system and inflammatory response (216). This study supported previous 

findings from smaller studies (217) and posteriorly has been replicated in larger 

independent samples (218,219). Collectively, these studies found transcripts 

involved in neuronal functions and synaptic signaling to be under-expressed in 

ASD brains, while transcripts related to immunologic and microglial functions 

were up-regulated pointing out the interplay between the innate immune 

system and neuronal activity in ASD (213). RNAseq studies in ASD patient-

derived neurons showed similar results emphasizing the involvement of axon 

guidance, glutamate receptor signaling and calcium signaling, among others 

(220). Curiously, in a recent mega-analysis of blood transcriptomes using 

WGCNA, the characteristic ASD blood signature identified was reduced 

expression of transcripts related to innate immune and inflammatory signaling. 

This discordance could be explained by differences in the tissue where the 

inflammation originates, by post-mortem hypoxic damage or by tissue-related 

differences in negative feedback response (221).  

Another recurrent finding among transcriptomic studies is the aberrant number 

of differentially expressed lncRNAs both in brain and blood tissues of ASD 

patients, which are transcripts greater than 200 nucleotides in length that do 

not encode for proteins (219,222,223). LncRNAs are considered key 

components of various cellular processes with control of every level of the 

regulation in gene expression pathways including transcriptional, post-

transcriptional and epigenetic regulation (224). In addition, microRNAs 

(miRNAs) have also been described to be deregulated in ASD individuals and 

to be implicated in neurodevelopmental processes disrupted in ASD (212). 

Other strategies to assess deregulated pathways in ASD are the generation of 

physical interaction data, from experimental design or curated literature such 

as protein-protein interactions (PPI) network (213). One study applying PPI 

network analysis in de novo variants from exome sequencing data found that 

genes with disruptive mutations mapped to a highly interconnected β-

catenin/chromatin remodeling protein network (225). Subsequent studies using 
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PPI network analysis considered both de novo and inherited mutations and 

found four clusters: cell junction and TFG-β pathway, cell communication and 

synaptic transmission, neurodegeneration and transcriptional regulation (105). 

Another strategy to construct networks is the Network-Based Analysis of Genes 

(NETBAG) approach, which combines multiple forms of literature-curated data 

to identify network modules reflecting phenotypes (213). The first study using 

NETBAG used genes encompassed in CNVs related to ASD and found a highly 

interconnected module linked to synaptic function as well as chromatin 

remodeling, transcription regulation and MAPK signaling (Figure 14) (210). 

 

Figure 14. NETBAG results from the analysis of genes encompassed in rare de novo CNVs. 

Nodes correspond to genes and edges to interactions. Colours indicate whether genes show 

prenatal or postnatal-biased gene expression: red for unbiased, purple for postnatally biased, 

yellow for prenatally biased and white for unlisted genes. Adapted from (210). 

ASD has been hypothesized to be a multistage, progressive disorder of brain 

development. There is evidence to support that it spans from prenatal to early 

post-natal life. In fact, deregulated pathways are crucial for fetal and early post-

natal stages starting with dysregulation of cell proliferation and differentiation 

and ending with disruption of synaptogenesis and reduced neural network 

functioning (211). 
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Objectives 

The main goal of this thesis is to explore complex genomic regions and its 

implications for ASD as well as to deepen in the identification of deregulated 

pathophysiological mechanisms in ASD. This work could not have been 

possible without the generosity of around 300 families affected with ASD in 

giving samples and accessing clinical information as well as available genetic 

data in publicly accessible servers. 

In order to achieve this goal, we established the following specific objectives: 

1. To investigate the known 7q11.23 complex region through the 

assessment of genetic factors contributing to ASD in WBS patients. 

 

2. To study the transcriptomic consequences of 7q11.23 complex region 

using iPSC-based models from Dup7 and WBS individuals. 

 

3. To explore the role of two unexplored complex regions of the 

genome, ancestral inversions 17q21.31 and 8p23.1, and to evaluate its 

functional consequences through transcriptomic analysis.  

 

4. To identify the presence of genes that recurrently harbour rare 

genetic variants in ASD individuals and to elucidate common 

deregulated functional pathways. 
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SUPPLEMENTARY MATERIAL 

The supplementary material is available at the Journal of Medical Genetics 

web page: https://jmg.bmj.com/content/56/12/801.long  

It is not included in this thesis due to inappropriate format and length. The 

supplementary information is listed below: 

Supplementary Table 1. List of deregulated genes in WBS obtained from 

literature (n=2,251). 

Supplementary Table 2. List of SNPs previously associated with ASD located 

in exonic regions, according to GRASP. 

Supplementary Table 3. List of candidate genes from SFARI (n=791). 

Supplementary Table 4. List of all rare deleterious SNVs found in each 

patient including variants in candidate genes and highly constrained genes. 

 

 

 

 

 

 

 

https://jmg.bmj.com/content/56/12/801.long


 

 

  

 

 



 

 

 

 

 

 

 

CHAPTER 2 

 



 

  



Chapter 2 

67 

Transcriptomic characterization of 7q11.23 

patient-specific induced pluripotent stem cells 

(iPSCs) and derivatives 

Mar Costa-Roger1, Bernd Kuebler2, Raquel Flores1, Nerea Ugartondo3, Ainhoa 

Arcas-Márquez3, Marina Alvarez-Estape1, Anna Veiga2,4, Luis A. Pérez-Jurado1,5, 

Ivon Cuscó1,6*, Roser Corominas1,3* 

ABSTRACT 

Introduction. Williams-Beuren syndrome (WBS; OMIM #194050) and 7q11.23 

microduplication syndrome (DUP7; OMIM #609757) are rare multisystem disorders 

with somehow opposed neurobehavioural trajectories caused by 1.55-1.83 Mb 

heterozygous microdeletion or microduplication of 28-30 contiguous genes at 

7q11.23, respectively. Cellular reprogramming is a good approach to overcome the 

experimental limitations to study neurodevelopmental disorders in humans. The 

purpose of this project is to evaluate the transcriptomic consequences of 7q11.23 

patient-derived iPSC lines and derivatives.  

Methods. We generated patient-specific iPSCs from fibroblasts from four WBS 

patients, four Dup7 patients and two controls, which were differentiated to neural 

progenitor cells (NPCs) and to dopaminergic neurons (iNeus). After RNA extraction 

from all cell types (fibroblasts, iPSCs, NPCs and iNeus), we assessed genome-wide 

differential expression using expression microarrays.  

Results. We identified a total of 494 unique differentially expressed genes (DEGs) in 

a pairwise comparison of the three genotypes in all cell types. Half of the genes in 

7q11.23 showed mirroring expression between Dup7 and WBS models. 

Interestingly, MIR590 presented the highest log2FC values and its predicted targets 

were enriched in ASD risk genes and genes previously related to WBS by 

transcriptomic studies. Enrichment analysis of DEGs in fibroblasts revealed specific 

pathways and gene ontology categories relevant for the hallmark phenotypes of 

both disorders. Neuronal processes, such as transmission across chemical synapses, 

were significantly enriched in neurons. In addition, WGCNA of iPSCs and NPCs lines 
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uncovered interesting co-expression modules related to cholesterol biosynthesis (q-

value=4.44E-5) or glutamate receptor signaling (q-value=0.0463), respectively.  

Conclusions. We present one of the largest 7q11.23 patient-derived iPSC lines and 

derivatives including both duplication and deletion models. Gene expression from 

7q11.23 region has proved to be consistent, further supporting expression 

imbalances of BAZ1B, BCL7B, TBL2, WBSCR22, EIF4H, RFC2, CLIP2 and GTF2IRD1, 

and highlighting MIR590 as a novel compelling candidate to regulate the expression 

of genes relevant for both Dup7 and WBS disorders. Integrative transcriptomic 

analysis of in vitro 7q11.23-CNVs cellular models revealed candidate genes and 

pathways related to cholesterol metabolism, Arf6 trafficking events and glutamate 

signaling altered during early neuronal development in these genomic disorders, 

which could lead to novel potential therapeutic targets. 

Keywords: 7q11.23 microduplication syndrome; Williams-Beuren syndrome; iPSC. 
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INTRODUCTION 

7q11.23 locus is a complex genomic region bearing rare recurrent 

rearrangements (1). Reciprocal copy number variants (CNVs) lead to a 

paradigmatic pair of neurodevelopmental disorders. Williams-Beuren 

syndrome (WBS; OMIM #194050) and 7q11.23 microduplication syndrome 

(Dup7; OMIM #609757) are rare multisystem disorders caused by a 1.55-1.83 

Mb heterozygous microdeletion or microduplication of ~30 contiguous genes, 

respectively (2). This genomic region is composed of a single-copy genomic 

segment of ~1.2 Mb flanked by three large groups of segmental duplications 

or low copy repeats (LCR) (centromeric, medial and telomeric) with three 

differentiated blocks A, B and C each. The LCRs high homology can cause a 

misalignment in meiosis leading to non-allelic homologous recombination 

(NAHR) events generating gametes carrying the 7q11.23 deletion or duplication 

(3–5). 

WBS is estimated to affect ~1/7500 live births (6). Patients are characterized by 

distinctive facial features, cardiovascular abnormalities (mainly supravalvular 

aortic stenosis), connective tissue alterations, growth and endocrine defects and 

a unique cognitive and behavioural profile (7). In particular, the 

neurobehavioural hallmark combines mild to moderate intellectual disability 

(ID) and severe impairment of visuospatial construction together with 

hipersociability and relatively well-preserved language abilities (7,8). The 

7q11.23 microduplication syndrome affects approximately ~1/7500-20000 

individuals (9,10). Dup7 individuals show significant speech and language delay, 

mild facial dysmorphism, cardiovascular problems (mostly aortic dilation), 

growth and development anomalies, and is frequently associated with autism 

spectrum disorders (ASD) or schizophrenia (11–15). Although WBS and Dup7 

are somehow considered symmetrically opposite disorders, they also share 

common features such as ID, anxiety and ASD (2). 

The molecular mechanisms and genotype-phenotype correlation of the genes 

in the 7q11.23 interval have been the focus of multiple investigations (16–18). 
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In addition, atypical rearrangements with breakpoints outside the LCRs have 

also participated in the establishment of these associations (19). It has been 

consistently demonstrated that the deletion of ELN (elastin) is responsible for 

the cardiovascular phenotype, while genes from the GTF2I (general 

transcription factor IIi) family are involved in cognitive and social phenotype 

(19,20). 

Genome-wide expression studies from WBS patients’ samples from different 

tissues have been used to identify genes with altered expression profiles. 

Expression microarrays of WBS lymphoblastoid cell lines discovered 

deregulated genes involved in the glycolysis pathway, neuronal migration and 

microtubule formation as well as genes potentially involved in the visuospatial 

deficits, highlighting GTF2I, GTF2IRD1 (GTF2I repeat domain containing 1), 

LIMK1 (LIM domain kinase 1) and MAP1B (microtubule associated protein 1B) 

(21). Transcriptomic profiling of skin fibroblasts from WBS patients detected 

genes significantly enriched in extracellular matrix, major histocompatibility 

complex and products of postsynaptic membrane (22). Lastly, microarray 

analysis and RNA sequencing (RNAseq) of peripheral blood from WBS 

individuals uncovered four co-expression modules associated with the 

neuropsychiatric phenotype of the disorder, and also found significantly 

deregulated genes related to language development and evolution (23,24). The 

most suitable accessible tissue to perform these studies is still debatable.  

Given the difficulty to study functional defects in the developing human brain, 

the generation of in vitro cellular models is a good strategy to shed light on the 

pathophysiology of these disorders. The advent of cellular reprogramming 

techniques such as induced Pluripotent Stem Cells (iPSC)-based technology has 

allowed overcoming several limitations arisen from animal models and human 

studies such as the sample origin (25). Previous iPSC-based expression studies 

for 7q11.23 disorders have revealed diverse disease-relevant pathways (26–29). 

The first transcriptomic study of 7q11.23 CNVs in patient’s derived iPSCs 

identified 757 differentially expressed genes (DEGs) in the pluripotent state with 

significant Gene Ontology (GO) enrichments for biological processes relevant 
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to the disease phenotypes such as cell adhesion, migration and motility, 

nervous system, inner ear morphogenesis and blood vessel development. For 

the differentiated neural progenitors, DEGs were mainly enriched for neuronal 

function categories (26). Additional studies have focused on gene expression 

arrays in iPSC-derived neurons from skin fibroblasts of WBS patients unravelling 

a significant transcriptional deregulation in neurotransmitter receptor activity, 

synapse assembly and synaptic transmission, and cognition (27,28). RNAseq of 

iPSC-derived neural progenitors and neurons from dental pulp cells of WBS 

subjects also revealed disease-relevant GO categories (29). These studies 

included between two and four different WBS patients’ derived iPSCs, but only 

three patients with Dup7 (from Adamo and Zanella et al.) (26,30). In 

consequence, replications are needed in independent cohorts of patients with 

the 7q11.23 deletions or duplications.  

In the present work, we have studied one of the largest cohorts of patient-

specific iPSC lines and derivatives up to date, including four patients with WBS, 

four patients with Dup7, and two controls. We assessed genome-wide 

differential expression profiles in fibroblasts, iPSC lines, NPCs and differentiated 

neurons by microarray. In addition, we carried out an integrative transcriptomic 

analysis including enrichment analysis (pathways, GO terms and lists of genes 

associated to relevant clinical phenotypes) and weighted gene co-expression 

network analysis (WGCNA). A flowchart illustration of the strategy followed is 

depicted in Figure 1. Our results replicate previous independent studies and 

highlight novel players to be involved in 7q11.23 CNVs pathophysiology. 

METHODS 

Sample collection 

We included four patients with WBS (7q11.23 deletion) and four patients with 

Dup7 (7q11.23 duplication), comprising two females and two males in each 

group. All individuals were already exhaustively characterized at molecular level, 

including analysis of CGH/SNP arrays, MLPA (multiplex ligation-dependent 

probe amplification) and microsatellite genotyping (Supplementary Table 1).  
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Figure 1. Flowchart illustrating the strategy followed for the integrative transcriptomic 

analysis. WBS: Williams-Beuren syndrome, Dup7: 7q11.23 microduplication syndrome, iPSCs: 

induced pluripotent stem cells, NPCs: neural progenitor cells, WGCNA: Weighted gene co-

expression network analysis.

Written informed consent from parents or legal caregivers was obtained in 

order to perform skin biopsies. This project has been approved by the PRBB 

ethical committee, the Comité de Ética e Investigación Clinica-CEIC-CMRB and 

by the Catalan Authority for Stem Cell Research (Approval numbers: 05/2011, 

3/2015, 8/2016). 

iPSC generation 

We generated patient-specific human iPSCs from fibroblasts of a total of 8 

patients including at least two clones per individual. Additionally, we obtained 

iPSCs from 2 healthy controls (without CNV rearrangements at 7q11.23) from 

the Banco Nacional de Líneas Celulares (http://www.isciii.es), with 1-2 clones 

available. The iPSC generation from fibroblast using retroviral integrative 

vectors and their characterization has been thoroughly described in Kuebler B, 

et al. (31,32). 

 

http://www.isciii.es/
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NPC induction 

Patient-specific human iPSCs were differentiated to neural progenitor cells 

(NPCs) in feeder-free Matrigel® plates (protein concentration 0.25mg/mL, 

Corning), following a Gibco (Thermo Fisher Scientific) standard protocol (33), 

which is based on the use of neural induction medium avoiding the arduous 

procedure of mechanical NPC isolation from embryoid bodies. ln brief, NPCs 

induction is stimulated during 7 days with a serum-free neural induction 

medium (Neurobasal Medium 98% and Neural Induction Supplement 2%) 

followed by harvest and expansion of NPCs for ~5 passages (~25 days, 4-6 

days/passage) in maturation medium (Neurobasal Medium 49%, Neural 

Induction Supplement 2%, and Advanced DMEM/F-12 49%, all from Gibco) 

(Supplementary Figure 1A). Cells were passaged with StemPro® Accutase cell 

dissociation Reagent (Gibco), resuspended with scrapper and micropipette, and 

filtered by a 100 μM strainer before seeding at a density of 5-10x105 cells/cm2. 

In order to confirm the NPCs identity, we performed gene specific expression 

studies using quantitative RT-PCR and immunostaining followed by imaging 

(Supplementary Figure 2). The qRT-PCR was performed with Power SYBR Green 

PCR Master Mix (Roche) in an ABIPrism 7900 thermocycler (Applied 

Biosystems). mRNA expression levels of endogenous markers OCT4 (specific 

from iPSCs), PAX6 and SOX1 (specifics from NPCs) were studied. Ct values were 

normalized using GADPH as a housekeeping gene and data analyzed with 2Ct 

method. Primers are listed on Supplementary Table 2.  

For immunocytochemistry assays, cells were fixed with 4% paraformaldehyde in 

PBS washed with PBS 1x, incubated 1h in blocking solution (0.1% Triton-X100 

in PBS) at room temperature (RT). Primary antibodies were diluted in blocking 

solution and incubated overnight at 4ºC in wet chambers [anti-MAP2 (1:25, 

mouse), anti-TUJ1 (1:50, mouse), anti-SYN1 (1:25, rabbit), anti-TH (1:100, rabbit), 

anti-GABA (1:50, rabbit anti-NESTIN (1:50, mouse), anti-SOX2 (1:50, rabbit), anti 
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FOXA2]. After washing, slides were incubated with secondary antibodies in 3% 

fetal bovine serum in PBS 1h at RT in the dark (Alexa Fluor 555/488 1:250). 

Hoechst33342 was used for DNA staining. For NPC characterization, we used 

Human Neural Stem Cell Immunocytochemistry Kit (Life technologies) that 

includes antibodies anti-NESTIN, anti-SOX1, anti-SOX2 and anti-PAX6. 

Fluorescence was detected using Olympus BX51 Fluorescence Microscope and 

confocal images were taken using Leica TSC SPE or Leica SP5 microscopes.  

Dopaminergic neuron differentiation 

We differentiated a subset of NPCs lines (n=10) towards dopaminergic neurons 

(iNeu) using a previously described protocol (33). Briefly, the derivation was 

carried out under feeder free conditions with specific growth factors in the 

medium during 20 consecutive days (Supplementary Figure 1B). Neuron 

generation was induced for the first 10 days using a specific medium containing 

Neurobasal Medium, MEM non-essential amino acids, GlutaMAX, B27 

supplement, 200 ng/ml SHH and 100 ng/ml FGF8 (all from Gibco). For the last 

10 days, the medium was composed of Neurobasal medium, MEM non-

essential amino acids, GlutaMAX, B27 supplement, 200 µM ascorbic acid, 20 

ng/ml BDNF and 20 ng/ml GDNF (all from Gibco). The efficacy of this protocol 

was evaluated by RT-qPCR (NURR1, TH and FOXA2; primers listed on 

Supplementary Table 2) and immunocytochemistry for dopaminergic neuron 

specific markers (TH, Tuj1 and FoxA2).  

Acid nucleic extraction 

DNA and total RNA were extracted from cell pellets using Gentra Puregene Kit 

(Qiagen) and RNeasy Mini Kit (Qiagen), respectively, following the 

manufacturer’s protocol. Purity and integrity of the DNA and RNA were 

assessed by electrophoresis and spectrophotometry using the NanoDrop ND-

2000 spectrophotometer (NanoDrop Technologies). In addition, RNA integrity 

and quality was assessed using a Bioanalyzer 2100 (Agilent Technologies). Only 
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samples with high purity and high integrity were subsequently used in 

microarray experiments (>8 RIN, except few samples). 

