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Abstract
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Neurodevelopmental disorders are complex and heterogenous disorders affecting brain 
development. In this thesis, we study intellectual disability (ID) and schizophrenia, and we 
applied genomic, transcriptomic, and proteomic techniques to identify and further investigate 
candidate variants and important genes and pathways involved in pathology of these two 
disorders.

In paper I, genotyping and exome analyses were performed in a large multi-generational 
family with non-syndromic ID from a North Swedish isolate, with the aim to identify linkage 
regions and disease-associated variants. The linkage analysis identified four suggestive linkage 
regions. The exome sequencing revealed a known pathogenic mutation in the SLC17A5 gene, 
and potential pathogenic CNVs overlapping the genes KDM3B and MAP3K4/AGPAT4. The 
overall results indicated that ID is genetically heterogeneous in this family.

In paper II, transcriptome sequencing was performed on fibroblast cells from schizophrenia 
patients and control individuals from a large family in a genetically isolated region in northern 
Sweden. We detected 48 significant differentially expressed genes, of which eight genes were 
previously associated with schizophrenia. These results provide further support for the use of 
fibroblasts, and highlight benefit of using isolated populations in studies of 
neurodevelopmental disorders.

In paper III, transcriptome sequencing was performed on a large cohort of post-mortem 
brain tissue samples from schizophrenia patients and controls. In total, 71 significant 
differentially expressed genes were detected, and gene ontology analysis showed 
enrichment of genes from the immune system and more specifically the complement system. 
Our results implicate significant upregulation of complement genes in a subset of the patients.

In paper IV, we performed further proteomic analysis on the same sample set as paper III. 
The primary results from proximity extension assays show significant differential expression 
of schizophrenia-associated proteins in a subgroup of patients. In total, 21 differentially 
expressed proteins were identified by the immune panel, 12 proteins by the inflammation 
panel, and two by the custom panel. The protein IL6 was included in all three panels and 
consistently showed significant expression changes. Our transcriptome and proteome results 
highlight the important role of immune system in schizophrenia pathology.
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Introduction 

The human genome 
The first mechanisms of heredity were proposed by Mendel and Darwin, and 
by the middle of nineteenth century it was known that the nucleus contains 
hereditary information. However, no one knew the physical nature of this he-
reditary material until the exploration of the fibrous network, which later was 
called chromosome, by innovative microscopy (O’Connor & Miko, 2008). 
Today we know that the human hereditary information is contained in a com-
plete set of nucleic acid sequences in the form of DNA packed in 23 chromo-
some pairs which is called human genome, plus the mitochondrial genome. 
The human genome comprises a nuclear genome with majority of our genes, 
while the mitochondrial genome carries 37 genes. The majority of our 
knowledge about the human genome comes from one of the greatest explora-
tions in history by an international team of collaborators, the Human Genome 
Project. The project was initiated in 1990 and concluded by publishing of the 
first full sequence in 2004. During the project, it turned out that the actual 
number of genes in the human genome is about 20 to 25,000 while it was 
previously estimated to 100,000 genes (International Human Genome 
Sequencing, 2004). Later, by developing more affordable and faster high-
throughput sequencing technologies, researchers in different countries at-
tempted to sequence more genomes with different aims and focuses. The 1000 
Genomes Project was launched in 2008 to characterize human genome varia-
tion by applying whole-genome sequencing using samples from different pop-
ulations (Genomes Project et al., 2010). In 2013, England initiated its 100,000 
Genomes Project with focus on rare diseases, and some types of cancers and 
infectious disease. Thereafter, different countries started their own national 
Genomes Projects, and nowadays, millions of human genomes have been se-
quenced (Philippidis, 2018).  

As mentioned above, about 20 to 25,000 genes in human genome are pro-
tein-coding, with protein coding sequence accounting for about 1.2% of the 
whole genome. Our knowledge of the rest of the genome and its functional 
elements was very limited until The Encyclopedia of DNA Elements (EN-
CODE) projects was launched in 2003 (E. P. Consortium, 2004). The project 
consisted of different phases, and in 2012 as the consortium announced its 
results, 80% of the human genome could be assigned to certain functional 
purposes (E. P. Consortium, 2012). Altogether, these projects have enhanced 
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our insight into the human genome, its organization and regulation, and its 
relevance for human health and disease.  

Variation in human genome 
Every human being is unique when it comes to the genome. We inherit genetic 
variation from our parents. For any genetic locus, a human being can be ho-
mozygous, if the maternal and paternal alleles are identical, or heterozygous, 
if the alleles are different. Therefore, every single human being has a unique 
diploid genome that differs from one another. Additionally, there are post-
zygotic genetic variations occurring in the DNA sequence of both somatic 
cells and germ-line cells throughout life. Therefore, we carry cells with differ-
ent genomes. 

Changes in the DNA sequence underlie genetic variation and may contrib-
ute to phenotypic differences and disease risk. The majority of these changes 
are neutral and have no noticeable effect (Fay, Wyckoff, & Wu, 2001). The 
great majority of DNA changes are caused by endogenous sources such as 
mistakes by the DNA replication machinery, and a minority of mutations are 
caused by environmental factors such as radiation or chemicals (Morley & 
Turner, 1999). 

