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ABSTRACT 
Autism spectrum disorder (ASD) is characterized by impairment in social interaction, 
language impairment and repetitive behavior with varying degrees of severity. ASD 
represents the lower end on a continuously distributed measure of autistic-like traits 
(ALTs). Although a strong genetic component has repeatedly been identified in ASD, 
the genetic cause of ASD is still unknown for the majority of ASD cases.  

One of the main interests in this thesis is the neurobiology of melatonin, this 
interest is based on findings indicating lower levels of melatonin in children with 
ASD. In our investigations of rare mutations in melatonin related genes in subjects 
with ASD, we identified a previously reported mutation that has been shown to 
decrease the activity of one of the enzymes involved in the melatonin synthesis: the 
acetylserotonin O-methyltransferase (ASMT) (paper I). In the analysis of five common 
variations in the ASMT gene in relation to ALTs in the general population we found 
association between a single nucleotide polymorphism and social interaction 
impairment in girls (paper II).  

To broaden the analysis of genetic influences on ALTs, we have performed 
association analyses between ALTs in the general population and common variation in 
genes previously found to be associated with ASD (RELN, CNTNAP2, SHANK3 and 
CDH9/10 region) (paper III). Although these regions have previously been suggested 
to be strong ASD candidate regions, our results do not suggest a major influence of the 
investigated common variations on ALTs.  

In the final paper, rare inherited genetic variations were investigated in a large 
family with autism and language disorders. In this study, we used several techniques, 
including whole exome sequencing and copy number variation analysis (paper IV). In 
the family, several rare genetic variations which may partly explain the genetic etiology 
for autism in this family were identified. We performed functional analyses for a 
mutation identified in the CYP11A1 gene, indicating a gain of function mutation. The 
CYP11A1 gene encodes the first enzyme in the steroid hormone biosynthesis, thus our 
results may be in line with previous findings that have shown an elevated prenatal 
steroidogenic activity in ASD. 

In conclusion, we have identified both common and rare genetic variation that 
may increase the genetic susceptibility for ASD. Our analyses have highlighted the 
importance of taking both rare and common genetic susceptibility factors, as well as 
different symptoms of the disorders, into account when elucidating the complex 
inheritance of ASDs. 
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INTRODUCTION 

AUTISM 

Characteristics and prevalence 
Autism spectrum disorder (ASD), hereafter referred to as autism, is a neuro-
developmental disorder characterized by impairments in social interaction, language 
impairments and restricted and repetitive behavior and interests1. The symptoms of 
autism most often emerge during early childhood2. Social interaction impairments 
refers to non-verbal communication, such as making eye-contact, initiating and 
responding to smiling or initiating and responding to physical contact by greetings or 
waving good-bye. These non-verbal communications can be identified in children very 
early in life, before language has developed. The social communication domain refers 
to the ability to communicate, or converse, both verbally and non-verbally with 
another person. One of the earliest forms of non-verbal communication during 
development is joint attention, which can be a mutual attention towards an object. 
The communication through spoken language is often delayed in autism3. When 
children with autism learn to talk, their language can be characterized by stereotypic 
speech that in some cases may involve echolalia and unusual intonations4. Autism is a 
behavioral based diagnosis and several diagnostic instruments are used clinically (see 
below).  

For a long time, autism was regarded as a very rare disorder with a prevalence of about 
1-5 cases per 10,000 subjects in the population5. However, the prevalence has 
increased during the last decades with current prevalence estimates of approximately 
1% in the population6-8. Autism is about four times more prevalent in boys compared 
to girls7.  

Autism has a high comorbidity with other neurodevelopmental and neuropsychiatric 
disorders9,10. Disorders often co-existing with autism are for example attention deficit 
hyperactivity disorder (ADHD), tic disorder, oppositional defiant disorder and bipolar 
disorder.  
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The historical development of autism diagnostics 
In 1943, Leo Kanner first described autism, which he would call early infantile 
autism11. The eleven children included in Kanner’s report were described as children 
without a predisposition to be social and with significant problems when faced with 
change in the non-social world, which he termed “resistance to change” or “insistency 
on sameness”. Kanner also noted that the majority of the children had language 
problems. In 1944, Hans Asperger described the first cases of Asperger’s syndrome. 
The children described in his report displayed several similarities with infantile autism. 
However, compared with the infantile autism, individuals with Asperger’s syndrome 
did not have significant delays or difficulties with language. Although Asperger defined 
the syndrome in 1944, it did not gain much attention until it was given the name 
Asperger’s syndrome in 198112. Since the description of autism by Kanner, several 
diagnostic manuals have been developed, such as the Diagnostic and Statistical Manual 
of Mental Disorders (DSM), Autism Diagnostic Interview-Revised (ADI-R) and Autism 

Table 1. DSM-IV1 Criteria for Autistic Disorder 
(I) A total of six (or more) items from (A), (B), and (C), with at least two from (A), and  one each from (B) 
and (C) 
 A. Qualitative impairment in social interaction, as manifested by at least two of the following: 
  1. Marked impairments in the use of multiple nonverbal behaviors such as eye-to-eye gaze, 

facial expression, body posture, and gestures to regulate social interaction 
2. Failure to develop peer relationships appropriate to developmental level 
3. A lack of spontaneous seeking to share enjoyment, interests, or achievements with other 
people 
4. Lack of social or emotional reciprocity 

 B. Qualitative impairments in communication as manifested by at least one of the following: 
  1. Delay in, or total lack of, the development of spoken language (not accompanied by an 

attempt to compensate through alternative modes of communication such as gesture or mime) 
2. In individuals with adequate speech, marked impairment in the ability to initiate or sustain a 
conversation with others 
3. Stereotyped and repetitive use of language or idiosyncratic language 
4. Lack of varied, spontaneous make-believe play or social imitative play appropriate to 
developmental level 

 C. Restricted repetitive and stereotyped patterns of behavior, interests and activities, as manifested 
by at least two of the following: 

  1. Encompassing preoccupation with one or more stereotyped and restricted patterns of 
interest that is abnormal either in intensity or focus 
2. Apparently inflexible adherence to specific, nonfunctional routines or rituals 
3. Stereotyped and repetitive motor mannerisms (e.g hand or finger flapping or twisting, or 
complex whole-body movements) 
4. Persistent preoccupation with parts of objects 

(II) Delays or abnormal functioning in at least one of the following areas, with onset prior to age 3 years: 
 A. Social interaction. B. Language as used in social communication. C. Symbolic or imaginative play 
(III) The disturbance is not better accounted for by Rett's Disorder or Childhood Disintegrative Disorder 
DSM-IV=Diagnostic and Statistical Manual Of Mental Disorders 4th edition 
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Diagnostic Observation Schedule (ADOS). All diagnostic manuals are behavior-based 
and involve evaluation of the level of the core impairments of autism.  

The DSM offers standard criteria for the classification of mental disorders and is used 
by mental health professionals, researchers and drug regulation agencies. When 
infantile autism was included as one of the disorders under the term pervasive 
developmental disorder (PDD) in the DSM-III in 1980, the diagnosis became officially 
recognized. When the DSM-IV was released in 1994, infantile autism was renamed to 
autistic disorder (table 1) and the diagnoses included under the umbrella term PDD 
were autistic disorder, Asperger’s syndrome, pervasive developmental disorders not 
otherwise specified (PDD-NOS), childhood disintegrative disorder and Rett’s disorder. 
In DSM-IV, the inclusion criteria were broadened compared to DSM-III. In 2013, the 
fifth edition of the diagnostic manual was released (DSM-5)13. In this version of the 
manual, the diagnoses previously assembled under the umbrella term PDD have been 
merged into the single diagnosis of Autism Spectrum Disorder (table 2). Thus, DSM-5 
canceled Asperger's disorder as a separate diagnosis and homogenized it under autism 
spectrum disorder, with severity measures within the broader diagnosis14. Another 
major change was that the triad of symptoms for ASD diagnosis were merged into two 
domains, the social interaction and communication domains were merged into a 
single domain. It has previously been shown to be difficult to separate these two 
domains and some symptoms could be found within both domains14. In addition, 
when these two domains were combined, the language specific criterion in the 

Table 2. DSM-513 Criteria for Autism Spectrum Disorder 
A. Persistent deficits in social communication and social interaction across multiple contexts, as 
manifested by the following, currently or by history: 
 1.  Deficits in social-emotional reciprocity 

2. Deficits in nonverbal communicative behaviors used for social interaction 
3. Deficits in developing, maintaining, and understanding relationships 

B. Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at least two of the 
following, currently or by history: 
 1. Stereotyped or repetitive motor movements, use of objects, or speech 

2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns or verbal 
nonverbal behavior  
3. Highly restricted, fixated interests that are abnormal in intensity or focus  
4. Hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects of the 
environment  

C. Symptoms must be present in the early developmental period (but may not become fully manifest 
until social demands exceed limited capacities, or may be masked by learned strategies in later life). 
D. Symptoms cause clinically significant impairment in social, occupational, or other important areas of 
current functioning. 
E. These disturbances are not better explained by intellectual disability (intellectual developmental 
disorder) or global developmental delay. Intellectual disability and autism spectrum disorder frequently 
co-occur; to make comorbid diagnoses of autism spectrum disorder and intellectual disability, social 
communication should be below that expected for general developmental level. 
DSM-5=Diagnostic and Statistical Manual Of Mental Disorders 5th edition 
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communication domain such as “delay in, or total lack of, the development of spoken 
language” was removed from the ASD criteria in DSM-5. Instead a new diagnosis of 
“social (pragmatic) communication disorders” was defined to identify individuals 
whose symptoms could better be explained by this disorder than the ASD criteria. The 
restricted and repetitive behavior domain remained as the second domain for ASD in 
DSM-5.  

With the new DSM-5, there was a conceptual change of the diagnostics. Whereas the 
ASD diagnostics previously regarded the included disorders under PDD as discrete 
disorders, within DSM-5 these discrete disorders have been replaced with one single 
ASD diagnosis with varying degrees of severity. This concept was first identified 
decades ago15,16, suggesting a continuum of symptoms that are also present in the 
general population.  