Sample control genotyping 

Line identity of all samples and cell types was corroborated by STRs (short 

tandem repeats) analysis of multiple microsatellite (D2S160, D5S406, D8S260, 

DS11S905, D13S158, D16S3091, D17S928, D20S171, D22S280), including two 

microsatellites at the 7q11.23 single-copy region (CR16t, WS5-ELN) 

(Supplementary Table 2). 

Expression microarray 

RNA samples were processed and analyzed at the Microarray Analysis Service 

(SAM) core facility from the Hospital del Mar Medical Research Institute (IMIM) 

using the Affymetrix GeneChip® platform. The manuals GeneChip WT PLUS 

Reagent kit (P/N 703174 Rev. 2) and Expression Wash, Stain and Scan User 

Manual (P/N 702731 Rev. 3) (ThermoFisher) were followed. Samples were 

hybridized in Affymetrix Human Gene 2.0 ST Array (ThermoFisher) in a 

GeneChip hybridization oven 640.  

For statistical analysis, R program (Version 3.3.2) was used, together with 

different packages from Bioconductor (34) and the Comprehensive R Archive 

Network (CRAN) (35). Normalization was done using the Robust Multi-array 

Average algorithm (RMA) (36) included in aroma.affymetrix package (37). 

Differential gene expression 

To perform differential expression (DE) analysis, the limma package (38) was 

used treating the variable patient as a random effect in the model. Gene 

annotation was provided by Affymetrix for the HuGene-2_0-st array (NetAffx 

na36, hg19 genome assembly). The location of each Transcript Cluster ID (TCI) 

(Start, Stop, Strand and Chromosome) was used to map into the UCSC database 
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(Jun. 2013 hg19, GRCh37) to obtain genes matching the same coordinates. The 

tool liftOver in UCSC (39) was used to convert the hg19 version of genome 

assembly to the most recent hg38 version. TCIs that were not mapped to genes 

in the UCSC database or not belonging to one of the 24 human chromosomes 

were excluded from the analysis. Several pairwise comparisons were performed 

taking into account tissue type (Fibroblasts, iPSCs, NPCs and iNeu) and 

genotype categories (7q11.23 deletion, 7q11.23 duplication and control): 

Del.vs.Ctrl, Dup.vs.Ctrl and Dup.vs.Del. Genes were considered to be 

differentially expressed genes (DEGs) when the q-value was lower than 0.05 (5% 

False Discovery Rate, FDR). 

In order to identify the DEGs overlapping between tissues and genotype 

comparisons, Venn’s diagrams were constructed with two web tools, BioVenn 

(https://www.biovenn.nl) (40) and Venn diagrams from Bioinformatics & 

Evolutionary Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/).  

Enrichment analysis 

To elucidate possible deregulated mechanisms, pathway (KEGG, Reactome, etc.) 

and Gene Ontology (GO) enrichment analyses were performed using 

ConsensusPathDB database (CPDB, http://cpdb.molgen.mpg.de/) (41), a 

publicly available database that integrates interaction networks from 32 public 

resources. Statistical analyses were done with the CPBD overrepresentation 

analysis including pathway-based sets and GO categories (biological process 

and molecular function). All the human expressed genes were used as the 

background gene list. The adjusted p-value (q-value) threshold of 0.05 was used 

(5% FDR). A second approach to identify enriched pathways and GO categories 

using the web-based portal Metascape (https://metascape.org) (42) was 

performed obtaining similar results. For interpretation and representation of the 

results, we prioritized pathways categories over GO terms, with special interest 

in KEGG and Reactome databases.  

https://www.biovenn.nl/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://cpdb.molgen.mpg.de/
http://cpdb.molgen.mpg.de/
https://metascape.org/
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Gene set over-representation analysis 

We performed enrichment analysis of lists of ASD and WBS associated genes. 

992 ASD risk genes were compiled from Simons Foundation Autism Research 

Initiative (SFARI) database (as of October 2020) (43) and the list of 2251 genes 

associated with WBS was extracted from Codina-Sola et al. (44), which included 

altered WBS genes from transcriptional deregulation, differential methylation 

and direct targets of GTF2I. 

MicroRNA targets enrichment analysis 

Given that we observed an altered expression in MIR590, we evaluated its 

possible implication in post-transcriptional regulation. We extracted a list of 

MIR590 (hsa-miR-590) targets, separately for 5p and 3p, from the databases 

miRmap (45), miRWalk (46), miRTarBase (47) and miRsystem (48). We selected 

only those targets that were reported in at least two of them. We obtained a 

total of 1307 target genes for hsa-miR-590-5p and 3089 targets for has-miR-

590-3p, 548 of them being targets of both microRNAs. We checked how many 

of those MIR590 targets were differentially expressed in our analysis. 

Additionally, we intersected the list of targets with the lists of genes associated 

with ASD and WBS in order to perform enrichment analysis. We carried out a 

permutation test to evaluate the statistical significance of these results and to 

obtain empirical p-values. We randomly generated 10,000 gene sets of 1307 or 

3089 genes from RefSeq genes and checked the number of genes present in 

the SFARI and WBS-related genes lists. 

Weighted correlation network analysis 

We performed weighted-gene co-expression network analysis (WGCNA) 

separately in iPSCs and NPCs using the WGCNA R Package following the 

approach described by Langfelder and Horvath (49). Data cleaning and pre-

processing steps following the step-by-step gene network construction and 

module detection protocols lead to the removal of one outlier sample in each. 
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For iPSCs, clone 4F7 from control 1, and for NPCs clone 1.1 from SW112 patient. 

The soft-thresholding power β was evaluated with the pickSoftThreshold 

function of the WGCNA and was set to 4 to calculate co-expression similarity 

and adjacency matrices. Subsequently, the adjacency matrix was converted into 

a topological overlap matrix to detect gene connectivity. Module identification 

was performed with the dynamic tree cut method with a minimum module size 

of 30 and a deep split level of 2. Highly similar modules were merged with a 

height cut of 0.25. Lastly, we identified the modules significantly associated with 

the trait of interest (7q11.23 copies). Module-hub genes were described as 

genes in the module with |MM|>0.8 (Module Membership) and |GS|>0.3 (Gene 

Significance). GO and pathways enrichment analyses for the identified modules 

were performed as described before.  

RESULTS 

Establishment of iPSC-derived neuronal models from WBS, Dup7 and 

controls 

We successfully generated NPCs from 20 iPSC clones derived from fibroblasts 

from four patients with WBS, four patients with Dup7 and two controls. After 5 

passages of maturation, the generated NPC lines presented the appropriate 

morphology and were properly characterized by RT-qPCR and immunostaining 

of neuronal progenitor specific markers (NESTIN, SOX2, PAX6 and SOX1, 

Supplementary Figure 2). 

The neuronal induction of iPSC lines from patient WBS159 was particularly 

problematic and required multiple attempts, probably due the fact that the 

patient WBS159, in addition to the 1.55Mb 7q11.23 deletion, carried a ~1.6 Mb 

microduplication at 16p13.11. This additional rare CNV was identified by SNP 

array (chr16:14,749,020-16,301,530 hg19) and confirmed by MLPA and 
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microsatellite genotyping (D16S3060). This microduplication involves around 

30 genes and has been associated with psychiatric phenotypes (50).  

Then, eight lines of NPCs from four patients (two deletions and two 

duplications) were differentiated to mature neurons (iNeu) following a 

dopaminergic neuron differentiation protocol (Supplementary Figure 1B). The 

morphological characteristics of the patients’ lines apparently presented slower 

proliferation rate compared to controls and subtle variations that could not be 

quantified. All lines were able to establish neural networks. 

Immunocytochemistry assays confirmed the generation of neurons (TUJ1+) in 

all cases, but we observed differences in the number of TH+ and VGLUT+ 

(Supplementary Figure 3). The rest of the lines were not differentiated due to 

economic constraints and the observation of such heterogeneity.  

To investigate global expression deregulation at the multiple in vitro 

differentiation stages (fibroblasts, iPSC, NPCs, iNeu), we extracted RNA and 

performed microarray expression analyses of all cell types. 

Mirroring expression of 7q11.23 genes between WBS and Dup7 models 

In order to ascertain the transcriptomic consequences of imbalances in 7q11.23 

dosage, we analyzed the microarray data to identify DEGs. First, we focused on 

the expression pattern of the genes located in the 7q11.23 single-copy region 

in Dup7 (duplication model) and WBS (deletion model) compared to controls 

in all cell types. Specifically, 15 out of 30 genes (NSUN5, BAZ1B, BCL7B, TBL2, 

DNAJC30, WBSCR22, STX1A, ABHD11, WBSCR27, LIMK1, EIF4H, MIR590, RFC2, 

GTF2IRD1 and GTF2I) presented a symmetrically opposite expression pattern 

with upregulation in Dup7 and downregulation in WBS compared to controls in 

all cell types (Figure 2). The other remaining genes were found upregulated or 

downregulated in the same direction in both models, which varied depending 

on the gene and cell type. For instance, TRIM50 (tripartite motif containing 50) 
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was found downregulated both in Dup7 and WBS in all cell lines, except for 

neurons. Conversely, GTF2IRD2 (GTF2I repeat domain containing 2) was 

upregulated for both duplication and deletion groups in fibroblasts and 

downregulated in the others. Therefore, we observed two differential 

tendencies regarding 7q11.23 gene expression between Dup7 and WBS: a 

symmetrically opposite expression or an alteration in the same direction. 

Despite the differential tendencies identified, only four genes (BAZ1B, BCL7B, 

CLIP2 and GTF2IRD1) were significantly DE with a mirrored expression after 

adjusting statistical significance for multiple corrections (q-value<0.05, Figure 

2). Our gene expression patterns are in line with previously reported 

transcriptional studies of iPSC-based cells (and derivatives), with matching 

results ranging between 92-96% depending on the cell type considered (22,26–

28). Concretely, 11 genes (NSUN5, BAZ1B, BCL7B, TBL2, DNAJC30, WBSCR22, 

EIF4H, RFC2, CLIP2, GTF2IRD1 and GTF2I) were consistently found upregulated 

in Dup7 and downregulated in WBS (Supplementary Table 3). In addition, the 

highest correlation was found in iPSC lines, with 18-20 genes out of 30 in the 

same direction. 

MIR590 regulates the expression of genes enriched in ASD and WBS 

Interestingly, we observed that MIR590 differential expression presented the 

highest values in Dup7 and the lowest in WBS, suggesting that its expression is 

severely affected by 7q11.23 CNVs (Figure 2). Although the expression of 

MIR590 in cases compared to controls did not reach adjusted statistical 

significance, when samples with 7q11.23 duplication were directly compared to 

samples with 7q11.23 deletion, MIR590 was significantly altered in iPSCs 

(log2FC=2.07, q-value=3.90x10-5), NPCs (log2FC=1.98, q-value=0.00012) and 

iNeu (log2FC=2.75, q-value= 0.0018), suggesting a major role of this microRNA 

in early neural development.  
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Figure 2. Gene expression pattern of genes in the 7q11.23 interval in the different in 

vitro models. Gene expression representation (log2FC) for the comparisons: Deletion vs. 

Control (red) and Duplication vs. Controls (blue) in fibroblasts, iPSCs, NPCs and iNeu. On the 

top, schematic representation of the comparisons showing as yellow squares genes with 

opposite expression (mirrored) compared to controls. Grey squares indicate an upregulation 

in both WBS and Dup7 compared to controls, whereas violet squares denote a downregulation 

also in both categories. *: q-value < 0.05 in Deletion vs Controls, #: q-value < 0.05 in 

Duplication vs Controls. 
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To investigate the genes which post-transcriptional regulation is potentially 

regulated by MIR590, we compiled a list of MIR590 targets identifying a total of 

1307 genes regulated by hsa-miR-590-5p and 3089 targets by hsa-miR-590-3p, 

with 548 in common. Among the identified MIR590 targets, we found several 

genes differentially expressed in our microarray analysis (52/1307 for 5p and 

113/3089 for 3p in iNeu), but these numbers were not significant by 

permutation test. In addition, we intersected the list of MIR590 targets with the 

lists of genes associated with ASD and WBS. Remarkably, the results showed 

that around 8% (106/1307 for 5p and 260/3089 for 3p) of MIR590 targets were 

reported in SFARI, and approximately 12.5% (167/1307 for 5p and 388/3089 for 

3p) were previously related to WBS. After random permutation test, we 

obtained empirical p-values<0.0001 for both miRNAs. Thus, MIR590 targets are 

enriched in ASD-related genes as well as genes linked to WBS. 

Genome-wide transcriptional differences between WBS, Dup7 and controls 

Next, we assessed the genome-wide differential expression considering 

exclusively genes presenting significant q-value<0.05. The four cell types were 

very clearly differentiated at expression level, and no batch effect was detected 

by combat (Supplementary Figure 4). A pairwise comparison of the three 

genotypes in all cell types (fibroblasts, iPSCs, NPCs and iNeu) identified a total 

of 494 unique DEGs (Supplementary Table 4). In the Dup.vs.Del comparison, the 

category with the highest statistical power, 18 genes overlapped at least in two 

cell type categories, from which 15 belonged to the 7q11.23 region, including 

six significantly deregulated in all cell types (BAZ1B, EIF4H, BCL7B, LIMK1, 

GTF2IRD1 and TBL2) (Supplementary Figure 5). In addition, we highlight the 

genes ZNF726, ZNF439 and LOC105374122 (a suggested non-coding RNA), for 

being the only DEGs located outside the 7q11.23 interval deregulated in more 

than one cell type. ZNF726 deregulation was common between iPSCs and NPCs, 

whereas ZNF439 between NPCs and neurons. 

Fibroblasts 

The majority of DEGs were observed in fibroblasts. These genes included 218 

Dup7 DEGs (Dup.vs.Ctrl), 287 WBS DEGs (Del.vs.Ctrl), with 153 in common and 
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a fold change expression over controls in the same direction (Figure 3A). When 

we compared DEGs from Dup7 against WBS fibroblast lines (Dup.vs.Del), we 

identified 28 significant DEGs. Enrichment analysis revealed specific pathways 

and GO categories relevant for the hallmark phenotypes of both disorders 

(Figure 3B). In Dup7, the only pathway reaching statistical significance after FDR 

correction was Arf6 trafficking events (q-value=0.0313). ARF6 is a small GTPase 

that participates in intracellular vesicular trafficking, endocytosis processes and 

actin remodelling (51). The DEGs from the WBS fibroblast lines were enriched 

in cellular pathways related to PI3K-Akt signaling, extracellular matrix 

organization and cell adhesion. Additionally, GO categories for both Dup7 and 

WBS lines included categories involving the development of important organs 

that are affected in the two conditions such as cardiovascular system, 

connective tissue, nervous system, skeletal system and kidney development 

(Figure 3B).  

Figure 3. Differential gene expression and enrichment analysis in fibroblasts. (A) Number 

and distribution of DEGs across the three 7q11.23 groups. (B) Selection of GO categories 

relevant for hallmark phenotypes of the two disorders and significant after FDR correction for 

multiple testing. 
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iPSCs and NPCs 

The number of DEGs identified in iPSCs was smaller. We detected 7 DEGs in the 

duplication model (Dup.vs.Ctrl), 20 DEGs in the deletion model (Del.vs.Ctrl) and 

51 DEGs in the comparison between Dup7 and WBS (Dup.vs.Del) 

(Supplementary Figure 6A). Enrichment analysis identified an 

overrepresentation of the Gene expression (Transcription) pathway (q-

value=0.0134) in Dup7 DEGs, and GO categories related to transcription, RNA 

metabolism and regulation of gene expression in WBS DEGs.  

In NPCs, the detected DEGs were limited; 3 DEGs in WBS lines and 42 DEGs in 

Dup.vs.Del categories, whereas no DEGs were found in Dup7 NPC lines 

compared to controls (Supplementary Figure 6B). Among the DEGs resulting 

from the duplicated and deleted models comparison, there was one pathway 

commonly overrepresented in both iPSCs and NPCs, the Basal transcription 

factors pathway, led by the 7q11.23 genes GTF2I and GTF2IRD1.  

Neurons 

In iNeu, we detected 36 DEGs in Dup7 lines (Dup.vs.Ctrl), 7 DEGs in WBS 

(Del.vs.Ctrl) and 23 DEGs when comparing duplicated against deleted models 

(Dup.vs.Del). Eleven genes were shared between two of these comparisons 

(Figure 4A).  Interestingly, seven of them are highly expressed in brain according 

to GTEx Portal and The Human Protein Atlas, and four have relevant functions 

in neurons (52). In addition, some have been previously linked to ASD including 

CNTNAP4 (contactin associated protein family member 4) and NXPH1 

(neurexophilin 1). Remarkably, pathway and GO analysis of Dup7 DEGs 

uncovered significant enrichments for neuronal processes and pathways, and 

the top-ranking signaling pathways included transmission across chemical 

synapses, neuronal system and GABAergic synapse (Figure 4B). However, these 

results should be interpreted with caution taking into account the limited 

sample size of this cell type. 
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Figure 4. Differential gene expression and enrichment analysis in iNeus. (A) Number and 

distribution of DEGs across the three 7q11.23 genotype groups in neurons. (B) Brain-specific 

pathways enriched among DEGs in Dup7 vs. Ctrl and significant after FDR correction.  
 
 

 

WGCNA reveals co-expression modules correlated with 7q11.23 copies 

In order to explore the transcriptional changes in a system-level context and to 

identify co-expression modules associated with the duplication and deletion 

models, we performed a WGCNA approach in iPSCs and NPCs cell types, 

separately, as they were the cell lines with enough sample size. In iPSCs, our 

analysis detected 27 co-expression modules (Figure 5). Three of these modules, 

M1iPSC (brown4), M15iPSC (maroon) and M25iPSC (skyblue3) were significantly 

correlated with the genotypes derived from imbalances in 7q11.23 dosage. 

M1iPSC (r=0.48, p-value=0.04) contained mainly upregulated genes in Dup7, 

while WBS genes were downregulated. This module showed enrichment for 

genes related to cholesterol biosynthesis as well as transmembrane and ion 

transport. In addition, one module-hub gene (SLC7A5) was reported in SFARI 

database.  M15iPSC and  M25iPSC presented  a  significant  inverse  correlation  

(r=-0.54, p-value=0.02 and r=-0.47, p-value=0.04, respectively), with genes 

mainly downregulated in Dup7 and upregulated in WBS. The majority of the 

module-hub genes in M15iPSC were classified as small nucleolar RNAs and 

M25iPSC was enriched in mesenchymal cell development as well as other GO 

categories related to DNA binding and histone deacetylase activity. 
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Figure 5. Weighted gene co-expression network analysis (WGCNA) for iPSCs. (A) 

Dendogram showing the 27 co-expression modules detected in iPSCs. (B) Correlation analysis 

between the module eigengenes (MEs) and 7q11.23 genotype. The coloured bars are modules 

associated with the trait. (C) A heatmap of the positive (red) and negative (blue) associations 

between modules and 7q11.23 copy number. (D) Bar plots of ME expression for all significantly 

associated modules. The color below the plot indicates the sample group: grey for control 

samples, red for WBS patients and blue for Dup7. (E) Three representative pathways and/or 

GO terms for each module associated with the 7q11.23 genotype (q-value<0.05).    

 

In the WGCNA study of the NPC lines, we identified 42 co-expression modules, 

from which five were significantly correlated with 7q11.23 copies (Figure 6). 

