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ABSTRACT 
Neurodevelopmental disorders (NDDs) are a group of conditions appearing in childhood, 

with developmental deficits that produce impairments of functioning. Autism spectrum 

disorder (ASD) is a common NDD with a high heritability affected by complex genetic 

factors, including both common and rare variants. Behavior interventions such as social skills 

group training (SSGT) have been widely used in school-aged autistic individuals to relieve 

social communication difficulties in a group setting. Studies have confirmed that intervention 

outcomes can be influenced by sex and age, but how the genetic risk contributes to the 

outcome variability remains elusive. Furthermore, although large population cohorts have 

been well studied and have found numerous genes associated with ASD and NDDs, the 

molecular and neuronal outcomes of risk variants and genes are unclear. Therefore, this thesis 

included four studies in which the effects of genetic factors on intervention outcomes and 

cellular level neuronal functions were investigated. Results from this thesis may provide a 

genetic perspective for further studies to explore potential individualized treatments for ASD 

and other NDDs.  

 

Specifically, In STUDY 1-3, exome sequencing and microarray were performed on 

individuals from a randomized controlled trial of SSGT (KONTAKT®). Common and rare 

variants, including copy number variations (CNVs) and exome variants, were tested for 

association effects with SSGT and standard care intervention outcomes. Polygenic risk scores 

(PRSs) were calculated from common variants, and clinically significant rare CNVs and rare 

exome variants were prioritized. Molecular diagnoses were identified in 12.6% of the autistic 

participants. PRSs and carrier status of clinically significant rare variants were associated 

with intervention outcomes, although with varied effects on both SSGT and standard care. In 

addition, genetic scores representing variant loads in specific gene sets were obtained from 

rare and common variants in ASD-related pathways. Outcomes of interventions were 

differentially associated with genetic scores for ASD-related gene sets including synaptic 

transmission and transcription regulation from RNA polymerase II. After combining genetic 

information and behavior measures, a machine learning model was able to select important 

features and confirm that the intervention outcomes were predictable.  

 

In STUDY 4, genetic variants affecting Calcium/Calmodulin Dependent Serine Protein 

Kinase (CASK) gene, a risk gene for NDDs, were examined using human induced pluripotent 

stem cell-derived neuronal models to identify the cellular effects of these mutation 



consequences. CASK protein was reduced in maturing neurons from mutation carriers. Bulk 

RNA sequencing results revealed that the global expression of genes from presynaptic 

development and CASK network were downregulated in CASK-deficient neurons compared 

to controls. Neuronal cells influenced by CASK mutations showed a decrease of inhibitory 

presynapse size and changed excitatory-inhibitory (E/I) balance in developing neural 

circuitries. 

 

In summary, this is the first study to investigate the association of genome-wide rare and 

common variants with ASD intervention outcomes. Differential variant effects were found 

for individuals receiving SSGT or standard care. Future studies should include genetic 

information at different levels to improve molecular genetic testing for diagnoses and 

intervention plans. Presynapses and E/I imbalance could be an option to be developed for the 

treatment of CASK-related disorders. 
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1 INTRODUCTION 
Neurodevelopmental disorders (NDDs) are a group of conditions appearing in childhood, 

with developmental deficits that produce a range of functioning impairments. Some of the 

disorders in this category are intellectual disability (ID), attention-deficit/hyperactivity 

disorder (ADHD), and autism spectrum disorder (ASD) 1. Most NDDs last for a life time and 

are frequently comorbid with other psychiatric conditions 1. The prevalence of NDDs is 

greater in males compared to females. Studies have indicated a high heritability with NDDs 

influenced by complex genetic and environmental factors 2.  

 

Autism spectrum disorder (ASD) is characterized by persistent deficits in social 

communication and interaction, together with a range of restricted, repetitive patterns of 

behavior, interests or activities 1. The number of cases has been continuously growing 

worldwide over recent decades reaching an average of 1% in the population 3. The majority 

of autistic individuals have co-occurring disorders with varied symptoms from mild to severe 
4. ASD is highly heritable, and complex and diverse genetic factors can contribute to the 

disorder. Both common and rare variants have substantial contributions, and they converge 

in specific biological pathways that induce cellular dysfunction 5. Nevertheless, few studies 

have revealed the role of genetic information on ASD interventions, which have limited 

benefits and varied outcomes in individuals with ASD 6,7. Additionally, the molecular and 

neuronal outcomes of many risk variants and genes of ASD and NDDs are unclear, especially 

in humans. 

 

Therefore, in this thesis, a randomized controlled trial of social skills group training (SSGT) 
8, a common intervention applied to school-aged individuals with ASD, was used to examine 

the effect of different levels of genetic variants on intervention outcomes of SSGT and 

standard care. Common and rare variants including rare copy number variations (CNVs) and 

rare sequencing variants were tested and combined with clinical evaluations to gain insight 

into how different genetic moderators influence individual outcomes. Furthermore, using 

human induced pluripotent stem cell (iPSC)-derived neuronal models, this thesis also applied 

transcriptional, and functional analyses to elucidate the consequence of deleterious variants 

from the CASK gene, which has been strongly implicated in ASD and a range of NDDs. 
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2 LITERATURE REVIEW 
2.1 NEURODEVELOPMENTAL DISORDERS 

Neurodevelopmental disorders (NDDs) are introduced as a group of conditions with onset 

during the developmental period, often before grade school 1. The disorders are characterized 

by developmental deficits that impair personal, social, academic, or occupational functioning 
1. Some of the disorders in this category include intellectual disability (ID), attention-

deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), and learning 

disabilities, and these disorders usually have a high co-occurrence with other psychiatric 

conditions. Most NDDs have numerous contributing factors affecting complex mechanisms, 

and the etiology in many individual cases is still unclear. Therefore, given the varied 

symptoms and causality, diagnoses and treatments in NDDs are difficult. A combination of 

treatments is often applied involving professional therapy, pharmaceuticals, and home- or 

school-based programs. In this thesis, ASD is selected for further discussion as a 

paradigmatic example of the NDDs group. 

 

2.2 AUTISM SPECTRUM DISORDER (ASD) 
ASD is characterized by persistent deficits in social communication and social interaction, 

and by a range of restricted, repetitive patterns of behavior, interests or activities 1. The word 

''spectrum'' represents a wide range of disorder manifestations which depend on the autistic 

severity, developmental level, and chronological age. According to the Diagnostic & 

Statistical Manual of Mental Disorders Fifth Edition (DSM-5), individuals with autistic 

disorder, pervasive developmental disorder not otherwise specified and Asperger's disorder 

are integrated into the single diagnosis of ASD 1. The severity of the autistic condition may 

vary by individual, can fluctuate over time, and is specified by the presence or absence of 

accompanying language or intellectual impairment. With heterogeneous symptoms ranging 

from mild to severe, ASD is a lifelong condition requiring diverse support from families, 

schools, clinicians, and societies 9. 

 

2.2.1 Epidemiology 
The global prevalence of ASD is about 1% of the population, with similar estimates in 

children and adults 3,10. In Nordic countries, over 1% of children in Finland and Sweden and 

around 1.5% of children in Denmark have ASD 11. The highest prevalence was recently 
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reported in the United States with 1 in 44 children aged eight years estimated to be autistic, 

although the prevalence differed among racial groups, proximity to services, urban areas, and 

socioeconomic status 12. Rates of ASD prevalence have also been continuously growing over 

recent decades, a trend especially pronounced in autistic individuals with average or above-

average IQ 3,13. Reasons for the increased diagnoses could be an expansion of the diagnostic 

criteria, improved awareness and services, and/or a true frequency increase of ASD 13. 

 

2.2.2 Etiology 
Various studies have confirmed that ASD is a highly heritable disorder. A meta-analysis 

combining multiple twin studies estimated that 64–91% of ASD risk is heritable 14. A recent 

Swedish study also showed a high heritability rate of 0.88 to 0.97 of ASD diagnoses, and 

changes in the genetic and environmental contributions were weak over time 15. Many genetic 

and environmental risk factors have been acknowledged to be associated with ASD. A 

number of studies have indicated both older maternal and older paternal age can increase 

ASD risk 16. During pregnancy, maternal metabolic conditions, weight gain, and medication 

usage (e.g. valproic acid) have also been linked to the disorder 17,18. Supplements, such as 

folic acid at preconception reduce the risk of both ASD and general developmental 

disabilities 19. In addition to the environment, genetic factors are a crucial cause of ASD. 

Therefore, more studies are needed to understand the contributions of both common and rare 

variants, combined with environmental factors, and the complex interactions among these to 

explain the occurrence and heterogeneity of the disorder.  

 

2.2.3 Diagnoses 
The essential features of ASD presented in the early developmental period are persistent 

impairments in communication and interaction, and restricted, repetitive sensory-motor 

behaviors. Based on clinical criteria, ASD can be classified into syndromic and 

nonsyndromic. The syndromic diagnosis represents conditions in which ASD occurs together 

with additional phenotypes and/or dysmorphic features 20. The etiology for these conditions 

is mostly clear and can be linked with chromosomal abnormalities, or mutations in a single 

gene, such as fragile X syndrome or Rett syndrome. Nonsyndromic ASD, on the other hand, 

is the classic form of autism with no presentation of additional symptoms. It also refers to 

“idiopathic” where the etiology is unknown for most cases 20. As no reliable biomarker exists 

so far, ASD diagnoses are based on clinically significant impairments in social, occupational, 

educational, or other functioning and these disturbances are not explained by ID or global 
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developmental delay 1.  

Abnormal individuals can be typically detected in the second year of life but maybe 

younger if the developmental delays are severe, or later than 24 months if symptoms are more 

subtle 1,21. Cultural and socioeconomic factors may affect recognition or diagnosis age 

considering the cultural differences in norms for social interaction and nonverbal 

communication 1. Additionally, the diagnosis of ASD is around four times higher in males 

compared to females 1,12 and girls with ASD tend to also have intellectual impairments or 

language delays 1. At present, standardized ASD diagnostic instruments include the 

Screening Tool for Autism in Toddlers and Young Children (STAT) for young children, and 

the Autism Diagnostic Observation Schedule (ADOS) and the Autism Diagnostic Interview-

Revised (ADI-R) for both children and adults 22–24. Symptom assessment can be measured 

using various scales, such as the Childhood Autism Rating Scale (CARS), the Social 

Responsiveness Scale (SRS), and the Social Communication Questionnaire (SCQ) 25–27. 