Autistic-like traits 
The view of autism as a spectrum forming a continuum15,17 means that individuals who 
do not meet the diagnostic criteria for ASD may display milder phenotypes related to 
the autism characteristics; these traits are referred to as autistic-like traits (ALTs). 
Initially described as milder manifestations of psychopathology, ALTs now represent 
the boundary between autism and normality. Both a phenotypic and genetic overlap 
between the lower and upper extreme ends on the continuum has been shown in 
population based studies18,19. In family based studies, it is recognized that there is an 
aggregation of ALTs in close relatives to subjects with autism20. The ALTs can be 
categorized within the same triad as the core characteristics for autism: social 
interaction, communication and restricted and repetitive behavior. The three domains 
have been shown to be partly separate symptoms with small overlaps between the 
symptoms. Since individuals with ALTs do not always express problems on all of the 
three ALT domains, the correlation between these symptoms has been shown to be 
lower for ALTs as compared to when these symptoms are measured in autism21. 

A few instruments for ALT measurements have been developed such as the Autism-
Tics, AD/HD and other Comorbidities inventory (A-TAC)22 and the Autism-Spectrum 
Quotient (AQ)23. One of the main differences between these measures is whether they 
are designed to capture a broad normal variation of ALTs or to capture ALTs more 
closely related to the diagnostic criteria used in for example the DSM. The A-TAC is 
based on DSM-IV-criteria while, for example, the AQ is designed to capture a broader 
normal variation of ALTs in the general population.  
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What causes autism? 
At present, no single cause for autism has been identified. A large impact of genetic 
factors has been identified, which will be discussed in more detail in a separate chapter 
in this thesis.  The importance of a heritable component was suspected early on by Leo 
Kanner, however the view of the importance of genetics has varied over time. During 
the decades after the study by Kanner, mothers to children with autism were blamed 
for being cold and many people believed their coldness was the cause of their 
children’s diagnosis. This view prevailed until the 1960’s when the biological basis for 
autism was reviewed24. The importance of genetic factors was strengthened by the first 
twin study of autism25 and thereby gained broad recognition. At present, a few 
environmental risk factors have been identified, such as prenatal exposure to 
substances such as valproic acid26, thalidomide and misoprostol27 as well as maternal 
infections, e.g. rubella28.  

The prevalence of autism has increased drastically during the last decades. Several 
explanations for this increase have been suggested, including conceptual changes of 
autism, change in diagnostic criteria over time and environmental factors. As 
mentioned in a previous section, the diagnostic manuals have changed over time, 
which indeed has affected the diagnostics of autism. In addition, when autism was first 
identified, it was regarded as a discrete disorder; however, it is now regarded as 
continuum under the term of ASD. The awareness of autism in the community and 
the availability of diagnostic services in many countries has probably also contributed 
to increased prevalence29. In addition to a few environmental factors that have been 
identified, gene-environment interactions can also occur. One example of a gene-
environment interaction has been shown for Parkinson’s disease, where the risk for 
disease due to exposure to an environmental toxin increased drastically for people 
carrying a genetic susceptibility variant30. To study the possibility of interactions 
between environmental and genetic factors has been difficult due to small samples 
sizes and the investigation of a limited amount of polymorphisms. However, the new 
genome wide approaches have been suggested to offer new strategies to analyze this 
interaction in several neuropsychiatric disorders31. 

Treatments for autism 
There is no cure for autism and the current treatments available are used to reduce 
symptoms associated with autism. Several attempts have been made to try to find 
pharmacological treatments with only limited success. Autism associated symptoms 
such as aggression and stereotypical behaviors can be ameliorated by pharmacological 
treatments with neuroleptics, such as risperidone and aripiprazole; however these 
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drugs have not been shown to suppress the core symptoms of autism32,33. There are 
some promising studies that investigate therapies based on genetic studies in autism 
that occur in known genetic syndromes, such as tuberous sclerosis and fragile X 
syndrome. Functional analyses of the genes involved in these genetic syndromes have 
led to the identification of possible pharmacological targets. One example is a drug 
called rapamycin that has been shown to rescue behavioral deficits in animal models 
for the genetic syndrome tuberous sclerosis34. Rapamycin targets the so called mTOR 
signaling pathway, which is important for several neurological phenotypes. Several 
promising results for drugs targeting the mTOR pathway are being evaluated for 
possible future treatments of autism and related phenotypes35.  

Another example of symptoms occurring in autism is sleep disorders. The use of oral 
treatment of melatonin in these children has been shown to be beneficial36. Studies of 
melatonin will be discussed in a separate chapter of this thesis (see “Melatonin”). 

DNA AND GENETIC VARIATION 

DNA and genes  
The double helix structure of deoxyribonucleic acid (DNA) was first described by 
Watson and Crick in 195337. The DNA helix structure consists of four different 
nucleotides or so called bases: adenine (A), cytosine (C), guanine (G) and thymine (T). 
These nucleotides bind to each other forming the ladder-like DNA double-helix 
structure. The human genome contains approximately 20,000 genes, which are the 
functional units coding for a polypeptide/protein or for an RNA chain in the 
organism. Approximately one percent of the 3.2 billion base-pairs in the human DNA 
code for these genes (i.e. the exome). Of the entire DNA, approximately 1% are exons, 
24% are introns (i.e. between exons) and 75% are intergenic (i.e. between genes). 

In the 1950’s it was established that humans have 23 chromosome pairs38, of which 22 
pairs are autosomal and one pair is the sex chromosomes: the X and Y chromosomes. 
Females have two X-chromosomes while men have one X-chromosome and one Y-
chromosome. However, there are so called pseudo-autosomal regions (PAR) on the sex 
chromosomes. These regions are homologous on both the X and Y-chromosomes39, 
thus any genes located within them are inherited just like any autosomal genes. Two 
main PARs have been identified; PAR1 comprises a large region, 2.6 megabases (Mb), 
at the tip of the short arm of both sex chromosomes, while the PAR2 comprises 320 
kilobases (kb) at the tip of the long arms of the sex chromosomes. The PAR1 contains 
several genes, for example the gene encoding the acetylserotonin O-methyltransferase 
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(ASMT), the last enzyme in the synthesis of the hormone melatonin, which is 
investigated in this thesis. 

Genetic variation 
Genetically, all humans are approximately 99.9% similar to any other human, and the 
remaining 0.1% variation, together with environmental factors, is what makes 
individuals different from each other40,41. This variation between humans can be used 
to search for genetic variation that could contribute or cause different phenotypes or 
diseases.  

Genetic variation has arisen through the introduction of mutations, which are changes 
in DNA sequence. For each DNA locus there are two copies; one on each 
chromosome.  Genetic sequences may differ among individuals as a result of 
mutations; the different sequences are referred to as an allele. The combination of 
alleles at loci that differ between individuals is called a genotype. For example, a 
person carrying the same alleles on both chromosomes has a homozygous genotype 
while a person carrying two different alleles has a heterozygous genotype. A locus that 
has two or more alleles that are more common than 1% in the population is defined as 
a polymorphism.  

A mutation can be a single base-pair mutation, insertion/deletion or structural 
variation. Although the terms are overlapping, different forms of genetic variation can 
be distinguished based on size (table 3). Single nucleotide polymorphisms (SNPs), 
originating from a point mutation, are changes in one single base-pair. A mutation 
occurring in the coding sequences, i.e. the exome, can lead to a change of the amino 
acid (non-synonymous), introduce stop codon (nonsense) or have no effect on amino 
acid (synonymous). The function of genetic variation that occurs outside of the coding 
sequences are generally not known, however it  can for example alter transcription of 
genes located in a nearby location. There has been a rapid development of new 
methods to analyze the DNA sequence during the recent decades. In 1970s, Sanger 

Table 3. Different types of genetic variation.  

Type of genetic variation Size 

Single base-pair 1 bp 

Small deletion/insertion (and microsatellites) base-pairs 

Copy number variation (CNV) > 1 kb 

Chromosomal aberration > Mega base-pairs 

Trisomy/monosomy Whole chromosome 

Bp=base-pair. Kb=kilobase-pairs. Mb=mega base-pair.  
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developed a method for sequencing DNA that was used to sequence the first gene42. 
However, the first whole genomes were not sequenced until 2001 using a Sanger 
sequencing based method called shotgun sequencing43,44. The relatively high workload 
and cost for Sanger sequencing methods have pushed the development towards new 
high-throughput methods for sequencing. There was a drastic methodological change 
when the so called next generation sequencing (NGS), or massive parallel sequencing 
was introduced, making it possible to sequence the whole genome quickly and at a 
substantially lower cost compared to Sanger sequencing. As the prices have decreased 
even more for NGS, it is now being used for sequencing in large populations.  

Structural variations are larger segments of DNA, which are duplicated or deleted, 
causing a so called copy number variation (CNV, defined as larger than 1 kb)40,45. Since 
the correct number of chromosomes in humans was assessed in the 1950’s, cytogenetic 
methods have been used in research and diagnostics. However, with the development 
of methods with increased resolution, such as comparative genomic hybridization 
(CGH) and SNP-arrays, smaller submicroscopic CNVs can also be identified. In 2004, 
two important studies found that these submicroscopic CNVs were highly abundant 
across the human genome45,46. The first-generation map of CNVs in humans was 
constructed in 2006 (the HapMap collection)47. The large chromosomal aberrations 
are usually rare and have large effects on the phenotype, while smaller submicroscopic 
CNVs constitute a large proportion of the genetic variability between humans. 

GENETICS OF COMPLEX DISORDERS 

Heritability 
Heritability is the proportion of observed differences on a trait in a population that are 
due to genetic factors. Estimates of heritability are hence always relative to the genetic 
and environmental factors in a given population, and are not absolute measurements 
of the contributing factors to a specific phenotype. Heritability can be estimated for 
both binary traits, i.e. cases-controls, and continuous traits using several different 
methods48. One of the most commonly used heritability estimation methods is the 
twin study, in which the impact of genetic and environmental factors is identified by 
comparing the concordance between monozygotic (MZ) and dizygotic (DZ) twin pairs. 
A high concordance means that both subjects in a twin pair have the same 
phenotype/disease. If monozygotic twins have twice as high concordance rate 
compared to the dizygotic twins, this is interpreted as a high heritability for the specific 
disease or continuous trait, i.e. a large genetic impact for the disease. These 
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comparisons can be made since MZ twins share 100% of their genetic information, 
while DZ twins only share approximately 50%.  