From these, only M25NPC (green) was positively associated with the copy number 

genotype (r=0.5, p-value=0.03) and the genes included appeared mostly 

upregulated in Dup7 and downregulated in WBS. This module was enriched 

with genes related to connexin binding. The other four modules presented a 

significant inverse correlation, which included genes largely downregulated in 

Dup7 and upregulated in WBS. The highest negative correlation was observed 

in M14NPC (ivory, r=-0.77, p-value=1e-04), without significant results in the 

enrichment analysis. Notably, four module-hub genes were located within the 

7q11.23 duplicated/deleted region (CLIP2, BAZ1B, BCL7B and DNAJC30). M4NPC 

(honeydew1, r=-0.54, p-value=0.02) was composed of genes involved in RNA 
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binding and ribonucleoprotein complex assembly. Of note is the identification    

of two ASD strong candidates reported in SFARI (PRKD1 and SATB1) among the 

module-hub genes in M8NPC module (firebrick3, r=-0.73, p-value=4e-04). 

Remarkably, M41NPC module (orangered3, r=-0.5, p-value=0.03) was enriched 

in genes related to regulation of signaling pathways, including glutamate 

receptor signaling. Glutamatergic system is implicated in basic functions in the 

central nervous system, and its dysfunction has been recurrently associated with 

ASD (53). 

Figure 6. Weighted gene co-expression network analysis (WGCNA) analyses for NPC 

lines. (A) Dendogram showing the 42 co-expression modules detected in NPCs. (B) Correlation 

analysis between the module eigengenes (MEs) and 7q11.23 genotype. The bars are modules 

associated with the trait. (C) A heatmap of the positive (red) and negative (blue) associations 

between modules and 7q11.23 copy number. (D) Bar plots of ME expression for all significantly 

associated modules. The color below the plot indicates the sample group: grey for control 

samples, red for WBS patients and blue for Dup7. (E) The top enriched pathways and/or GO 

terms for each module associated with the 7q11.23 genotype (q-value<0.05).  
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DISCUSSION 

We present here one of the largest 7q11.23 rearrangements patient-specific 

iPSCs cohorts, including cellular lines derived from four Dup7 and four WBS 

patients. Considering that both conditions are neurodevelopmental disorders 

and given the difficulty to study the developing brain, iPSC-based technologies 

are a good approach to gain insight into the transcriptomic consequences of 

7q11.23 imbalances in multiple in vitro differentiation stages (25).  

The majority of the patients in our cohort were carriers of 7q11.23 

microduplication or microdeletion without additional copy number alteration 

at other rare CNV loci (50). However, patient WBS159 and its derivative models, 

were also carrying a de novo 16p13.11 microduplication. The 16p13.11 

microduplication is a rare but recurrent CNV loci with a prevalence in the 

general population of 0.13-0.17% (50,54). Although it is a variant with low 

penetrance (8.4%), this CNV is frequently associated with ID, developmental 

delay, ASD and schizophrenia (50,54,55). Neuronal induction for this line was 

particularly problematic and required multiple repeated attempts. Similarly, a 

recent study found a significant reduction of NPC proliferation in 16p13.11 

microduplication patient iPSC-derived cells compared to controls (56). Thus, the 

presence of a second hit CNV in WBS159 could be the cause of the additional 

troubled steps in NPC induction. Beside this particularly difficult case, we were 

able to successfully generate and characterize NPCs from iPSCs, and iNeu (for 

a subset of samples) to assess the genome-wide transcriptional alterations. 

The expression of the genes in the 7q11.23 single-copy region showed two 

tendencies: a symmetrically opposite expression and an alteration in the same 

direction. These findings were consistent with previous transcriptional studies 

of 7q11.23 iPSC-based cells in 92-96% of the comparisons in fibroblasts (22), 

iPSCs (26,28) and/or derived neurons (27,28). From the 30 genes assessed in the 

7q11.23 interval, 11 showed a uniform upregulation in Dup7 (iPSCs) and 

downregulation in WBS (fibroblasts, iPSCs and neurons). These concordances 
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confirm the regular gene expression pattern of the 7q11.23 genes, previously 

described in blood transcriptome samples from Dup7 and WBS patients 

(21,24,57,58). Specifically, BAZ1B, BCL7B, TBL2, WBSCR22, EIF4H, RFC2, CLIP2 

and GTF2IRD1 have been consistently deregulated in all studies and cell types, 

suggesting they are more dose sensitive and/or that fewer trans feedback 

mechanisms are acting to normalize their expression.  

Among the 7q11.23 DEGs, we highlighted the potential player MIR590 that 

presented the highest differential expression between Dup.vs.Del in iPSCs, NPCs 

and iNeus. This differentially expressed miRNA was previously associated with 

cardiomyocyte proliferation and anti-apoptotic functions in atherosclerosis 

(59,60), but it has also been described as a tumor suppressor gene in a variety 

of cancers (61,62). We have found that MIR590 predicted mRNA targets are 

enriched in ASD risk genes from SFARI and in genes altered in WBS patients by 

transcriptomic analysis, suggesting that this miRNA could regulate the 

expression of genes important for both disorders. Interestingly, some potential 

target genes of hsa-miR-590-5p/3p were found deregulated in iNeu, including 

SLC5A7, SPOCK3, NDST3 and BCL7B. In particular, SLC5A7 (solute carrier family 

5 member 7) is involved in neurotransmission, a process consistently found to 

be altered in Dup7 and WBS (2,27). In fact, miRNAs are gaining more attention 

in the field of neurodevelopmental disorders, especially in ASD. Many studies 

have identified significantly deregulated miRNA expression in multiple tissues 

from ASD patients, although MIR590 has not been reported before (63). Some 

of the recurrently altered miRNAs in ASD include miR-23a, miR-132 and miR-

146b (64–66) and their predicted targets were also enriched for ASD 

susceptibility genes (67). We believe that experimental confirmation of the hsa-

miR-590-5p/3p targets warrants further investigation and would be valuable to 

determine whether MIR590 could be a therapeutic target for 7q11.23 CNV 

patients. 

Assessing genome-wide differential expression, we discovered 494 unique 

DEGs. For the Dup.vs.Del comparisons, we intersected the lists of DEGs in the 

different cell types, and we observed three genes outside the 7q11.23 locus that 
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were differentially expressed in multiple cell types: ZNF726, ZNF439 and 

LOC105374122. Both ZNF726 and ZNF439 are zinc finger proteins that have 

been detected to be methylated in cancer samples and are probably involved 

in transcriptional regulation (68,69). ZNF726 and ZNF439 may be relevant to the 

phenotype in early development and these findings suggest considering the 

study of epigenetic changes in Dup7 and WBS in the future.  

Transcriptional consequences in fibroblasts affected a great proportion of DEGs. 

Arf6 trafficking events was the only pathway significantly enriched among Dup7 

DEGs and it is involved in actin cytoskeleton remodelling and endosomal 

membrane trafficking with important functions in neuronal development and 

synaptic plasticity (51,70). Arf6 is a small GTP-binding protein expressed in the 

nervous system and concretely in the brain, where evidence showed its 

participation in regulating dendritic formation, axonal growth and synaptic 

plasticity (70). Besides, a missense mutation in IQSEC2 (IQ motif and Sec7 

domain ArfGEF2) gene was reported in a patient with ID, autism and epilepsy. 

They demonstrated in vitro that this mutation resulted in a constitutive 

activation of Arf6 that could lead to a reduction in surface AMPA receptors 

providing a mechanistic link between the mutation and the behavioral and 

cognitive phenotype of the patient (71). Taken together, it suggests that 

impairments of this pathway could partially contribute to the autistic phenotype 

of Dup7 individuals.  

From the 287 DEGs detected in WBS model (Del.vs.Ctrl), 27/868 (3.1%) were also 

found deregulated in Henrichsen et al. (2011) (22), including 77.7% (21/27) in 

the same direction. The small overlap between studies is probably due to 

limited sample sizes (8 WBS patients in Henrichsen et al. and 4 in this study), 

reinforcing the relevance of this set of overlapping genes and the need of 

replication studies. Among these genes we observe COL4A2 (collagen type IV 

alpha 2 chain) and EFNA5 (ephrin A5) that are involved in PI3k-Akt signaling 

pathway, which has been proposed to be compromised in WBS (72). GO analysis 

revealed categories related to the hallmark phenotypes of both disorders, and 
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similar results were reported by Adamo et al. (26) in iPSC lines from Dup7 and 

WBS individuals. 

Differentially expressed genes in iPSCs were related to regulation of 

transcription and gene expression, partially due to 7q11.23 genes (GTF2IRD1 

and BAZ1B), but also driven by the alteration of other transcriptional regulators 

such as ZNF71, ZNF454, ZNF676 and BAZ1A. Interestingly, BAZ1A belongs to a 

bromodomain family together with BAZ1B, BAZ2A and BAZ2B, and encodes the 

accessory subunit of ACF1 (ATP-dependent chromatin assembly factor), which 

is a member of the ISWI (“imitation switch”) chromatin-remodeling complexes 

(73). De novo missense mutations and microdeletions in this gene have been 

associated with syndromic ID and brain malformations, and therefore it was 

proposed to be involved in neurodevelopment (74–76).  

Our systems biology approach in iPSCs revealed three co-expression modules 

significantly correlated with 7q11.23 dosage, and specifically, M1iPSC module, 

containing mainly genes upregulated in Dup7 and downregulated in WBS, was 

enriched in genes related to cholesterol biosynthesis and ion transport. 

Evidence suggests an alteration of cholesterol homeostasis among some ASD 

patients (77–79). Total cholesterol levels were higher in Asperger syndrome 

individuals compared to controls (77), whereas patients with Smith-Lemli-Opitz  

syndrome (SLOS) showed low cholesterol plasma levels (79). SLOS is caused by 

mutations in DHCR7 (7-dehydrocholesterol reductase), a gene involved in 

cholesterol biosynthesis, and it is considered a syndromic form of ASD as in 53-

71% of cases comorbid ASD is reported (80–82). It has been hypothesized that 

lipid raft disarrangements, in which cholesterol is a key component, could alter 

synaptic function, providing a link between cholesterol metabolism and ASD 

(78). In contrast, low-normocholesterolemia has been observed among WBS 

patients (83), suggesting that alteration of cholesterol biosynthesis could have 

more relevance in Dup7 individuals than in WBS subjects. Finding alterations in 

the pluripotent state indicates that cells from 7q11.23 CNVs patients carry 

changes from a very early developmental stage, which can have greater 

consequences in the differentiated lineages. 
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The WGCNA analysis in NPCs uncovered five co-expression modules 

significantly associated with 7q11.23 copy number genotype. We point out 

M8NPC and M41NPC, where the number of 7q11.23 copies was inversely related 

to expression intensity. Two module-hub genes in M8NPC have been strongly 

linked to ASD: PRKD1 (protein kinase D1) and SATB1 (SATB homeobox 1) 

(84,85). Decreased expression of PRKD1 was observed in three patients with 

atypical Rett syndrome bearing a de novo 14q12 deletion that includes this gene 

(84), whereas SATB1 was identified as an ASD candidate gene in a recent TADA 

(transmitted and de novo analysis) study (85). In the M41NPC module, the 

regulation of glutamate receptor signaling pathway was enriched among its 

components. There is increasing evidence supporting a glutamate dysfunction 

in the pathophysiology of ASD (53,86–90). First, glutamate levels have been 

reported to be significantly higher in ASD patients compared to controls both 

in blood and brain (53). In addition, microarray analyses have observed 

alterations in different members of the glutamate system (86). For instance, 

increased mRNA levels of AMPA-type glutamate receptors and glutamate 

transporters were identified in post-mortem brain tissues of ASD patients (87). 

Lastly, not only many ASD risk genes are related to glutamatergic synapses, 

such as GRIN2B, GRIA2 or SLC1A2, but also genes in ASD-specific CNVs are 

enriched in glutamatergic synapse in different studies (53,88–90). Therefore, the 

glutamate receptor signaling could be important for the autistic phenotype of 

Dup7 and WBS patients, since ASD features present a 6-10-fold increase in WBS 

subjects compared to general population. 

In iNeus, we detected eleven genes that were present in different DEG 

comparisons (Figure 4A), of which a considerable proportion were enhanced in 

brain and with important functions in the nervous system. Specifically, 

CNTNAP4 and NXPH1 are ASD risk genes reported in SFARI database. 

CNTNAP4 is a presynaptic protein from the neurexin family involved in 

dopaminergic and GABAergic synaptic transmission that was downregulated in 

both Dup7 and WBS models. Deletions disrupting this gene have been 

identified in ASD patients in several studies (91,92). NXPH1 acts binding α-

neurexins to promote adhesion between dendrites and axons (93). In this case, 
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familial CNVs (both deletions and duplications) disrupting NXPH1 have been 

found in ASD individuals (94,95). It is also worth noting two additional genes: 

KCNJ3 (potassium inwardly rectifying channel subfamily J member 3) and SEZ6L 

(seizure related 6 homolog like). In our study, KCNJ3 was downregulated in both 

Dup7 and WBS lines compared to controls, and the same observation was 

detected in Fragile X syndrome iPSC-derived neurons, another syndromic form 

of ASD (96). A missense mutation was identified in SEZ6L in an exome 

sequencing study of ASD patients and it was considered as an exceptionally 

strong ASD candidate in a recent association test (97). Although these results 

should be cautiously interpreted, enriched pathways in DEGs from Dup7 model 

might indicate an alteration of synaptic function in Dup7 neurons probably 

affecting the establishment of cerebral patterns since very early in the 

neurodevelopment. Although in our study, WBS iNeus did not show a high 

number of DEGs or clear altered pathways, abnormalities in neuronal gene 

expression have been described in WBS derived-neurons (27). 

Limitations 

Our study presents several limitations. First, in terms of sample selection, the 

number of controls in our cohort is half the number of cases’ samples, which 

restricted our statistical power in the comparisons against controls. Second, the 

results in iNeus should be interpreted with caution because only half of the 

samples were differentiated from NPCs into iNeus due to economic constraints. 

Third, our experiments were performed in two experimental rounds, which 

could increase the transcriptional differences among samples, but no batch 

effect was detected. Fourth, although iPSCs are a good approach to study 

developmental brain disorders, these ex-vivo models do not precisely 

reproduce all the events occurring during brain development. Fifth, the 

comparison with previous iPSCs-based transcriptomic studies should be 

interpreted cautiously due to experimental differences, including iPSCs 

generation methods and a diversity of differentiation protocols. Finally, a 

general limitation of iPSCs studies is the reduced sample size due to high cost 

in economic and temporal terms. Considering all 7q11.23 iPSC-derived studies 

we count: 25 WBS iPSCs lines, 2 atypical WBS iPSCs lines, and 7 Dup7 iPSC lines 
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(22,26–30). This is why, it would be truly interesting to develop and conduct a 

meta-analysis for iPSCs (and derivatives) in a collaborative effort in the scientific 

community.  

Conclusions 

To sum up, we present one of the largest 7q11.23 patient-derived iPSC lines 

and derivatives including both duplication and deletion models. Gene 

expression from 7q11.23 region has proved to be consistent, further supporting 

expression imbalances of BAZ1B, BCL7B, TBL2, WBSCR22, EIF4H, RFC2, CLIP2 

and GTF2IRD1, and highlighting MIR590 as a novel compelling candidate to 

regulate the expression of genes relevant for both Dup7 and WBS disorders. 

Integrative transcriptomic analysis of in vitro 7q11.23-CNVs cellular models 

revealed genes and pathways related to cholesterol metabolism, Arf6 trafficking 

events and glutamate signaling altered during early neuronal development in 

these genomic disorders, which could lead to novel potential therapeutic 

targets.  
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SUPPLEMENTARY INFORMATION 

Supplementary Figure 1. (A) NPC induction and (B) dopaminergic neuron 

differentiation process. 
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Supplementary Figure 4. (A) Dendogram and (B) PCA of samples included in 

the study. 

 

Supplementary Figure 5. Venn diagram of the intersection between DEGs in 

the Dup.vs.Del comparison in all cell types. Bold indicates genes located outside 

the 7q11.23 interval. 
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Supplementary Figure 6. Overlap between DEGs in the three comparisons in 

(A) iPSCs and (B) NPCS. 
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Supplementary Table 2. Primer sequences. 
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Supplementary Table 3. Comparison between previous transcriptional studies 

of iPSC-based cells and derivatives and our data in 7q11.23 genes. 

First row colors: orange indicates columns related to fibroblasts, blue for iPSCs and yellow for 

neurons. Green text indicates a change in expression in the same direction, whereas red means 

it was found in the opposite direction. *: p-value<0.05, **: q-value<0.05. 



Chapter 2 

108 

Supplementary Table 4. Genome-wide differentially expressed genes among 

all cell types and comparisons. 
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Transcriptomic analysis unveils consequences of 

complex rearrangements associated with autism 

spectrum disorder 

Mar Costa-Roger1, Marcos López-Sánchez1, Carlos Arenas-Ruiz1, Teresa 

Vendrell2, Patricia Muñoz-Cabello1,3, Blanca Gener4, Elisabeth Gabau-Vila5, 

Nuria Capdevila5, Luis A. Pérez-Jurado1,3, Ivon Cuscó1,2 

ABSTRACT 

Introduction. Autism Spectrum Disorder (ASD) is a group of neurodevelopmental 

disorders characterized by social-communication difficulties, restricted interests and 

repetitive behaviours. ASD has a complex multifactorial etiology with high genetic 

involvement. Little is known about complex regions such as segmental duplications, 

which can predispose to inversions. The aims of this project are to study the 

association of two common inversions (inv17q21.31/inv8p23.1) with ASD and to 

elucidate the transcriptional consequences of these rearrangements.  

Methods. We performed a transmission disequilibrium test (TDT) using SNP array 

data from 3,770 ASD trios and 2,217 control trios (n=23,005 individuals) 

downloaded from public repositories in order to investigate the association between 

the candidate inversions and ASD. In addition, we carried out an RNAseq analysis of 

peripheral blood in 13 idiopathic ASD patients and 11 controls grouped by inversion 

genotypes: non-inverted; inv8p23.1; inv17q21.31. We used HTSeq/DESeq2 to 

discover differentially expressed genes (DEGs) with q-value<0.05.  

Results. We found a significant over-transmission of the inverted alleles of 

inv17q21.31 (OR=1.12, p=0.0047) and inv8p23.1 (OR=1.12, p=0.0006) in ASD 

patients from European ancestry. Moreover, our data shows that inversions affect 

the expression of local genes as well as genome-wide and a great proportion of 

DEGs correspond to lncRNAs. Also, we identified DEGs associated with ASD and 

other neuronal diseases involved in immune-inflammatory and actin cytoskeleton 

pathways in ASD inverted individuals.  
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Conclusions: TDT suggests that the inverted alleles at the common inversions 

17q21.31 and 8p23.1 may act as susceptibility factors for ASD in Europeans. Our 

transcriptomic results show that inversions have a direct effect on gene expression 

patterns that could be explained by the disruption of TADs and NHCCs. The fact that 

we have identified several lncRNAs indicates that gene regulation could have an 

important role in ASD, particularly implicating KANSL1-AS1 and LINC00938. 

Moreover, we note that ASD carriers of the susceptibility alleles 

(inv17q21.31/inv8p23.1), have differential expression of neuronal function-related 

genes that could be new ASD candidate genes (ATP13A1, NR4A3 and SLC12A6). We 

also highlight the implication of a deregulation of immune-inflammatory pathways 

and actin cytoskeletal regulation in ASD pathogenesis. 