Mutations can be broadly classified into single-base substitutions (so called 
single nucleotide polymorphisms (SNPs), small insertions and deletions (IN-
DELs), and structural variations. The physiological outcome of these changes 
depends on where they occur in the genome. SNPs are simply the misincor-
poration of a base into the DNA sequence occurring during DNA replication 
or as a damage by chemical or physical mutagens. They account for the ma-
jority of human genome variations and can, if they occur in the coding se-
quence, be categorized into synonymous and nonsynonymous variants. The 
synonymous substitution replaces one codon with another codon of same 
amino acid and is generally harmless. On the other hand, the nonsynonymous 
substitution replaces a codon with a codon of another amino acid, known as 
missense mutation, or introduces a premature stop codon, known as nonsense 
mutation. The nonsynonymous mutations are often subjected to natural selec-
tion. Structural variations were originally characterized as insertions, dele-
tions, and inversions greater than 1kb in size (Feuk, Carson, & Scherer, 2006). 
However, with development of sequencing technologies and increased reso-
lution, the definition changed to rearrangements including large insertions, 
deletions, inversions, balanced and unbalanced translocations, and amplifica-
tions with a size of 50 base pairs or more (Baker, 2012; Cameron, Di Stefano, 
& Papenfuss, 2019). Copy number variations (CNVs) are a subtype of struc-
tural variations including deletions, duplications or multiple copies.  The size 
for CNVs is now defined from 50 base pairs (Alkan, Coe, & Eichler, 2011) to 
several megabases of DNA sequence (MacDonald, Ziman, Yuen, Feuk, & 
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Scherer, 2014). Small insertions and deletions below 50 base pairs are typi-
cally referred to as INDELs. 

Gene expression analyses 
Tracking gene expression at the transcript or protein level is the first step to 
understand a gene’s function. Different techniques have been developed over 
time for the purpose of measuring gene expression. Now, gene expression can 
be studied using low-throughput techniques, which track expression of a small 
number of genes simultaneously, and high-throughput technologies, where 
thousands of genes can be analyzed in parallel. One may use RNA, cDNA, or 
protein extract as starting material in both technologies. The expression can 
also be studied in vitro using cultured cells, in situ using tissue sections, and 
in vivo in certain organisms.  

Compared to the genome, the transcriptome is quite dynamic within a cell 
and variable between different cell types. Therefore, using RNA as starting 
material to study gene expression has its own challenges. However, mRNAs 
are important proxies to protein abundance, and extensive maps have been 
created based on mRNA expression in different human cell types and tissues 
(G. T. Consortium, 2013; Thul et al., 2017). On the other hand, as only about 
1.2% of our genome is coding DNA, studying the proteome might be less 
complex than the transcriptome. However, studies highlighted a larger dy-
namic range for the proteome compared to the transcriptome, and one should 
also consider post-translational modifications at protein level (Franks, Airoldi, 
& Slavov, 2017; Kays & Chen, 2019; Liu, Beyer, & Aebersold, 2016; Tom 
Strachan, 2019; Wang et al., 2019).  

One of the most applied high-throughput techniques for gene expression 
studies is transcriptome sequencing or RNA sequencing (RNA-Seq). RNA-
Seq can be performed either using total RNA or polyadenylated mRNA (poly-
A RNA) as starting material. Poly-A selection is performed before sequencing 
if the primary focus is on coding regions. This allows higher coverage of ex-
onic regions, more efficient detection and accurate quantification of gene/tran-
script. On the other hand, total RNA sequencing, also known as whole-tran-
scriptome sequencing, can capture all coding and noncoding transcriptome 
features, and therefore is a more comprehensive approach (Guo et al., 2015; 
Sultan et al., 2014; Zhao, Zhang, Gamini, Zhang, & von Schack, 2018). The 
RNA is converted to cDNA during library preparation before sequencing in 
both approaches. RNA-Seq is highly used in gene expression studies, and un-
like traditional microarray hybridization, it can be applied to new transcript 
and alternative isoform identification, and also gene annotation as it does not 
rely on prior knowledge of sequenced genes (Hrdlickova, Toloue, & Tian, 
2017; W. Li, Dai, Kang, & Zhou, 2014). RNA-Seq has been widely used to 
study genetic mechanisms and risk factors in neurodevelopmental disorders 
(Hernandez et al., 2021). 
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Neurodevelopmental disorders 
The developmental disorder in psychiatry has been conceptualized in a text-
book by Étienne Jean Georget in 1820 for the first time (Berrios & Porter, 
1995). Later, the concept has evolved over time, and now the term neurode-
velopmental disorder is used as a general term referring to conditions with 
impaired cognitive and motor functions resulting from disruption to brain de-
velopment. The term groups together a wide variety of disabilities such as 
attention deficit hyperactivity disorder (ADHD), autism spectrum disorders 
(ASD), epilepsy, intellectual disability (ID), and schizophrenia (Thapar, 
Cooper, & Rutter, 2017).  