Linkage disequilibrium 
At the beginning of meiosis, there is an exchange of genetic material between 
homologous chromosomes.  This results in greater genetic diversity being inherited 
from the parents to the child due to a recombination of genes. The probability that a 
recombination occurs between two alleles increases with the distance between the 
alleles. Two alleles in close vicinity that are associated non-randomly in a population, is 
termed linkage disequilibrium (LD). Essentially all types of genetic studies (see below), 
use LD-information to ascertain to what extent genetic variation may influence a 
complex trait or disease. 

Common and rare genetic variation in complex disorders 
When a genetic impact for a trait or disease has been established by heritability 
estimation, different approaches are needed to understand which genetic variations are 
implicated. In the human genome, both common and rare genetic variation can be 
involved in disease and there are two main hypotheses on how genetic influence may 
impact common complex disease. The dominating hypothesis has been that many 
common variations with small effects cause common disease; this is also known as the 
“common disease - common variation” (CD/CV) hypothesis. However, an alternative 
hypothesis suggests that the genetic causes of a common disease do not necessarily 
have to be common in the population, but that few rare variants with a large effect on 
the phenotype may cause the disease. This “common disease – rare variant” (CD/RV) 
hypothesis hence states that individually rare mutations could accumulate in the 
population and account for a significant proportion of a common disease. In reality, 
the truth is probably somewhere in between these two hypotheses for complex 
disorders49. There are several genetic approaches to investigate both common and rare 
genetic variation. Genetic studies can be performed for all types of variation in the 
genome, such as SNPs and CNVs. However, the alleles of CNVs are generally much 
less frequent than those of SNPs. Thus, CNVs have generally been more important in 
study designs investigating the possible influence of rare variants (see below). 

Linkage analyses 
Family based studies have a great advantage since it is possible to identify inheritance 
and origin of transmitted alleles that can be used for so called linkage analysis, which is 
a method to identify a chromosomal region where the disease gene is located. This 
analysis uses information from polymorphic markers across the genome to search for 
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loci segregating with disease. This approach has been shown to be most useful for 
phenotypes or diseases caused by highly penetrant genetic variants. For complex 
diseases, the linkage results are generally conflicting since it is unlikely that every family 
included in the study will carry the same collection of underlying genetic factors 

Association studies 
In general, an association study investigates the co-occurrence, more often explained by 
chance, of two or more traits in a population. Genetic association analyses can for 
example be case-control, family-based, and quantitative trait association studies. In 
these studies, the allele frequencies or genotypes are compared between groups or for 
continuous measures. Association analyses have been used in candidate gene studies 
since the 1990’s and with the introduction of the genome wide SNP-genotyping arrays 
in the 2000’s, it became possible to perform genome wide association studies, so called 
GWASs. 

Screening for novel or rare variants 
To identify rare or novel mutations in the genome, methods developed to screen the 
genome are used, such as sequencing. As compared to association analyses of known 
common genetic variation, these methods are designed to identify novel or rare 
mutations. Up until very recently, mutation screening studies have been hypothesis-
driven candidate gene studies, in which genes pointed out by linkage studies and/or 
biological hypothesis have been investigated. Several of the major autism candidate 
genes described in the next chapter have initially been identified by a combination of 
linkage and mutation screening studies. 

GENETICS OF AUTISM AND AUTISTIC-LIKE TRAITS 
The genetic cause for autism has been identified in a small proportion of cases where 
autism co-occurs with a known genetic syndrome, also known as syndromic autism. 
The identification of the syndromic forms of autism was the first time that the genetic 
cause for autism was found. However, for the majority of autism cases the genetic 
cause has not been identified, also known as idiopathic autism.  

In addition to the clinical heterogeneity within autism described in the first chapter of 
this thesis, there is also a large heterogeneity for the underlying genetics for autism, 
thus, rare variants in the same gene (allelic heterogeneity) or multiple genes (locus 
heterogeneity) may converge to cause autism. As the genetic techniques have developed 
over time, new refined strategies for genetic investigation have emerged. Hundreds of 
genes have so far been implicated in autism based on a large number of genetic 
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studies49-52. Genetic analyses of autistic-like traits have so far been focusing on common 
genetic variation that may increase the susceptibility for autism and related traits.  

Heritability of autism 
Autism has been identified as the most genetic neuropsychiatric disorder and the first 
heritability study for autism in the late 1970s found a large genetic impact for autism25. 
Since then, several studies have also shown a high heritability for autism53-58. However, 
the exact heritability estimates from these studies range between 45 to 90%, probably 
reflecting differences in phenotype assessment across studies and the use of different 
mathematical models for heritability estimates59. In addition to the twin based 
approaches, large studies have shown that the risk for autism increased with genetic 
relatedness in a Swedish sample of more than two million individuals58 and that full 
siblings to autism cases have an increased risk for autism compared to half siblings60,61. 
Thus, these studies also support a strong genetic influence in autism etiology.  

Moderate to high heritability estimates have also been shown for the dimensional 
measures of ALTs18,20,62,63. In addition, a shared genetic etiology has been suggested 
between ALTs and autism based on the identification of similar heritability estimates 
at the extreme ends of the autism continuum19,64.  

A recent twin study by Lundstrom et al.65 has shown that within monozygotic twin 
pairs where one twin has autism, the co-twin displays autism or different 
neurodevelopmental problems in 9 out of 10 cases. These co-existing problems were 
shown to be lower in dizygotic twins, indicating that there are substantial shared 
genetics between neurodevelopmental problems. A shared genetic etiology has also 
been shown between several neuropsychiatric disorders66-68.  

Autism genes 
A complex genetic etiology for autism has been identified for several years, however 
with emerging results from new genome wide technologies, this complexity is even 
more apparent. The large number of genes implicated in autism has been identified 
based on both biological and genetic findings. During the first years of autism genetic 
research, the main types of genetic analyses were linkage studies and candidate gene 
based association studies. As genome wide technologies with increased resolution have 
been developed, hypothesis-free approaches such as GWAS, CNV and whole 
exome/genome sequencing analyses have become prevailing strategies to identify 
genetic variation associated with autism 
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Several genome wide studies have identified a major impact of de novo mutations in 
autism69,70. These de novo mutations have been shown to have a larger impact in 
families with one affected individual, i.e. simplex families, compared to multiplex 
families with several affected individuals71-73. However, this finding is not consistent in 
all studies74. On a behavioral basis, autistic-like traits are less abundant in family 
members in the simplex families compared to multiplex families, suggesting that there 
indeed are differences in the genetic etiology of simplex and multiplex families75. In 
addition, common variations have been estimated to have a larger influence in 
multiplex families76. 

To present findings from genetic research in autism, there are several ways to 
categorize genetic variants. In the following paragraphs, the genetic variants will be 
classified based on their frequency and genetic impact in autism: causal or high impact 
variants and susceptibility variants for autism. For clarification regarding these 
categories, causal variants can alone contribute to a diagnosis, while a high impact 
variant requires a combination with other high impact or susceptibility variants. 
Generally, high impact variants are identified at low frequencies in the population, 
compared to the causal variants which are regarded as rare and susceptibility variations 
which are common. It should be noted that several genetic variants are located 
somewhere in between these categories, which are not strict entities or standard 
classifications. In addition, several of the identified risk variants of autism are not 
specific to autism, and have been identified in other disorders such as schizophrenia, 
bipolar disorder and ADHD66,68.  

Causal or high impact variants in autism 
The first genetic causes in autism were identified for syndromic autism. In these cases, 
the autism diagnosis is secondary to a known genetic syndrome, such as fragile X 
syndrome77, Rett disorder78 and tuberous sclerosis79. Several of the genetic syndromes 
are so called single-gene disorders, meaning that disruption of a single gene is causal 
for disease. For example, the fragile X syndrome is caused by mutations in the FMR1 
gene and Rett disorder by mutations in the MECP2. Although the disrupted gene is 
known, different causal mutations can occur in these genes. Depending on the 
location of the mutation in the gene, this may affect the protein function differently. 
Thus, the clinical presentation of the genetic syndromes can be highly heterogeneous, 
highlighting the complex relationship between genotype and phenotype. In autism 
research, these genetic disorders are used as "model disorders" for idiopathic autism. 
Several of the affected biological pathways are beginning to be clarified by thorough 
analyses of these genes. Hence, if we can understand how the loss of function of the 
affected genes can lead to autistic behaviors such as social communication deficits, it 



Introduction 

23 

will help us to better understand the underlying biology of autism. The causal genes 
for the single-gene disorders, such as fragile X syndrome, are well characterized 
functionally; however, for many of the CNVs that have been identified in autism, the 
most crucial gene(s) are still not known (e.g 22q11.2 and 16p11.2). Thus, further 
genomic studies of CNVs associated with autism will greatly increase our 
neurobiological understanding of autism and related disorders. 

The strong evidence of an impact of CNVs in autism identified in 200771,80 has been 
confirmed by several recent large studies72,74,81-83. CNVs that have been identified to 
have a causal or high impact effect on autism are, for example, the recurrent CNVs 
15q11-q13 duplication84-86, SHANK2 deletion87 and the 16p11.2 deletion88,89. 
Extensive studies of the chromosomal region 15q11-q13 have shown that this region is 
subject to regulation by genomic imprinting, which is an epigenetic process that can 
lead to the expression of genes from only one parent. Maternally derived duplications 
in the 15q11-q13 are strongly implicated in autism85, while maternally derived 
deletions in this region cause Angelman syndrome, mainly due to the loss of 
expression of a gene called UBE3A in the brain90. Paternally derived deletions of the 
same region cause Prader-Willi syndrome91. 