Keywords: inversions; ASD; 8p23.1; 17q21.31; TADs; immune system. 
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INTRODUCTION 

Autism Spectrum Disorder (ASD) is a heterogeneous neurodevelopmental 

disorder characterized by impairments in social communication and interaction 

as well as restricted and repetitive behaviours or interests (1). It occurs with a 

population prevalence of ~1.5% in developed countries with a male-to-female 

ratio of 3-4:1, which poses an important health problem worldwide (2,3). Twin 

studies have enabled to assess the proportion of the phenotype variance 

accounted for genetic factors, concluding that ASD is highly heritable. Recent 

studies estimated ASD heritability to be around 83-85% (4,5). Although it is 

known that ASD has a complex multifactorial etiology, this data demonstrates 

that genetic factors play a crucial role.  

Technological advances have allowed an enormous progress in regard with the 

genetic architecture of ASD highlighting a large number of genes involved in 

this pathology (6–8). However, only in ~25-35% of patients diagnosed with ASD, 

the genetic etiology is determined. The most common causes identified are 

monogenic syndromes associated with ASD, copy number variants and single 

nucleotide variants. This is why ASD is considered genetically complex existing 

highly penetrant monogenic cases, polygenic models and multifactorial models 

involving an environment-genome interaction (reviewed by 9). 

Single copy regions and coding regions have been exhaustively studied in ASD 

patients, but little is known about complex regions and non-coding regions. 

Segmental duplications (SDs) are part of these unexplored regions, which may 

contain part of the lost heritability. SDs, also known as low-copy repeats (LCRs), 

are segments of DNA between 10-300 Kb in length with high homology (>95%) 

and found in multiple genomic locations. The human SD content is estimated 

to be around ~5.5% (10,11). Due to their similarity, they predispose to genomic 

instability mediated by non-allelic homologous recombination (NAHR) events 

that lead to recurrent rearrangements including duplications, deletions, 

inversions, marker chromosomes or translocations (12,13). 



Chapter 3 

124 

Inversions are known to contribute to chromosomal evolution and are 

considered a source of genetic variability. Although inversions are usually 

considered neutral variants, inversion breakpoints can cause gene disruption, 

alter gene expression due to separation of regulatory elements and predispose 

to genetic copy number imbalances (14). These rearrangements have been 

linked to different diseases, including multifactorial pathologies such as autism 

and obesity (15–17). The candidate inversions, inv17q21.31 and inv8p23.1, have 

been selected because both are well-studied and validated ancestral inversions, 

which allow its genotyping with scoreInvHap using SNP (Single nucleotide 

Polymorphism) data. This tool contains a set of experimentally validated 

reference haplotype-genotypes from the inversions of interest and classifies 

individuals according to their SNP similarities (18). In fact, transcriptome-wide 

significant associations have been reported in both regions in an ASD study 

integrating expression data with GWAS (19). 

The inversion 17q21.31 is a ~900 Kb inversion with two highly divergent 

haplotype groups (H1 – non-inverted / H2 – inverted) and mostly present in 

European population with a frequency of ~20% (20,21). This region contains 

different genes including MAPT (Microtubule-associated protein tau) and 

CRHR1 (Corticotrophin releasing hormone receptor 1). De Jong et al. described 

altered gene expression including overexpression of LRRC37A and CRHR1 as 

well as decreased expression of LRRC37A4,  PLEKHM1 and MAPT in H2 in several 

tissues (22). The H1 haplotype is associated to an increased MAPT expression, 

which produces an overproduction of hyperphosphorylated protein Tau that 

aggregates in neurons. This mechanism has been linked to neurodegenerative 

disorders including progressive supranuclear palsy, corticobasal degeneration, 

Parkinson’s disease and Alzheimer’s disease (23–27). In addition, the H2 

haplotype is related to a recurrent microdeletion predisposing to the 17q21.31 

microdeletion syndrome, which is characterized by developmental delay and 

learning disabilities (28).  

The 8p23.1 inversion is the largest inversion found in the human genome 

including almost 4.7 Mb with estimated frequencies depending on the 
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population; 59-80% in Africans, 13-33% in Asians and 29-50% in Europeans 

(20,29–31). Genes encompassing this inversion, such as PPP1R3B (Protein 

phosphatase 1 regulatory subunit 3B), have been related to lipid metabolism 

(32,33) and an association was found between the 8p23 inverted allele (I) and 

low BMI in children of European ancestry (34). Also, variants in FAM167A/BLK 

locus, harboured in the inversion region, have been linked to risk to systemic 

lupus erythematosus (SLE) and other autoimmune diseases (35–38). Recent 

studies detected an association effect between the non-inverted status of 

inv8p23.1 and susceptibility to SLE (OR=1.18, p=8.18 x 10-7) (39,40).  

In the present work, we investigated the association of inv17q21.31 and 

inv8p23.1 with ASD through TDT (transmission disequilibrium test). We have 

also performed transcriptomic studies in order to elucidate the gene expression 

pattern of these inversions, and to understand which mechanisms and pathways 

could be implicated in the ASD phenotype.     

METHODS 

Datasets for TDT  

The association of inv17q21.31 and inv8p23.1 was studied in six datasets, three 

ASD datasets (AGP, SSC and UMSGARD) and three control datasets (MCTFR, 

IMAGE and SHARP). We were granted permission from dbGaP (Database of 

Genotypes and Phenotypes, http://www.ncbi.nlm.nih.gov/gap) and the Simons 

Foundation Autism Research Initiative (SFARI) to download genotypes and 

clinical information. 

Autism Genome Project (AGP) (dbGaP phs000267.v4.p2) includes genotype 

data of a total of 2,562 parent-offspring trios performed with Illumina Human 

1M-duo Infinium BeadChip SNP array. Simons Simplex Collection (SSC, 

http://sfari.org/resources/simons-simplex-collection) consists of 2,605 families 

genotyped with Illumina arrays with more than 1 million SNPs including 1Mv1, 

1Mv3 or Omni2.5. Each family was composed of trios or quartets with a non-

affected sibling available in 2,433 of the cases. Probands from AGP and SSC 

http://www.ncbi.nlm.nih.gov/gap
http://sfari.org/resources/simons-simplex-collection
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were diagnosed using ADI-R and ADOS instruments. University of Miami Study 

on Genetics of Autism and Related Disorders (UMSGARD) (dbGaP 

phs000436.v1.p1) comprises genotype data of 422 unrelated parent-child trios. 

Probands included in the study have a clinical diagnosis of ASD and are from 

the University of Miami study on autism disorders.  

Regarding controls, we used three independent trio datasets. Minnesota Center 

for Twin and Family Research (MCTFR) Genome-Wide Association Study of 

Behavioural Disinhibition (dbGaP phs000620.v1.p1) includes genotype data of 

1,478 families that formed part of the MCTFR longitudinal study. Individuals 

were genotyped with the Illumina platform Human660W-Quad v1.0. 

International Multi-Center ADHD (Attention Deficit Hyperactivity Disorder) 

Genetics Project (IMAGE) (dbGaP phs000016.vs.p2) consists of 958 parent-child 

trios genotyped with Perlen-600K array. Probands were children aged 6-17 

years with IQ above 70, any subtype of ADHD, single-gene disorders or 

neurological disease and not meeting criteria for ASD. SNP Health Asthma 

Resource Project (SHARP) (dbGaP phs000166.v2.p1) comprises genotype data 

of a total of 435 parent-offspring trios obtained with Affymetrix 6.0 platform. 

European ancestry assessment 

Although TDT is not sensitive to population stratification, heterogeneity in 

ancestry could dilute the signal of a geographically restricted segregation. 

Therefore, TDT was performed only in European samples. In order to determine 

European ancestry of samples, we used the software peddy (41). We selected 

those individuals identified as European by peddy.  

SNP imputation and inversion genotyping 

SNP microarray data were imputed using the imputeInversion pipeline prior to 

inversion calling as performed in González JR, et al. (2020) (17). This pipeline 

was designed to impute only those SNPs inside the inversion region or closer 

than 500 kb to inversion breakpoints. imputeInversion uses shapeITv2.r904 to 

phase, Minimac3 to impute, and 1000 Genomes as reference haplotypes. 

Inversion genotyping was performed with the package scoreInvHap (18), which 
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uses SNP data to compute similarity scores between the genotypes of an 

individual and the reference genotypes for the 3 inversion status.   

Genetic association analyses  

For TDT, we analysed only complete trios (parents and probands and/or sibling 

if available). After performing imputation and European ancestry assessment, 

we obtained a total of 3,770 ASD trios and 2,217 control trios (n=23,005 

individuals). TDT is a McNemar’s test based on binomial distribution, which we 

carried out using PLINK (42), an open-source whole genome association 

analysis toolset. We performed TDT in all datasets for all parental transmissions, 

separately analysing paternal and maternal transmissions. We considered loci 

to be over-transmitted when reached a particular significance threshold 

(p<0.05), and parental over-transmission occurred when the significance 

threshold was only derived from maternal or paternal over-transmission. A 

standard Chi-squared (χ2) test was used to evaluate the transmission ratio, and 

the goodness-of-fit χ2 test to determine if paternal and maternal transmission 

ratio deviated from the expected ratio.  

Selection of subjects for the transcriptomic study 

In our laboratory, we have gathered a total of 112 ASD patients (91 males, 21 

females) referred from several hospitals of the Spanish Health System. All 

individuals had a diagnosis of ASD based on clinical and/or psychological 

evaluations, and underwent a detailed clinical examination as well as family 

history review to search for syndromic forms of autism that were discarded. All 

cases are idiopathic with negative karyotype, Fragile X test, molecular karyotype 

and exome. Individuals were homogeneous regarding age (<25 years old). 

Written informed consent from parents or legal caregivers was obtained for all 

cases and the study was approved by the Clinical Research Ethics Committee 

(CEIC) of the Parc de Salut MAR. 

In order to study the transcriptomic consequences of inv17q21.31 and 

inv8p23.1, we selected unrelated patients according to their inversions 

genotypes (13 males). As controls we included 11 adult individuals of Spanish 
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origin (4 males, 7 females). These individuals were classified according to their 

inversion genotype in three groups: (1) 5 ASD patients and 3 controls non-

inverted for both regions (H1/H1 inv17q21.31 and NI/NI inv8p23.1); (2) 4 ASD 

subjects and 4 controls inverted for 17q21.31 (H2/H2 inv17q21.31 and NI/I 

8p23.1); (3) 4 ASD patients and 4 controls inverted for 8p23.1 (H1/H1 

inv17q21.31 and I/I inv8p23.1). See table from Figure 1 and Supplementary 

Table 1. 

RNA extraction, quality and quantification 

From fresh whole blood samples, peripheral mononuclear cells (PBMCs) were 

isolated by ficoll density gradient centrifugation method (LymphoprepTM 

STEMCELL Technologies). Total RNA was extracted using the RNeasy Mini kit 

(Qiagen) following manufacturer’s instructions or Trizol (Life Technologies) 

following standard protocol. After RNA extraction with Trizol, samples were 

purified using the Qiagen column in order to improve the quality. Quantification 

and quality of RNA samples was assessed using a NanoDropTM 2000 

Spectrophotometer (Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer. 

RNA integrity number (RIN) values ranged from 6.5 to 10.  

Transcriptome sequencing 

The RNAseq study was conducted on a HiSeq 4000 (Illumina) and paired-end 

sequences were acquired at a read length of 75 bp with 25,368,875 mean read 

pairs per sample. Quality control analysis of raw data was done using FastQC 

software and sequence reads were aligned to the Genome Reference 

Consortium Human genome build 37 (GRCh37) using STAR aligner (43). Gene 

expression levels were quantified by htseq-count from the HTSeq python 

package (44) and ‘DESeq2’ R package (v3.10) (45) was used to assess 

differentially expressed genes (DEGs) between different sample groups. In the 

design formula of DESeq2, we considered corrections by sex and RNA extraction 

procedure in order to minimise possible biases (Supplementary Table 1). The 

non-inverted state was considered the reference state in both inversions. Wald-

log test was applied and p-values were adjusted for False Discovery Rate (FDR) 

according to Benjamini-Hochberg correction procedure. Differential expression 



Chapter 3 

129 

quantification was expressed in Log2 fold change (log2FC) and DEGs with q-

value<0.05 were considered statistically significant. We used two different 

approaches for each inversion. In the first one, only the inversion status was 

considered, regardless of the subjects’ phenotype. In the second approach, 

inverted ASD individuals were compared against all other groups in order to 

elucidate unique gene signatures from inverted ASD patients. A schematic 

representation of the strategy followed is depicted in figure 1.  

Pathway enrichment analysis 

To elucidate deregulated mechanisms affected by DEGs, pathway enrichment 

analysis was performed using the publicly available Consensus Path database 

(CPDB) (46), which integrates interaction networks from 32 public resources. 

Statistical analyses were done with the CPDB overrepresentation analysis option 

including pathway-based and Gene Ontology (GO)-based tests. The q-value 

threshold of 0.05 was used. 

Figure 1. Strategy followed for the transcriptomic study. From the 112 ASD individuals, we 

selected 13 patients to perform a RNAseq study depending on their inversion status 

genotyped with scoreInvHap. 
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RESULTS 

TDT shows over-transmission of inverted alleles for inv17q21.31 and for 

inv8p23.1 in ASD probands 

The inverted allele H2 at inv17q21.31 was found significantly over-transmitted 

in ASD probands of the AGP trio dataset (OT=9.04, OR=1.20, p=0.00094) (Table 

1 and Supplementary Table 2). We analysed two additional datasets with ASD 

trios (SSC and UMSGARD). The association of ASD with over-transmission of the 

H2 haplotype was not replicated in SSC (OT=1.78, OR=1.04, p=0.5508). In 

UMSGARD, the over-transmission of the inverted allele was also noticed, 

although it did not reach significance likely due to the small sample size 

(OT=2.86, OR=1.06, p=0.6788). A meta-analysis of the three datasets provided 

significant evidence of an over-transmission of the H2 allele in ASD probands 

(OR=1.12, p=0.0047), considering only families of European ancestry (3,770 

trios) (Table 1). Given the known phenotypic heterogeneity of ASD, we also 

performed a stratified analysis by the different clinical variables or 

subphenotypes. The most significant over-transmission occurred in multiplex 

families as well as in ASD probands who did not fulfill criteria for strict autism 

and with intellectual quotient (IQ) above 80 (Supplementary Table 3). Maternal 

and paternal-specific over-transmission did not show significant results. 

However, meta-analysis of non-ASD trios (MCTFR, IMAGE and SHARP; 2,217 

trios) revealed a non-significant tendency for H2 allele of inv17q21.31 (OR=1.07, 

p=0.2233), showing some transmission distortion to a less extent in the general 

population of the same allele associated with ASD risk.  

Over-transmission of the inverted I-allele at inv8p23.1 was observed 

consistently in the three independent ASD datasets, significant in AGP 

((OT=6.88, OR=1.15, p=0.0036) and with the same tendency in SSC (OT=4.36, 

OR=1.09, p=0.0829) and UMSGARD (OT=5.23, OR=1.11, p=0.3604). A meta-

analysis of the three studies provided significant evidence of an over-

transmission of the inverted allele at inv8p23.1 (OR=1.12, p=0.0006) in 

European samples (Table 1). Stratification analysis using subphenotypes only 

yielded significant increment of the association for verbal ASD and non-strict 
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autism (Supplementary Table 3). In this case, the maternal and paternal 

transmission was also similar with no gender bias. In non-ASD trios (MCTFR, 

IMAGE and SHARP), the meta-analysis did not show over-transmission of any 

allele at inv8p23.1 (OR=1.00, p=0.9496). 

Table 1. TDT meta-analysis of ASD and control trios from multiple datasets for 

inv17q21.31 and inv8p23.1. Trios: number of complete trios with genotype data used, ME: 

Mendelian errors, OT: over-transmission (%), OR: odds ratio.  

Gene expression pattern in inv17q21.31 and inv8p23.1 

In order to characterize the functional consequences of the inversion 

polymorphisms, we performed a first approach where we compared mRNA 

levels of non-inverted (reference level) with inverted subjects.  

For inv17q21.31, our results revealed a total of 38 differentially expressed genes 

(DEGs). We did not detect expression of CRHR1 gene, as it is not expressed in 

blood, whereas MAPT showed a downregulated tendency in H2 without 

reaching statistical significance as it was expected (22). A considerable 

proportion of DEGs was located in chromosome 17 (12/38, 31.5%) and 

concretely, within the 17q21.31 inverted loci, we found 8 DEGs, including single-

copy region and multiple-copy genes from SDs (Figure 2A). The expression 

pattern was in agreement with the expression of tagSNPs (rs241027) from GTEx 

(Genotype-Tissue Expression) in whole blood and lymphocytes (47). This region 

flanked by SDs contains topologically associated domains (TADs), which are 

clusters of genomic interactions of 100 kb to 1 Mb in size found in mammalian 

genomes (figure 2B) (48). The fact that the inversion breakpoints could modify 

the 3D structure of the TADs could be a possible explanation for affecting the 

gene expression of those genes located in the single-copy region.  
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Figure 2. Differentially expressed genes in the 17q21.31 inverted region. (a) Gene 

expression patterns of DEGs located in the region. (b) Schematic representation of the 

17q21.31 region with the TADs present at this loci.  

For inv8p23.1, we only detected FAM167A to be downregulated (log2FC=-1.72; 

q-value=0.0133) in individuals carrying the I-alleles compared with non-

inverted individuals. As in the 17q21.31 loci, the 8p23.1 region is surrounded by 

TADs (Supplementary Figure 1), which could be disrupted by inversion 

breakpoints possibly accounting for the change in expression of single-copy 

genes detected. 

Specific ASD transcriptional consequences in candidate inversions 

Once proven that inversions directly affect gene expression, differential gene 

expression was analysed taking into account phenotype subgroups in order to 

elucidate unique ASD transcriptional consequences in both candidate 

inversions.  

Regarding inv17q21.31, from the 38 DEGs previously identified, we found 4 that 

were significantly different in ASD patients carrying the 17q21.31 inverted 

alleles, including 2 from the 17q21.31 inverted interval (KANSL1-AS1 and 

LRRC37A4P) and 2 from elsewhere in the genome (IL1B and CCL3). In particular, 

KANSL1-AS1 was upregulated in H2-I allele carriers ASD patients compared to 

inverted controls (q-value=0.0029) and to the non-inverted individuals (q-

value<0.0001). Controls carrying the inversion showed an intermediate 
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expression, while H1 group had the lowest one (q-value=0.0511) (Figure 3A). 

For LRCC37A4P, we observed the opposite situation where ASD inverted 

patients showed the gene downregulated compared to non-inverted 

individuals (q-value=0.0002) and to inverted controls, although it was not 

significant (q-value=0.995) (Figure 3B).  

Figure 3. Differentially expressed genes between inverted individuals (H2/H2) and non-

inverted (H1/H1) for 17q21.31 region. (a) Differentially expressed genes in the 17q21.31 

region when comparing H2 and H1 individuals regardless of their phenotype. (b) mRNA levels 

of KANSL1-AS1. (c) mRNA levels of LRRC37A4P. P values are shown with asterisks indicating 

values that are significantly different in a one-way ANOVA (ns: not significant, **: p<0.01, ***: 

p<0.001, ****: p<0.0001). 