As we know, not all genetic disorders follow Mendel’s patterns of inher-
itance. The majority of pathogenic and risk variants are dependent on and af-
fected by genotypes of other loci, environmental factors, and a person’s life-
style. Therefore, many genetic studies have been dedicated to study risk vari-
ants associated with complex disorders like neurodevelopmental disorders. 
Although most neurodevelopmental disorders have a high heritability, they 
often have multifactorial etiology rather than one major cause. Additionally, 
these disorders have considerable comorbidity and phenotypic overlap that 
might be explained by partially-shared genetics and common environmental 
risk factors (Morris-Rosendahl & Crocq, 2020). 

ID and schizophrenia are the main topics of this thesis and will be discussed 
further in the following sections. 

Intellectual disability 
ID is a neurodevelopmental disorder with an early onset and affects approxi-
mately 1% of the world-wide population (Maulik, Mascarenhas, Mathers, 
Dua, & Saxena, 2011). The diagnosis and intellectual ability of persons with 
ID is divided into profound, severe, moderate, and mild with intelligence quo-
tient (IQ) of <20, 20-34, 35-49, and 50-69 respectively (Kolset, 2020). ID can 
also be categorized into syndromic and non-syndromic, where patients with 
syndromic ID have other clinical features such as congenital malformations 
(Kaufman, Ayub, & Vincent, 2010; Rosello et al., 2014). Additionally, ID can 
manifest together with other psychiatric disorders such as schizophrenia and 
ASD (Duong et al., 2012; Yang, Yang, & Tang, 2021). 

Genetics of intellectual disability 
Intellectual disability includes a wide variety of disorders and the causes are 
heterogenous. The etiology of ID can generally be divided into environmental 
and genetic factors. The prenatal exposure to infections during pregnancy, 
hazardous chemicals and UV radiation, or lack of nutrition, and certain child-
hood diseases like meningitis after birth are just some examples of 
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environmental factors which lead to nervous system malfunction and conse-
quently ID (Winnepenninckx, Rooms, & Kooy, 2003). The cause of ID is still 
unknown for 50% of individuals, however it is well established that the most 
driving cause is genetic variations (Milani, Ronzoni, & Esposito, 2015). Ge-
netic factors can be categorized into aneuploidies, CNVs, structural variants, 
SNVs, and tandem repeats in certain genes (Palmer et al., 2014). 

Karyotyping was the first genetic test used to investigate aneuploidies 
(Lejeune, 1963) such as Down’s syndrome, which is the most frequent form 
of ID (Asim, Kumar, Muthuswamy, Jain, & Agarwal, 2015). However, kary-
otyping is time-consuming, and due to its low resolution, it can only detect 
large chromosomal aberrations. Later, fluorescence in situ hybridization 
(FISH) was developed and also used in combination with traditional methods 
to detect cytogenetic abnormalities (Fauzdar et al., 2013). De novo and inher-
ited CNVs are also associated with ID, and microarray-based techniques such 
as array comparative genomic hybridization (CGH) (Shoukier et al., 2013), a 
genome-wide analysis technique with high resolution, and SNP array 
(Bernardini et al., 2010) have been widely used in detection of pathogenic 
CNVs in patients with ID. Furthermore, the expansion of CGG trinucleotide 
in non-coding region of the gene FMR1 on chromosome X causes X-linked 
recessive ID known as fragile X syndrome (Bagni, Tassone, Neri, & 
Hagerman, 2012). Over the past few decades, different techniques have been 
applied to identify novel genes causing ID, and over the past decade next-
generation sequencing (NGS) technology has become the primary method for 
identification of new genes associated with ID (Harripaul, Noor, Ayub, & 
Vincent, 2017). The combination of NGS and bioinformatics approaches have 
rapidly increased the identification of novel ID-associated genes in recent 
years. 

Schizophrenia 
Schizophrenia is a severe psychiatric disorder with prevalence of about 1% 
(McGrath, Saha, Chant, & Welham, 2008) and with age of onset in the early 
twenties (Gogtay, Vyas, Testa, Wood, & Pantelis, 2011). The incidence is 
higher in males, with earlier age at onset and more severe symptoms (Bergen 
et al., 2014). Schizophrenia is classified as a psychotic disorder and diagnosed 
based on its core features which include positive symptoms, negative symp-
toms and cognitive deficits; positive symptoms such as delusions and halluci-
nations, negative symptoms such as social withdrawal and lack of motivation, 
and cognitive deficits including difficulties in memory and concentration 
(Owen, Sawa, & Mortensen, 2016). Positive symptoms may diminish and re-
lapse over time in the majority of patients, while negative symptoms and cog-
nitive impairments are associated with the disorder long-term (Lieberman et 
al., 2001). These criteria are not exclusive to schizophrenia and they are quite 
common in different psychoses. However, clinicians can classify these 
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symptoms and their associated psychosis based on duration, level of dysfunc-
tion, association with substance use, and presence of depression or mania (van 
Os & Kapur, 2009). A meta-analysis study consisting of 12 published twin 
studies demonstrated that both genetics and environmental factors contribute 
to the disorder etiology (Sullivan, Kendler, & Neale, 2003; van Os, Kenis, & 
Rutten, 2010). Environmental factors like childhood adversity, migration and 
induced brain damage during early infancy have been reported to increase the 
susceptibility to schizophrenia (Cantor-Graae & Selten, 2005; Matheson, 
Shepherd, Pinchbeck, Laurens, & Carr, 2013; Owen, 2012). 