Point mutations have also been identified as causal or high impact variants for autism. 
These point mutations have, for example, been identified in genes involved in synaptic 
functioning such as neuroligin 4 (NLGN4)92 and contactin associated protein-2 
(CNTNAP2)93. Several of the synaptic genes have been implicated in autism94; both 
causal/high impact and susceptibility genetic variants have been identified in autism. 
Synaptic proteins are encoded by a range of different genes: the SHANK genes, 
neuroligin genes and neurexin genes (including CNTNAP2)95,96. Shortly described, the 
neurexin genes (NRXNs) codes for a family of synaptic adhesion proteins located on 
the presynaptic membrane and bind to their postsynaptic counterpart, the neuroligin 
proteins (NLGNs). The SH3 and multiple ankyrin repeat domains (SHANKs) are 
scaffolding proteins that bind NLGN-NRXN complexes at the postsynaptic density.  

Genetic variants that have a high impact, but with variable penetrance, have also been 
identified in autism. This has lead to the suggestion that a “second-hit” or “multiple-
hits” are required for passing the threshold for autism diagnosis or worsen the 
symptoms for autism. There are several ways that these combinations can occur, which 
may be one of the explanations for the phenotypical heterogeneity in autism. 
Identified high impact CNVs is, for example, 16p12.1 deletion97. It has been shown 
that carriers of 16p12.1 were more likely to carry additional large CNVs in accordance 
with a multiple-hit model for autism97.  
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In 2012, a large number of rare sequence variants was identified when the exomes 
were sequenced in a large number of autism cases51,52,98-100. The majority of the de novo 
or rare mutations found in these studies were identified in separate genes. However, a 
few de novo mutations have been identified in the same genes in the whole exome 
studies (for example the gens CHD8, KATNAL2, SCN2A, DYRK1A, and POGZ)49, 
supporting that disruptions of these genes is of importance in autism.   

Susceptibility genes for autism and ALTs 
Since autism has a prevalence of approximately one percent in the population, 
common variation was initially thought to have a major influence in autism in line 
with the CD/CV hypothesis. However, only a few common variants have been 
identified in autism and some of these will be mentioned in the following paragraphs. 
These variants have been difficult to replicate, probably due to the small effect sizes for 
these variants. However, recent studies have suggested that there is indeed a large 
influence of a combination of common variations in autism76,101. In addition, common 
variation has been shown to contribute to the phenotypic variance for ALTs102. 

Several candidate gene studies have suggested a number of susceptibility genes in 
autism.  Although some of these candidate gene hypotheses have been strengthened in 
the large genome-wide analyses, such as involvement of synaptic genes in autism, some 
of the findings from candidate gene studies have been difficult to replicate. Several 
candidate gene studies have been based on both genetic and non-genetic studies, such 
as biological findings showing, for example, differences in melatonin levels or 
testosterone levels. These examples are mentioned based on genes investigated in this 
thesis, however several other hypotheses have also been identified. Autism has been 
shown to be approximately four times more prevalent in boys compared to girls 6. The 
investigation of genes related to the sex hormones103-105 is partly based on biological 
findings showing association between elevated testosterone levels and autistic-like 
traits106-109. Several of the other steroid hormones have also been found to be increased 
in autism, suggesting an increased steroidogenic activity in autism110. It has also been 
suggested that anti-androgen pharmacological treatments are beneficial in some cases 
with severe phenotypes related to increased androgen levels111. Taken together, genes 
related to the sex hormones have been identified as susceptibility genes for autism and 
related traits.  

When the genome wide genotyping arrays were introduced, three large autism GWASs 
were performed during a short period of time112-114. Two genome wide significant SNPs 
have been found in these studies: rs4307059, in the intergenic region between the 
cadherin 9 and 10 genes (CDH9 and CDH10)112, and rs4141463, in an intronic region 
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of the MACRO domain containing 2 (MACROD2) gene114. However, the largest 
GWAS meta-analysis only identified association between the gene Astrotactin 2 
(ASTN2) and individuals with autism of European ancestry115.  

CNVs have also been shown to increase the susceptibility for ASD. For example, 
several recurrent CNVs were mentioned in the causal variants paragraph, such as the 
15q11.2-q13 and 16p11.2. Within some of these complex chromosomal regions, 
common CNVs increasing the susceptibility for autism have also been identified, such 
as 15q11.2 duplication116. 

A GWAS has also been performed for a broader psychiatric phenotype including 
autism, ADHD, bipolar disorder, major depressive disorder and schizophrenia117. In 
this study, the main finding was association between the two brain expressed genes 
coding for L-type voltage-gated calcium-channel subunits (CACNA1C and CACNB2 
genes). It should be mentioned that mutations in the CACNA1C gene cause a genetic 
syndrome called Timothy syndrome, in which autism often occurs118. Thus, both 
susceptibility and causal genetic variants have been identified in the CACNA1C 
gene117,118. 

GWASs have also been performed for ALTs102,119-121. The majority of these studies did 
not find any genome wide significances between common variations and ALTs102,119,120; 
however, one of the studies indentified association between social communication 
difficulties and the regions 3p22.2 and 20p12.3121. Candidate gene association studies 
have also identified association between specific autistic-like traits, such as specific 
language problems in the general population and genetic variation in genes such as 
CNTNAP2 and FOXP2122.  
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MELATONIN 
In two of the included papers in this thesis, the focus was to investigate the influence 
of genetic variation in melatonin-related genes on autism and autistic-like traits. Our 
analyses were based on findings showing altered levels of melatonin in autism and that 
genetic variation in genes related to melatonin has been associated with autism.  

Function and synthesis of melatonin 

Melatonin function 
The neurohormone melatonin is well known for its role in circadian sleep-wake 
rhythm. Since the identification of melatonin123, the hormone has been extensively 
studied with regards to its biosynthesis and biological actions. It has been shown to be 
involved in several physiological functions, such as sleep induction, circadian rhythm 
regulation and immune response124. Furthermore, melatonin has been suggested to be 
an important regulator of embryonic neurodevelopment125-127 and is one of few 
hormones that are able to pass the placenta during pregnancy128. During the first 
trimester, melatonin receptors have been found to be present in the placenta, where it 
has been suggested to act as a local regulator of placental function129. Abnormal 
melatonin signaling has been shown to be a risk factor for several medical conditions 
such as diabetes and psychiatric disorders130. 

Melatonin acts by binding to the G-protein coupled melatonin receptors MTNR1A 
and MTNR1B. Although a third melatonin receptor called e GPR-50 has been 
identified, this receptor does not have an affinity for melatonin; it inhibits melatonin 
action by binding to the MTNR1A receptor131.  

Melatonin synthesis 
Melatonin is mainly synthesized in the pineal gland in the brain124. The primary 
function of the pineal gland is to transduce light and dark information to the whole 
body by releasing the hormone melatonin directly into the blood stream. The 
melatonin levels are low during daytime, while there is a peak in melatonin production 
during the night.  



Introduction 

27 

 

 

 

 

 

 

 

 

Figure 1. Melatonin synthesis in the 
pineal gland. AA-NAT=Aryl-Alkyl-
amine N-Acetyl-Transferase, AAAD= 
Aromatic L-Amino Acid Decarboxy-
lase.  ASMT=Acetyl-Serotonin O-
Methyl-Transferase. TPH=Tryptophan 
Hydroxylase. 

 

Melatonin is synthesized from tryptophan, which is 
taken up from the blood stream. Tryptophan is 
subsequently converted to serotonin by two 
enzymatic reactions in the pineal gland (figure 1). 
The conversion from serotonin to melatonin 
includes two important enzymes: arylalkylamine N-
acetyltransferase (AA-NAT) and acetylserotonin O-
methyltransferase (ASMT)132,133. The ASMT is 
regarded as the rate-limiting enzyme for melatonin 
production during the night when the important 
melatonin peak occurs124.  

There are several complex mechanisms involved in 
this circadian regulation of melatonin. The main 
regulation of circadian rhythms is located within the 
suprachiasmatic nuclei (SCN) in the hypothalamus. 
Within the SCN, the circadian rhythms are regulated 
by both external factors and the internal clock genes, 
which are part of an autonomous circadian rhythm in the SCN that also exists without 
external cues such as light and dark. One of the outputs from the SCN is the rhythmic 
regulation of melatonin production, thus sending a circadian message to the whole 
body.  

When melatonin has been synthesized, it is immediately released into the systemic 
circulation where it reaches the peripheral and central targets. Melatonin has a short 
half-life of approximately 20 minutes134. Melatonin levels can be measured directly in 
plasma or indirectly by saliva measurements. The melatonin production over time can 
be measured in urine by measuring its inactive metabolite: 6-sulphatoxymelatonin.  

Melatonin and autism/ALTs 
Sleep disorders are highly prevalent in subjects with autism, ranging from 40% to 
80%135. In addition, melatonin is often successfully used as treatment in autism136 
where it has not only been shown to improve sleep impairments but also daytime 
behavior137. All studies investigating melatonin levels in autism have found abnormal 
levels in cases compared to controls138-145.  In several of the studies, a decreased 
nighttime melatonin level was associated with autism compared to controls138,139,141-144.  
Although the results were not completely consistent, they strongly indicate that lower 
nocturnal levels of melatonin are often observed in autism. These lower melatonin 
levels may be of importance in a subgroup of children with autism. Interestingly, in the 
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study by Tordjman et al.138 the decreased nocturnal level of the melatonin metabolite 
6-SM has been correlated with increased severity of verbal language, imitative social 
play and repetitive use of objects.  

Several studies have identified elevated whole-blood levels of serotonin in autism146,147. 
It has been suggested that these elevated levels may be associated with the lowered 
melatonin synthesis since serotonin is a precursor to melatonin140,142,148.  In addition, 
the serotonin-N-acetylserotonin-melatonin pathway has been suggested as a biomarker 
for autism spectrum disorders146. 

Genetic studies of melatonin-related genes 
The regulation of melatonin secretion has been shown to have a large genetic 
component in a twin study149. The melatonin-related genes investigated have primarily 
been the genes coding for the two synthesis enzymes (AA-NAT and ASMT) and the 
melatonin receptors (MTNR1A, MTNR1B and GPR50). Both common and rare 
genetic variations in melatonin-related genes have been implicated in autism and also 
ALTs.  

Melatonin synthesis enzymes 
Of the two main enzymes for the biosynthesis for melatonin (AA-NAT and ASMT) the 
ASMT gene, encoding the nocturnally rate-limiting enzyme in melatonin synthesis, has 
been more extensively studied in autism genetic studies. However, two mutations in 
the AA-NAT have been shown to alter melatonin production in a mutation screening 
study in ADHD cases and controls150. 