Apart from the 4 mentioned genes, we also detected 15 DEGs in this second 

approach obtaining a total of 19 differentially expressed genes, including 12 

downregulated and 7 upregulated (Figure 4 and Supplementary Table 4). The 

relative expression of detected genes was represented in a heatmap (Figure 4A). 

These genes were located mainly among chromosomes 1, 2, and 17. We found 

the same number of protein coding genes than lncRNAs (36.84%), four 

pseudogenes (21.05%) and one snoRNA (5.26%). See figure 4B and 4C. 

Remarkably, PTGS2 has been previously associated with ASD according to SFARI 

database and RHOB has been related to synaptic plasticity.  

In order to elucidate the deregulated pathways affected by the unique DEGs 

detected in inverted ASD individuals, we performed an enrichment pathway 

analysis. We identified an enrichment for pathways (16/29) and GO terms 

(39/219) related to the immune system and inflammatory processes (Figure 4D). 

The top significant pathways included Interleukin-10 signaling, cytokine-

cytokine receptor interaction and Rheumatoid arthritis. Interestingly, the 
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majority of DEGs involved in these pathways were upregulated in our analysis, 

pointing out an upregulation of immune functions among the detected DEGs.  

Figure 4. Differentially expressed genes between inverted ASD individuals and all other 

groups for the 17q21.31 inversion. (a) Heatmap showing the individual expression of each 

DEG. Blue indicates downregulation, whereas red means upregulation. (b) Biotype of the 

detected DEGs. (c) Chromosomal distribution of the genes identified. (d) Immune system and 

inflammatory pathways identified by the enrichment analysis.  

For inv8p23.1, when adjusting for phenotype, we detected a total of 36 

genome-wide DEGs, including 10 downregulated and 26 upregulated genes 

(Figure 5 and Supplementary Table 5). Among them, FAM167A was found 

downregulated, but the effect was higher in I/I ASD patients than in inverted 

controls and non-inverted individuals (Figure 5A). 

From the 8p23.1 inverted interval, we also identified decreased expression of 

NEIL2 (log2FC=-0.60; q-value=0.0486) among ASD patients carrying the I-allele. 

We detected 20 protein coding genes (55.55%), 10 lncRNAs (27.78%), five 

pseudogenes (13.88%) and one miRNA (2.78%). DEGs were mostly distributed 

in chromosome 17, but a significant number was located in chromosomes 2, 6, 

8, 10, 14 and 19. See figure 5B and 5C. The relative expression of each of the 36 
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DEGs was represented in a heatmap (Figure 5D). We discovered genes 

previously reported in ASD literature (MYH10), associated with neuronal 

pathologies (NR4A3, ATP13A1 and SLC12A6) as well as genes with brain-related 

functions (WDR47, NSF and PDZD8). In the enrichment analysis, we did not 

detect any deregulated pathway, but interestingly, we identified GO terms 

related to actin filament binding and cortical cytoskeleton (figure 5E). 

Figure 5. Differentially expressed genes between I/I ASD individuals and all other groups 

for inv8p23.1. (a) mRNA levels of FAM167A. P values are shown with asterisks indicating values 

that are significantly different in a one-way ANOVA (ns: not significant, *: p<0.05; **: p<0.01). 

(b) Biotype of the DEGs and (c) chromosomal distribution. (d) Heatmap showing the 

downregulated genes indicated with blue colour, and the upregulated in red. (e) GO categories 

detected in the enrichment analysis. 
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DISCUSSION 

Complex genomic regions containing common inversions could act as 

susceptibility factors in complex disorders as is the case of the common 16p11.2 

inversion which provides a genetic basis for the joint susceptibility to asthma 

and obesity in European populations (16,17). Our TDT studies showed a 

significant over-transmission of the inverted H2 allele at inv17q21.31 in ASD 

patients. However, we observed remarkable differences between studies with 

completely null results in SSC. A possible explanation for the discrepancy can 

be related to the composition and phenotype of the samples in the ASD 

datasets. While AGP and UMSGARD are enriched in multiplex families and 

include a significant proportion of ASD cases that do not fulfill criteria for strict 

autism, SSC is restricted to simplex families with the majority of cases with strict 

autism. Thus, the H2 allele at inv17q21.31 appears to be associated with 

increased risk for a specific subphenotype of ASD with less strict autism and 

high IQ, and is more prevalent in families with more than one case of ASD. 

Interestingly, the risk allele for ASD is also being over-transmitted in the 

European general population, suggesting that inv17q21.31 is undergoing 

adaptive selection as previously reported in a study with Icelanders where 

carrier females had more children and higher genome-wide recombination 

rates than non-carriers (21). Regarding inv8p23.1, our TDT showed a significant 

over-transmission of the inverted allele in ASD patients. Therefore, our results 

revealed that inverted alleles at the common inversions 17q21.31 and 8p23.1 

could act as susceptibility risk factors for ASD in Europeans explaining part of 

the missing heritability in ASD liability. 

Focusing on transcriptomic analyses, our aim in the first approach, comparing 

inverted vs non-inverted individuals, was to further characterize the local gene 

expression of candidate inversions. We found DEGs within the inverted region 

both in inv17q21.31 (such as KANSL1-AS1 and DND1P1) and inv8p23.1 

(FAM167A). Our findings are in line with previously reported associations 

between H2-I allele carriers of inv17q21.31 and upregulation of LRRC37A in 

brain and decreased levels of LRRC37A4 in whole blood as well as the gene 
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expression pattern from GTEx (22,47). Conversely, transcriptomic data from 

lymphoblastoid cell lines and post-mortem liver samples showed an 

overexpression of FAM167A related to the inverted status of inv8p23.1, which is 

in the opposite direction compared to our results (29).  

The fact that we have identified DEGs within the inverted regions suggests that 

the expression of these genes is directly affected by the presence of the 

inversions. TADs are clusters of highly self-interacting regions in the genome 

where chromosomes form intra-molecularly organized structures allowing 

regulatory elements to interact with nearby genes (48). Interestingly, there are 

TADs in both inv17q21.31 and inv8p23.1 boundaries (49). Structural genomic 

variants, including deletions, duplications, insertions, translocations or 

inversions, can modify the 3D organization of the genome by disrupting TADs 

and cause regulatory gain and/or loss of function affecting gene expression 

(50,51). In some cases, it can be the cause of disease phenotypes as the 

duplication of a TAD boundary at the SOX9 locus resulting in Cooks syndrome 

(52). In fact, around 7% of balanced anomalies cause TAD disruption in 

developmental disorders (53). Also, rare structural variants disrupting cis-

regulatory elements (CRE-SVs) have shown to confer risk for ASD (54). 

Specifically, inversions are only suspected to influence gene regulation when 

disrupting a coding gene or TAD boundary (51). In our case, TADs are present 

in both inversions boundaries and they seem to be disrupted by inversion 

breakpoints, suggesting that the change in gene expression can be explained 

by a direct inversion-mediated mechanism. However, chromosome 

conformation capture techniques, such as Hi-C, should be performed in order 

to experimentally confirm these results. 

However, the majority of significantly affected genes in our study are not 

located in the inverted regions, but elsewhere in the genome. We speculate 

disruption of non-homologous chromosomal contacts (NHCCs) as a possible 

mechanism to explain alteration of these genes. In 1885, the first notions of 

interchromosomal contacts were described when Carl Rabl proposed that 

chromosomes occupy defined chromosomal territories in the nucleus in 
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interphase and that they could interact with nearby chromosomes (55). Non-

randomly organized chromosomal territories of interphase chromosomes 

intermingle to form NHCCs (56). The most well-studied NHCC event is the 

formation of the nucleolus, where around 300 ribosomal genes located on 5 

different chromosomes converge in the same interchromosomal space (57). 

Therefore, in NHCCs gene regulatory regions from one chromosome can affect 

genes located in other chromosomes. Despite the lack of information regarding 

the NHCCs mechanism, it is known that lncRNAs are involved in 3D organization 

of NHCCs (50). In addition, a study described a high interaction frequency 

between chromosomes 14-17 and 19-22 (58). These findings lend support to 

our results, which showed a remarkable number of DEGs located in 

chromosomes 14 and 17 as well as many deregulated lncRNAs. Moreover, 

structural and numerical chromosomal rearrangements can cause disruption 

and reorganization of the network of NHCCs (50). In fact, a recent study 

analysing chromosomal contacts of CNVs at 16p11.2 locus discovered cis- and 

trans-chromatin contacts involving known ASD candidate genes from other 

chromosomes. It is suggested that disruption of these contacts could influence 

the observed phenotypes including autism, BMI (body mass index) and head 

circumference (59).  

In the second approach, when adjusting for phenotype subgroups, our results 

showed that ASD inverted individuals have unique transcriptomic signatures 

that could be important for ASD phenotype. We have identified a great 

proportion of deregulated lncRNAs as an ASD specific signature for both 

candidate inversions representing 37% of DEGs in inv17q21.31 and 28% in 

inv8p23.1. LncRNAs are transcripts of >200 nucleotides that do not encode for 

proteins with high expression in the central nervous system. They have key roles 

in brain development and have been involved in gene expression regulation at 

different levels including transcriptional, post-transcriptional and epigenetic 

regulation (60,61). Transcriptomic analysis of post-mortem brain tissues from 

ASD patients identified 222 differentially expressed lncRNAs (62). Similarly, 

altered lncRNAs levels have been detected in both ASD brains and peripheral 

blood (63–65). In addition, a study detected a genome-wide significant ASD-
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associated SNP by GWAS, which was located on 5p14.1 and mapped to a 

lncRNA named MSNP1AS (66). Other lncRNAs have also been related to ASD 

including HTR5A-AS1 (67), RPS10P2-AS1 (68), LINC00693 and LINC00689 (64), 

among others. The fact that lncRNAs have been implicated in synaptogenesis, 

neurogenesis and GABAergic interneuron functions in brain development might 

explain the functional relation between ASD and lncRNAs, as these functions 

have also been found deregulated in ASD probands (61). The lncRNAs detected 

in our analysis did not overlap with lncRNAs previously reported in other 

studies. We also looked at which tissues were expressed and as lncRNAs can 

have cis-regulatory mechanisms, we identified the nearest neighbouring genes. 

Therefore, we propose KANSL1-AS1 and LINC00938 as new candidate lncRNAs 

that could have a potential role in ASD, as both have expression in the brain 

and the nearest neighbouring genes are reported in SFARI (KANSL1 and ARID2). 

Taken together, our results support an implication of lncRNAs in ASD and in 

regulation of gene expression. 

Regarding protein-coding genes, we found several deregulated genes with 

neuronal and brain-related functions including PTGS2, IL1B, CCL3 and RHOB for 

inv17q21.31 and MYH10, ATP13A1, NR4A3, SLC12A6, PDZD8 and WDR47 for 

inv8p23.1. PTGS2 (Prostaglandin-Endoperoxidase synthase 2) is the key enzyme 

for prostaglandin biosynthesis with a role in neuronal secretion during 

neuroinflammation and polymorphisms in this gene have been previously 

related to ASD (69). Interleukin 1 Beta (IL1B) encodes for a proinflammatory 

cytokine widely expressed in brain that modulates synaptic plasticity and 

mediates neuroimmune responses to disease and neurodegeneration (70). In 

our study, IL1B was significantly upregulated in ASD subjects carrying the 

17q21.31 inverted alleles. In fact, elevated IL-1β serum levels were reported in 

ASD patients (71) and polymorphisms in this gene have been associated with 

increased autism susceptibility (71,72). Moreover, several genetic variants in 

IL1B gene have also been linked to schizophrenia and bipolar disorder (73). 

CCL3 (C-C motif chemokine ligand 3) and RHOB (Ras homology family member 

B) have been implicated in neuroinflammation processes and in dendritic and 

spine morphology, respectively (74,75). MYH10 (Myosin heavy chain 10) is a 
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strong ASD candidate according to SFARI database as de novo rare variants and 

mosaic variants have been observed in ASD patients (76,77). ATPase 13A1 

(ATP13A1) expression is increased at the peak of neurogenesis in mice 

development and recently has been proposed as a novel candidate for ID 

(78,79). Among other functions, NR4A3 (Nuclear receptor subfamily 4 group A 

member 3) is thought to mediate neuronal survival and axon guidance in 

hippocampal development and has been involved in the nicotine addiction 

observed in schizophrenia and bipolar disorder patients (80). SLC12A6 (Solute 

carrier family 12 member 6) is located in 15q13-14 region, a susceptibility locus 

for bipolar disorder, schizophrenia, epilepsy, and others neuropsychiatric 

disorders (81,82). Rare variants in this gene have been associated with bipolar 

disorder and schizophrenia (83). In addition, recessive mutations in SLC12A6 are 

the cause of Andermann syndrome (OMIM #218000), characterized by agenesis 

of the corpus callosum with severe peripheral neuropathy and psychoses (84). 

We also highlight PDZD8 (PDZ domain containing 8) and WDR47 (WD repeat 

domain 47) involved in mitochondrial calcium (Ca2+) uptake in neurons and 

neuronal polarity, respectively (85,86). Therefore, we support the role of PTGS2, 

MYH10 and IL1B in ASD pathogenesis and we propose the other mentioned 

genes as new ASD candidate risk genes. As particularly compelling ASD 

candidates would be those genes linked to other neuropsychiatric disorders 

such as ATP13A1, NR4A3 and SLC12A6 as these disorders and ASD share 

common genetic background (87,88).  

DEGs from 17q21.31 inverted ASD individuals were enriched for pathways and 

GO terms related to immune system and inflammatory processes, mainly 

involving upregulated DEGs. Our results support the implication of a 

deregulation of immune-inflammatory pathways in ASD pathogenesis as it has 

been previously described. Prior RNAseq analyses from ASD post-mortem brain 

tissues found an enrichment for immune and inflammatory response in 

upregulated modules (64,89,90), but findings in blood microarrays are 

controversial. First studies found upregulation of several pathways linked to 

immune and inflammatory response in ASD such as IL-2 signaling or leukocyte 

function as well as upregulation of pro-inflammatory cytokines including PTGS2 
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(91–93). However, other papers reported both upregulated and downregulated 

genes implicated in immune-inflammatory pathways (94–96). Contrarily, a 

mega-analysis of ASD blood transcriptomes observed an under-expression of 

genes with innate and adaptive immunity (97), and a recent RNAseq analysis 

from discordant sibling pairs was also characterized by decreased peripheral 

immune-inflammatory functions in ASD (98). Multiple immune cell types have 

been found deregulated in peripheral blood and brain from ASD patients 

compared to healthy controls, including altered cytokine and chemokine 

profiles such as IL-4, IL-10, IL-13 and IL-17, among others (99–101). In fact, the 

signaling pathways of these concrete interleukins, together with some others, 

were among the enriched pathways detected in our analysis. Other evidence 

supporting immune-inflammatory abnormalities in ASD are the higher 

frequency of infections or allergies displayed by ASD patients, and the fact that 

maternal infections and maternal immune system vulnerabilities during 

pregnancy are considered ASD risk factors (99,100). In addition, pro-

inflammatory cytokine levels and sustained microglial activation in post-

mortem brain tissues indicated a strong neuroinflammation state associated 

with ASD that can lead to neurodestructive effects (99,102). Immune system is 

known to play important roles in neurodevelopment and normal brain function 

such as synaptic plasticity or synaptic pruning, therefore immune abnormalities 

could alter neuronal synaptic function (103). Although evidence points towards 

a role of immune dysfunction in the pathogenesis of ASD, more research is 

needed to elucidate if the immune abnormalities have a causative or a 

consequential role.  

Regarding inv8p23.1, some of the GO terms in ASD inverted individuals were 

related to actin filament binding and cytoskeleton. Interestingly, regulation of 

cytoskeletal dynamics is essential for dendritic spine morphology and formation 

(104) and its alteration has been described in ASD. In particular, several ASD risk 

genes identified by genetic studies and gene expression studies are involved in 

cytoskeleton regulation (105). Other evidences include an autism-like mouse 

model (Shank3-deficient mouse) which experienced a marked loss of cortical 

actin filaments (106), and a recent study that found altered dynamics of actin 
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filaments reconstruction in 53% of stem cells derived from ASD patients (107). 

Our data also supports an impaired function of actin cytoskeleton regulation. 

To sum up, TDT suggests that the inverted alleles at inv17q21.31 and inv8p23.1 

may act as susceptibility factors for ASD in Europeans. Our transcriptomic 

results demonstrate that inversions have a direct effect on gene expression 

patterns not only in inverted regions, but also elsewhere in the genome that 

could be explained by the disruption of TADs and NHCCs. Moreover, the fact 

that we have identified several lncRNAs indicates that gene regulation could 

have an important role in ASD, particularly implicating KANSL1-AS1 and 

LINC00938. We note that ASD carriers of the susceptibility alleles 

(inv17q21.31/inv8p23.1), have differential expression of neuronal function-

related genes that could be novel ASD candidate genes including ATP13A1, 

NR4A3 and SLC12A6. We also highlight the implication of a deregulation of 

immune-inflammatory pathways and actin cytoskeletal regulation in ASD 

pathogenesis.  
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Supplementary Table 1. Characteristics of subjects included in the transcriptomic study. 
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T: transmitted (I allele), NT: not transmitted, OT: % over-transmission of I allele, OR: 

odds ratio, L95: lower 95% confidence limit, U95: upper 95% confidence limit. 

 

T: transmitted (I allele), NT: not transmitted, OR: odds ratio, L95: lower 95% 

confidence limit, U95: upper 95% confidence limit, IQ: Intelligence Quotient. 

 

Supplementary Table 2. TDT analysis in inversions 17q21.31 and 8p23.1. 

Supplementary Table 3. TDT categorizing ASD samples according to different 

subphenotypes. 
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Identification of recurrently mutated genes and 

commonly deregulated pathways in Autism 

Spectrum Disorder multiple-hit model 

Mar Costa-Roger1, Marta Codina-Solà1,2, Marcos López-Sánchez1, Luis A. 

Pérez-Jurado1,3, Ivon Cuscó1,2 

ABSTRACT 

Background. Autism Spectrum Disorder (ASD) is a heterogeneous group of 

neurodevelopmental disorders characterised by alterations in the social and 

communication areas as well as restricted interests and behaviours. Its etiology is 

heterogeneous and complex, including polygenic models of multiple loci that 

implicate the contribution of various rare genetic variants. Our objective is to identify 

the presence of genes that recurrently accumulate rare genetic variants in ASD 

individuals and to elucidate common deregulated pathways.  

Methods. We performed a meta-analysis of exomic data from 4 different cohorts 

downloaded from publicly available servers (dbGAP and NIMH Data Archive) with a 

total sample size of 1,078 ASD patients and 747 control individuals. To identify rare 

genetic variants, we filtered missense, nonsense and splicing variants with a 

frequency lower than 1/500 according to ExAC database. To elucidate deregulated 

pathways, we performed a pathway enrichment analysis using the hypergeometric 

test from KEGG.db package. We selected both genes and pathways found in 10 or 

more ASD individuals and 0-1 controls with a p-value<0.05.  