Genetics of schizophrenia 
Although schizophrenia is highly heritable, the precise etiology and affected 
underlying molecular pathways are still unknown (Sullivan et al., 2003). De-
velopment of high throughput technologies during the last decades has ad-
vanced our understanding of the biological and genetic background of schiz-
ophrenia. Genome wide association studies (GWAS) using large cohorts have 
led to more than 100 schizophrenia-associated loci, implicating many genes 
that are completely novel and not known before. The findings from recent 
GWAS studies provided new insights into enrichment of common schizophre-
nia risk variants in regions under high selection and in mutation-intolerant 
genes (Pardinas et al., 2018; Schizophrenia Working Group of the Psychiatric 
Genomics, 2014). Genes involved in neuronal, immune, and histone pathways 
were the major categories implicated by GWAS studies (Network & Pathway 
Analysis Subgroup of Psychiatric Genomics, 2015). Although GWAS studies 
implicate many common alleles with low risk in association with schizophre-
nia, there are also several reported rare CNVs with large effect size at specific 
loci contributing to increasing risk of schizophrenia (Malhotra & Sebat, 2012; 
Rees, Walters, Chambert, et al., 2014; Rees, Walters, Georgieva, et al., 2014). 
Furthermore, exome sequencing of schizophrenia trios implicated de novo 
single-nucleotide variants (SNVs) in genes encoding synaptic proteins 
(Fromer et al., 2014). The results of genetic studies in schizophrenia show that 
it is a highly complex genetic disorder with extreme genetic heterogeneity. 
Figure 1 shows schizophrenia-associated alleles. 

The idea of precision medicine in psychiatry-related conditions such as 
schizophrenia for prediction of genetic risk is starting to generate interest, 
however the utilization is still limited.  
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Figure 1: Location of schizophrenia-associated alleles. Copy number variants (red 
squares), recurrent de novo mutations and rare variants identified by NGS (blue cir-
cles), and GWAS loci (green triangles). Figure from article "New discoveries in schiz-
ophrenia genetics reveal neurobiological pathways: A review of recent findings" 
(Kotlar, Mercer, Zwick, & Mulle, 2015) 

Proteomics of schizophrenia 
Schizophrenia is a neuropsychiatric disorder with complex inheritance and in-
tegrating other fields of studies such as proteomics with genomics and tran-
scriptomics can help to understand different aspects of its pathogenesis. Un-
like the genome, the proteome composition is dynamic in an organism 
throughout life (Beynon, 2005). Additionally, it is known that transcriptomics 
and proteomics data correlate poorly (Gry et al., 2009). However, proteomics 
as a reflection of gene and environment interactions can be important in the 
study of complex disorders like schizophrenia and it can highlight details of 
related pathways and potential biomarkers. Furthermore, as proteins are func-
tional units of each cell, studying proteomics can help us to have a better un-
derstanding of DNA, RNA, and protein correlations. 

By development of two-dimensional (2D) gel electrophoresis, a low 
throughput method, the first protein studies were conducted in 1975 (Klose, 
1975; O'Farrell, 1975; Scheele, 1975). The 2D gel electrophoresis could visu-
alize and separate many proteins, however it could not identify proteins. De-
velopment of mass spectrometry (MS), a high throughput method, overcame 
this limitation and could identify multiple proteins per sample with high sen-
sitivity (Andersen & Mann, 2000). Both 2D gel electrophoresis and MS are 
so-called untargeted approaches as they do not require prior selection of the 
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protein target. On the other hand, targeted approaches require prior knowledge 
of protein properties and focuses on selected proteins. Examples of targeted 
techniques are sandwich immune assays, such as ELISA, and proximity-based 
assays, such as proximity ligation assay (PLA) and proximity extension assay 
(PEA) (Blokzijl et al., 2014). The number of protein targets that can be de-
tected in a multiplex assay by MS, and PLA/PEA is  >6000 (Krey et al., 2018), 
and 1536 (Olink, 2020), respectively.  

Proteomics of schizophrenia can be studied using in vitro models, blood 
and serum, cerebrospinal fluid, and postmortem brain (Abel & Nickl-
Jockschat, 2016; Antunes, de Almeida, Crunfli, Carregari, & Martins-de-
Souza, 2021). Among these, cerebrospinal fluid or peripheral blood are more 
accessible due to ease of collection at the clinic. Studies have identified im-
mune-inflammatory signaling (Just et al., 2020; Santa Cruz, Zandonadi, 
Fontes, & Sussulini, 2021), metabolic pathways (M. Li et al., 2021; Zuccoli, 
Saia-Cereda, Nascimento, & Martins-de-Souza, 2017), and neuronal structure 
(Bretherick et al., 2020; Zuccoli et al., 2021) as the main pathways involved  
in schizophrenia pathogenesis. Proteins involved in neuronal transmission, 
synaptic plasticity including N-methyl-D-aspartate (NMDA) receptors, glu-
tamatergic signaling molecules, and oxidative stress are some of the main 
findings from proteomic studies using postmortem brain tissue (Schmitt et al., 
2017). Additionally, differential expression of immune and inflammation pro-
teins, such as cytokines including IL6 and IL18, have also been indicated as 
potential biomarkers mostly studied in peripheral blood samples of schizo-
phrenia patients (Fillman et al., 2016; He et al., 2020; Lesh et al., 2018; Orhan 
et al., 2018; Syed, He, Shi, & Mahmood, 2020). The loci associated with the 
immune system related genes have also been highlighted in genomic studies 
of schizophrenia which shows overlap with findings from proteomics studies 
(Schizophrenia Working Group of the Psychiatric Genomics, 2014). 