The crystal structure has recently been identified for ASMT, making it easier to 
interpret the effects of genetic variation in the gene151. Several rare mutations in the 
ASMT gene have been identified in autism142,151-154. Some of these mutations have been 
shown to have effects on the enzymatic function of ASMT, which has been shown 
both by in vitro investigations and by measuring melatonin production in subjects 
carrying the mutation142,151. One of the identified rare mutations is the splice site 
mutation IVS5+2T>C142,152,153, causing decreased enzymatic function of the ASMT.  

Common variations in the ASMT gene have also been investigated in autism. Two 
SNPs (rs4446909 and rs5989681) in the promoter region of the ASMT gene have been 
associated with autism142. In addition, the more common allele of these two SNPs in 
autism compared to controls were also associated with lower ASMT transcript levels142, 
suggesting that these polymorphisms may lower the melatonin production. However 
the association between these SNPs and autism could not be replicated in a Chinese 
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Han population154 or in another European population153. A common CNV 
(microduplication), spanning exon 2-8 of the ASMT gene, has been associated with 
autism in a case-control study155.  

Melatonin receptors 
The MTNR1A, MTNR1B and GPR-50 are located in 4q35.2, 11q14.3 and Xq26, 
respectively. A mutation screening study of these three genes has identified several 
deleterious mutations in a few of the 300 included cases with autism, and also in 
controls156. This study did not find clear associations between autism and the 
melatonin receptors, although they found several interesting functional mutations, 
such as the p.I49N-mutation in MTNR1A which showed a complete loss of melatonin 
binding and signaling capacity. One of the mutations altering the function of the 
MTNR1B (p.V124I) has been identified in two subjects with autism and was not 
reported in any controls152,156. In addition, this study has provided functional studies 
of genetic variations in the melatonin receptor genes that are of importance to future 
studies of these receptors, not only in autism. Genetic variation in MTNR1B has 
previously been mainly associated with diabetes type 2157,158.  
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AIMS 
The broad aim of this project is to identify genetic factors underlying autism spectrum 
disorder (ASD) and autistic-like traits (ALTs).  

The specific aims: 

1. To screen for rare genetic variation in genes encoding the melatonin receptors 
(MTNR1A, MTNR1B and GPR-50) and the two melatonin synthesis enzymes (ASMT 
and AA-NAT) (paper I). 

2. To assess the influence of common genetic variations in the ASMT gene on 
dimensional measures of autistic-like traits (paper II). 

3. To assess the influence common genetic variations in autism candidate regions 
(CNTNAP2, RELN, SHANK3, and rs4307059) on autistic-like traits (paper III). 

4. To screen the whole genome/exome for rare inherited copy number variations 
(CNVs) and point mutations in a multiplex family where several members have autism 
and language problems (paper IV). 
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SUBJECTS AND METHODS 

POPULATIONS AND MEASUREMENTS 

The Child and Adolescent Twin Study in Sweden 
The Child and Adolescent Twin Study in Sweden (CATSS) is an ongoing longitudinal 
study since 2004 focusing on both somatic and neurodevelopmental problems in 
children and adolescents159. All twins born after 1992 are identified through the 
Swedish twin registry and asked to participate. To date, approximately 20,000 subjects 
have participated in the study. The CATSS is a longitudinal study and investigations at 
different ages are included. The children were first asked to participate when they were 
9 or 12 years old. During the first three years of the study, both 9 and 12 year old 
twins were included (born between 1992 and 1995). However, after the first three 
years of the study, only 9-year old children were included. This age has been chosen 
since most of the child psychiatric problems have been established by this age, but the 
children have not yet reached puberty. To assess measures of somatic and mental 
health in the children, several different instruments have been used in the study159.  

In papers II and III, two CATSS subpopulations were included: 1,747 subjects (paper 
II) and 12,319 subjects (paper III). Individuals with known genetic syndromes and 
brain damages were excluded from the analyses. Within the CATSS population, 
approximately a third of the twins are monozygotic twins and two thirds are dizygotic 
twins. 

Measurements 
Information regarding autistic-like traits has been collected using the Autism-Tics, 
AD/HD and other Comorbidities inventory (A-TAC)22,160,161. The A-TAC inventory, 
which is a parental questionnaire, has been designed for large scale epidemiological 
studies to capture neurodevelopmental problems in children when they are 9 or 12 
years old. The problems captured in the A-TAC cover the clinical diagnoses ASD, 
ADHD, tic disorders, developmental coordination disorder, and learning disorders. 
There are 96 questions included in the A-TAC, of which 17 questions are related to 
three different domains of ALTs: social interaction impairment (6 questions), 
restricted and repetitive behavior (5 questions) and language impairments (6 
questions). Each of the questions can be answered as “No” (score 0.0), “Yes, to some 
extent” (score 0.5) and “Yes” (score 1.0). These questions are based on the diagnostic 
criteria used in the DSM-IV, thus the A-TAC captures ALTs related to the diagnosis of 
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ASD. The total scores for all questions, as well as within each module, were used in 
the association analyses. Thus, seventeen is the highest score on the total ALT score. 
These scores were also used as a proxy for ASD diagnosis, using a cut-off score at 8.5, 
in the case-control analyses in paper III. This cut-off has been shown to have high 
sensitivity and specificity for ASD22,161. 

In addition to investigations of ALTs, genetic factors for the overlap of 
neurodevelopmental problems (NDPs) have been identified using the A-TAC162. This 
study investigated if the large degree of observed overlap between NDPs could be 
attributed to specific genetic or environmental factors. A general genetic factor, and 
three specific genetic subfactors, with 100% heritability by design have been identified 
by Pettersson et al.162, based on 53 of the items in the A-TAC. These 53 items have 
different genetic loads onto each of the identified genetic factors. All the included A-
TAC items loaded onto the general genetic factor, while subsets of items loaded onto 
the specific genetic subfactors. Thus, the general genetic factor did not represent 
specific neurodevelopmental problems and has been suggested to be indicative of 
severity. The three genetic subfactors were shown to tap three different problem 
categories: tics and autism, hyperactivity and learning problems. It should be noted 
that no trait has 100% heritability, however the identified genetic factors capture the 
genetic overlap between the neurodevelopmental problems.  

DNA collection 
Saliva samples have continuously been collected from the twins in CATSS using 
Oragene Self Collection kit (Oragene). Twin zygosity was measured using a panel of 47 
SNPs163. 

ASD population 
In paper I, mutation screening of melatonin-related genes was performed on 109 
individuals with ASD from two populations. Sixty-five cases were identified at the 
Mölndal Hospital (Gothenburg, Sweden) and 44 cases were recruited from several 
locations within Stockholm County (Sweden). The subjects with ASD were diagnosed 
using the DSM-IV or Autism Diagnostic Interview-Revised (ADI-R). Subjects with 
known genetic syndromes, such as Fragile X syndrome and tuberous sclerosis, were 
excluded from the study.  

Mölndal population 
Thirty-two of the 65 ASD cases met the criteria for autistic disorder while the other 33 
subjects met the criteria for pervasive developmental disorders not otherwise specified 
(PDD-NOS). Mental retardation was also identified in 24 of the subjects with autistic 
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disorder and in 28 of the subjects with PDD-NOS. This population included 39 males 
and 26 females. 

Stockholm population 
This population included 44 subjects with ASD, who have been recruited from several 
locations in Stockholm County. In this population, 26 subjects met the criteria for 
autistic disorder, 26 subjects met the criteria for PDD-NOS and 5 subjects met the 
criteria for Asperger’s syndrome. Mental retardation was also identified to range from 
mild to moderate in 21 ASD cases.  

Control population 
The control population included 188 subjects. These subjects were included in the 
study to investigate if the identified rare variants could be found in controls. The 
subjects in this population were not matched with the ASD populations with regards 
to age and gender. 

ASD multiplex family 
In paper IV, a multiplex family comprising thirteen family members was included. Two 
brothers with autistic disorder were diagnosed using the DSM-IV and ICD-10. These 
brothers were identified through a language and autism screening for the project 
AUtism Detection and Intervention in Early life (AUDIE) in Gothenburg, Sweden164,165. 
They belong to a large family in which there is a high occurrence of ASD and language 
problems. Both children have speech sound disorder and language disorder. There 
were no pregnancy or delivery complications noted for any of the children.  

Within the extended family there are several cases of autism and language problems. 
The mother to the index children has dyslexia. One of the children’s uncles has a 
classic autism diagnosis and also mental retardation. One aunt is suspected to have an 
Asperger’s syndrome diagnosis (or another autism spectrum disorder). At a young age 
she was also reported to have language problems. The index children have two cousins, 
a boy and a girl, of whom one has speech and language problems.  

Blood or saliva samples have been collected from thirteen family members. DNA was 
prepared from blood samples in nine individuals, using QIAmp® DNA Blood Mini 
kit (Qiagen). From four individuals, saliva samples were collected using Oragene Self 
Collection kit (Oragene). DNA from these samples was prepared using PrepIT (DNA 
Genotek, Ottawa, Canada).  
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GENOTYPING  
Different methods have been used for genotyping in this thesis. Genotyping of SNPs 
in the large CATSS population (paper II and III) was performed using the KASP™ 
genotyping chemistry (KBiosciences, LGC). The quantitative real-time PCR (q-PCR) 
method was used to for genotyping CNVs (paper II and IV). In addition, variants 
identified from the sequencing projects (paper I and IV) were genotyped using the 
Pyrosequencing method. 

SNP genotyping 
In papers II and III, the genotyping of SNPs in the CATSS population was performed 
using the KASP™ genotyping chemistry (KBiosciences, LGC). The KASP genotyping 
assay contains the DNA sequence of interest, two competitive, allele specific forward 
primers and one common reverse primer. Allele specific primer means that each 
primer only codes for one of the nucleotides in the SNP. These primers also contain 
an additional tail sequence that corresponds with one of two universal FRET 
(fluorescent resonance energy transfer) cassettes present in the KASP Master mix. The 
fluorescence is measured to determine the genotype in each subject; if there are equal 
amounts of fluorescence in the reaction indicates a heterozygous genotype since both 
allele specific primers are producing PCR product in the PCR reaction.  