Results. We identified a total of 44 genes that recurrently accumulate mutations in 

the ASD population (p-value<0.05). In particular, we found LHX1 gene exclusively 

mutated in ASD patients and statistically significant after multiple sample correction 

(q-value=0.0292). Moreover, other interesting candidates have been identified due 

to previous associations with ASD and comorbid features or relevant functions in 

neurons. The accumulation of rare genetic variants in ASD patients showed the 

specific deregulation of Rheumatoid arthritis pathway (p-value=0.0138).  
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Conclusions. The identification of regions that accumulate rare genetic variants 

reinforces the implication of multiple-hit models in the ASD etiology. We have 

discovered several genes recurrently accumulating rare genetic variants in our ASD 

cohort, which could contribute to ASD risk in a multiple-hit model highlighting 

LHX1, PRRG4 and PTPN1. In addition, we have identified Rheumatoid Arthritis 

signaling pathway as significantly enriched in ASD probands, which further supports 

a common genetic background between ASD and Rheumatoid Arthritis. 

Keywords: ASD, rare variants, pathways, multiple-hit 
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INTRODUCTION 

Autism Spectrum Disorder (ASD) is a heterogeneous group of 

neurodevelopmental conditions characterised by impairments in the social and 

communication areas together with restricted, repetitive interests and 

behaviours (1,2). Its estimated prevalence in developed countries is around 1.5% 

becoming a major health issue and males are more likely to be diagnosed of 

ASD than females with a 3-4:1 ratio (3,4).  

Family and twin studies have shown a strong genetic involvement in this 

disorder and ASD heritability has been estimated to be around 83-85% (5,6). 

Many studies have focused on unravelling the genetic causes underlying this 

condition, but the ASD etiology is still unclear in many cases. Up to date, it is 

possible to recognize the genetic etiology in only ~25-35% of patients 

diagnosed with ASD. The current identified genetic causes modelling ASD 

genetic liability include single gene disorders associated with autistic features, 

chromosomal abnormalities, copy number variation (CNV, microduplications 

and microdeletions), single nucleotide variants (SNVs) and common risk alleles 

from SNPs (Single Nucleotide Polymorphisms) (7,8). Therefore, ASD genetic 

liability is shaped by different variants including rare or de novo SNVs and CNVs 

with moderate or high penetrance as well as common variants (SNPs) 

accounting for a small effect size (9). 

Regarding the inheritance model, ASD are considered complex since different 

patterns of inheritance have been described including monogenic models and 

more complex forms such as polygenic (or multiple-hit) and multifactorial 

models. Monogenic models are explained by a single highly penetrant gene 

mutation or CNV as the major contributor to ASD. In polygenic models, the 

addition of multiple variants, including both rare and common, accounts for the 

phenotype of ASD (7,8). In multifactorial models, genotype and environment 

contribute to the genetic landscape of ASD (9,10).  



Chapter 4 

160 

According to polygenic models, the ASD phenotype may appear when the 

accumulation of risk variants in certain genes exceeds a theoretical risk 

threshold (11). The advent of next-generation sequencing (NGS) techniques has 

drastically accelerated gene discovery in ASD highlighting the large number of 

genes (>1000) implicated (12,13). A recent study identified 69 high-confidence 

ASD risk genes with a False Discovery Rate (FDR)<0.1 using a TADA 

(Transmission And De novo Association) approach which integrates de novo, 

transmitted and case-control variation (14). Some examples are CHD8, SCN2A, 

ARID1B, SYNGAP1, NRXN1, SHANK3, PTEN and DYRK1A, among others. ASD 

risk genes can be grouped in two broad biological classes: synaptic function 

and transcription/chromatin remodelling (15,16). In addition, several disrupted 

signaling pathways have been described including glutamatergic synapse, 

WNT/β-catenin signaling, PI3K/AKT/mTOR pathway, RAS/ERK pathway and 

MAPK signaling pathway (17–19). 

In the present work, we have performed a meta-analysis of exomic data from 

four different cohorts downloaded from publicly available servers and carried 

out a genome-wide unbiased search for rare genetic variants following the 

strategy depicted in Figure 1. The aim of this study is to determine the genetic 

contribution in multiple-hit models through the identification of susceptibility 

genes as well as functional pathways overrepresented due to the presence of 

rare variants in ASD patients. 

Figure 1. Workflow of the meta-analysis of exome data. NGS: Next Generation Sequencing, 

ASD: Autism Spectrum Disorder, QUAL: Read quality, DP: Depth of coverage, GATK: Genome 

Analysis Tool Kit, MAF: Minor Allele Frequency, ExAC: Exome Aggregation Consortium, KEGG: 

Kyoto Encyclopedia of Genes and Genomes. 



Chapter 4 

161 

METHODS 

Study populations 

We used exome data from four different datasets downloaded from publicly 

available repositories including the NCBI database of genotypes and 

phenotypes (dbGaP; study accession numbers phs000482.v1.p1, 

phs000298.v3.p2 and phs000616.v2.p2) and the National Institute of Mental 

Health (NIMH) Data Archive (doi: 10.1038/nature10945) (20). The total sample 

size was 1,078 ASD patients and 747 control individuals. 

WES (Whole Exome Sequencing) samples from the phs000482.v1.p1 study (21) 

corresponded to 189 cases of sporadic autism. Exonic sequences were enriched 

through hybridization with a NimbleGen EZ Exome V2.0 and sequencing was 

performed using an Illumina GAIIx or HiSeq 2000. Regarding the 

phs000298.v3.p2 study (ARRA Autism Sequencing Collaboration), we used data 

from 651 autistic patients and 82 controls. Exome capture was carried out using 

an Applied Biosystems enrichment kit and sequencing by a SOLiD platform. For 

the phs000616.v2.p2 study (22), we downloaded data from 451 control samples 

from the Viva La Familia study. The exonic enrichment kit used was NimbleGen 

VCRome 2.1 (HGSC design) and sequencing was performed using a HiSeq 2000. 

The last study from the NIMH (10.1038/nature10945) included 238 autism 

probands and 214 non-affected siblings, which we considered as controls in our 

meta-analysis. Exonic regions were enriched using NimbleGen custom WE array 

or EZExomeV2.0 and the captured DNA was sequenced using an Illumina GAIIx 

or HiSeq 2000. All this information is summarised in Table 1. 

Whole-exome sequencing analysis 

From the datasets provided by dbGaP (phs000482.v1.p1, phs000298.v3.p2 and 

phs000616.v2.p2), we downloaded files in SRA format, which were converted to 

SAM files using the SRA Toolkit command ‘sam-dump’ and subsequently, BAM 

files were obtained with samtools. At last, we used ‘HaplotypeCaller’ from GATK 

software (23) to generate variant calling files (VCF). Exomes from NIMH Data 

Archive, were downloaded in VCF format.  
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Once we obtained all VCF files, we applied quality filters using GATK software 

and we selected variants with a read quality above 30 (QUAL > 30) and a depth 

of coverage of at least 10x (DP > 10). Annotation of variants was performed 

using ANNOVAR software (24), including gene-based and filter-based 

annotations. 

Variant prioritization 

In order to identify rare genetic variants that could contribute in a multiple-hit 

model of ASD, we selected missense, nonsense and splicing variants with a 

minor allele frequency (MAF) lower than 0.002 according to ExAC database (25). 

Considering the multiple-hit model, the frequency of each variant should be 

rare and therefore, we set our MAF threshold in 1/500. Differences regarding 

ethnicities between datasets were taken into account by selecting specific 

population frequencies. Non-finish European (NFE) MAF was used for both 

phs000482.v1.p1 and 10.1038/nature10945 datasets, while for controls from 

phs000616.v2.p2 we based on Latino/Admixed American (AMR) MAF. As 

individuals from the phs000298.v3.p2 dataset were of mixed origins, we decided 

to use the general MAF for all populations.  

Enrichment analysis 

To identify which genes are recurrently mutated, from the list of rare detected 

variants we selected those genes that harbored rare genetic variants in 10 or 

more ASD individuals, but in a very low frequency in the control group (0-1 

controls). Chi-squared test was used to obtain p-values. We assessed statistical 

significance using “qvalue” package (26) from Bioconductor in order to perform 

a statistical correction for multiple comparisons. We only kept genes with rare 

genetic variants in more than one dataset in order to minimize possible capture 

biases between analyzed datasets. In addition, we manually curated all rare 

genetic variants from the selected genes, excluding those with RF (random 

forest) quality flag according to gnomAD (27), which indicates variants that are 

likely to be false-positive calls. 
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To elucidate common ASD deregulated pathways affected by rare genetic 

variants, we performed a pathway enrichment analysis using the 

hypergeometric test from KEGG.db package (28). To identify these deregulated 

pathways, we performed the enrichment pathway analysis individually including 

all genes harboring a rare genetic variant in each sample.  

The analysis was carried out both in ASD cases and controls in order to 

determine common ASD deregulated pathways removing those found 

recurrently altered in controls. This is why we selected pathways found in more 

than 10 ASD patients and in 0 or 1 controls and with a p-value<0.05 in order to 

shed light on the biological pathways underlying ASD. 

Table 1. Summarized information of the exome datasets used for the meta-analysis. 

Including characteristics regarding the capture kit and sequencing platform as well as the 

number of samples. 

 
.

RESULTS 

Genes enriched with rare genetic variants 

To identify genes that could contribute in a polygenic model, we analyzed 

exome data from 1,078 ASD patients and 747 control individuals. After quality 

filters (QUAL>30 and DP>10), we selected splicing, missense and nonsense 

variants with a MAF<0.05 according to ExAC database. We selected genes that 

accumulated rare variants in at least 10 ASD patients, but were absent or only 

found in one control individual. 
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We found 44 genes recurrently mutated in the ASD subjects (p-value<0.05) and 

that were present in more than one dataset (Supplementary Table 1), from 

which five were statistically significant when assessing statistical significance 

through q-value estimation for FDR control (q-value<0.05). Interestingly, LHX1 

appears exclusively mutated in the ASD cohort (see figure 2). In addition, from 

the initial 44 genes, 13 were exclusively mutated in the ASD cohort without 

significance for q-value, such as DUSP6, which has been previously associated 

with bipolar disorder. 

From the 44 identified genes, 13 (29.55%) were highly expressed in the brain 

and 7 (15.91%) have been previously related to ASD or another neurologic 

disorder such as bipolar disorder, Parkinson’s disease or Alzheimer’s disease. In 

particular, 3 genes have been associated with ASD including LHX1, PRRG4 and 

PTPN1. In addition, 5 (11.36%) genes had brain-related functions highlighting 

CARM1, FOXB1 and CDK5R2. 

Figure 2. Genes harboring rare variants. Genes in the blue area include 44 genes recurrently 

mutated in the ASD population, with p-value<0.05 and present in more than one dataset. 

Genes in orange are ASD exclusive, whereas green genes are statistically significant after 

statistical correction for multiple comparisons (q-value<0.05). Genes highlighted in bold are 

genes previously associated to ASD or bipolar disorder.   

 

.
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Deregulated pathways due to the accumulation of genes with rare genetic 

variants 

The accumulation of rare genetic variants in certain ASD risk genes only 

retrieved the Rheumatoid arthritis pathway as significantly enriched in ASD 

patients (p-value=0.0138) after performing the pathway enrichment analysis. 

See table 2. Gap junction and RNA transport were statistically significant ASD-

enriched pathways (p-value=0.0022 and p-value=0.0387, respectively), but 

were also present in two or more controls.   

Table 2. Statistically significant deregulated pathways identified in the enrichment 

analysis. The total number of individuals with these pathways enriched due to the 

accumulation of rare genetic variants is indicated as well as the p-value.  

DISCUSSION 

The use of NGS data, including WES and WGS (Whole Genome Sequencing), 

has demonstrated to be a powerful approach in the identification of novel ASD 

candidate genes as well as common deregulated pathways (29,30). In polygenic 

models, multiple risk variants in certain genes result in exceeding a theoretical 

risk threshold from which the ASD phenotype appears (11). Therefore, the 

identification of genes harboring rare genetic variants could contribute to shed 

light to the ASD etiology.  

We have performed a genome-wide search of genes with rare genetic variants 

identifying 44 genes significantly enriched in ASD population and with p-

value<0.05. From this set of genes, the most remarkable is LHX1, which is 

exclusively mutated in 17 ASD patients and statistically significant after multiple 

testing correction (q-value=0.0292). LHX1 (LIM homeobox 1) encodes a 

transcription factor from a large protein family containing the LIM domain and 

it is expressed in the brain. Evidence suggests that this gene might be involved 
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in normal brain development as it has been linked to Purkinje cell development 

in the cerebellum as well as has been identified as a regulator of vertebrate 

head organization and motor axon guidance to the limbs (31–33). LHX1 is 

located in the chromosome 17, concretely in 17q12, a hotspot for genomic 

disorders where recurrent CNVs are reported. It has been proposed as a 

candidate gene for the neurological phenotype observed in 17q12 duplications 

and deletions which both include autism as part of its clinical features (34,35).  

Additionally, two more genes were previously associated with ASD (PRRG4 and 

PTPN1), which are interesting candidates in our analysis. Proline rich and Gla 

domain 4 (PRRG4) was statistically significant after multiple testing correction 

(q-value=2.12E-04) and was altered in 35 ASD patients compared to only 1 

control. This gene has gained some attention as it has been proposed as a 

functional homologue of the Drosophila commissureless gene implicated in 

axon guidance (36). These findings lead to suggest PRRG4 as the responsible 

for the autistic phenotype of the WAGR (Wilm’s Tumor, Aniridia, Genitourinary 

anomalies and Mental Retardation) syndrome (OMIM #194072) caused by 

interstitial deletions of 11p13 (36,37). On the other hand, PTPN1 (Protein 

tyrosine phosphatase non-receptor type 1) gene encodes the PTP1B protein, 

which is a direct target of MECP2, and was mutated in 16 ASD patients 

compared to 1 control. A study found that Mecp2-mutant mice had elevated 

PTP1B protein levels indicating that it could be a specific marker of Rett 

syndrome and therefore an ideal therapeutic target as its inhibition ameliorated 

neural and behavioral symptoms in RTT mice (38). Moreover, PTP1B activation 

was related to autism-like behaviours in a mouse model lacking Lmo4 in 

interneurons (PV-Lmo4KO) (39). 

We also highlight several genes that have been linked to bipolar disorder 

(DUSP6 and TRPC7) or with brain-related functions (CARM1, FOXB1 and 

CDK5R2). Dual specificity phosphatase 6 (DUSP6) plays an important role in the 

negative regulation of MAP kinase superfamily with specificity for the 

extracellular signal-regulated kinase (ERK) family (40). DUSP6 was exclusively 

mutated in our ASD cohort almost reaching significance at FDR level (q-
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value=0.0994) and it is located in 12q22-23 region, which is a candidate 

susceptibility locus for bipolar disorder. In fact, several SNPs in this gene 

showed positive allelic association in women with bipolar disorder suggesting 

a possible role in the development of this disorder in women (41,42). TRPC7 

(Transient receptor potential cation channel subfamily C member 7) encodes a 

transmembrane protein highly expressed in the brain with a possible role as a 

Ca2+ channel. A study using TRPC7 KO mice discovered that this gene is critical 

for the generation of seizures both in vivo and in vitro as it is involved in 

spontaneous epileptiform bursting in CA3 pyramidal neurons (43). This gene 

has also been implicated in the abnormal Ca2+ homeostasis exhibited in bipolar 

disorder patients (44). In addition, TRPC7 is a highly constrained gene (z=2.31) 

with all variants detected in our analysis being missense, suggesting a possible 

alteration of the gene. Interestingly, ASD has been reported to increase the risk 

of major psychiatric disorders, and concretely, a recent study identified that 5% 

of ASD patients have co-occurring bipolar disorders (45). There is multiple 

evidence that CARM1 (Coactivator associated arginine methyltransferase 1), a 

gene exclusively mutated in 11 ASD patients, has regulatory functions in 

neurons including negative regulation of synaptic genes and inhibition of 

neuronal differentiation. A recent study found that CARM1 inhibition 

potentiates dendritic complexity and arborization as well as spine maturation 

during neuronal differentiation (46). Forkhead box B1 (FOXB1) is a transcription 

factor expressed by neural progenitor cells (NPCs) from the embryonic 

neuroepithelium and it has been proposed as a neuronal modulator in 

oligodendrocyte development (47). Lastly, CDK5R2 (Cyclin dependent kinase 5 

regulatory subunit 2) encodes a neuron-specific activator of CDK5 kinase and it 

is essential for oligodendrocyte maturation and myelination as well as dendritic 

morphogenesis (48,49). More attention should be drawn to these genes in the 

ASD research as might be new susceptibility genes for this disorder. 

Regarding the identification of deregulated pathways, we performed pathway 

enrichment analysis individually including all genes that harbored rare genetic 

variants in each subject in order to detect recurrent pathways in ASD patients 

compared to controls. Only the Rheumatoid arthritis pathway was found 
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significantly enriched in the ASD population (p-value=0.0138). Multiple 

evidence has reported an association between family history of autoimmune 

diseases and ASD, but no comorbidity of Rheumatoid arthritis (RA) in ASD 

patients has been described so far. Specifically, for maternal RA, researchers 

found controversial results. First studies reported that 46% of ASD patients had 

relatives with juvenile or adult RA compared to 26% in controls (OR=2.4, p-

value=0.038) and that an increased risk of ASD was observed among children 

with maternal family history of RA (50,51). Later on, these previous findings were 

confirmed by several studies where maternal RA was associated with a 30-51% 

higher risk of ASD in offspring (52–54). It is hypothesized that maternal 

autoimmunity could negatively affect fetal brain development inducing MAR 

(Maternal Autoantibody Related) autism (55). Controversially, a study did not 

find a significant association between women with RA and increased ASD in 

offspring, although the reported relative risk was 1.42 (95%CI 0.60-3.40) (56) 

and a meta-analysis showed no substantial association between maternal RA 

and ASD risk in offspring (OR=0.71, p-value=0.695) (57). Also, it has been 

reported that family history of non-autoimmune diseases, including autism, was 

related to an increased risk of RA (58). Furthermore, common genetic 

predisposition has been observed in individuals with ASD and RA, especially in 

allelic products of certain genes of the major histocompatibility complex (MHC). 

The null allele of the C4B gene, the extended haplotype B44-SC30-DR4, HLA-

A2 and the third hypervariable region of HLA-DRβ1 (concretely HLA-DR4) not 

only have been found with a significantly higher frequency in ASD individuals 

and their mothers than controls, but also have been identified as susceptibility 

markers for RA (59–63). This data suggests that ASD and RA may share common 

genetic pathways, which could be explained by a model of pleiotropic effects 

from risk alleles (64). 

Limitations 

As datasets were different regarding capture kit and sequencing, we tried to 

avoid possible biases by only selecting those genes with rare genetic variants 

present in more than one dataset. Besides, in order to overcome ethnical 

differences between datasets we selected specific population frequencies. 
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Lastly, frameshift variants were not annotated in the VCF file from NIMH Data 

Archive (10.1038/nature10945) and therefore, this type of variants have not 

been evaluated. 

Conclusions 

In summary, we have discovered several genes that recurrently accumulate rare 

genetic variants in the studied ASD cohort. As particularly compelling 

candidates there are LHX1, PRRG4 and PTPN1, which have been previously 

linked to ASD, thus we provide new evidence to support its relation with this 

disorder. The remaining highlighted genes could be proposed as new ASD 

susceptibility genes under a multiple-hit model for its implication in ASD-

comorbid conditions such as bipolar disorder (DUSP6 and TRPC7) or its 

biological relevance in central nervous system (CARM1, FOX1B and CDK5R2). 