 

2.2.4 Coexisting conditions 
Most autistic individuals have co-existing disorders, including neurological disorders 

(seizures, sleep disorders), genetic disorders (fragile X syndrome), psychiatric conditions 

(anxiety, depression), and other NDDs (ID, ADHD). Up to 70% of people with ASD have at 

least one concurring condition 4, which may exacerbate or mask ASD symptoms, and may 

require individualized intervention.  

Intellectual disability is one of the most frequent comorbidities in autistic 

individuals. With the sharpening diagnostic criteria in ASD, dual diagnoses of ID and ASD 

have declined to 35% recently 12,28. Given a considerable phenotypic and etiologic overlap, 

the line between autism and ID is blurred in the clinic. As social function evaluation is 

included in the conceptualization of both ID and ASD, determining whether observed social 

deficits are attributable to ID or ASD remains a challenge. At a genetic level, autism and ID 

share many of the same genes, some of which are more common in ASD and others are more 

common in ID 29. Understanding the relationship of the two conditions may operationalize 

criteria for the diagnosis and eventually lead to improved treatments. 

ADHD is another NDDs that often co-occurs with ASD. A recent meta-analysis 

showed an overall pooled prevalence estimate of 28% for ADHD in the autism population 30. 

In addition to their high co-occurrence, both conditions can involve abnormal manifestations 

such as language delays, heightened sensory responses, and emotional regulation problems. 

Similar to ASD, ADHD usually appears in childhood and is more often diagnosed in boys 31. 
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Genetic studies of common and rare variants are starting to find at least partly shared risk for 

ASD and ADHD 32.  

Additionally, around 10-20% of autistic children have a diagnosable genetic 

syndrome 33. Some of these conditions are obvious while others are subtle and need 

specialized testing. It is therefore recommended to have an evaluation from a clinical 

geneticist following an ASD diagnosis 1. For instance, mental retardation and microcephaly 

with pontine and cerebellar hypoplasia (MICPCH) is a comorbid genetic disorder 

characterized by intellectual disability and pontocerebellar hypoplasia. The affected gene is 

Calcium/Calmodulin Dependent Serine Protein Kinase (CASK) located on chromosome X 

and females tend to have a higher diagnosis rate than males 34. Like most genetic disorders, 

there is no cure for MICPCH at present.  

 

2.2.5 Interventions 
Although it is not possible yet to completely relieve problems for autistic individuals, 

interventions for ASD should start as soon as possible after diagnosis to reduce impairments, 

and to help individuals learn new skills and consolidate strength. In addition to some 

medications being used to treat syndromes concurring with ASD 35–38, different behavioral 

interventions have been used to alleviate ASD symptoms and prevent the onset of 

comorbidities. For instance, cognitive-behavioral therapy in children and adolescents with 

ASD has shown positive effects 39. Applied Behavior Analysis is another well-known 

behavioral intervention for young children, in which Early Intensive Behavioral Intervention 

is a widely disseminated comprehensive program 40. 

Social skills interventions have become the most attracted program among 

researchers and clinicians to promote social skills in children, adolescents and young adults 

with ASD 7.  For school-aged children and adolescents with ASD, social skills group training 

(SSGT) is one of the most commonly applied behavioral interventions. It aims to alleviate 

social communication difficulties in individuals within average to high intellectual ability in 

a group setting. This program applies multiple elements such as cognitive-behavioral therapy, 

computer-based cognitive training, behavioral activation, psycho-education, observational 

learning, and parent involvement through various treatment formats 8,41. Recently, a 

randomized controlled trial of SSGT in Sweden (KONTAKT®) included individuals (7-17 

years) with ASD diagnosis and IQ > 70. Each participant had one or more common 

neurodevelopmental or psychiatric diagnosis, including ADHD, depression or anxiety 8. 

Participants randomly received standard care, including any commonly provided 



 

 7 

interventions or standard care plus SSGT. However, compared to standard care only, SSGT 

had a moderate effect, with varied responses influenced by age and sex 8. 

 

2.3 ASD GENETICS 

2.3.1 Genetic architecture of ASD 
The architecture of genetic risk is complex and diverse in ASD. Common variants with 

additive polygenic contributions and rare variants following monogenic inheritance coexist, 

creating a broad spectrum of genetic backgrounds among individuals. Variants found in ASD-

related genes are mostly rare variants with normally < 1% frequency in the population. Both 

de novo and inherited rare variants appear in at least 10-30% of autistic individuals 42. 

Common variants, despite modest individual effect, have a large contribution to heritability 

when considered cumulatively 43. 

 

2.3.2 Genetic pleiotropy with other conditions 
Substantial heritability has been reported in ASD and psychiatric disorders from twin and 

family studies, and phenotype overlaps and comorbidities are common for many twin pairs 
5. Similar to ASD, most psychiatric disorders are highly polygenic. Some of the genetic 

mutations are specific to one disorder, but most of them are pleiotropic with the effects 

conferring broad phenotypic risks across diagnostic categories and between disorders and 

behavioral traits. These large-effect pleiotropic variants may disrupt key neurodevelopmental 

processes rather than causing one specific clinical phenotype 44. Thus, some copy number 

variations (CNVs) and de novo rare variants associated with ASD can also confer risk for ID, 

ADHD, and schizophrenia 45–47. Genetic correlation from genome-wide association studies 

(GWASs) measures the average effect of pleiotropy for common alleles and has shown 

substantial connections in psychiatric and behavioral phenotypes 48. A recent study of eight 

psychiatric disorders revealed a complex genetic structure, of which ASD is significantly 

correlated with schizophrenia, ADHD, and major depression (Figure 2.3.1) 49. Additionally, 

significant genetic sharing is found between ASD, social skills and early life cognitive 

measures (college attainment, years of education, and intelligence) suggesting a link between 

cognitive performance and the genetic risk for the disorder and related phenotypes 50,51. 
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Figure 2.3.1. SNP-based genetic correlations between eight disorders. ADHD: attention deficit hyperactivity 
disorder; ASD: autism spectrum disorder; AN: anorexia nervosa; BIP: bipolar disorder; MD: major depression; 
OCD: obsessive-compulsive disorder; SCZ: schizophrenia; TS: Tourette syndrome. The figure was obtained 
from Smoller et al. 49 

2.3.3 Common variants and polygenic risk score 
From the early 20th century, different models asserted an additive genetic effect of large 

numbers of genetic loci contributing to both complex and binary traits 52,53. With the 

completion of the Human Genome Project, HapMap, and collaborative biological projects, 

new technologies, genomic data and the advent of biobanks have motivated the emergence 

of GWAS, which focuses on associations between whole genome single-nucleotide 

polymorphisms (SNPs) and different traits in humans and other organisms. After the first 

GWAS finished in 2002 54, thousands of significant SNP associations have been detected in 

human traits 55. However, due to limited samples in clinical research, most common variants 

with weaker effects cannot be detected by traditional GWAS. 

Polygenic risk score (PRS) is the most commonly applied approach of genetic 

risk estimation. PRS aggregates the numbers and the effects of risk alleles for each individual, 

where the numbers are acquired from individual genotyping, and the effects are derived from 

GWAS summary statistics 56. PRS can combine multiple loci below genome-wide 

significance to predict disease risk even with a limited sample size. It has been widely used 

to stratify individuals with distinct risks for disease prevention, early detection, and response 

to treatment in psychiatric disorders, coronary artery disease, and cancers 57. 

Despite only a few significant SNPs indicated from ASD GWAS, the polygenic 

variation recapitulated by PRS for ASD showed that a cumulative variation effect was 

correlated with ASD and autistic traits 58,59. In autistic individuals, an increased polygenic 
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burden for autism is associated with methylome variation 60, and can be over-transmitted to 

ASD children in simplex families 61. In the general population, ASD PRS is also associated 

with cortical thickness and infant neurodevelopment such as gross motor function and 

receptive language development 62,63. In schizophrenia cases, the correlation of ASD PRS has 

been linked to left amygdala function and emotion recognition 64. A recent study 

demonstrated that PRS for ASD was negatively associated with the reduction of depressive 

symptoms after cognitive behavior therapy, providing promising implications for PRS 

application in psychiatric behavioral treatments 65. 

 

2.3.4 Rare variants 
For decades, rare variants have been discovered in both Mendelian disorders caused by one 

single gene as well as complex diseases influenced by multiple genes and environmental 

factors. Each variant tends to have a large effect even if it only counts for a small part of 

heritability in individuals. Depending on variation size, rare variants range from single 

nucleotide variations (SNVs), several base pairs insertions or deletions (indels), to CNVs of 

kilobases or larger in length. Furthermore, if variants are obtained from parent-child trios, 

both de novo and inherited mutations can be distinguished 66. The effect of variant function 

can be divided into loss-of-function and gain-of-function, with more detailed classification 

based on Muller's morphs (amorph, hypomorph, hypermorph, antimorph and neomorph) 67.  

From 2004, array hybridization methods have been used to detect CNVs 68,69. A few 

years later, next generation sequencing was widely available to cost-effectively identify rare 

alleles in genes underlying Mendelian disorders. Currently, results from chromosome 

microarray and DNA sequencing help clinicians make accurate diagnoses of disorders with 

atypical manifestations, to screen genetic disorders before conception, birth or postpartum, 

and to test tumor DNA for early cancer detection 70,71. In addition, rare variants detected from 

genetic testing can identify numerous targets for therapies and drugs providing new evidence 

in the areas of therapygenetics and pharmacogenetics 72,73. 

 

2.3.4.1 Rare CNVs in ASD 

CNVs are considered one of the most common causes of ASD, with some regions such as 

16p11.2, 7q11.23, 2p16.3 and 15q11-q13 highlighted as ASD associated 74,75. Compared to 

the neurotypical population, studies have shown that rare CNVs are enriched in autistic 

individuals, especially when considering variants previously implicated in ASD or ID 76. In 

simplex families, de novo CNVs are more common in probands than in siblings, and tend to 
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be larger covering more genes 75,77. Although larger CNVs are more frequently linked to ASD, 

there is no evidence of any single driver gene in the majority of large CNVs 78–80. Instead, 

transgenic model organisms suggest that CNV related developmental phenotypes are 

attributed to dosage effects of multiple genes, indicating a potential complex effect of CNVs 

on gene regulatory networks 81.  