The detection of schizophrenia-associated biomarkers is highly important 
as they can be applied at the clinic for early assessment and detection, to dis-
tinguish this disorder from its closely-related ones, and also to make the per-
sonalized therapy more achievable. However, the complexity of schizophrenia 
disorder makes the identification of specific biomarkers very challenging task 
at the moment. 

Shared genetics of intellectual disability and schizophrenia 
The strong comorbidity between neurodevelopmental disorders have been 
seen and studied for a very long time. Incorporation of large-scale epidemio-
logical studies and whole-genome array-based techniques over time have also 
enhanced our understanding of the etiology of complex neurodevelopmental 
disorders. It has been shown that patients with ID have 3-5 fold increased risk 
of schizophrenia compared with the general population (Morgan, Leonard, 
Bourke, & Jablensky, 2008). There is also evidence of increased prevalence 
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of ID in children whose parents are suffering from schizophrenia (Greenwood, 
Husted, Bomba, Hodgkinson, & Bassett, 2004; Keshavan et al., 2008), and 
increased rate of schizophrenia in parents with ID offspring (Greenwood et 
al., 2004). 

Findings from GWAS studies indicate overlapping mechanisms among ID, 
ASD, and schizophrenia (Cook & Scherer, 2008; Guilmatre et al., 2009; 
Mitchell, 2011; Sebat, Levy, & McCarthy, 2009). Common recurrent CNVs 
and similar mutations in single genes in cohorts of patients with neurodevel-
opmental disorders such as ID, autism, and schizophrenia may indicate shared 
etiological background although these disorders have been considered differ-
ent clinically (Ching et al., 2010; Rosenfeld & Patel, 2017). While GWAS 
studies have increased our knowledge of shared genetics of neurodevelopmen-
tal disorders, the detailed assessment of the common risk genes pool, includ-
ing their effects on downstream pathways and their exact functional impact, 
is beyond our understanding today and requires further research and more de-
veloped technology. 
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Methods  

Exome sequencing 
In paper I, exome sequencing was performed at Uppsala Genome Center. The 
genomic DNA from peripheral blood samples were extracted during a previ-
ous project with the same family members (Beleza-Meireles et al., 2008). The 
samples were prepared using the Sure Select Human All Exon Kit (Agilent 
Technologies) and sequenced using the Ion Proton System. Using the TMAP 
5.0 software (Life Technologies), the reads were mapped to human reference 
genome hg19, and the SNVs and INDELs were detected by Torrent Suite 5.0 
(Life Technologies). Using strict filtering on the initial SNVs detected by ex-
ome sequencing, variants were kept if; present within the four linkage regions 
found in our linkage analysis; present in at least four affected individuals; and 
if they were missing or present at low frequency in public SNP databases. 

Cell culture 
In paper II, fibroblast cells were maintained in high glucose DMEM medium 
(Sigma) supplemented with 10% fetal bovine serum (FBS), 1% MEM non-
essential amino acids, 2mM of L-glutamine and 1´ penicillin/streptomycin 
(Sigma) under optimal conditions, 37°C and 5% CO2. When they became con-
fluent, the cells were split to larger culture flasks. All fibroblasts were cultured 
just one more passage after thaw and were homogenized in trizol (TRI) for 
RNA extraction afterward. Total RNA was extracted from homogenized cells 
using Ribopure kit (Ambion) and treated with TURBO DNase (Ambion) ac-
cording to the manufacturer’s instructions. 

Cryostat sectioning 
In paper III, post mortem brain tissue samples from 73 patients diagnosed 
with schizophrenia and 52 age and gender matched control individuals, were 
obtained from international brain banks. Samples were molded in Optimal 
Cutting Temperature (OCT) and 15 sections with 10 µm diameters were pre-
pared with a cryostat microtome, and immediately placed in QIAzol Lysis 
Reagent (Qiagen). To control for biological and technical variation, two sliced 
samples were prepared per individual. RNA was extracted using RNeasy Li-
pid Tissue Mini Kit (Qiagen). DNase treatment was performed with TURBO 
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DNA-freeTM Kit (Life Technologies). RNA concentration and RIN-values 
were measured using Agilent 2100 Bioanalyzer and samples with RIN>5 were 
sent for sequencing at the SNP&SEQ Technology Platform at Uppsala Uni-
versity. 

RNA sequencing 
RNA sequencing or transcriptome sequencing was the main technique used in 
both paper II and paper III to investigate differential gene expression in 
schizophrenia affected individuals compared to healthy controls. To get a 
clear view of the coding transcriptome and compare differences in expression 
between patients and controls, we used Poly-A sequencing. 