Lastly, we have identified Rheumatoid Arthritis signaling pathway as 

significantly enriched in ASD probands due to the accumulation of rare genetic 

variants, which further supports a common genetic background between ASD 

and RA. 
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It is well accepted that ASD genetic architecture is highly complex and with a 

high degree of genetic variability shaped by different types of variants and 

explained by monogenic, polygenic and multifactorial models (49,72). The 

advent of genomic technologies, such as NGS, has enabled the discovery of 

thousands (>1000) of genes linked to ASD (71). Most studies have focused on 

the identification of monogenic causes of ASD and/or highly penetrant variants 

and have exhaustively examined single-copy regions and coding regions 

(78,103,226). However, only in around 25-35% of ASD patients the genetic 

etiology underlying this condition is known (49). This is why, complex regions 

and non-coding regions, which have been poorly inspected, may contain part 

of the lost heritability and its exploration can help shed light into the ASD 

genetic architecture. 

In this work, we provide a thorough assessment of complex genomic regions 

that can contribute to find part of the missing heritability of ASD. On the one 

hand, 7q11.23 locus, which is a well-known region that has been highly 

associated with ASD. On the other hand, unexplored complex loci 8p23.1 and 

17q21.31 which bear common ancestral inversions. In addition, we performed 

genomic and transcriptomic analysis to unravel common pathophysiological 

mechanisms in ASD. 

Complex genomic regions in ASD 

The presence of segmental duplications (SDs) predisposes the emergence of 

chromosomal structural variation such as deletions, duplications and inversions 

(128). The three complex genomic regions assessed in this thesis (7q11.23, 

8p23.1 and 17q21.31) are flanked by blocks of SDs that mediate NAHR events 

leading to the studied recurrent rearrangements. 

Exploration of the 7q11.23 locus 

The 7q11.23 region is a well-studied locus, in which reciprocal copy number 

variants lead to a paradigmatic pair of neurodevelopmental disorders: Williams-

Beuren syndrome and 7q11.23 microduplication syndrome (171). Both 
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disorders have been associated with ASD. Concretely, 12% of WBS patients 

present comorbid ASD, representing a 6-10-fold increase in ASD prevalence 

among WBS subjects compared to controls (196). As for 7q11.23 

microduplication syndrome (Dup7), a higher prevalence of ASD (19-40%) has 

also been reported considering this duplication a susceptibility allele for ASD 

(84,194). Given the implication of the 7q11.23 locus in ASD, we have explored 

the autistic phenotype through exome sequencing in patients presenting WBS 

and comorbid ASD as well as transcriptomic analysis in WBS and Dup7 patient-

specific iPSCs and derivatives.  

We carried out an exome-wide analysis of eight WBS subjects with co-occurring 

ASD in order to search for second-hit genetic modifiers of the ASD phenotype. 

Atypical deletions, alteration of flanking genes and common shared haplotypes 

were discarded as possible cis- or trans-acting factors in our cohort. 

Interestingly, we found a parental bias regarding the deletion origin as in 7/8 

patients occurred in the paternal allele. This was not observed in a larger cohort 

of WBS without ASD (n=374), neither in a previous study of WBS subjects with 

comorbid ASD, where the deletion was originated in the maternal allele in 4/5 

patients (195). These findings suggest a possible imprinting effect, but further 

evidence is needed to confirm it. Also, we detected an over-representation of a 

synonymous variant (rs12539160) in MLXIPL, which was previously associated 

with ASD in a GWAS study (227). In our cohort, this variant did not reach 

statistical significance (p=0.076), probably due to the small sample size, and it 

was found in two individuals (MAF=0.25), representing a 4-8-fold increase in 

frequency compared to Spanish (0.03) or European population (0.06) (228). We 

analyzed in detail the frequency of this SNP in non-autistic WBS observing that 

it was similar to the general population (229), suggesting a possible 

contribution to ASD risk in WBS with co-morbid ASD. 

When assessing second-hit exome-wide variants (SNVs and CNVs), apart from 

the de novo 7q11.23 deletion, six of the patients carried one to three rare 

genetic variants in candidate genes, with higher burden in females compared 

with males. The fact that rare deleterious variants in candidate genes were 
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significantly higher in females than males is consistent with the female 

protective effect, in which females require a higher genetic load to reach the 

threshold of developing ASD (101). We detected two small CNVs affecting ASD 

candidate genes in two patients, including a partial duplication of the last two 

exons of SIK1 and a complete heterozygous deletion of DUSP22. De novo 

variants in SIK1 were previously reported in patients with developmental 

epilepsies and autism features (230). Nevertheless, DUSP22 has been removed 

from the SFARI database, no longer supporting a possible contribution of this 

deletion to the ASD phenotype. We also found LoF and deleterious SNVs in 

ASD-related genes and functionally constrained genes, highlighting a de novo 

nonsense variant in UBR5. Therefore, our results suggest that trans-acting 

factors in the 7q11.23 remaining allele and inherited or de novo rare genetic 

variants elsewhere in the genome may play a role in the susceptibility to ASD in 

WBS patients. 

Next, and to avoid the limitations of the study of neurodevelopment disorders 

in humans, we used an in vitro approach to characterize the 7q11.23 

rearrangements. We generated patient-specific iPSCs from fibroblasts from four 

Dup7 patients (three copies of 7q11.23), four WBS patients (one copy) and two 

controls (two copies), which were differentiated to NPCs and neurons (iNeus). 

We presented one of the largest 7q11.23 patient-derived iPSC lines and 

derivatives, including both duplication and deletion models, reported up to 

date. The majority of previous iPSC-based transcriptomic studies only included 

WBS subjects (231–234), while Dup7 patients were studied in very few 

investigations (235,236). This is why, collaborative efforts in the scientific 

community, such as conducting a meta-analysis of all 7q11.23 patient-derived 

iPSCs lines available, would be a powerful tool to overcome sample size 

limitations. 

We appraised genome-wide differential expression using microarray expression 

analysis in fibroblasts, iPSCs, NPCs and iNeus. Pairwise comparison of the three 

genotypes in all cell types revealed a total of 494 unique significant DEGs (q-

value<0.05). The expression of genes located in the 7q11.23 single-copy region 
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showed a symmetrically opposite expression in half of them (15/30), in which 

genes were upregulated in Dup7 and downregulated in WBS lines, and the 

other half were deregulated in the same direction. However, only four genes 

(BAZ1B, BCL7B, CLIP2 and GTF2IRD1) were significantly altered (q-value<0.05) 

when comparing Dup7 or WBS lines against controls. Our results were in line 

with previous findings from transcriptional studies of 7q11.23 iPSC-based cells 

in approximately 92-96% of cases depending on the cell type compared (231–

233,235). Concretely, BAZ1B, BCL7B, TBL2, WBSCR22, EIF4H, RFC2, CLIP2 and 

GTF2IRD1 have been consistently observed to be deregulated in all studies and 

cell types. This data suggests that these genes may be more dose sensitive 

and/or probably fewer trans feedback mechanisms are acting to normalize their 

expression. In addition, we found MIR590 severely affected by 7q11.23 CNVs as 

it presented the most extreme log2FC values both in Dup7 and WBS models, 

and interestingly, its targets were enriched in ASD risk genes as well as genes 

linked to WBS (empirical p-value<0.0001). 

Enrichment analysis among DEGs and WGCNA analysis revealed pathways and 

gene-ontology categories related to the hallmark phenotypes of both 

disorders, to the regulation of gene expression and some categories relevant 

for the ASD phenotype of Dup7 and/or WBS patients. In fibroblasts, GO 

categories were involved in the development of the cardiovascular system, 

skeletal system, renal system and nervous system, which are impaired in both 

disorders. Similarly, Adamo et al. reported resembling results in iPSC lines from 

Dup7 and WBS individuals (235). ASD-related transcriptional consequences will 

be discussed in further sections. 

The following figure 1 summarizes the main findings in the exploration of 

7q11.23 region. 
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Figure 1. Summary of the main findings in the 7q11.23 region. DUP: duplication, DEL: 

deletion, DEGs: differentially expressed genes, GO: gene-ontology, WGCNA: weighted gene 

co-expression analysis, CNVs: copy number variants, SNVs: single nucleotide variants, LoF: loss 

of function. 

Unexplored 8p23.1 and 17q21.31 inversions 

The two other complex loci addressed in this thesis are 8p23.1 and 17q21.31, 

where ancestral inversions have been described (139). As inversions are usually 

copy-neutral changes and in some cases they are difficult to detect and/or 

genotype, they are not the focus of many studies. However, inversion 

breakpoints can disrupt genes and alter gene expression as well as predispose 

to genetic imbalances (142). In fact, some previous evidences related inversions 

with ASD, by the direct disruption of a gene (FOXP1) (237) or as susceptibility 

factors (136). This is why, we have hypothesized that common inversions could 

account for part of the missing heritability in ASD. 

Up to date, the association between inv8p23.1 and inv17q21.31 with ASD have 

not been fully covered. Interestingly, in a recent transcriptome-wide association 

study assessing differential gene expression in ASD, both loci showed 
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transcriptome-wide significant associations (238). Additionally, newer methods 

have been developed, such as scoreInvHap (147), that allowed us to reliably 

genotype inversions from SNP array data. 

We performed a transmission disequilibrium test (TDT) using SNP array data 

from 3,770 ASD trios and 2,217 control trios of European ancestry. We found a 

significant over-transmission of both inverted alleles at inv8p23.1 (OR=1.12, 

p=0.0006) and inv17q21.31 (OR=1.12, p=0.0047) in ASD patients, suggesting 

that these alleles may act as susceptibility factors for ASD in European 

population. Besides, the I allele at inv8p23.1 seemed to be associated with 

verbal ASD subjects and not strict autism, whereas H2-I allele at inv17q21.31 

with high IQ and not strict autism as well as it was more prevalent in multiplex 

families. Nevertheless, the meta-analysis of control samples for the inv17q21.31 

showed a tendency for the inverted allele (OR=1.07, p=0.2233) suggesting that 

17q21.31 inversion is undergoing adaptive selection in the general population, 

and it is in line with previous suspicions. Inversion carrier females were showed 

to have more children and higher genome-wide recombination rates compared 

to non-carriers in a study with Icelandic population (148). Although inv17q21.31 

showed some over-transmission tendency in general population, inverted 

alleles at 8p23.1 and 17q21.31 may act as susceptibility risk factors for ASD in 

Europeans, explaining part of the missing heritability in ASD. 

To explore the effect of these novel susceptibility ASD factors we conducted an 

RNA sequencing analysis of peripheral blood in 13 idiopathic ASD patients and 

11 controls grouped by inversion genotypes. In the inverted vs non-inverted 

approach, we discovered differential gene expression for both single-copy 

genes within the inverted intervals and multiple-copy genes at the SDs. Of 

particular interest is KANSL1-AS1, a long non-coding RNA that was found 

upregulated in I-allele carriers. Our findings are in agreement with previously 

reported expression studies of inv17q21.31 (152), whereas in the inv8p23.1 our 

results are in an opposite direction (144).  

Moreover, we carried out a second approach in which we compared ASD 

subjects carrying the susceptibility allele (inverted status) with all others. Our 
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results indicated that ASD inverted individuals presented unique ASD 

transcriptional consequences. Interestingly, we discovered a large number of 

lncRNAs among the detected DEGs. In particular, 8p23.1 inverted ASD 

individuals showed 36 DEGs and some of the GO categories discovered in the 

enrichment analysis were related to actin filament binding and cortical 

cytoskeleton. For inv17q21.31, we found 19 DEGs in ASD patients carrying the 

H2-I allele that were enriched for pathways and GO terms related to immune 

system and inflammatory processes, mainly involving upregulated genes. These 

results will be further discussed in following sections.  

In light of the altered expression of local genes, we thought that the inversion 

could directly affect the expression of such genes by means of the disruption of 

topologically associated domains (TADs). Curiously, both 8p23.1 and 17q21.31 

regions contain TADs (239). There is evidence that structural genomic 

rearrangements can modify the 3D genomic organization by disrupting TADs 

and cause regulatory gain and/or loss of function affecting gene expression 

(240,241). For instance, in developmental disorders, ~7% of balanced 

chromosomal anomalies produce TAD disruption (242) and rare inherited 

structural variants disrupting cis-regulatory elements (CRE-SVs) seem to 

increase ASD risk (243). In the specific case of inversions, they are only 

suspected to influence gene regulation when disrupting a coding gene or TAD 

boundary (241). Since in both inversion intervals TADs are present, they could 

be disrupted by inversion breakpoints suggesting that the gene expression 

alteration can be explained by a direct inversion-mediated mechanism. In order 

to experimentally validate this suspicion, chromosome conformation capture 

(3C-based) techniques, such as Hi-C, should be performed in future studies. 

Despite the detection of altered local gene expression, the majority of DEGs in 

our analysis were located elsewhere in the genome. We have speculated that a 

possible mechanism to explain the expression changes of these genes could be 

a disruption of non-homologous chromosomal contacts (NHCCs), where gene 

regulatory regions from one chromosome can affect genes located in other 

chromosomes (244), There is a striking lack of information concerning the 
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NHCCs mechanism, but it is known that lncRNAs are involved in its 3D 

organization (240) and higher interaction frequency between chromosomes 14-

17 and 19-22 has been described (245). This evidence lends support to our 

hypothesis as we showed not only a remarkable proportion of DEGs in 

chromosomes 14 and 17, but also a high number of deregulated lncRNAs. 

Similarly to what has been described for TADs, chromosomal variants can 

disrupt and reorganize the NHCCs network, such as alteration of chromatin 

contacts by CNVs at 16p11.2 locus that have been associated with an ASD 

phenotype (240,246).  

An overview of the principal findings from the two unexplored complex regions 

(8p23.1 and 17q21.31) can be found in figure 2. 

Figure 2. Outline of the principal results in 8p23.1 and 17q21.31 unexplored regions. 

TDT: transmission disequilibrium test, OR: odds ratio, IA: inverted ASD patients, DEGs: 

differentially expressed genes; GO: gene-ontology, TAD: topologically associated domains; 

NHCCs: non-homologous chromosomal contacts. 
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Pathophysiological mechanisms in ASD 

In this work, we have applied different strategies, including transcriptome 

sequencing, microarray expression and exome sequencing, to deepen in the 

identification of deregulated pathophysiological mechanisms in ASD. We have 

included patients with ASD susceptibility factors (7q11.23 rearrangements, 

inv8p23.1 and inv17q21.31) and idiopathic patients considering a multiple-hit 

model.  

Deregulated functional pathways  

A common procedure performed in this work is the use of enrichment pathway 

and gene-ontology (GO) analysis in order to identify which pathways are over-

represented by altered genes. 

The ASD-related transcriptomic consequences derived from in vitro cellular 

models from Dup7 individuals were obtained through enrichment analysis as 

well as weighted gene co-expression analysis (WGCNA). First, DEGs from Dup7 

fibroblasts only revealed one pathway significantly enriched that was Arf6 

trafficking events (q-value=0.0313). This pathway is implicated in endosomal 

membrane trafficking and actin remodelling, which are tightly connected 

processes with important functions for neuronal development as well as for 

synaptic transmission and plasticity (247,248). Also, a recent study described a 

patient with ID, autism and epilepsy carrying a mutation in IQSEC2 (IQ motif 

and Sec7 domain ArfGEF 2) that resulted in increased production of ARF6 (249). 

Therefore, impairments in the Arf6 trafficking events pathway could partially 

contribute to the autistic phenotype of Dup7 individuals. 

Second, WGCNA is a tool for studying biological networks and identifying co-

expression modules associated with a trait of interest. We performed WGCNA 

in iPSCs and NPCs lines from Dup7 and WBS individuals and looked for co-

expression modules related to the number of 7q11.23 copies. In iPSCs, this 

approach uncovered three co-expression modules significantly correlated with 

7q11.23 genotype. Of particular interest was M1iPSC module that was directly 
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related to the number of 7q11.23 copies, and thus mainly contained genes 

upregulated in Dup7 and downregulated in WBS. It was enriched in genes 

involved in cholesterol biosynthesis and ion transport. Interestingly, cholesterol 

homeostasis is crucial for neural development and synaptic function and altered 

cholesterol levels have been reported in some ASD patients suggesting a 

possible role in ASD pathogenesis (250–252). Lipid rafts disarrangements, in 

which cholesterol is a key component, could lead to synaptic dysfunction 

providing a link between cholesterol metabolism and ASD (250). Given the fact 

that low-normocholesterolemia has been observed among WBS patients (253), 

the alteration in cholesterol biosynthesis may be more relevant for the autistic 

phenotype of Dup7 individuals.  

WGCNA analysis in NPCs unveiled five co-expression modules significantly 

associated with 7q11.23 dosage. Remarkably, M41NPC module was inversely 

related to the number of 7q11.23 copies and was enriched in genes related to 

the regulation of glutamate receptor signaling pathway. Multiple evidence 

supports a glutamate dysfunction in ASD pathophysiology: 1) increased levels 

of glutamate in blood and brain of ASD patients compared to controls (254); 2) 

alterations in members of the glutamatergic system by microarray analysis, such 

as higher mRNA levels of AMPA-type glutamate receptors and glutamate 

transporters in post-mortem brain tissues of ASD subjects (214,255); 3) various 

strong ASD risk genes are involved in glutamatergic synapses, including 

GRIN2B, GRIA2 or SLC1A2 (256); and 4) genes located in ASD-specific CNVs 

were enriched in glutamatergic synapse in multiple studies (88,257). Therefore, 

the glutamate receptor signaling could contribute to the etiology of the autistic 

phenotype of both Dup7 and WBS patients. 

Lastly, enriched pathways and GO categories in DEGs from Dup7 iNeus were 

related to neuronal processes. Some of the top-ranking signaling pathways 

included transmission across chemical synapses, neuronal system, 

neurotransmitter release cycle and GABAergic, serotonergic, glutamatergic and 

dopaminergic synapse, among others. These results further support the role of 

the glutamatergic system in the pathogenesis of ASD. Taken together, these 
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findings were likely to indicate an alteration of synaptic function in Dup7 

neurons, a process consistently impaired in ASD (209). 

In the RNA sequencing from ASD patients and controls grouped by 

inv8p23.1/inv17q21.31 genotypes, we used a second approach in which we 

looked for inverted ASD individuals’ specific transcriptional consequences. For 

8p23.1, we discovered GO categories mainly related to actin filament binding 

and cortical cytoskeleton. It is well accepted that the regulation of cytoskeletal 

dynamics is essential for dendritic spine morphology and formation (258). 

Alterations in actin filaments have been observed in both stem cells derived 

from ASD patients and in an autism-like mouse model (259,260). In addition, 

several ASD risk genes identified by genetic and gene expression studies are 

involved in cytoskeleton regulation (261). In fact, we have found Arf6 trafficking 

events pathway significantly enriched among DEGs in Dup7 fibroblasts, further 

supporting a possible contribution of actin cytoskeleton regulation in ASD.  

Regarding inv17q21.31, immune-inflammatory pathways were enriched in ASD 

inverted patients, mainly including upregulated genes. This finding points out 

the implication of a deregulation of immune-inflammatory pathways in ASD 

pathogenesis, which reinforces previous reported results. Upregulation of 

genes linked to the immune and inflammatory response in ASD has been 

highlighted in several microarray and RNA sequencing investigations from 

peripheral tissues and brain (216,218,219,262–264). Some studies reported both 

upregulation and downregulation of genes involved in immune-inflammatory 

pathways (265–267) and controversially, two analysis found decreased 

peripheral immune-inflammatory functions in ASD (221,268). In spite of the 

contradictory findings, evidence clearly points towards an immune imbalance 

in ASD patients. Alteration of various immune cell type levels in blood and brain 

as well as higher frequency of infections or allergies have been reported in ASD 

patients. Other evidence relies on the fact that maternal infections and maternal 

immune system vulnerabilities during pregnancy are considered ASD risk 

factors (269–271). Given that immune system plays important roles in 

neurodevelopment and in normal brain functions, immune dysfunction could 
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alter neuronal synaptic function (272). In addition, a strong neuroinflammation 

has been observed in ASD patients, which could lead to synaptic damage 

(269,273). All in all, our findings support the implication of immune-

inflammatory pathways in ASD. 