 

2.3.4.2 Rare SNVs and indels in ASD 

Initially, genes contributing to ASD risk were identified from syndromes associated with 

ASD such as fragile X syndrome and Rett syndrome 82,83. After entering the era of next-

generation sequencing, the first exome sequencing of ASD, launched in 2011, suggested 

associations with several de novo mutations 84. Landmark studies in 2012 indicated additional 

genes carrying de novo mutations with significant ASD liability, and individuals with ASD 

tend to carry an excess of rare, loss-of-function coding variants 85–87. Using genome 

sequencing, Werling et al. and Ruzzo et al. recently indicated rare de novo noncoding variants 

probably have a modest effect compared to rare de novo coding variants 88,89. However, 

noncoding risk variants show enrichment at transcription factor binding sites especially in 

the distal promoter 90, and involvement in synaptic transmission and neuronal development 
91. In addition to de novo variants, studies have implicated novel ASD risk genes affected by 

rare inherited variants, providing a substantial extension of de novo variant findings 89,92. 

Currently, genome and exome sequencing from thousands of individuals has found hundreds 

of associated genes with de novo and inherited pathogenic variants in both coding and non-

coding regions, suggesting a high genetic heterogeneity and complex inheritance in ASD.  

 

2.3.5 Relationship between common and rare variants in ASD 
Both common and rare variants have proved to contribute to ASD. A recent study confirmed 

that autistic individuals with de novo variants had higher PRS for ASD compared to controls, 

but no PRS difference was shown in ASD group with or without de novo mutations 61. 

Similarly, children with severe NDDs including ID, ASD, and developmental delay had 

comparable PRSs no matter with pathogenic variants or not 93. On the contrary, Klei and 

colleagues implicated burden of common risk variation harbored by ASD subjects with 

pathogenic variants was lower in non‑carrier ASD but higher in control subjects 94. Although 

these results fit imperfectly, all these studies agree that PRS and rare variants related to ASD 

and other NDDs could have an additive contribution to the risk of the conditions in 

individuals. Additional investigations of common and rare variant relations are needed to 
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provide a broader and more comprehensive insight into the genetic architectures underlying 

NDDs.  

 

2.3.6 Associated genes in ASD 
Hundreds of genes have been implicated in association with ASD risk. The consequence of 

different types of mutations within these associated ASD genes could depend on how they 

directly act on the gene function. For example, some ASD susceptibility genes encode DNA 

or RNA binding proteins which can directly regulate the gene expression 81. Variants that 

disrupt the protein can alter the regulation of other target genes and further propagate by 

downstream regulatory proteins. For non-coding region variants, additional efforts are 

needed to pinpoint genes affected by the risk variants to understand the pathogenicity 95. 

Considering many cell type variations and long developmental trajectories in the brain, 

variants affecting gene regulation or transcription are specific to regions, cells, and time 

stages at cellular and tissue levels 96. 

One example of a susceptible gene to ASD and NDD risk is the CASK gene 

located on chromosome Xp11.4. Genetic variants including loss-of-function variants, and 

missense variants in CASK have been reported in cases with MICPCH, ASD, developmental 

delay and ID 29,34,97,98. CASK is highly expressed in the developing human brain and is 

necessary for pre- and postsynaptic function, such as regulation of synaptic vesicle exocytosis 

and neuronal cell adhesion at the presynapse, and regulation of ionotropic receptor trafficking 

at the postsynapse 99,100. Excitatory–inhibitory imbalance in neurons was also indicated in 

CASK-negative mice 101. Despite that, more studies are required to explore the effect of 

CASK variants on neuronal development, especially in humans. 

 

2.3.7 Convergent pathways in ASD 
Multiple genes associated with ASD are connected within biological interaction networks. 

Therefore, mutations from a single gene can influence the function of related genes 

magnifying their effects throughout regulatory networks. A subset of ASD genes that encode 

DNA binding or RNA binding proteins can regulate gene expression, such as fragile X mental 

retardation protein (FMRP) and CELF4 102–104. ASD genes with altered expression also 

overlap with developmentally regulated genes associated with cell cycle and proliferation, 

and cortical patterning and neuronal differentiation 105,106. Analysis of protein-protein 

interaction networks for ASD-associated genes highlighted common pathways including 

synaptic transmission, transcriptional and translational regulation, chromatin remodeling, 
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cell adhesion, and ion transport 74,78,80,89. Additionally, the regulation of cell-proliferation 

pathways especially mitogen activated protein kinase (MAPK), mammalian target of 

rapamycin (mTOR), and Wnt signaling, is related to ASD risk genes 76,107,108. Gene-set 

analysis combining common and rare variations related to ASD has presented a converged 

enrichment within specific gene networks such as synaptic function, gene regulation 

pathways and FMRP targets 78,104. 

 

2.3.8 Functional genetics in ASD 
Studies have observed cellular types, brain regions and developmental stages in which the 

ASD susceptibility genes are enriched. The co-expression network reflected the enrichment 

of ASD risk variants in cortical glutamatergic neurons from the prefrontal cortex during fetal 

development 109. Likewise, a large-scale exome sequencing study reported that significant 

genes are highly expressed in the early development of human cortex and enriched in 

maturing and mature neurons of both excitatory and inhibitory lineages 29. Genes located in 

the regions of ASD CNVs were also shown to have a high co-expression in the developing 

cortex 110. Using single-nucleus RNA sequencing of cortical tissues from individuals with 

autism, a recent study has revealed that cells affected by autism are mostly upper-layer 

excitatory neurons and microglia cells 111. By integrating chromatin interaction and gene 

expression, GWAS results also support the enrichment of enhancer marks and ASD target 

genes during corticogenesis in the developing brain 58. All these results emphasize the 

prenatal development of the cortical cerebrum is important in ASD pathophysiology. 

 

2.3.9 Clinical and therapeutic implications 

2.3.9.1 Genetic testing 

With the progress of the human genome understanding, the application of genetic testing has 

grown enormously from rare disorders to a broader scope of complex disease and personal 

use 112,113. Findings of the ASD research of molecular genetics have been widely applied in 

clinical studies 114,115. Currently, Fragile X syndrome and chromosome microarray are 

recommended as the standard genetic testing for autistic individuals identifying around 15-

20% carrying pathogenic CNVs of the ASD population 116,117. A recent meta-analysis and 

consensus statement also highlighted exome sequencing outperformed chromosome 

microarray for unexplained NDDs including ASD, and should be placed at the beginning for 

evaluation 118. Studies have also indicated individuals with more complex and severe 

morphological phenotypes have higher molecular diagnostic yield in comparison with milder 
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category 79,117,119. Given an additive contribution of common SNPs on the ASD genetic 

liability, a polygenic score aggregating the risk of common variants could be considered a 

potential biomarker. However, due to low predictive ability at present, its application to 

clinical use is minimal 58. Thus, current results of genetic testing are binary depending on 

whether a rare clinically significant variants can be found in the proband's genome. In clinical 

practice, currently, only a small part of the ASD population received clinical genetic testing 

showing a dissonance with recommendations 120. Still, the application of genetic testing in 

most cases is merely for molecular diagnoses without additional usage including prevention 

or treatment. 

 

2.3.9.2 Interactions between gene and environment in ASD 

Both genes and environmental factors are associated with the onset of ASD, so it is crucial 

to explore their interactions and understand their roles for the disorder. Some environmental 

factors, such as vitamin D deficiency could increase the mutation rates and impair DNA 

repairing in ASD-associated genes 121. Air pollutants, phthalates and maternal use of prenatal 

vitamins also interact with genetic variants to increase the risk of ASD 122–124. In addition, the 

expression of genes which are essential for key molecular pathways in neurodevelopment 

could be regulated by environmental exposures. For example, folate can affect DNA 

methylation, and its deficiency can cause impairment of neurodevelopment 125. Valproic acid, 

on the other hand, inhibits the histone deacetylase influencing the epigenetic function in the 

brain 126. As such, evidence of the interplay between genetic and environmental factors could 

fundamentally help to evaluate genetic predisposition in the context of specific 

environmental factors in clinical practice. Another area is the exploration of PRS and 

environmental interaction. However, currently, there is no study focusing on NDDs and no 

significant evidence supporting their interaction in brain disorders including depression PRS 

and childhood maltreatment, as well as dementia PRS and lifestyle factors 127,128.  

 

2.3.9.3 Intervention prediction using genetic information 

Both genetic and clinical heterogeneity are high in ASD. Identifying the role of genetic 

information could be a promising way to improve the intervention effect for individuals. A 

few case studies 129–131 indicated a potential to use highly penetrant rare genetic variants as a 

target for the ASD intervention. In common variants, PRS has provided appealing results for 

behavioral and pharmacological treatments 56,65,132–134. For instance, cognitive behavior 

therapy has shown an association with ASD PRS in major depressive disorder 65. Additionally, 
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gene-set analysis has been used to unravel molecular processes and cellular functions for 

interventions, and it has been applied to interventions in psychiatry 135–139. For example, the 

efficacy of short-term antipsychotic medication can be implied by genetic variations in 

glutamatergic or NMDA neurotransmission, and the calcium signaling pathway has been 

shown to associate with the response to selective serotonin reuptake inhibitors in obsessive-

compulsive disorder 137,139. Machine learning (ML) is a method to classify and make 

predictions in rich data using learning algorithms. Currently, it has been successfully applied 

to predict risk genes, pathogenic variants, and disorder diagnosis using genetic information 

in different traits, including ASD 140–142. Until recently, ML methods have predicted 

treatment outcomes in psychiatric disorders such as depression and obsessive-compulsive 

disorder 143,144. However, how to combine the various genetic information and clinical 

parameters and apply them to intervention choice is still a challenge in clinical settings. 