Sequencing libraries were prepared using the Illumina standard kit TruSeq 
stranded mRNA. The poly-A mRNA molecules are purified using poly-T ol-
igos attached to magnetic beads and mRNA is subsequently fragmented into 
smaller pieces. The mRNA is reverse transcribed to first and then second 
strand cDNA. A single ´A` nucleotide is added to each cDNA fragment’s 
3`end followed by adapter ligation. The products will be enriched with PCR 
and purified to create the final cDNA library. Sequencing was performed on 
the HiSeq 2500 machine by the SNP & SEQ Technology Platform in Uppsala. 

Data from 100 bp paired-end reads with depth of 30 million reads per sam-
ple in paper II and paper III were first quality filtered and then mapped to 
hg19 version of human reference genome using the RNA-seq aligner STAR. 
Counting of reads was performed with python framework HTSeq and the 
DESeq2 program was used for differential expression analysis between cases 
and controls. P-values were adjusted for multiple testing using the Benjamini-
Hochberg procedure. 

Proximity extension assay 
To follow up on the RNA sequencing results in brain tissue we performed 
proximity extension assay (PEA) in paper IV to study protein expression in 
the same tissue samples. Briefly, the PEA method employs three steps; incu-
bation, extension and detection (Figure 2). During the incubation step, 96 oli-
gonucleotide-labeled antibody pairs are bound to their protein targets in the 
sample. Next, a PCR reporter sequence is formed by proximity extension, and 
later the reporter sequence will be detected and quantified by real-time PCR. 
The PEA method has been applied using multiplexed targeted panels run at 
the Clinical Biomarkers facility. Two different panels, totaling 184 protein  
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targets focused on immune response and inflammation, have been run for 51 
patients and 28 controls. In addition, we selected specific targets not present 
on the gene panels, but that showed differential expression in our transcrip-
tome analysis. The same sample set was used for analysis of 19 specifically 
selected proteins. 

Figure 2: PEA procedure. Attachment of oligonucleotide-labeled antibody pairs to 
their protein target. The hybridized probes are subsequently detected and quantified 
using real-time PCR. Copyright ã Olink AB 2013. 



 23 

Summary of included papers 

Paper I. Linkage and exome analysis implicate multiple genes in 
non-syndromic intellectual disability in a large Swedish family 
 
Aim: 
To identify linkage regions and/or potential disease-causing CNVs and SNVs 
in individuals with non-syndromic ID in a large multi-generational family liv-
ing in a North Swedish isolate. 
 
Methods: 
Karyotyping 
CNV analysis 
Linkage analysis 
Exome sequencing 
Sanger sequencing 
 
ID is a heterogeneous neurodevelopmental disorder with different patterns of 
inheritance. Although ID is a common disorder affecting almost 1% of the 
world population, the cause for 50% of patients is still unknown. ID can gen-
erally be divided into syndromic and non-syndromic where the non-syndromic 
group lacks additional clinical features correlated with ID. It can also be di-
vided into profound, severe, moderate, and mild, as determined by cognitive 
performance. Among these, the genetic etiology of mild ID is believed to be 
more complex, while severe ID is often the result of one single gene variation. 
Considering the fact that genetics in large families is more homogeneous, they 
can be used to identify causative genes in heterogeneous disorders such as ID. 
 
The sample set included in this study belong to a large pedigree originating 
from a small number of individuals from Finland who in the 17th century set-
tled in the Pajala region in northern Sweden. Epidemiological studies in 1950s 
revealed a high prevalence of ID and schizophrenia in the area. The family 
has been studied previously using low-resolution techniques, however no link-
age region or CNVs correlated with the disorder could be detected. Therefore, 
we decided to use denser probe and marker spacing to study the family again. 
In this study, 22 individuals including nine affected with mild to moderate ID 
(IQ around 50), plus 13 unaffected relatives from the same family were 
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analyzed using SNP array and exome sequencing. Additionally, seven unaf-
fected unrelated individuals from same region were also added to the study. 
Using blood sample from one affected individual and a healthy brother, we 
first performed karyotyping to rule out any large chromosomal rearrange-
ments as the driving cause. Data from SNP array experiments was used to 
perform CNV analysis and high throughput linkage analysis. In addition, ex-
ome sequencing was performed on eight affected individuals and their six un-
affected family members plus seven unaffected individuals from same region, 
to search for shared SNVs in several patients. The identified candidate SNVs 
were later validated by Sanger sequencing in 22 individuals in the family. 
 
Results from karyotyping indicated no large chromosomal rearrangement in 
neither the affected nor the unaffected individual of the family. We found a 
few CNVs larger than 10,000 base pairs in single affected individuals that 
were not present in unaffected individuals of the family or in the general pop-
ulation. However, none of the CNVs were found to be correlated with the af-
fection status across the pedigree. The largest identified CNV in this study, 
with a size of approximately 200 kilobase pairs, included the gene MAP3K4 
and the last exon of the AGPAT4 gene, which overlaps with a previously-re-
ported duplication in a patient with ADHD and learning disability syndromes. 
We also identified a deletion overlapping KDM3B gene in one patient. The 
pathogenic variation in this gene has previously been associated with ID, short 
stature, and facial dysmorphism. Furthermore, four regions were identified 
with linkage analysis and only one of them coincides with results from two 
other studies including large families with ID-affected individuals. The other 
three regions have not been previously linked to ID. We applied strict filtering 
criteria on the initial SNVs detected by exome sequencing, and kept variants 
if; present within the four linkage regions; present in at least four affected 
individuals; and being missed or present at low frequency in public SNP da-
tabases. In total, five SNVs were found in three different genes; TPR, 
SRGAP2, and ACOT4. Among these, only the SNV in the TPR gene showed 
significant association with affection status. Furthermore, to identify addi-
tional causative variants, the exome sequencing data was analyzed without the 
filtering criterion being shared by at least four individuals. This led to identi-
fication of a variant in SLC17A5 gene, known to cause Salla Disease, in three 
patients. 
 