CNV genotyping 
The quantitative real-time polymerase chain reaction (q-PCR) was used for genotyping 
a microdeletion in the ASMT gene (paper II) and for validation of CNVs identified 
from the Affymetrix 6.0 SNP array (paper IV). TaqMan® Copy Number Assays 
(Applied Biosystems, Life Technologies) were used for these analyses.  

In general, PCR is used to amplify selected DNA sequences that can be used for 
downstream PCR based analyses. The q-PCR method quantifies the produced PCR 
product by real time recordings of the PCR process in 7900HT Sequence Detection 
System (Applied Biosystems, Life Technologies). To be able to detect the PCR 
products, the primers have incorporated fluorescence markers. The measured 
fluorescence reflects the amount of produced PCR product. Thus, this analysis gives 
information regarding DNA quantity for each cycle in the PCR. For the CNV 
genotyping, a TaqMan® Copy Number Assay for the CNV of interest is run together 
with a TaqMan® Copy Number Reference Assay. The cycle threshold (CT) values were 
obtained for both the TaqMan® Copy Number Assays and TaqMan® Copy Number 
Reference Assay in the Sequence detection system (SDS, Applied biosystems, Life 
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Technologies). These results were analyzed by the relative quantitation method using 
CopyCaller™ Software to determine copy number state for the investigated CNVs. 

Pyrosequencing 
Pyrosequencing (Qiagen) was used for genotyping the variants identified in melatonin-
related genes in a control population (paper I). In addition, this method was also used 
for validation of rare variants identified from the whole exome sequencing (paper IV). 
Pyrosequencing is a method based on the “sequencing by synthesis” principle. For 
pyrosequencing, a single stranded DNA sequence of interest is used as the template for 
the sequencing primer. For the sequencing, a predetermined order for adding 
nucleotides is specified. If an added nucleotide is incorporated in the DNA synthesis, 
this causes emission of light by a luciferase-mediated conversion of luciferin to 
oxyluciferi. An added nucleotide that is not incorporated in the synthesis does not 
emit light, thus the predetermined order of nucleotide addition can be used to 
determine the sequence of interest.  

STATISTICAL ANALYSES 
The association analyses between SNPs and phenotype measures in the CATSS 
population were performed using SAS 9.3 (SAS Institute Inc.). For analyses of 
continuous traits (papers II and III), the mixed procedure (PROC MIXED) was used in 
the SAS 9.3. For case-control association analyses (paper III), the glimmix procedure 
(PROC GLIMMIX) was used. In our statistical analyses, both twins in each twin pair 
were included in the analyses. Since monozygotic twin pairs are genetic copies and 
dizygotic twins share approximately 50% of their genomic sequences, this was 
corrected for in the statistical analyses by specifying two separate variance-covariance 
matrices for monozygotic twins and dizygotic twins in the mixed effects models.  

SEQUENCING 
Two different sequencing methods were used in papers I and IV included in this 
thesis. Whole exome sequencing was used in the exploratory investigation of an ASD 
multiplex family (paper IV). Whole exome sequencing is a high throughput method, 
also known as next generation sequencing, for sequencing of all exons simultaneously. 
The Sanger sequencing method was used in the candidate gene study screening 
melatonin-related genes (paper I). Using this method, each exon of the investigated 
genes was sequenced separately. 
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Whole exome sequencing 
The two index patients, their parents and two brothers to the mother in the 
investigated family in paper IV were selected for whole exome sequencing using 3 µg 
DNA. The SureSelect kit v. 3 (Agilent) was used for the exome sequencing and was 
run on the HiScanSQ (Illumina) at the Genomics Core Facility, University of 
Gothenburg. The alignment and variant calling was performed using the GATK 
software (Broad Institute) at the Bioinformatics Core Facility, University of 
Gothenburg. 

In whole exome sequencing, the genetic sequence of almost all human genes is 
identified. This results in a large amount of data; in our six analyzed subjects a total of 
716,454 genetic variants were identified. All of these genetic variations are not 
implicated in autism, thus, several filtration steps are applied to narrow down the list 
of autism candidate variants. 

For variant filtration and selection of variants for further inspection in our study, we 
used the Ingenuity variant analysis (IVA) software. In IVA, several different criteria for 
variant filtrations can be used. In our analyses, we used three main filtering criteria 
based on quality of the sequences, variant frequency reported in public databases and 
predicted functionality of the variants according to in silico predictions. In addition, 
the variants were manually filtered based on inheritance patterns. Selected variants 
were also inspected in the Integrative Genome Browser (Broad Institute).  

In our analyses, the first approach was to search for variants in genes previously 
reported as autism candidate genes in the SFARI gene database (Banerjee-Basu and 
Packer, 2010). The SFARI database contains information regarding genes that have 
been implicated in autism. For the second approach, we searched for novel variants 
not previously associated with autism. The prevalence of identified rare variants was 
obtained from publicly available databases such as the Exome Variant Server (EVS) 
from the NHLBI Exome Sequencing Project. 

Sanger sequencing 
Mutation screening of the melatonin-related genes AA-NAT (arylalkylamine N-
acetyltransferase), ASMT, MTNR1A, MTNR1B (melatonin receptor 1A and 1B) and 
GPR-50 (G protein-coupled receptor 50) was performed using the Sanger sequencing 
chain-termination method (paper I). In a regular PCR, the nucleotides will be added 
on the 3'-OH on the most recently incorporated nucleotide. In the Sanger sequencing 
method, regular nucleotides and a few nucleotides lacking the 3’-OH, i.e. termination 
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nucleotide, will generate DNA sequences of different lengths. The fragments of 
different lengths can thereafter be separated with capillary electrophoresis using an 
ABI 3730 genetic analyzer (Applied Biosystems, Foster City, CA). The sequencing 
results were analyzed in Genalys© in our study. 

COPY NUMBER VARIATION 
The Affymetrix 6.0 SNP-array (AROSAB, Aarhus, Denmark) was used for the copy 
number variation (CNV) analyses in thirteen subjects from one family. The SNP-array 
contains approximately two million markers across the genome. The identification of 
CNVs is based on measuring the signal intensities of the markers in the array to 
identify increased or lower intensities compared to a pooled reference genome. To 
obtain reliable CNV measures, a CNV was called when several consecutive markers 
indicate increased or decreased intensities, corresponding to a duplication or a 
deletion, respectively.  

The genotyping console software (GTC v4.1, Affymetrix) was used for quality control 
and CNV calling. The CN5 algorithm in the GTC was used for CNV calling. An in-
house reference file (provided by AROSAB, Aarhus, Denmark), that was based on 44 
individuals (16 males and 28 females) carrying no or very few chromosomal changes, 
was used in the GTC. In addition, only CNVs that were also identified by a second 
CNV calling algorithm were included in downstream analyses. The Birdseye algorithm 
in the Birdsuite software (Broad Institute) was used as the second CNV calling 
algorithm.  

The first approach for CNV analysis was to search for CNVs previously associated with 
autism. CNVs were regarded as autism risk variants if they were identified in 11 
regions where an excess of CNVs have been identified in autism. These 11 regions 
have been identified in a previous study evaluating almost 5,000 CNVs in 2,373 ASD 
subjects166.  In addition, we used the SFARI gene database167 to investigate if the CNVs 
previously have been identified in autism. Our second approach was to search for rare 
CNVs identified in regions with few previously reported CNVs in two large studies 
investigating CNVs in the general population168,169 or in the database for genomic 
variants170.  

FUNCTIONAL ANALYSIS OF CYP11A1 
In paper IV, a rare mutation in the CYP11A1 (p.T369M) gene coding for the P450 
side chain cleavage enzyme (P450scc) was identified. This enzyme catalyzes the first step 
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of the steroid hormone biosynthesis by converting cholesterol to pregnenolone. The 
enzyme function was measured in cell culture experiments where a plasmid containing 
the P450scc enzyme was transfected into COS-1 cells.  

The identified mutation (p.T369M) in CYP11A1 coding for the P450scc was recreated 
in the P450 moiety of the F2-plasmid expressing the fusion protein NH2-P450scc–
Ferredoxin–Reductase–Ferredoxin-COOH171. Mutagenesis was performed for the 
T369M-mutation in CYP11A1 and two previously identified mutations, F215S172 and 
A269V173, using the QuickChange® site-directed mutagenesis kit at the Mammalian 
Protein Expression core facility, University of Gothenburg. These plasmids were 
transfected into COS-1 cells, which are a fibroblast-like cell line derived from African 
green monkey kidney tissue.  

For the measurement of P450scc enzymatic function in COS-1 cells, the enzymatic 
substrate cholesterol was added to the cell culture medium. The enzymatic function 
was determined by measuring the enzymatic product, i.e. pregnenolone, at different 
time points after the addition of the cholesterol. The pregnenolone concentrations in 
the cell culture medium were measured using the enzyme-linked immunosorbent assay 
(ELISA) for pregnenolone. To control for transfection efficiency of the plasmid, we co-
transfected the cells with a control plasmid called Renilla Luciferase reporter plasmid 
(pRL-CMV, Promega). The amount of Renilla Luciferase was measured using a Renilla 
Luciferase assay (Promega). These measurements were used to normalize the 
concentrations of pregnenolone for transfection efficiency. 
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RESULTS AND DISCUSSION 

GENETIC VARIATION IN MELATONIN-RELATED GENES  
Low melatonin levels are repeatedly identified in autism indicating a possible 
importance for melatonin-related genes in the etiology of autism. To further investigate 
the involvement of these genes in autism, we investigated rare variation in genes 
coding for melatonin synthesis enzymes and the major melatonin receptors (paper I). 
In addition, we investigated the association between a broader phenotype, the 
continuously distributed autistic-like traits in the general population, and common 
variation in the ASMT gene, coding for the last enzyme in the melatonin synthesis 
(paper II). 

Autism and rare mutations in melatonin genes (paper I) 
For analyses of rare genetic variation in melatonin-related genes in autism, we 
sequenced the genes encoding the two major enzymes for melatonin synthesis (ASMT 
and AA-NAT) and three melatonin receptors (MTNR1A, MTNR1B and GPR50). Our 
analyses were based on previous findings of altered melatonin levels in subjects with 
autism and previous identification of rare genetic variation causing decreased levels of 
melatonin in mutation carriers142.  