 

2.4 UNSOLVED ISSUES IN ASD 

2.4.1 Detected variants explain a small part of ASD genetic risk  
The genetic risk of ASD is derived from a large number of common variants of additive 

contribution with a smaller proportion of rare de novo and inherited variations. Studies of 

ASD to date estimated the SNP heritability from 12% to 40% 43,58, accounting for a moderate 

part of the heritability from twin and family studies. PRS representing the SNP cumulative 

effect also explained low variance on ASD pathogenicity 58. Although over hundreds of genes 

enriched by rare variants were discovered, most of them have been driven by de novo variants 

especially on coding regions 78–80,89. Recently using genome sequencing data, Wilfert et al. 

found majority of rare inherited variants resided outside of genes enriched for de novo 

mutations contributing to at least 4.5% of autism risk in the population 92. Moreover, the 

phenotypic variance explained by different types of variations is changeable in subgroups. 

Autistic individuals with ID have more risk for rare de novo variants in mutation-intolerant 

genes but less risk explained by the additive effect of common variants compared to those 

without ID 58,145. In ASD subtypes, the heritability explained by common variants is higher 

in Asperger's syndrome than in childhood autism and unspecified pervasive developmental 

disorders 58. Even by combining different types of known variants, the explained genetic risk 

is still limited. One possible explanation might be phenotypic heterogeneity in different study 

populations. However, Chaste et al. grouped individuals based on ASD sub-phenotyping and 

found that reducing phenotypic heterogeneity had at most a modest impact on genetic 

homogeneity 146. With increased population power and more types of variations identified 
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including structural and non-coding variants, the role of genetic factors and their interactions 

is needed to evaluate further to explain the risk of genetic variation. 

 

2.4.2 Unclear molecular and neuronal outcomes for many of the identified 
risk variants and genes in human neurons 

Large-scale omics analyses have confirmed a large set of sequencing and structural variants 

with considerable effect conferring to ASD risk. However, biological understanding of these 

variants within genes or regions is still challenging in human neurons. Specifically, one of 

the hurdles is the difficulty to distinguish the relevant contribution of a single gene effect 

under varied multigenic backgrounds, especially its impact on social functioning 147. For 

example, the expression of neurodevelopmental phenotypes in ASD individuals with 16p12.1 

deletion was correlated with the number of other gene-disruptive variants suggesting an 

oligogenic or polygenic mechanism for variants contributing to ASD 148. With numerous 

genes identified as ASD targets, large locus heterogeneity confuses whether identifying the 

putative function of an individual gene is helpful to understand ASD pathology in a broader 

insight. More complex, the widespread pleiotropy effects in ASD genes are more likely to 

have changeable expressivity and penetrance, which can contribute to phenotypic variability. 

Furthermore, as the human brain is a complicated and mostly inaccessible organ, model 

systems derived from human such as human embryonic stem cells and recent human induced 

pluripotent stem cells (iPSCs) can dissect basic molecular mechanisms related to human 

diseases 149. Although it is relatively straightforward to determine the consequence of an ASD 

mutation in the model system, understanding how the system at the molecular-, cellular- or 

circuit-level links to specific features of social functioning is challenging. Also, how each 

variant interacts with distinct genetic backgrounds and environmental factors for phenotype 

presentation is needed to be answered.  

 

2.4.3 Diverse intervention responses and limited genetic information used 
for drug development and individual treatment 

Many autistic children are treated with medical interventions, but little to moderate levels of 

evidence support benefits for most of them 6,7,150. Studies stated the different genetic, 

cognitive, and environmental aspects can be varied in the ASD phenotype which influences 

the effect of an intervention 151. Additionally, other issues, including small sample sizes, 

scarcity of severely dysfunctional participants, and inconsistent outcome measures, affect the 

treatment efficacy in different clinical trials 151. Understanding the biological basis is a crucial 
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step to facilitate the well-characterized distinction of ASD subgroups and develop more 

precise therapies. Although many studies have looked into the role of genetic factors, the 

effect measured is mainly limited to the cause of ASD. Currently, syndromic ASD and some 

nonsyndromic ASD cases with highly penetrant rare protein-truncating mutations are 

favorable to receive early interventions aiming at the genetic etiology to restore the normal 

protein levels. However, translating genetic findings into potential treatment to other 

nonsyndromic ASD cases will be a lot challenging, as a consequence of the clinical severity, 

the mutation frequency in the population, the reliability of the mutation displaying 

measurable developmental impairment, and the ability to influence the biological targeting 

in a clinically meaningful way 147. There is no biomarker at present to classify patients based 

on genetic, biochemical, and circuit information. As numerous genes have been found to 

contribute to ASD risk, the genetic heterogeneity of ASD hinders the one-size-fits-all 

treatment. Even worse, one single candidate gene could also involve multiple targets for 

potential therapies 152. Therefore, treating individuals with ASD based on every genetic 

mutation is formidable. One possible way is to identify the convergence upon biological 

pathways and spatiotemporal patterns across implicated genes, which can be aimed by a few 

of interventions 147,153,154 (Fig 2.4.1). Also, large population studies could continue to increase 

sample sizes to identify rare recurrent variants with large effects that are worthy to explore 

the intervention further 147.  
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Figure 2.4.1. Spatiotemporal Convergence among High-Confidence ASD Risk Genes. The figure was 
obtained from Sestan et al. 154 
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3 RESEARCH AIMS 
This thesis is composed of two parts containing four studies: 

3.1 STUDY 1-3 
In the first part, three studies were included to understand the contribution of common and 

rare variants on intervention outcomes of social skills group training (SSGT) and standard 

care in the population of ASD (Fig 3.1.1). Some specific aims of this part are: 

1) To identify molecular diagnoses in autistic individuals with normative intellectual abilities. 

2) To estimate the role of common and rare variants on outcomes of SSGT and standard care. 

3) To examine the contribution of ASD-related biological pathways on outcome variability. 

4) To predict the intervention responses with genetic and clinical information. 

 
Figure 3.1.1. Overview and performed analysis in STUDY 1-3. SSGT: social skills group training; ADHD: 
attention deficit hyperactivity disorder; ADOS: Autism Diagnostic Observation Schedule; SNP: single 
nucleotide polymorphism; CNV: copy number variation; GSASD: genetic score for ASD-related gene sets; 
SNV: single nucleotide variant; indel: insertion or deletion. 
 

3.2 STUDY 4 
In the second part, the fourth study was to explore the effect of CASK mutations using induced 

pluripotent stem cell-derived neurons. Specifically, 

1) To unravel the consequence of CASK mutations on gene transcription and interacting 

proteins. 

2) To delineate neuronal effects of CASK pathogenic variants using iPSC-derived models. 
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4 MATERIALS AND METHODS 
4.1 STUDY 1-3 

4.1.1 Participants 

All participants were recruited from a randomized controlled trial of social skills group 

training (SSGT) in Sweden (KONTAKT®, clinical trial identifier: NCT01854346) 8. Briefly, 

all included participants were diagnosed with ASD following the criteria of International 

Classification of Diseases 10th Revision 155, had IQ > 70, and at least one common 

neurodevelopmental and psychiatric diagnosis including attention deficit hyperactivity 

disorder (ADHD), anxiety disorder, and depression. Both Children (7-12 years) and 

adolescents (13-17 years) were randomly assigned to either standard care only with any usual 

clinical intervention (n = 146), or standard care plus SSGT (n = 150). The primary outcome 

was recorded at baseline, post-intervention after 12-week and follow-up after 12-week post-

intervention, using parent-reported Social Responsiveness Scale (SRS) total score with a 

higher score indicating lower social ability in certain aspects. Studies in this thesis included 

207 participants (SSGT group: n = 105, standard care group: n = 102) who had an agreement 

of genetic part, saliva samples, and SRS measurement at pre-intervention, and either post-

intervention or follow-up. As a part of the analysis, a binary outcome with a > 10% decrease 

of pre- to post-intervention in the total SRS score was classified as "response to interventions".  

 

4.1.2 Genotyping and exome sequencing 
Saliva samples were collected using a recommended procedure of the Oragene•DNA OG-

500 tubes (DNA Genotek, Inc., Ottawa, Ontario, Canada) at home. DNA was extracted using 

Chemagen kit (PerkinElmer Chemagen, Baesweiler, Germany) with Chemagic- STAR®-

robot (Hamilton Robotics, Reno, NV, USA). Genotyping was done on the Affymetrix 

CytoScan™ HD microarray platform (Santa Clara, CA, USA) containing 2.7 million probes 

for copy number variations (CNVs) and 743304 probes for common single nucleotide 

polymorphisms (SNPs). Genotyping data were transformed from Affymetrix .CEL format 

to .tped format using “Affy2sv” package v1.0.14 in R.  

 Genomic DNA (50 ng) from each saliva sample was used for library 

preparation with the Twist Human Core Exome v1.3 Enrichment Kit (Twist Bioscience). The 

following modifications: xGen Dual Index UMI adapters (6-nucleotide unique molecular 

identifiers (UMI), 0.6 mM, Integrated DNA Technologies) were used for the ligation, and 

xGen Library Amp Primer (2 mM, Integrated DNA Technologies) was used for polymerase 
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chain reaction (PCR) amplification. Target enrichment was performed in a multiplex fashion 

with a library amount of 187.5 ng. The libraries were hybridized to Exome probes v1.3 (Twist 

Bioscience), xGen Universal Blockers - TS Mix (Integrated DNA Technologies), and COT 

Human DNA (Life Technologies). The post-capture PCR was performed with xGen Library 

Amp Primer (0.5 mM, Integrated DNA Technologies). Sequencing was done on NovaSeq 

6000 using paired-end 2 × 150 readouts. Demultiplexing was done using Casava v2.20. 

Exome sequencing was performed at the Clinical Genomics Stockholm core facility, 

Karolinska Institutet, and Science for Life Laboratory, Stockholm, Sweden.  