Our data indicate that more than one gene harbors pathogenic variation asso-
ciated with ID in the family material, with a known pathogenic variant in 
SLC17A5, and likely pathogenic CNVs overlapping MAP3K4/AGPAT4 and 
KDM3B. Our results also show that one large pedigree from a genetically iso-
lated and homogeneous population, with suspected shared genetic contribu-
tion to ID, is in fact genetically heterogeneous within the pedigree. This may 
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result from increased presence of deleterious variants in a genetically isolated 
region with a small founder population.  
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Paper II. Transcriptome analysis of fibroblasts from 
schizophrenia patients reveals differential expression of 
schizophrenia-related genes 
 
Aim:  
To identify transcriptomic changes in fibroblasts of patients diagnosed with 
schizophrenia in a genetically isolated region in northern Sweden compared 
with controls. 
 
Methods: 
RNA sequencing 
Differential expression analysis 
Weighted gene co-expression network analysis 
 
Studies of schizophrenia using peripheral tissues have been performed to in-
vestigate the underlying molecular mechanisms. Among all peripheral tissues, 
fibroblasts stand out as they are easy to culture and they have molecular sim-
ilarities with cells from the central nervous system, as compared with other 
accessible cell types, e.g. cells from blood. 
 
In this study, we sequenced RNA extracted from cultured fibroblasts from 
nine schizophrenia patients and seven controls. The donor individuals belong 
to a genetically isolated region in northern Sweden and first ancestors of the 
pedigree settled in the area in the early 17th century. This genetically isolated 
population have displayed an increased prevalence of neurodevelopmental 
and neuropsychiatric disorders. We therefore hypothesized that schizophrenia 
in this population may be less heterogeneous compared to general outbred 
populations. After sequencing, we analyzed the data for differentially ex-
pressed genes (DEGs) by DESeq2 and we identified 48 DEGs with adjusted 
p-value cut off of < 0.1 in patients compared to controls. Among these 48 
DEGs, eight genes were previously identified in studies of schizophrenia or 
schizophrenia related pathways. Next, we used weighted gene correlation net-
work analysis (WGCNA) to identify networks of genes that are co-expressed, 
and GO analysis to look for enriched pathways relevant to schizophrenia. The 
results showed differential expression in three modules significantly associ-
ated with schizophrenia, with all three modules significantly suppressed in 
patients compared to controls. One module was highly enriched for genes in-
volved in synaptic plasticity, behavior, synaptic transmission and GABAergic 
pathways. 
 
In summary, we detected differential expression in genes significantly associ-
ated with schizophrenia in fibroblasts of patients, even though we had a very 
small sample set. These results provide further support for use of fibroblasts 
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in studies of neurodevelopmental disorders, and also highlight the benefit of 
using isolated populations for studies of complex disorders. 
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Paper III. Transcriptome analysis of post-mortem brain tissue 
reveals up-regulation of the complement cascade in a subgroup of 
schizophrenia patients 
 
Aim: 
To investigate differentially expressed genes and associated pathways in 
schizophrenia patients compared to controls using post-mortem brain tissue. 
 
Methods: 
RNA sequencing 
Differential expression analysis 
Weighted gene co-expression network analysis 
RT-qPCR 
 
Schizophrenia is a complex neuropsychiatric disorder with heritability around 
80%. However, associated genes and pathways are largely unknown and fur-
ther investigation is needed to shed light on the etiology. 
 
In this study, we obtained post-mortem brain tissue samples from international 
biobanks. Then, we performed whole transcriptome poly-A selected paired-
end RNA sequencing of samples extracted from frontal cortex of 68 schizo-
phrenia patients and 44 age and sex matched controls. Sequencing was per-
formed using Illumina HiSeq 2500 with a depth of 30 million reads per sam-
ple. Differential expression analysis identified 71 DEGs with an adjusted p-
value < 0.05 in patients compared to controls. The GO analysis of these DEGs 
showed overrepresentation of genes involved in immune response including 
several genes of the complement system. Transcriptome results for comple-
ment genes were validated using RT-qPCR and upregulation of complement 
genes in patients compared with age and gender matched controls was con-
firmed. Cluster analysis of all individuals based on expression of all DEGs 
classified samples into three clusters; cluster 1, 2 and 3. Cluster 1 showed 
overrepresentation of patients and increased expression for the majority of 
DEGs. Interestingly, individuals in cluster 1 were significantly older than in-
dividuals in clusters 2 and 3 which suggests that age, long-term pathology and 
associated treatments have an effect on gene expression pattern. Performing 
WGCNA for patients in cluster 1 versus controls in cluster 2 and 3 resulted in 
five significant modules only associated with condition and the top two (ME-
magenta and MEpink) were functionally associated with immune response 
and blood vessel morphogenesis. Gene set enrichment analysis for these two 
modules showed that only MEpink module is enriched for our DEGs, but also 
for genes previously reported to be associated with schizophrenia. The ME-
magenta module was only enriched for our DEGs but not for genes genetically 
associated with schizophrenia in previous studies. 
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Our results implicate significant upregulation of complement system in a sub-
set of patients group and further investigation to illuminate the reason under-
lying this specific expression pattern can lead us to better understanding of 
schizophrenia etiology. 
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Paper IV. Proteomic alterations in a subgroup of schizophrenia 
patients using postmortem brain tissue 
 