The five melatonin-related genes were sequenced in individuals with autism. Six rare 
mutations were identified, of which three mutations were identified in ASMT, one in 
MTNR1A and two in MTNR1B. The main finding was the identification of yet 
another carrier of the previously reported splice site mutation (IVS5+2T>C) in ASMT. 
This mutation has been found to cause drastically lower melatonin levels in carriers142. 
Prior to the publication of our study, this splice site mutation had been identified in 6 
of 640 autism cases (0.9%) and in only one of the 916 control subjects (0.1%)142,153. At 
present, the mutation has also been identified in 21 of the 6,499 control subjects 
(0.3%) included in the publicly available database Exome Variant Server (EVS) (from 
NHLBI Exome Sequencing Project). Taken together with our results, the data 
indicates that the mutation occurs more often in autism cases compared to controls. 
The mutation has also been identified in a subject with ADHD and coexisting autistic 
traits, language delay and sleeping problems150 as well as in a subject with intellectual 
disability and autistic features without any major sleep problems174; thus these studies 
found two carriers in two separate populations of ADHD (N=101) and intellectual 
disability (N=377), but the mutation was not identified in any controls in these studies 
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(N=660 for both studies). Thus, the splice site mutation (IVS5+2T>C) may not only be 
related to autism, but also other phenotypes that could be related to abnormal 
melatonin synthesis.  

Of the variants affecting protein sequence in our study, only the mutation (V124I) in 
the MTNR1B gene caused an amino acid change. This mutation was identified in one 
person with autism, but was absent in our comparison group. In functional analyses, 
this mutation has been shown to alter the function of the melatonin receptor156.  

Autistic-like traits and common variation in ASMT (paper II) 
The rare variants identified in ASMT (and other melatonin genes) only explain a small 
portion of the low melatonin levels observed in autism patients. Hence, common 
variation in these genes may also be associated with autism related phenotypes and/or 
melatonin levels. In paper II, we wanted to explore the influence of common variation 
in this gene on milder phenotypes, i.e. autistic-like traits (ALTs). The investigation of 
continuous ALTs makes it possible to analyze the severity of symptoms. In addition, it 
also opens up for separate analyses of the three core domains of autism, which are 
impairments in social interaction, language impairments and restricted behavior. Thus, 
we also investigated if genetic variation affects all three domains or only a specific ALT 
domain.  

To investigate common variation in the ASMT gene, we selected six SNPs covering the 
gene and also the promoter region, where several SNPs previously associated with 
autism are located. The association analyses were performed between these SNPs and 
ALTs measured in 1771 subjects from the general population (CATSS population). In 
addition, association analyses were investigated for a common CNV in the ASMT gene 
based on a previous study showing an increased prevalence of this CNV in autism155.  

The main finding in this study was the association between social communication 
impairments in girls and a SNP in the last intron of the ASMT gene (rs5949028). The 

location in the last intron of the ASMT gene does not implicate a major functional 
effect on gene regulation. This mutation could, however, be in linkage disequilibrium 
with other yet unknown functional variants. To relate our finding with previous 
genome wide studies of ALTs, the resolution of the genome wide arrays is of 
importance. Although the SNP-arrays have been developed to have a high resolution, 
some of the early genome wide arrays do not capture genetic variation in the ASMT 
gene. Thus far, four genome wide association studies for ALTs have been 
published102,119-121, of which three were published after our paper II was accepted for 
publication. Of these studies, only the study by Jones et al.120 covers the ASMT gene. 
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However, this study did not find association between the ASMT gene and ALTs. 
Overall, the genome wide studies for ALTs have identified very few associations 
between common variation and ALTs. In the ALT GWASs, different measures of 
ALTs have been used. We measured ALTs using the A-TAC, whereas, for example, the 
Autism Spectrum Quotient (AQ)23 was used in the study by Jones et al.120. A major 
difference between these two measures of ALTs is that the A-TAC is a DSM-based 
questionnaire, thus it captures traits related to the diagnostic criteria, while the AQ is 
designed to capture a broader definition of ALTs.  

Since the publication of paper II, we have also analyzed three SNPs (rs5949028, 
rs5989681 and rs4446909) in ASMT and one SNP in MTNR1B (rs4753426) in a larger 
CATSS sample (>12,000 subjects) (unpublished data). However, we could not replicate 
the association between ASMT and ALTs. We did find a significant association 
between the investigated SNP in MTNR1B (rs4753426) and total ALT scores in girls 

(p=0.002). Overall, replication of associations between common variation and autism 
or ALTs has been shown to be difficult and further investigations of common 
variation in ASMT and MTNR1B are warranted.  

The CNV spanning exon 2-8 in ASMT was analyzed for a possible influence on ALTs 
in our study; however the CNV was not shown to be associated with continuous 
measures of ALTs. To be able to perform case-control analysis comparable to the first 
study by Cai et al.155, we would have needed a larger sample. Since the investigated 
CATSS population included subjects from the general population, this population 
resembles the prevalence of autism in the general population.  

Conclusion paper I and II 
Although none of the identified melatonin related mutations display full penetrance, 
we and others have indeed shown that variants in these genes are associated with 
higher risk for autism. We identified an association between common variation in the 
ASMT and ALTs, however this could not be replicated in our second cohort. The 
strongest evidence has been shown for the splice site mutation (IVS5+2T>C) in the 
ASMT gene, which disrupts the function of the enzyme leading to dramatically 
decreased melatonin levels in the carriers. Indeed, it has also recently been suggested 
that disruption in the melatonin synthesis pathway (serotonin-NAS-melatonin 
pathway) could be used as a biomarker for autism in a subgroup of cases146. Taken 
together, our results support that ASMT is a susceptibility gene for autism. 
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AUTISTIC-LIKE TRAITS AND COMMON VARIATION IN 
AUTISM CANDIDATE GENES (PAPER III) 
In the third study, we further investigated the influence of common genetic variation 
on autistic-like traits in a large sample from the general population. For this study, we 
selected five SNPs in genes that previously have been strongly implicated in autism. In 
addition to investigating ALTs, we also investigated the association between the 
selected SNPs and genetic factors for neurodevelopmental problems (NDPs).  

Although hundreds of genes have been implicated as risk genes for autism, various 
penetrance and effect sizes have been shown for genetic variation in these genes. The 
genes selected for investigation in our study have repeatedly been shown to be of 
importance in autism, both in human genetic studies and in functional studies. Two of 
the genes (CNTNAP2 and SHANK3) are involved in synaptic functioning, which is one 
of the major pathways associated with autism. Furthermore, reelin (encoded by RELN) 
has been shown to have critical functions during neurodevelopment and is involved in 
the maintenance of synaptic function in adulthood175. Decreased reelin expression has 
been found in several neurodevelopmental disorders such as schizophrenia, bipolar 
disorder and autism176-178. Finally, we selected a SNP (rs4307059) in the region 
between the cadherin 9 (CDH9) and cadherin 10 (CDH10) genes. This SNP has been 
associated with both autism112 and autistic-like traits179. Although these are strong 
candidate genes for autism, the main finding in our study was that we did not find any 
significant association between the investigated SNPs and measures of ALTs or NDPs 
in our large sample from the general population.  

The SNP rs4307059 is one of the few common variations that has been associated in 
both an autism case-control study112 and a study investigating the ALT social 
communication domain179. Although our analyses did not show any association 
between rs4307059 and ALTs, one of the differences between our study and the study 
by Pourcain et al.179 was that different measures of ALTs were used in these studies.   

CNTNAP2 is one of the largest mammalian genes and spans more than 3.3 Mb in the 
chromosomal region 7q35. A rare homozygous mutation has been identified in the 
CNTNAP2 gene in Amish children with mental retardation and language 
impairments93. In addition, mouse models lacking CNTNAP2 have been shown to 
display features similar to the core domains of behavior and cognition in autism180. In 
our study, we chose to investigate two SNPs in the large CNTNAP2 gene: rs7794745 
(between exon 2 and 3) and rs2710102 (between exon 13 and 14). The SNP 
rs7794745 has been associated with autistic disorder181. In addition, carriers of the risk 
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allele in the general population have been shown to have altered brain volumes, as 
measured by structural magnetic resonance imaging (MRI), in regions previously 
associated with autism182. The other investigated SNP (rs2710102), and several other 
common variations in the region between exon 13 and 14, have been associated with 
language problems183, such as age at first word in children with autism184. In addition, 
the SNP rs2710102 has been associated with language development in the general 
population122. However, negative association studies between CNTNAP2 and autism 
have also been published185. Taken together, previous findings indicate that the 
selected SNPs were strong candidates for ALTs association analyses.  

SHANK3 was the first of the SHANK genes to be associated with autism, by the 
identification of three autism families carrying deletions or a single nucleotide 
insertion in the SHANK3 gene186. Rare mutations and deletions have also thereafter 
been identified in autism187,188, although the association analyses between common 
variations in autism case-control studies have shown some inconsistent results for most 
of the SNPs in SHANK3. In our study, a non-synonymous SNP (rs9616915, p.I245T) 
in the SHANK3 gene was investigated. 

The SNP analyzed in the RELN gene is a non-synonymous SNP rs362691 (p.L997V) 
that has been associated with autism in a recent meta-analysis189, which included five 
association studies190-194. Other frequently studied common variations in RELN, such 
as a trinucleotide repeat (GGC) and rs736707, was not shown to have a major impact 
for autism in the meta-analysis by Wang et al.189.  

In addition to the analyses of ALTs, we also investigated the influence of the selected 
SNPs on genetic factors for NDPs. These genetic factors have been identified in the 
CATSS population in a study by Pettersson et al.162 with the aim to understand 
whether the extensive overlap among NDPs was primarily genetic or environmental. 
Since previous research indicates a large overlap between the genetic factors for 
different neurodevelopmental disorders, we wanted to investigate if our selected SNPs 
were associated with this genetic overlap between NDPs measured in the general 
population. Although we did not find any association between the genetic factors for 
NDPs and the selected SNPs in this study, further investigations are warranted to 
understand the genetic susceptibility for NDPs.  