 

4.1.3 Variants calling, quality control, and prioritization 

4.1.3.1 Common variants 

Quality control (QC) of the genotyping data was performed based on per-individual QC 

within each genotyping batch and on per-marker QC 156,157. Individuals with discordant sex, 

heterozygosity rate > 3 standard deviation (SD), individual genotype failure rate > 0.03, and 

relatedness were removed. Ancestry of the participants was estimated using principal 

component analysis (PCA) based on the HapMap Phase III (HapMap3) data using 

EIGENSOFT v7.2.1158. Participants were restricted to the European ancestry. The first four 

principal component values of each individual were included in the statistical test for ancestry 

adjustment. As there was no detected batch effect, the following criteria were used to exclude 

low-quality markers: minor allele frequency < 0.05, individual missingness < 0.1, marker 

missingness < 0.05, and Hardy-Weinberg equilibrium < 1e-06. After marker QC, the final 

genotype data consisted of 539106 SNPs. 

 

4.1.3.2 Rare CNVs 

Calls from two algorithms Chromosome Analysis Suite (ChAS) software v.3.1 (Affymetrix), 

and Partek Genomics Suite software, version 6.6 (Partek Inc., St.Louis, MO, USA) were 

incorporated for CNVs identification. Variants called by both algorithms and spanned at least 

25 kb and 25 consecutive probes were included for the following analyses 159. CNVs with 

more than 0.1% frequency in the general population, and overlapped with more than five 

variants (50% reciprocal length) in the Database of Genomic Variants (DGV) were removed 
159,160. After that, CNVs were excluded if they had no overlap with any coding exons based 

on RefSeq annotation. The final included rare genic CNVs were classified according to their 

pathogenicity 161, and by three size groups: 25–100 kb (small), 101– 500 kb (middle), 
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and >500 kb including chromosome aneuploidies (large) 74,162. Real-time PCR validation was 

then performed for 15 identified CNVs.  

 

4.1.3.3 Rare SNVs and indels 

After sequencing, Mutation Identification Pipeline (MIP) was used to conduct QC, reads 

alignment, variant calling, and annotations by Clinical Genomics Stockholm core facility, 

Karolinska Institutet, and Science for Life Laboratory, Stockholm, Sweden 163. The average 

sequencing coverage of coding exons within OMIM genes across all subjects was between 

77.9 and 98.2% at 10X sequence depth, and sequence depth of at least 10X and 20X 

separately covered 89.9% and 88.5% of the whole exome. After calling, variants were 

annotated by Ensembl Variant Effect Predictor (VEP) v92 and were removed if they were 

low quality or common (minor allele frequency > 0.1%). Rare variants with good quality 

were selected as rare deleterious variants if they were annotated as loss-of-function or 

damaging missense. Selected variants that were from developmental disorder-related genes 

and followed gene inheritance patterns were categorized as pathogenic/likely pathogenic, 

uncertain clinical effect, or benign/likely benign based on ACMG guidelines 164. All 

pathogenic/likely pathogenic variants were classified as variants of clinical significance 

(VCSs). All VCSs and variants of uncertain significance (VUSs) were validated by Sanger 

sequencing. 

 

4.1.4 Common variants imputation 
After QC, SNPs were separated into autosomes, and haplotypes were inferred based on 1000 

Genomes phase III haplotype data using SHAPEIT v2 165. Imputation was conducted in 5Mb 

windows for each phased autosome using IMPUTE2 v2.3.2 referencing 1000 Genomes phase 

III data 166,167. Then all imputed regions were combined and filtered using the following 

criteria: info score < 0.8, minor allele frequency < 0.05, Hardy-Weinberg equilibrium < 1× 

10-6, marker missing rate < 0.05, and individual missing rate < 0.1 157,168. In total, there were 

5126694 SNPs after imputation QC for the polygenic risk score calculation (PRS).  

 

4.1.5 Polygenic risk score calculation 
The largest GWAS studies of ASD, ADHD, and educational attainment (EA) during the 

analysis time were used as reference data to calculate PRSs 58,169,170. Only summary results 

from European ancestry individuals of each GWAS study were included. SNPs were pruned 

using clumping with a cutoff of r2 >= 0.1 within a 500 kb window. PRS was calculated using 
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PRSice v2.1.4 with five P-value thresholds (Pts) (< 0.01, < 0.05, < 0.1, < 0.5, < 1) 171, and 

standardized (mean = 0, SD = 1) for association.  

 

4.1.6 Gene sets calculation 
At first, MAGMA v1.0.6 was used for gene and gene-set analyses of common variants 172. 

Reference gene sets were acquired from a previous study 104, including 32 gene sets within 

five categories: synaptic, glial, FMRP, glutamate, and mitochondrial. The changes in the 

parent-reported SRS between post-intervention or follow-up and pre-intervention were used 

as outcomes. Age, sex, intervention methods, four largest principal components, and CNV 

carrier status were added in the model as cofactors. 

To combine the effect of both common and rare variants, a genetic score for 

ASD-related gene sets (GSASDs) was constructed to analyze gene set specific genetic load 

for common (GSASDc) and rare variants (GSASDr). Basically, synaptic transmission (SyT) 

genes (GSSyT) (GO:0007268), regulation of transcription from RNA polymerase II promoter 

(Pol II) genes (GSPol) (GO:0006357), curated developmental disorder-related gene list, and 

genes from Simons Foundation Autism Research Initiative (SFARI, category 1, 2, and 

syndromic) were used as ASD-related gene sets for analyses. For rare variants, the number 

of genes having rare deleterious exome variants or rare CNVs in the ASD-related gene sets 

and brain expressed gene set were used. The number of ASD-related genes captured by these 

rare variants in each ASD-related gene set was added and divided by rare variants affected 

brain-expressed gene numbers in each individual (Equation 4.1.1).  

GSASD! 	= 	
"#$!"%"#$!#

&!'()!"%&!'()!#
                                (4.1.1) 

- Where ASDrc and ASDre is the number of genes from ASD-related gene sets affected by rare CNVs and rare 
deleterious exome variants. Brainrc and Brainre is the number of brain-expressed genes affected by rare CNVs 
and rare deleterious exome variants. 

For common variants, set-based PRS 

(https://www.prsice.info/quick_start_prset/) was calculated based on the largest ASD GWAS 

study 58. The ratio between each ASD-related set PRS and brain PRS was represented as 

GSASD for common variants (Equation 4.1.2). 

GSASD* 	= 	
"#$$%&	
&!'()$%&

                                         (4.1.2) 
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4.1.7 Statistical analyses 

4.1.7.1 Distribution of different types of variations in individuals 

Student's t-test was used to test the difference of ASD PRS in individuals with or without 

clinically significant CNVs. The distribution of carriers with clinically significant CNVs and 

exome VCSs/VUSs was examined by Pearson's χ2 test. The distribution of PRS for ASD 

between individuals with or without VCSs/VUSs was assessed using one-way ANOVA. 

 

4.1.7.2 Association of intervention outcomes 

Mixed linear models were applied to assess the effect of different types of variants on 

intervention outcomes measured by parent-reported SRS total score. In general, a three-way 

interaction: variants*time points*interventions together with lower-order interactions were 

added in the model adjusting for age and sex (Equation 4.1.3). The clinics and individual IDs 

were considered random factors in the model. For rare CNVs, carrier status of all rare genic 

CNVs, clinically significant CNVs, and large size CNVs were tested separately. PRSs for 

ASD, ADHD and EA were used separately for interactions with time points and interventions 

after adjusting CNV carrier status and other cofactors. For rare exome variants, the 

interaction effect of VCSs/VUSs carrier status with time points and interventions was 

examined adjusted for clinically significant CNVs and PRS for ADHD based on previous 

two model results. Other factors including sex, age and random factors were also included in 

the model. To measure the effect of different variation types on SSGT and standard care, a 

two-way interaction of variants*time points was used with the same mixed linear model of 

each type of variants in SSGT and standard care subgroups. Furthermore, linear regressions 

were performed as a secondary model for ASD PRS with VCSs/VUSs and clinically 

significant CNVs, respectively, to test if different types of variants independently affected 

the intervention outcomes. The changes of SRS total score at post-intervention and follow-

up compared to pre-intervention were used as outcomes. Three-way interactions: 

VCSs/VUSs*PRS*interventions, as well as clinically significant CNVs*PRS*interventions 

were added separately, with sex and age adjusted in the models. 

SRS	total	score	~	variants*time	points*interventions	+	age	+	sex	+	

																																																			(1	|	clinic/individual)		                                                        (4.1.3) 

CNV: rare genic CNV, clinically significant CNV, large size CNV 

PRS: PRS for ASD, ADHD, EA 

Exome variant: VCS, VUS 

Similarly, to investigate if GSASD was associated with the intervention 

outcomes, a mixed linear model was applied combining two three-way interactions of 
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GSASDr*time points*interventions and GSASDc*time points*interventions with all lower-

order interactions, age, sex as fixed factors, and the same random factors as earlier. 

Furthermore, linear regression was also examined for the interaction of GSASDc and 

GSASDr using changes in SRS total score as the outcome with sex and age as cofactors.  

 

4.1.8 Machine learning prediction 
A binary outcome representing the changes in the parent-reported SRS total score was used 

in the machine learning prediction model. The responders were categorized as a decrease >10% 

of SRS score at post-intervention, while non-responders were the other participants that did 

not fulfill this requirement. Prediction features in the model included participant 

characteristics, comorbidity diagnoses, interventions, autism-related scales assessed at 

baseline, and genetic information of both rare and common variants (Table 4.1.1). A linear 

support vector machine (SVM) was applied using recursive feature elimination to select the 

most important features. Nested cross-validation with 10-fold outer cycle and 5-fold inner 

cycle was implemented for model training and validation. The area under the receiver 

operating characteristic curve (AUC) was calculated as the main measurement of model 

performance. Other metrics, such as sensitivity, specificity, and accuracy, were also 

evaluated during the cross-validation. 