Aim: 
To identify differential protein expression in a subgroup of schizophrenia pa-
tients from our previous study in paper III using protein extract from post-
mortem brain tissue. 
 
Methods: 
Protein extraction and quantification 
Proseek multiplex 
Proximity extension assay 
R analysis 
 
Schizophrenia is a complex neurodevelopmental disorder affecting millions 
of lives around the world. Different types of genomic studies indicate that the 
etiology of schizophrenia is complex with a heterogeneous genetic back-
ground. The progress with genomic studies has been outstanding, however the 
link between the gene products and altered downstream signaling pathways to 
schizophrenia pathology are not yet very well understood. Proteomic assays 
may enhance our understanding of the link between genetics and transcriptom-
ics with the proteome. Additionally, they can lead to identification of potential 
biomarkers to facilitate diagnosis and treatment at the clinic. 
 
This project has been designed as a follow-up study for paper III, using the 
same set of brain tissue samples. In our previous transcriptome analysis, we 
identified a subgroup of patients with strong immune/inflammatory response 
and upregulation of several genes including complement factors. To investi-
gate the protein expression in 51 patients and 28 controls, three different PEA 
panels were used, measuring expression of 92 predefined proteins in two pan-
els, immune and inflammation panels, and 19 custom targets a third custom 
panel.  
 
The primary results from PEA show significant differential expression of 
schizophrenia-associated proteins in the subgroup of patients previously 
shown to have a strong inflammatory response. In total, 21 proteins were iden-
tified by the immune panel, 12 proteins by the inflammation panel, and two 
by the custom panel. Among all, the strongest signal was detected for IL6 
which was detected by all three panels. Further analysis using in situ sequenc-
ing is in progress. 
 
Our proteomic study highlights the differential expression of cytokines in a 
subgroup of schizophrenia patients. This study together with our 
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transcriptome findings emphasize the importance of the immune system in 
schizophrenia pathology, and also supports targeting the immune system as a 
novel therapeutic approach in schizophrenia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 32 

Future perspectives 

As mentioned in this thesis, understanding the relationship between genes and 
phenotypes is the central core in understanding the complex biology of neu-
rodevelopmental disorders. RNA and protein expression studies with high 
throughput technologies have highlighted many abnormalities at the gene ex-
pression level and advanced our understanding of the etiology of neurodevel-
opmental disorders. However, the majority of studies have been performed on 
the bulk of cells or bulk tissue, thereby missing important individual differ-
ences between cells and instead providing an average measurement of a cell 
population. Considering the fact that the transcriptome and proteome are 
highly dynamic, and that cells within tissues are not homogeneous, single-cell 
analysis is needed to uncover the hidden mechanisms that cannot be detected 
by large-scale bulk sequencing studies.  Single cell sequencing has revolution-
ized the field of transcriptome analysis over the last years (Picelli, 2017; 
Saliba, Westermann, Gorski, & Vogel, 2014). A major challenge with fresh 
frozen tissue is that the cells cannot be dissociated without disrupting the cell 
membrane. One way to circumvent this is to extract the intact nuclei and per-
form single nucleus sequencing. One major challenge for RNA-seq at single 
nuclei level is the low levels of mRNA. However, the approach can overcome 
other challenges of single cell extraction, such as stress to the cell that may 
substantially alter gene expression.  

For decades, RNA-Seq has been widely used to perform transcriptome-
based analysis and get an overview of differential gene expression and differ-
ential mRNA splicing. However, the current short-read RNA-seq methods 
might have overlooked the complexity of transcript isoforms, and as the next-
generation sequencing techniques are constantly developing, the long-read 
and direct RNA-Seq may be better approaches to answer our questions and 
further resolve our understanding of expression differences. 

Another challenge to overcome in studying complex disorders is the sam-
ple size. The power of these types of studies and their findings are highly af-
fected by their sample size. This challenge is being overcome by incorporating 
larger sample size through collaborative projects during recent years. This in 
turn increased the power of these studies and resulted in revealing more dis-
ease-associated pathologies. 

Over the past decade, we came a long way and deepened our knowledge 
and understanding in the field of neurodevelopmental and neuropsychiatric 
disorders. However, there is a lot more to be revealed and obstacles to be 
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overcome. Ultimately, we should always remember that the field must move 
forward in a way that helps improve the healthcare system and the patient 
situation. Considering the complexity of the neurodevelopmental disorders 
and the heterogeneity of its appearance in patients, interdisciplinary research 
approaches seem to be the right way to go. By combining different fields of 
research, we should explore more practical personalized medicine at the clinic 
for better diagnosis and treatment in the future. 
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