In general, it has been difficult to replicate associations between common variations 
and autism or ALTs. Since common variation usually has very small effect sizes, the 
approach to investigate continuous measures of ALTs rather than case-control autism 
analyses is a useful strategy. Although, the results in paper III do not suggest a major 
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importance of the investigated common variations on ALTs or the genetic factors for 
NDPs, it can not be excluded that other genetic variation in the investigated genes may 
have an influence on ALTs.  

SCREENING FOR RARE VARIATIONS IN A MULTIPLEX 
FAMILY (PAPER IV) 
Encouraged by findings identifying several genetic variations not only specific for 
autism, but also other neuropsychiatric disorders, we used the latest genetic 
technologies to investigate a large family with several members with autism and 
language problems (figure 2). We analyzed CNV and rare sequence mutations in a 
family consisting of two index children with autism and eleven family members.  

The genetic heterogeneity for autism suggests that multiple genetic loci may be 
involved in the etiology for autism. However the relationship between genotype and 
phenotype is not well understood. For the investigation of rare CNVs and point 
mutations in this study, the first approach was to search for previously identified high 
impact variants in autism. The second approach was to search for novel variants with 
possible implications as risk variants for autism and language problems.  

The main finding in this study was the identification of several variants suggested to 
influence the genetic etiology for autism, and also language problems (figure 3). Three 
very rare paternally inherited CNVs were identified in the index children: 6q15, 
11q21, and 4q34.3. In addition, we also identified a paternally inherited deletion in 
the 15q11.2 region. The whole exome sequencing study revealed several rare 
mutations, of which 18 mutations were validated and investigated in the whole family. 
Several of these mutations are located in genes previously associated with autism or 
other neuropsychiatric disorders. However, we also found novel variants not previously 

Figure 2. Pedigree of the multiplex ASD family investigated in paper IV. 
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identified as susceptibility genes for autism or related phenotypes.  

For one of the identified mutations we investigated the functional properties in cell 
culture. This mutation (p.T369M) is located in the CYP11A1 gene, coding for the first 
enzyme in the steroid hormone biosynthesis: the P450 side chain cleavage enzyme 
(P450scc). Our analyses suggest that this mutation causes a gain of function of the 
enzyme. Since the P450scc is the first step in all steroid hormone biosynthesis, this 
may have implications on the downstream production of both sex hormones, such as 
androgens, and also on cortisol and mineralocorticoids, such as aldosterone. In our 
study, we did not measure hormone levels in the carriers of this mutation; however, 
this would be useful to determine if the mutation has any effects on hormone levels in 
carriers. Alterations in androgen levels have previously been associated with autism106-

109. In addition, the recent report of elevated levels of all steroid hormones in 
autism110, indicates a potential role for the identified mutation in the CYP11A1. 

Taken together, our study investigated the phenotypic and molecular characteristics in 
a multiplex family with autism and related phenotypes. We did not identify CNVs or 
sequence mutations with high probability of being pathogenic enough to be causal for 
autism. However, we present several genetic variations with possible influence on the 
genetic etiology of autism and related phenotypes in this family. To understand the 
possible implications of the identified variants, functional analyses of these variants are 
warranted. 

 

Figure 3. Inheritance of the point mutations 
and CNVs in the mother, father and the two 
index children. Identified rare point mutations 
are indicated by the gene they are located in. 
CNVs are described by the chromosomal 
region they are located in.  
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CONCLUDING REMARKS  
Autism is characterized by varying degrees of difficulties in social communication and 
repetitive behavior. Within autism, there is a large clinical heterogeneity of the core 
characteristics ranging from mildly to profoundly disabling. The varying degrees within 
the spectrum have been shown to be on a continuum, where milder forms of these 
symptoms are displayed as autistic-like traits (ALTs) in the general population. A 
person can display ALTs related to one or more of the core domains that may be 
viewed as normally occurring traits in the general population.  

In addition to the clinical heterogeneity of autism, the genetic etiology of autism has 
also been shown to be highly heterogeneous. A large number of genes have been 
identified as high impact or susceptibility genes for autism with varying confidence. 
The majority of the identified rare high impact variants for autism have each only been 
identified in a few cases. However, many of the disrupted genes have been identified in 
shared biological pathways. In addition to the rare variants identified, numerous 
common variations have been associated with autism and also ALTs. Although each 
common variation usually has a small effect size, they have been shown to have a big 
impact en masse.  

Since it has been difficult to replicate common variant findings in autism case-control 
studies, investigations of endophenotypes may be another strategy to gain insight into 
the influences of common variations in autism. We investigated common variations in 
relation to the dimensionally distributed autistic-like traits in our analyses, where we 
selected common variants in genes that have been repeatedly associated with autism. 
In our studies, we have identified association between common variation in the ASMT 
gene and ALTs; however, the selected variants in other autism candidate genes were 
not associated with ALTs. Either these variants do not have an effect on the ALTs, or 
the effect sizes are too small to be identified in our sample.  

Investigations of rare genetic variation were performed in case-control or family based 
studies in this thesis. Functional investigations of identified mutations are generally 
needed to understand their impact on the disorder. One of our identified rare 
mutations in the ASMT gene has previously been shown to drastically decrease 
melatonin levels in carriers in functional studies. In addition, in the family based study 
we could identify several rare variations that could potentially increase the risk for 
autism-related problems. Of these identified variants, our functional analysis of a 
mutation in the CYP11A1 gene was implied to increase the function of the enzyme 
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P450scc (encoded by the CYP11A1 gene). However, to understand the possible clinical 
implications of the other identified mutations in our study, functional studies of these 
genetic variations are warranted. 

Taken together, in our studies we have identified several genetic variations acting as 
risk variants for autism and related phenotypes. Our analyses of rare genetic variation 
in ASMT may provide insight for the use of melatonin treatments in autism. 
Investigations of rare inherited variation may gain further insight on the underlying 
biological mechanism for autism. Overall, the field of autism genetics has identified a 
large number of genes in different biological pathways that can be potential targets for 
autism treatment strategies in the future.  
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SAMMANFATTNING PÅ SVENSKA 
Personer med autism har problem med social kommunikation, språkproblem och 
stereotypa beteenden. Genetiska faktorer har visat sig vara av stor betydelse för 
autismspektrumtillstånd (används synonymt med autism här), men exakt vilka gener 
som är orsakande är till stor del fortfarande okänt. I den här avhandlingen ingår fyra 
studier där vi har fokuserat på att både fördjupa kunskapen om gener som tidigare har 
visat sig vara av betydelse för autism och att hitta nya gener som kan vara av betydelse 
för autism. Vi har även undersökt geners inverkan på autismliknande drag i 
normalbefolkningen.  

I två av de ingående studierna (paper I and II) har vi fokuserat på gener som är 
relaterade till hormonet melatonins funktion och syntes, med ett särskilt fokus på 
genen ASMT som kodar för ett protein som reglerar tillverkningen av melatonin. 
Melatonin är ett hormon som produceras under natten och är bland annat inblandat i 
sömn- och vakenhetsregleringen. Tidigare studier har visat sänkta nivåer av melatonin 
hos barn med autism. Melatonin har också ofta positiva effekter när det används 
farmakologiskt till barn med autism. Genom att undersöka ovanliga mutationer i 
melatonin-relaterade gener har vi i ASMT-genen identifierat en mutation som tidigare 
har visats orsaka en försämrad produktion av melatonin (paper I). Vi har även funnit 
association mellan en vanlig genetisk variation, så kallad ”single nucleotide 
polymorphism” (SNP), och autismliknande drag i normalbefolkningen (paper II). 
Sammantaget stärker våra studier ett samband mellan melatoninrelaterade gener och 
autism. 

Ett stort antal gener har identifierats som riskgener för autism och vi har valt att 
undersöka om genetisk variation i fem gener (CNTNAP2, RELN, SHANK3 och 
rs4307059) ökar risken för autismliknande drag i normalbefolkningen (paper III). En 
av de studerade SNParna (rs4307059), som är lokaliserad mellan två gener som heter 
cadherin 9 (CDH9) och cadherin 10 (CDH10), har tidigare associerats med både 
autism och problem med social kommunikation. De andra generna är några av de 
gener som har en tydlig association till autism, och är inblandade i neuroutveckling 
(genen RELN) och synapsfunktion (CNTNAP2 och SHANK3). Våra analyser tyder inte 
på att de studerade genetiska variationerna i de här generna ökar risken för 
autismliknande drag i normalbefolkningen.  

För att förutsättningslöst undersöka genetiska faktorer för autism i en stor familj som 
har flera individer med autism och/eller språkproblem har vi använt oss av så kallade 
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helgenomsundersökningar, där man kan screenar hela genomet för ovanliga 
mutationer. I vår studie har vi studerat ovanliga punktmutationer i exomet, som är 
DNA-sekvenser som kodar för proteiner, via så kallad exomsekvensering. Vi har även 
studerat så kallade kopienummervariationer (via SNP-arrays). Kopienummervariationer 
(CNVs) innebär att sekvenser i arvsmassan finns i för många eller för få kopior eller 
saknas helt. Vi identifierade ett flertal ovanliga CNVs och punktmutationer, som kan 
vara av betydelse för autism i den studerade familjen. Vi valde att studera funktionen 
av en av de identifierade punktmutationerna i en gen som heter CYP11A1, som kodar 
för ett protein som reglerar det första steget i steroidhormonsyntesen där 
slutprodukterna bland annat är steroidhormonerna kortisol, testosteron och östrogen. 
Våra analyser indikerar att mutationen kan orsaka en ökad funktion hos proteinet som 
CYP11A1 kodar för, men för att veta om det har en betydelse i individer som bär på 
mutationen så behöver vi också mäta steroidhormonnivåer i de individerna.  

Sammantaget har vi sett en inblandning av melatoninrelaterade gener vid autism och 
vi har identifierat en rad olika gener och CNVs som kan vara riskgener för autism. Vår 
forskning bidrar till en ökad kunskap om gener som kan vara inblandade vid autism, 
vilket ökar förståelsen för bakomliggande orsaker och kan leda till bättre 
behandlingsstrategier i framtiden.  
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