Table 4.1.1. All features used in the machine learning model 
Feature name Type  

Sample characteristics  

IQ Integer 

Age Integer 

Sex Binary (0 = female, 1 = male) 

Comorbidities  

Attention deficit hyperactivity disorder (ADHD) Binary (0 = no, 1 = yes) 

Depression  Binary (0 = no, 1 = yes) 

Anxiety  Binary (0 = no, 1 = yes) 

Others  Binary (0 = no, 1 = yes) 

Treatments  

Social skills group training (SSGT) Binary (0 = no, 1 = yes) 

Cognitive behavioral therapy (CBT) Binary (0 = no, 1 = yes) 

Pharmaceutical treatment Binary (0 = no, 1 = yes) 

Counsel treatment Binary (0 = no, 1 = yes) 

Scales   

Social Responsiveness Scale (SRS) Integer 

Autism Diagnostic Observation Schedule (ADOS) Integer 
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Developmental Disabilities Modification of 

Children's Global Assessment Scale (DD-CGAS) 

Integer 

Adaptive Behavior Assessment System (ABAS) Integer 

Clinical Global Impression (CGI) Integer 

Genetics  

Rare copy number variation (CNV) size Integer 

Number of genes in rare CNVs Integer 

Carrier status of clinically significant rare CNVs Binary (0 = non-carrier, 1 = carrier) 

Carrier status of large size rare CNVs Binary (0 = non-carrier, 1 = carrier) 

Polygenic risk score (PRS) for ASD Float  

PRS for ADHD Float 

Carrier status of rare exome VCS/VUS Category (0 = non-carrier, 1 = VUS, 2 = VCS) 

Number of rare damaging SNVs/indels Integer 

Number of developmental disorder-related rare 

SNVs/indels 

Integer 

GSSyTr Float 

GSSyTc Float 

GSPolr Float 

Abbreviations: VCS: variant of clinical significance; VUS: variant of uncertain significance; SNV: single 
nucleotide variation; GSSyTr: genetic score of rare variants for synaptic transmission genes; GSSyTc: genetic 
score of common variants for synaptic transmission genes; GSPolr: genetic score of rare variants for regulation 
of transcription from RNA polymerase II promoter genes 
 

4.2 STUDY 4 

4.2.1 Identification of mutation carriers 
Two mutation carriers were recruited from The Roots of Autism and ADHD study in Sweden 

(RATSS) and Clinical Genetics at the Karolinska University Hospital. Details of the ASD 

cases and his cotwin, as well as the girl with MICPCH has been described elsewhere 173–175. 

Microarray for cases and exome sequencing for the twins and their parents were performed 

using extracted DNA from whole blood and saliva samples. CNV detection has been reported 

earlier 175,176. Clinically relevant variants from exome sequencing were categorized based on 

ACMG guidelines 164.  

 

4.2.2 Cell culture of iPS and neuroepithelial-like stem (NES) cells 
Human iPSC cells were obtained from the two CASK-mutation carriers diagnosed with 

MICPCH and ASD, respectively 177. NES cells were derived from iPS cells using dual-

SMAD inhibition 178,179, and were seeded on plastic surface, precoated with 20 µg/ml 

polyornithine and 1 µg/ml laminin in DMEM/F12+ glutamax medium supplemented with 



 

28 

0.5× B-27, 1× N-2, and 10 U/ml penicillin/streptomycin. Cells were maintained in a 5% CO2 

atmosphere at 37 °C and changed every second day of differentiation. Neurons were 

differentiated on day 8, 16, or 28.  

 

4.2.3 RNA sequencing 

4.2.3.1 Single-cell RNA sequencing 

Cells were dissociated and resuspended, and single cells were sorted by size into lysis buffer. 

Library preparation and sequencing of Smart-Seq2 were performed by the Eukaryotic Single 

Cell Genomics facility in the SciLifeLab, Stockholm. After sequencing, there were 384 

sorted wells and 209.6M reads in total with an average 550000 reads of sequence depth per 

cell. Dropout expression values were imputed using the scImpute package from the count 

matrix of per gene and cell (GSE140572) 180. Cells were excluded if they had less than 50000 

read counts in less than 2000 genes. Gene expression differentiation and cell clustering were 

calculated using the Seurat package 181.  

 

4.2.3.2 Bulk RNA sequencing 

RNA samples were obtained per cell line seeded at different dates and different passages. All 

samples were delivered for library preparation and sequencing at SciLifeLab National 

Genomics Infrastructure Sweden. There were 50.4 million reads on average per sample and 

at least 96.9% reads aligned to protein-coding regions. The DESeq2 v1.24.0 package was 

used to calculate differential gene expression based on gene counts from the count matrix 

(GSE140572). ASD CASK case with male control and MICPCH CASK case with female 

control were compared separately to obtain differential expressions. Top ranking genes were 

selected with adjusted P value of 1e−5 (Benjamini-Hochberg), more than 20 reads and log2 

fold change greater than 0.5. Gene set enrichment analysis (GSEA) was performed using the 

ranked gene expression list to obtain the enriched sets which were visualized in Cytoscape 

v3.7.0 with Enrichment Map v3.1.0 and AutoAnnotate 182. Additionally, GSEA was done on 

genes from CASK protein-protein interactions (download from Pathway Commons PCViz: 

CASK), in-house curated developmental disorder-related gene list and SFARI gene sublist. 

 

4.2.4 Immunofluorescence and protein quantification 
Cells were cultured on glass coverslips and fixed in formaldehyde. Primary used antibodies 

were CASK-NBP2-41181, 1:500 (Novus bio), MAP2-M2320, 1:500 (Sigma Aldrich), 
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VGLUT1-135304, 1:250 (Synaptic systems), Homer-1-160011, 1:250 (Synaptic systems), 

VGAT- 131003, 1:500 (Synaptic systems), Synapsin-1/2-106006, 1:500 (Synaptic systems), 

Gephyrin-147021, 1:250 (Synaptic systems), Nestin-MAB5326-KC, 1:1000 (Merck- 

Millipore), and SOX2-AB5603, 1:1000 (Merck-Millipore). All images were taken using 

LSM 700 Zeiss Confocal Microscope (Zeiss Plan-Apochromat 63×/1.40na Oil DIC 

Objective M27), with 63× magnification at 1024- × 1024- pixel resolution. CASK puncta 

and cell nuclei were counted by ImageJ Particle Analyzer and quantification of particle 

number and size was calculated by R. Synaptic marker particle size and number were 

quantified with the ImageJ plugin Synapse Counter.  

Cells were dissociated and lysed, and protein from cells was loaded for Simple-

Western WES (ProteinSimple) quantification with antibodies for CASK (1:500 Novus 

Biologicals NBP2-41181), beta-actin (1:100 Abcam ab8227), and GAPDH (1:5000 Sigma 

G9545). Protein-specific peaks were identified by Compass Software For Simple Western 

v4.0.0 and used for protein quantification. CASK protein was then normalized for the house-

keeping protein. Statistical significance between cell lines was tested by ANOVA and post 

hoc Tukey HSD in R. 
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5 RESULTS 
5.1 STUDY 1-3 
To identify the contribution of common and rare variants on intervention outcomes of social 

skills group training (SSGT) and standard care in ASD, participants from the Swedish 

randomized controlled trial of SSGT (KONTAKT®) who had saliva samples and recorded 

outcome measures were included in STUDY 1-3. After removing low quality samples, 207 

individuals were included in genetic analyses.  

 

5.1.1 Molecular diagnoses of clinically significant variants 
There were 71 (34.8%) individuals who carried at least one rare genic CNV ≥ 25 kb, of which 

17 (8.2%) individuals carried at least one clinically significant CNVs. After excluding 

samples with low quality of exome sequencing, in the remaining 204 individuals, nine 

variants of clinically significance (VCSs) from nine carriers (4.4%) and 24 variants of 

uncertain significance (VUSs) from 23 carriers (11.3%) were identified. Except one 

individual carried a VUS plus a VCS, and another individual had two VUSs, the remaining 

29 carriers had either one VCS or VUS.  

 

5.1.2 Correlation with polygenic risk scores and clinically significant variants 
Combining the information of PRS and rare variants, no difference was observed in ASD 

PRS between neither exome VCS/VUS carriers and non-carriers (P = 0.37, Fig 5.1.1a), nor 

carriers of clinically significant CNVs and non-carriers (P = 0.72, Fig 5.1.1b). Two 

individuals carried both VUSs and clinically significant rare CNVs, but no overlap between 

carriers of clinically significant rare CNVs and VCSs (P = 0.65, Fig 5.1.1c). The distribution 

of ASD PRS and carriers with clinically significant rare CNVs and VCSs/VUSs were 

presented in Fig 5.1.1d. 
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Figure 5.1.1. Distribution of the prioritized genetic variants within the study cohort. a. The distribution of ASD 
PRS in VCS/VUS carriers and non-carriers b. The distribution of PRS for ASD in individuals with and without 
clinically significant CNVs. c. The number and overlap of carriers with VCSs/VUSs and clinically significant 
(CS) CNVs. d. Distribution of CS CNVs, exome VCSs/VUSs, and 10% highest PRS for ASD carriers. EV: 
exome variant, high PRS carrier: an individual with the 10% highest PRS for ASD in the study cohort. 
 

5.1.3 Association between intervention outcomes and carrier status 
To begin with, the association of intervention outcomes with rare CNVs such as clinically 

significant rare CNVs were tested. Carriers of clinically significant CNVs had less 

improvement compared to non-carriers in the whole trial or SSGT subgroup at post-

intervention (whole trial: β = 17.34, P = 0.047) and follow-up (whole trial: β = 23.64, P = 

0.008; subgroup: β = 16.59, P = 0.010) (Fig 5.1.2a). For the association of PRS, inferior 

outcomes were shown in individuals with higher ASD PRS and ADHD PRS in the SSGT 

group compared to the standard care at follow-up (ASD: β = 6.47, P = 0.019, ADHD: β = 

6.67, P = 0.016, Fig 5.1.2b). Results of the two-way interaction indicated overall better 

outcomes of higher ADHD PRS after interventions (post-intervention: β = −4.747, P = 0.0129; 

follow-up: β = −5.309, P= 0.0083). Subgroup association in the SSGT and standard care 

demonstrated higher ADHD PRS was associated with better outcomes after standard care 

intervention (post-intervention: β = −4.729, P = 0.00647; follow-up: β = −5.277, P = 0.00394). 

Combining VCS and VUS, individuals carrying the VCSs/VUSs tended to have less 

improvement at post-intervention in the whole cohort (β = 9.22, P = 0.057, Fig 5.1.2c). 