Among maternal immune system vulnerabilities, family history of autoimmune 

diseases has been consistently observed to increase ASD risk in offspring (53). 

We have performed a meta-analysis of exomic data in 1,078 idiopathic ASD 

patients and 747 control individuals with the purpose of identifying common 

deregulated pathways among ASD population due to the accumulation of 

genes that recurrently harbor rare genetic variants. Only the Rheumatoid 

arthritis (RA) pathway was found significantly enriched (q-value=0.0138) in ASD 

patients under a multiple-hit model. Curiously, this pathway was also 

deregulated among DEGs from ASD subjects carrying the 17q21.31 inverted 

alleles. Data on autoimmune diseases in patients with ASD is limited, but no 

comorbidity of RA in ASD individuals has been described so far. Several studies 

reported an increased number of ASD subjects with relatives suffering from 

juvenile or adult RA compared to controls and that maternal family history of 

RA was associated with a higher risk of ASD in offspring (274–278). It is thought 

that maternal autoantibodies can act against fetal brain tissue affecting 

neurodevelopment (279,280). However, there are some controversial findings 

not supporting a significant association between maternal RA and ASD risk in 

offspring (281,282). On the other hand, this association has also been found in 

the opposite direction as family history of non-autoimmune diseases, including 

autism, was related to increased RA risk (283). Furthermore, allelic products of 

certain genes of the MHC have been identified with a significantly higher 

frequency in both ASD and RA patients (284–288), suggesting common genetic 

pathways between ASD and RA, which are possibly explained by a model of 

pleiotropic effects from risk alleles (289). Our data furthers supports a common 

genetic background between ASD and RA.  

Taken all these results together, we can observe that relevant pathways and GO 

categories identified in our study by different approaches converge towards a  
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 possible synaptic dysfunction as it is shown in figure 3. It is tempting to 

speculate that the alteration of this biological process could be a possible 

common pathophysiological mechanism implicated in ASD contributing to the 

ASD phenotype. 

Figure 3. Common deregulated functional pathways in ASD patients points towards a 

probable synaptic dysfunction. 

Possible new ASD candidates 

In this work, we have collectively identified several strong ASD risk genes 

previously reported in SFARI database (UBR5, PTGS2 and MYH10) as well as 

some genes related to ASD to a lesser extent in prior studies (IL1B, LHX1, PRRG4 

and PTPN1). In addition, we discovered further genes that could be proposed 

as novel ASD susceptibility genes given its implication in ASD-comorbid 

conditions or its biological relevance in central nervous system. 

Among genes previously linked to ASD, we detected a de novo nonsense 

mutation in UBR5 (ubiquitin-protein ligase E3 component N-recognin 5) in a 
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severely affected female with WBS and comorbid ASD. De novo variants, three 

missense and one LoF, have been previously described in ASD subjects 

(106,109,119,290). Regarding PTGS2 (prostaglandin-endoperoxide synthase 2) 

and MYH10 (myosin heavy chain 10), both genes were found significantly 

upregulated in ASD patients carrying 17q21.31 and 8p23.1 inverted alleles, 

respectively. Common variants in PTGS2 have been associated with ASD (291), 

whereas de novo rare variants and mosaic variants in MYH10 have been 

observed in ASD patients (73,118,292). 

Furthermore, our results revealed four additional genes tied with ASD in a minor 

degree, as they are not reported in SFARI. On the one hand, we identified a 

significant overexpression of IL1B (interleukin 1 beta) among ASD individuals’ 

carriers of the H2-I allele of inv17q21.31. In agreement with these results, 

increased serum levels of IL-1β were observed in ASD patients compared to 

controls, along with other cytokines (293,294) and polymorphisms in this gene 

significantly elevated ASD risk (294,295). On the other hand, LHX1 (LIM 

homeobox 1), PRRG4 (proline rich and gla domain 4) and PTPN1 (protein 

tyrosine phosphatase non-receptor type 1) were genes recurrently mutated in 

ASD population in the meta-analysis of exome data. LHX1 has been proposed 

as a candidate gene for the neurocognitive phenotype of 17q12 duplications 

and deletions, as both are characterized by autistic features (296,297). Similarly, 

PRRG4 has been suggested to be responsible for the ASD phenotype of the 

WAGR syndrome (OMIM #194072) (298). Lastly, PTPN1 encodes PTP1B protein, 

the activation of which appeared to trigger autism-like behaviors in a murine 

model (lacking Lmo4 in interneurons) and its inhibition ameliorate neural and 

behavioral symptoms in RTT mice model (299,300). All in all, our data further 

sustains a significant role of these above-mentioned genes in autism providing 

new evidence to support its implication in the ASD pathogenesis. 

Interestingly, our work has also uncovered several genes that could have a 

potential role in ASD. In the iPSC-based microarray expression study from Dup7 

and WBS patients, we highlighted MIR590 as a novel compelling candidate to 

regulate the expression of other genes relevant for both disorders. This miRNA 
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has been associated with cardiomyocyte proliferation, anti-apoptotic functions 

in atherosclerosis and tumor suppressor activity in different cancers (301–304). 

Investigating the genes that could be post-transcriptionally regulated by 

MIR590, we found that its predicted targets were enriched in ASD risk genes 

and genes previously linked to WBS (empirical p-value<0.0001). Nowadays, 

miRNAs are drawing more attention in the field of ASD as growing evidence 

from expression profiling studies supports a miRNA dysregulation in ASD 

patients (305). However, there is a lack of consensus between the differentially 

expressed miRNAs, and in fact, MIR590 has not been reported before (305,306). 

A recent meta-analysis only found 7 miRNAs associated with ASD by more than 

one approach (genetic association, expression profiling and/or functional 

research) (307). Some of the recurrently altered miRNAs in ASD were miR-23a,  

miR-132 and miR-146b, and their predicted targets were also enriched for ASD 

susceptibility genes (308). Experimental confirmation of predicted MIR590 

targets is needed, and we point out the possible value of this miRNA as a 

therapeutic target for 7q11.23 CNV patients. 

Other non-coding elements gaining attention in ASD are lncRNAs. We 

identified a substantial proportion of differentially expressed lncRNAs as an ASD 

specific signature for both 17q21.31 and 8p23.1 candidate inversions. Similarly, 

several transcriptomic analyses have detected many differentially expressed 

lncRNAs in post-mortem brain tissues and peripheral blood from ASD patients 

(219,222,223), including RPS10-AS1 (309), LINC00693 (219), DISC2 and 

PRKAR2A-AS1 (310), among others. However, the lncRNAs detected in our 

analysis did not overlap with previously reported. The implication of lncRNAs in 

synaptogenesis, neurogenesis and GABAergic interneuron functions in brain 

development might explain the functional relation between ASD and lncRNAs, 

as these functions have been found impaired in ASD probands (224). After 

searching the specific tissue expression and the nearest neighbouring genes 

looking for possible cis-regulatory mechanisms, we propose KANSL1-AS1 and 

LINC00938 as new candidate lncRNAs that could play a role in ASD 

pathogenesis, as both are brain-expressed and their nearest neighbouring 
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genes are found in SFARI (KANSL1 and ARID2). Our results further advocate for 

an involvement of lncRNAs in ASD as well as in regulation of gene expression. 

Regarding protein-coding genes, we identified new ASD susceptibility genes 

that were either differentially expressed in ASD 8p23.1 inverted subjects 

(ATP13A1, NR4A3 and SLC12A6) or recurrently mutated in idiopathic ASD 

patients under a multiple-hit model (DUSP6 and TRPC7). We support a potential 

role of these genes in ASD pathogenesis given its implications in other 

neuropsychiatric disorders, such as bipolar disorder (BD) or schizophrenia (SCZ), 

which are more prevalent in ASD patients and often observed as co-occurring 

conditions (46,47). Also, neuropsychiatric disorders have been demonstrated to 

share a common genetic background with ASD (311,312). 

While ATP13A1 (ATPase 13A1) was downregulated in ASD probands carrying 

the I-allele of inv8p23.1 compared with all others, both NR4A3 (nuclear receptor 

subfamily 4 group A member 3) and SLC12A6 (solute carrier family 12 member 

6) were overexpressed. ATP13A1 has been suggested to act in early neuronal 

mice development as its highest expression was in the peak of neurogenesis, 

and recently has been proposed as a novel candidate for ID (313,314). The 

transcription factor NR4A3 appears to mediate neuronal survival and axon 

guidance in hippocampal development, among other functions (315). Besides, 

it was involved in the nicotine addiction observed in SCZ and BD (316). Rare 

variants in SLC12A6, which is an electroneural K+-Cl- cotransporter, have been 

associated with BD and SCZ and recessive inherited mutations are the cause of 

Anderman syndrome (OMIM #218000) (317–319). 

Other particularly compelling candidates are DUSP6 (dual specificity 

phosphatase 6) and TRPC7 (transient receptor potential cation channel 

subfamily C member 7), which significantly accumulated rare genetic variants in 

ASD population compared to controls and both of them have been associated 

with BD. The 12q22-23 region, where DUSP6 is located, is considered a 

candidate susceptibility locus for major psychiatric disorders and several SNPs 

in this gene showed positive association with female patients with BD (320,321). 

Given its potential role as a calcium channel, TRPC7 has been involved in the 
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altered Ca2+ homeostasis exhibited in some BD patients as it was found 

significantly reduced in these probands (322). In addition, a study using TRPC7 

KO mice strongly implicated this gene in the initiation of seizures (323). 

The following table summarizes the set of genes relevant for ASD found in this 

thesis:  

Table 1. Overview of ASD risk genes as well as novel ASD candidate genes detected in 

this work.  

 Gene Our data Previous evidence associated with ASD 

S
tr

o
n

g
 A

S
D

 

c
a
n

d
id

a
te

s 

UBR5 
De novo nonsense mutation in a female 

with WBS and comorbid ASD (p.Arg633*) 

Reported in SFARI as ASD candidate genes PTGS2 
Upregulated in 17q21.31 inverted ASD 

patients (log2FC=3.79, q-value=0.0057) 

MYH10 
Upregulated in 8p23.1 inverted ASD 

patients (log2FC=1.57, q-value=0.016) 

R
e
la

te
d

 t
o

 A
S

D
 i

n
 m

in
o

r 

d
e
g

re
e
 

IL1B 
Upregulated in 17q21.31 inverted ASD 

patients (log2FC=3.49, q-value=0.0057) 

Increased serum levels of IL-1B in ASD patients (293,294); 

polymorphisms in this gene significantly elevated ASD risk (294,295)  

LHX1 
Recurrently mutated in ASD population 

(17 ASD and 0 controls, q-value=0.029) 

Candidate gene for the neurocognitive profile of 17q12 CNVs, 

including ASD in both cases (296,297) 

PRRG4 
Recurrently mutated in ASD subjects (35 

ASD and 1 control, q-value=2.12E-04) 
Responsible for the ASD phenotype of the WAGR syndrome (298)  

PTPN1 
Recurrently mutated in ASD population 

(16 ASD and 1 controls, p-value=0.007) 

Activation of the encoded protein seems to trigger autism-like 

behaviours in a murine model (299); inhibition of these protein 

improves neural and behavioral symptoms in RTT mice model (300)  

P
o

ss
ib

le
 n

o
v
e
l 

A
S

D
 c

a
n

d
id

a
te

 g
e
n

e
s 

MIR590 

Mirror expression between Dup7 and 

WBS lines; significant in Dup.vs.Del 

comparison in iPSCs, NPCs and iNeus 

Related to cardiomyocyte proliferation and different types of 

cancers; miRNA deregulation is a consistent finding in ASD 

expression profiling studies (307) 

KANSL1-

AS1 

Upregulated in 17q21.31 inverted ASD 

patients (log2FC=2.94, q-val=1.56E-05) 

High number of differentially expressed lncRNAs in post-mortem 

brain tissues and peripheral blood from ASD patients (219,222,223) 

LINC00938 
Downregulated in 17q21.31 inverted 

ASD patients (log2FC=-0.56, q-val=0.047) 

High number of differentially expressed lncRNAs in post-mortem 

brain tissues and peripheral blood from ASD patients (219,222,223) 

ATP13A1 
Downregulated in 8p23.1 inverted ASD 

patients (log2FC=-0.57, q-value=0.003) 

May act in early neuronal mice development (313); novel candidate 

for ID (314) 

NR4A3 

Upregulated in ASD patients carrying the 

I-allele of inv8p23.1 (log2FC=4.98, q-

value= 0.001) 

May mediate neuronal survival and axon guidance in hippocampal 

development (315); implicated in nicotine addiction in SCZ and BD 

(316) 

SLC12A6 
Upregulated in 8p23.1 inverted ASD 

patients (log2FC=1.14, q-value=0.049) 

Potassium-chloride cotransporter associated with BD and SCZ by 

rare variants (317,318)  

DUSP6 
Recurrently mutated in ASD population 

(13 ASD and 0 controls, p-value=0.006) 

Located in a candidate loci for major psychiatric disorders (320); 

several SNPs positively associated with female BD patients (321) 

TRPC7 
Recurrently mutated in ASD population 

(16 ASD and 1 control, p-value=0.007) 

Downregulated in BD patients with a probable role in calcium 

homeostasis (322); may initiate seizures in a KO mice model (323)  
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Concluding remarks 

The complex genetic architecture of ASD gives rise to the need of exploring 

complex genomic regions in order to find part of the missing heritability in ASD. 

Inverted alleles at the common inversions 8p23.1 and 17q21.31 may act as 

susceptibility risk factors for ASD in European population. By using different 

strategies, we have unraveled several pathways and GO categories, including 

cholesterol biosynthesis, actin cytoskeletal dynamics, glutamate receptor 

signaling and immune-inflammatory pathways, that could partially contribute 

to the underlying molecular mechanism of ASD patients with several 

susceptibility variants (Dup7, inv8p23.1 and inv17q21.31) and also in idiopathic 

patients under a multiple-hit model. We further support the implication of 

several ASD-related genes such as UBR5, PTGS2 or PRRG4. In addition, our study 

also points to a potential role of novel ASD candidate risk genes (NR4A3, 

SLC12A6, ATP13A1, DUSP6 and TRPC7) due to its contribution to other 

neuropsychiatric disorders. All in all, the work presented in this thesis will 

contribute to a better understanding of pathways and possible 

pathophysiological mechanisms implicated in ASD, which can ultimately be 

targeted to potentiate the development of therapeutic approaches in these 

patients. 
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Conclusions 

1. The assessment of second-hit modifiers in WBS patients with comorbid 

ASD suggested that trans-acting factors in the 7q11.23 remaining allele 

and inherited or de novo rare genetic variants elsewhere in the genome 

may play a role in the susceptibility to ASD in WBS. 

 

2. Patient-derived iPSCs lines from fibroblasts are a good approach to 

overcome the limitations to study neurodevelopmental disorders in 

humans such as Dup7 and WBS. 

 

3. Expression analysis of in vitro 7q11.23-CNVs cellular models identified a 

regular gene expression pattern of 7q11.23 single-copy genes with a 

highly consistent upregulation in Dup7 lines and downregulation in WBS 

lines of BAZ1B, BCL7B, TBL2, WBSCR22, EIF4H, RFC2, CLIP2 and GTF2IRD1. 

Interestingly, MIR590 could be a new compelling candidate to regulate the 

expression of genes relevant for both Dup7 and WBS disorders. 

 

4. Integrative transcriptomic analysis of in vitro 7q11.23-CNVs cellular 

models revealed pathways and gene-ontology categories relevant for the 

ASD phenotype of Dup7 patients including actin remodelling and 

membrane trafficking, cholesterol metabolism and glutamate signaling 

among other biological processes included in neurotransmission. 

 

5. TDT in ASD and controls showed an overtransmission of the 8p23.1 and 

17q21.31 inverted alleles suggesting that they may act as novel 

susceptibility factors for ASD in European population. Also, inv17q21.31 

might be going through adaptive selection in the general population. 

 

6. Inversions have a direct effect on gene expression patterns both locally 

(region around inversion) and elsewhere in the genome that could be 

explained by the disruption of TADs and NHCCs. 
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7. Transcriptomic results showed a large number of deregulated lncRNAs in 

ASD inverted patients indicating that gene regulation could have an 

important role in ASD, and particularly implicating KANSL1-AS1 and 

LINC00938.  

 

8. ASD carriers of the susceptibility alleles (inv8p23.1/inv17q21.31) presented 

differential expression of neuronal function-related genes that we propose 

as novel ASD candidate genes including ATP13A1, NR4A3 and SLC12A6. 

 

9. Enrichment analysis of DEGs from ASD patients carrying the I-alleles 

highlighted the implication of a deregulation of immune-inflammatory 

pathways and actin cytoskeletal regulation in ASD pathogenesis. 

 

10. Meta-analysis of exome data from ASD patients and controls uncovered 

several genes recurrently accumulating rare genetic variants in ASD 

population, which could contribute to ASD risk in a multiple hit model. We 

advocate for an involvement of LHX1, PRRG4 and PTPN1 in ASD 

pathogenesis and highlight novel candidate genes such as DUSP6 and 

TRPC7. 

 

11. Rheumatoid arthritis signaling pathway was significantly enriched in ASD 

probands compared to controls further supporting a common genetic 

background between ASD and RA. 
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I. Sharing the generated knowledge with society 

The disclosure of scientific advances to society is of vital importance. This is 

why, we generated informative leaflets containing general information about 

ASD, its known genetic causes and different genetic techniques useful to 

detect them as well as a little insight into genetic counseling. The leaflet 

shown below was distributed to 6 hospitals and 14 ASD patient associations, 

mostly located in Catalonia, with a total distribution of 1,330 copies. Also, it 

was distributed through an online platform from CIBERER (Centro de 

Investigación Biomédica en Red de Enfermedades Raras), which can be found 

in the following link: 

http://www.ciberer.es/media/919727/asd_triptic_v5-1-1.pdf  

ENTITY COPIES 

Rubí TEA 25 

Fundació Junts Autisme 80 

Aprenem 15 

Federació Autisme Catalunya 30 

Federació Catalana d’Autisme i Asperger  Online 

Associació Síndrome d’Asperger de Catalunya 100 

Fundació Autisme Mas Casadavall (FAMC) 70 

Associació Obrir-se al món 50 

Associació Síndrome d’Asperger d’Osona 100 

Associació Asperger del Camp de Tarragona (ASPERCAMP) 100 

Associació Síndrome d’Asperger Girona (SAGI) 145 

Associació TEA - Asperger Vallés Occidental 15 

Asociación Desarrollo Autismo Albacete 80 

Federación Autismo Galicia 20 

Hospital Vall Hebrón 100 

Hospital del Mar 40 

Consorci Corporació Sanitària Parc Taulí de Sabadell 190 

Hospital Universitario Cruces 20 

Dpto. Pediatría, Facultad de Medicina, Univ. de Zaragoza 50 

Hospital Materno-Infantil Virgen de la Arrixaca (Murcia) 100 

http://www.ciberer.es/media/919727/asd_triptic_v5-1-1.pdf
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