Similarly, VCS carriers significantly improved less at post-intervention compared to non-

carriers (β = 14.84, P = 0.029). No association was found with changes of SRS total score in 

the three-way interaction (Fig 5.1.2c). Further subgroup analysis confirmed inferior 

outcomes were associated with VCS carriers as well as the combined VCS and VUS carriers 
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compared to non-carriers in the standard care group at post-intervention (VCS carriers: β = 

14.86, P = 0.017; VCS and VUS carriers: β = 9.35, P = 0.036). Secondary linear models 

observed no interaction of ASD PRS with carriers of clinically significant rare CNVs or 

VCSs/VUSs, demonstrating the independent influence of common PRS and rare clinically 

significant variants on SRS total score changes. 

 
Figure 5.1.2. Association between different genetic variations and intervention outcomes. a. Least-square 
means and 95% confidence interval for parent-rated SRS score in the standard care and SSGT groups stratified 
by carriers and non-carriers of clinically significant CNVs. b. Association of PRS for ASD, ADHD, and 
educational attainment (EA) at post-intervention and follow-up represented by correlation coefficients and 95% 
confidence intervals. *: P < 0.05 c. Association between VCS+VUS carrier status and intervention outcomes 
shown with least-square means and 95% confidence interval of parent-rated SRS score. 
 

5.1.4 ASD-related gene sets on intervention outcomes 
Gene-set analysis was firstly performed on common variants using MAGMA to explain the 

intervention outcomes. Five gene sets were nominally associated with inferior outcomes at 

post-intervention (intracellular signal transduction, cell adhesion and trans-synaptic signaling, 

excitability, and GPCR signaling) and follow-up (RNA and protein synthesis, folding and 

breakdown), all belonging to the synaptic group.  

Next, to test the association of both common and rare variants enriched gene 

sets and biological pathways with intervention outcomes, a pilot scheme was generated to 

calculate gene set scores from ASD-related gene sets (GSASDs) on rare (GSASDr) and 

common variants (GSASDc), including synaptic transmission genes (GSSyT), regulation of 
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transcription from RNA polymerase II promoter genes (GSPol), developmental disorder-

related genes, and genes from Simons Foundation Autism Research Initiative (SFARI). 

Using a mixed linear model, SSGT had significantly better effect among individuals with 

higher GSSyTc and GSPolr compared to standard care (post-intervention: GSSyTc: β = -5.52, 

P = 0.033; GSPolr: β = -6.38, P = 0.018; follow-up: GSPolr: β = -6.79, P = 0.014, Fig 5.1.3). 

However, a smaller effect of SSGT was observed for individuals with higher GSSyTr 

compared to standard care (follow-up: β = 8.30, P = 0.0044, Fig 5.1.3). The significance 

remained in the results of GSSyTr and GSPolr after multiple testing.   

 
Figure 5.1.3. The effect of rare and common variant genetic scores on intervention outcomes at post-
intervention and follow-up. Included gene sets were synaptic transmission (SyT), regulation of transcription 
from RNA polymerase II promoter (Pol II), Simons Foundation Autism Research Initiative (SFARI), and 
developmental disorder-related (DD-related) gene list. 
 

5.1.5 Intervention response prediction using machine learning 
Lastly, to explore whether the individual intervention response could be predicted, a machine 

learning model was developed by combining clinical and genetic information from the 

KONTAKT®. After evaluation, linear support vector machine (SVM) was applied on 

prioritized twelve features. The average area under the receiver operating characteristic curve 

(AUC) and accuracy for the model was 0.632 (SD 0.0599) and 0.634 (SD 0.0610). The 

sensitivity and specificity for linear SVM to predict individuals' responses was 60% (SD 

0.128) and 66.4% (SD 0.131), respectively. 
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5.2 STUDY 4 

5.2.1 Mutant transcripts and reduction of CASK expression in maturing 
neurons from mutation carriers 

This study included two families with two different CASK genetic mutations, representing 

ASD and MICPCH disorders. A splice-site mutation and a de novo tandem duplication in 

CASK were identified and referred to as ASDCASK_SS and MICPCHCASK_dup4/5, respectively. 

The fibroblasts from individuals were transformed into iPSCs and were further differentiated 

to self-renewing neuroepithelial-like stem (NES) cells. The expression of CASK variants was 

investigated during the differentiation of NES cells to neurons. ASDCASK_SS cells showed 

reduced expression of mRNA (P = 0.02) and protein (P = 0.01) at day 28 compared to 

controls. MICPCHCASK_dup4/5 cells showed increased mRNA instead of protein levels until 

day 16 (day 0 P < 0.001, day 8 P < 0.001, day 16 P = 0.001) and leveled with controls on day 

28 (P = 1). Using the N-terminal binding antibody, CASK puncta had similar number per 

nuclei in all cell lines (ASDCASK_SS vs. controls: P = 0.99, MICPCHCASK_dup4/5 vs. controls: P 

= 0.83) but was smaller in ASDCASK_SS neurons compared to controls (P = 0.049) and 

MICPCHCASK_dup4/5 (P = 0.011). 

5.2.2 Reduced CASK levels alter presynaptic development and E/I balance  
From bulk RNA sequencing, pooled analysis revealed upregulated pathways involved 

extracellular matrix components, morphogenesis and development of different tissues, and 

WNT and BMP signaling pathways (Fig 5.2.1a). The downregulated pathways were related 

to presynaptic synaptic vesicle components (Fig 5.2.1b). CASK protein-protein interactions 

(PPIs) were significantly enriched in down-regulated genes (P = 0.003, FDR = 0.003) instead 

of upregulated genes (P = 0.17, FDR = 0.25, Fig. 5.2.1c, d). Furthermore, by evaluating the 

synapse morphology through immunofluorescence co-staining, the particle size of 

postsynaptic excitatory marker Homer-1 and inhibitory marker Gephyrin was comparable 

between cell lines, but the size was significantly smaller for the presynaptic marker Synapsin-

1/2 and the inhibitory presynaptic marker VGAT in ASDCASK_SS compared to the male 

control (Synapsin-1/2: P = 0.021, VGAT: P = 0.018) and MICPCHCASK_dup4/5 (Synapsin-1/2: 

P = 0.014). However, excitatory presynaptic marker VGlut showed a similar size in all cell 

lines. 
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Fig. 5.2.1. Consistent dysregulation of presynaptic and CASK-interacting genes in bulk RNA sequencing after 
28 days of differentiation. a. Upregulated and b. downregulated gene sets emerging from GSEA in bulk RNA-
sequencing data from mutation carriers compared with controls. c. GSEA for CASK-interacting proteins 
(CASK PPI), ASD risk genes (SFARI), and NDD genes (NDD) in bulk RNA-sequencing data from mutation 
carriers compared with controls. d. Network of CASK-interacting proteins with upregulation marked in blue 
and downregulation in red.  
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6 DISCUSSION 
6.1 MOLECULAR DIAGNOSIS IN ASD INDIVIDUALS 
In this thesis, autistic individuals with normal intellectual ability were confirmed to carry 

clinically significant variants. Of them, 4.4% of individuals carried clinically significant 

variants detected by exome sequencing and 8.2% had clinically significant rare CNVs. Both 

of the rates are within the range of earlier studies 79,119,183. As no individuals with intellectual 

disability were included, the detected variants rate was slightly lower as indicated previously 
79,119,183. After combining the results, the overall proportion of identifiable genetic etiology 

was 12.6% in the cohort, suggesting intellectually abled autistic individuals should be capable 

of receiving genetic testing. Some interesting clinically significant variants implicated in 

ASD and social functioning were detected. For example, some large CNVs affected known 

risk CNV loci such as 15q11.2–q13.1, 9p24.3–p23 and smaller CNVs affected ASD 

susceptible genes including GATAD2B, CHD8 and KDM6A. Exome sequencing variants 

from CUL3 can contribute to ASD, social deficits, and anxiety-like behaviors 86,184. As no 

carrier carried both kinds of clinically significant variants, a complementary role was also 

shown for chromosome microarray and exome sequencing in increasing the molecular 

diagnostic yield for autistic individuals. 

 

6.2 RELATIONS BETWEEN RARE AND COMMON VARIANTS AND THEIR 
EFFECT ON INTERVENTIONS 

An independent distribution of common and rare variants was indicated in the study 

population, in which the PRS for ASD showed no difference in individuals with or without 

pathogenic variants. Similar findings were also found in other studies using much larger 

cohorts in ASD and severe NDDs 61,93. Moreover, association analyses also revealed no 

interaction effect for different types of variants including PRS for ASD with clinically 

significant rare CNVs and exome variants. Therefore, these results implied an additive or 

differential role of different variation types for the intervention outcomes and should be 

validated further. 

Additionally, an inconsistent effect of different ASD-related pathways was found on 

interventions, such as synaptic transmission and regulation of transcription from RNA 

polymerase II promoter. These varied results may suggest complex pathway functions and 

connections for the interventions. However, due to the small sample size and limited evidence 

supporting the biological mechanism for specific intervention from other clinical trials 185, 
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further investigations are needed to explore the function of genes and pathways for different 

ASD treatments. 

 

6.3 MUTATED GENES INFLUENCING CELLULAR FUNCTIONING RELATED 
TO NDDS  

Applying iPSC-derived neurons from two CASK-mutation carriers, reduction of CASK was 

demonstrated to affect the transcription of presynaptic function and CASK protein interactors. 

Especially, genes interacting with CASK including the NRXN gene family, and STXBP1 were 

downregulated, providing a phenotypic link to other NDD genes. Similarly, CASK interacted 

proteins were also dysregulated in heterozygous Cask-knockout mice 186. Besides the 

significant disruption in the presynapse, CASK-interacting partners also showed 

dysregulation in other neuronal compartments including dendrites, and postsynapse. In 

addition, many upregulated developmental pathways were also identified, such as WNT 

signaling, mesenchyme, face and head development, which could be investigated to 

characterize their links to CASK-related phenotypes 187. Therefore, CASK deficiency could 

result in NDD-related networks abnormality, especially on the presynapse development and 

the putative influence of additional neuronal functions. 

Furthermore, using the presynaptic marker Synapsin-1/2 and the inhibitory marker 

VGAT, transcriptional changes induced by CASK mutations contributed to a smaller 

presynaptic size of inhibitory neurons. This reduction could indicate abnormal 

synaptogenesis and synaptic function, and lead to E/I imbalance. Decreased miniature 

inhibitory postsynaptic currents and increased miniature excitatory postsynaptic currents 

have been demonstrated in adult CASK-deficient neurons using electrophysiological 

measures 101,188. Also, a postsynaptic deficiency of CASK could decrease the expression of 

glutamate receptor GluN2B and cause E/I imbalance 188. Compared with the reduction of 

inhibitory presynapse, excitatory synapses measured by VGlut were unchanged in this study, 

suggesting the reduction of inhibitory presynapse is the primary mechanism to cause E/I 

imbalance in CASK mutation neurons.  

 

6.4 COMBINE GENETIC AND CLINICAL EVALUATION TO IDENTIFY 
PHENOTYPE VARIETY AND PREDICT INTERVENTIONS 

Using the KONTAKT® trial data, a machine learning model was built integrating 

measurements from clinical and genetic aspects to predict the intervention responses. Among 

various features, information including complexity and severity of the disorder, interventions, 
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and genetic moderators especially rare variants related characteristics, were selected that 

contributed most to the outcomes. Although the performance was not perfect, the tested 

model implied a potential to use related features for intervention outcomes prediction, which 

could further help clinicians and individuals with ASD to evaluate whether adding SSGT as 

an add-on of standard care could have a better response. The most important features of the 

prediction model could also be studied for the guidance of intervention decisions in the 

clinical practice, and the performance could be referenced by future studies for the 

improvement of outcome prediction. Due to the limited sample size, it was insufficient to test 

models for the subgroup of each intervention in the study. Some possible ways for the 

improvement of prediction performance could be increasing the sample size in the cohort, 

adding more evaluations of imaging, behavioral measures, and extracting different levels of 

genetic data to increase the liability and explain more variance of outcome changes. 

6.5 LIMITATIONS 

6.5.1 STUDY 1-3 
Although participants of these three studies were from the largest clinical trial of SSGT to 

date, more samples are needed to identify the effect of single locus and associated genes as 

well as to stratify the variant effect in subgroups. The study population all had normative IQ 

and at least one neurodevelopmental and psychiatric comorbidities, so it limited the results 

translation to autistic individuals with different manifestations. Nevertheless, this thesis 

could provide inspiration for studies to explore more in-depth the heterogeneity of ASD 

interventions from a genetic perspective. In addition, both inherited and de novo variants 

were confirmed to be essential for ASD liability and were linked to cognitive phenotypes 

including IQ 81. However, due to a lack of parental genetic information, the inheritance 

pattern of variants could not be differentiated. As varied interventions have been used to help 

individuals with ASD, integrating samples from other clinical trials is impractical to validate 

the genetic effect obtained from this thesis. Except for the KONTAKT® trial, genetic data 

are unavailable from other finished and ongoing SSGT clinical cohorts currently 189,190. With 

increased genetic testing in the clinic, combining clinical evaluation and biometric 

information, genetic data could be applied to primary diagnoses and treatment to assist the 

clinical decisions and long-term management proactively 113 
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6.5.2 STUDY 4 
Based on the in vitro stem cell model, results from the study provided limited information to 

precisely map results to related brain regions and developmental periods to identify the 

variant effect at the individual level. As only the reduction effect of CASK protein was 

studied, the phenotype of CASK missense mutations at the cellular level remains to be 

understood further. Longitudinal studies are also required to examine if the CASK mutation 

effects are persistent in delaying neuronal maturation and influencing inhibitory presynaptic 

development. 

 

6.6 ETHICAL CONSIDERATION 
In STUDY 1-3, the clinical trial and sample collection were approved by the ethical review 

board in Stockholm (Dnr 2012/385-31/4). Since the participants in these studies were 

children and adolescents above 7 years, informed consent was obtained from both parents or 

legal guardians and children (8-12 years) /adolescents (13-17 years) after they received 

detailed written and verbal information about the treatment content, structure, and time plan 

in an intake interview. As participants were autistic, interviews, clinical judgment, medical 

records, and discussion with legal guardians were conducted to determine if the participants 

could provide informed consent. During the intervention, all participants had rights such as 

the ability to decline study procedures, withdraw participation, and the right to obtain 

information related to them. Responsible researchers ensured that information about 

participants would only be accessed by persons who were employed and who worked within 

the research project. Biological samples were voluntarily collected after receiving consent 

from participants. Saliva samples were collected from participants using a non-invasive 

method. All the samples were stored in KI biobank. Information from individual genetic data 

has been explained to participants by clinical geneticists. After finishing all the analysis, 

results are in processed of being returned to families who want to receive feedback. Only 

people who were responsible for the data analysis were allowed to access the database. As 

clinical and genetic data from the trial included personal information, according to general 

data protection regulation in Europe, all the data were stored and analyzed in a safe-protected 

server, and this requirement will be followed if the data is transferred to other places in the 

future. 

STUDY 4 was approved by the regional and national ethical boards in Sweden (Dnr 

2012/208-31/3, Dnr 2016/1452-31, Dnr 2015/1097-31/1). Written informed consent was 

acquired from both affected individuals and their parents. This study followed the 
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Declaration of Helsinki for medical research involving human subjects, including research 

on identifiable human material and data. Considering the individual privacy, information 

about participants was only accessible by persons within the research project. All the cell 

lines were stored in the Tammimies laboratory with standard procedure. Expression summary 

data of RNA and single cell sequencing was submitted after all analyses and openly published 

online. 
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7 CONCLUSIONS 
7.1 STUDY 1-3 
Using exome sequencing and chromosome microarray, molecular diagnoses can be identified 

in autistic individuals with normative intellectual abilities. Genetic information including 

clinically significant rare variants and common variant polygenic scores are significantly 

associated with intervention outcomes with varied effects for both SSGT and standard care. 

Gene set analyses combining rare and common variants reflected some potential pathways 

including synaptic transmission and transcription regulation from RNA polymerase II 

promoter, which could be explored to stratify biologically meaningful subgroups for the 

determination of intervention outcomes. Furthermore, the machine learning prediction model 

confirmed that the individual outcomes are predictable by using clinical and genetic features 

such as rare variants. In the future, genetic information from the variant-, gene- and circuit-

level could be considered in the ASD clinical trials to improve the use of molecular genetic 

testing beyond diagnoses and help shape the individualized intervention plan. 

 

7.2 STUDY 4 
Reduced CASK protein levels can contribute to aberrant presynaptic development and 

decreased inhibitory presynapse size, which may lead to the E/I imbalance in developing 

neural circuitries. Targeting on presynapses and E/I imbalance in future clinical and 

pharmacological studies could be developed for treatments of CASK-related disorders. 
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8 POINTS OF PERSPECTIVE 
8.1 MORE DETAILED PHENOTYPE CLASSIFICATION ADDING MOLECULAR 

OR GENETIC INFORMATION IN NDDS 
Despite clear diagnostic criteria in ASD, clinical manifestations are broadly different among 

individuals. Genetic variability is one of the causes for phenotype heterogeneity. For example, 

Heyne et al. revealed 33 genes specifically associated with epilepsy comorbidity when 

examining the NDD population with or without epilepsy. Similarly, among 102 risk genes 

identified from the largest exome sequencing study of ASD, almost half of them showed 

higher frequencies in individuals ascertained to have a severe neurodevelopmental delay, 

whereas the other genes tended to be more frequent in individuals ascertained with ASD 29,191. 

A genotype-first approach has been put forward as a superior classifier to define molecular 

phenotypes compared to nosological definitions with frequent overlap 192. It may improve 

diagnoses of ASD subtypes and the development of therapies 192. Although this objective still 

needs more development, shifting from consensus diagnosis boundaries to more biological 

and psychosocial defined disorders, will hopefully minimize the issue of heterogeneity and 

make a more personalized treatment based on etiology and pathophysiology. Before that day 

comes, large population-based studies are required to obtain a more thorough view of 

genotype-phenotype relationships using well-curated samples and longitudinal design. On 

the other hand, by using patient-specific cell lines or organoids, phenotypes can be 

characterized and compared among individuals with similar or different genetic profiles to 

design treatment for both personalized and larger case groups.  

 

8.2 MULTI-OMICS APPLICATION FOR LARGE POPULATION AND 
INDIVIDUAL SAMPLES  

Currently, studies using large-scale omics have been continuously unraveling the molecular 

basis of psychiatric disorders, and it becomes possible to integrate different omics data not 

only from individuals but also large population-based family cohorts. Combining 

longitudinal information and environmental exposures, collaborative data including 

genomics, transcriptomics, proteomics, and epigenomics can be collected to explore the 

developmental trajectories and interactions at variant, gene, and pathway levels. These efforts 

may help explain the missing heritability and improve our understanding of the genetic 

architecture of neurodevelopmental traits. Approaches from in vivo, in vitro, and in silico 
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environments can combine genetics and functional genomics from the same samples in 

tissues or cells for pathobiology and potential novel treatment targets. 

 

8.3 COMBINATION OF GENETICS, IMAGING, BEHAVIORAL MEASURES FOR 
TREATMENT EVALUATION  

In clinical trials, the efficacy for ASD treatment is mainly based on the clinically observed 

behavioral changes. However, the behaviorally-defined response is inadequate between 

different outcome measures and unpredictable for individuals 147. Information of genomics, 

neuroimaging, and pathophysiology linked to associated genes are hopeful to be developed 

as potential biomarkers to help diagnose and predict the treatment response 193. Integrating 

genetic testing and early symptom identification, including EEG, eye-tracking, and MRI, 

individuals could be possible receive a diagnosis at an earlier age 194. In addition, circuit-

based outcome measures may be more reliable for treatment efficacy compared to the global 

behavior functioning 153. A combination of relevant biomarkers represents a unique profile 

for each patient, which may form an important part of the personalized trial design 153. 

Furthermore, both behavioral intervention and pharmacological treatments can be combined 

in future trials to normalize neuronal and synaptic abnormalities as well as cognitive function. 

With a well-characterized group of subjects, a thorough understanding of disease 

mechanisms, and identified reliable biomarkers, clinical trials will have a higher possibility 

to be successful. All these outcomes will help to realize the notion of individualized 

intervention for ASD and other NDDs. 
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