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Research is four things: brains with which to think, eyes
with which to see, machines with which to measure and,
fourth, money.
~ Albert Szent-Gyorgyi
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ABSTRACT
Psychiatric disorders are common complex genetic disorders, with multiple
genes underlying their aetiology. It is estimated that psychiatric disorders
affect 22% of the population worldwide. The genetics of psychiatric
disorders have been studied for decades, using cohorts with multiple data
frameworks. These include pedigrees, families, sib-pairs, and case control
groups, each with their own advantages of identifying genes, thus
highlighting different biological mechanisms underlying these disorders.
These study designs provide a range of estimates measuring heritability,
typically between 30% and 80%, indicating the genetic component of
psychiatric disorders. Modern genomic methods have indicated that
different psychiatric disorders share genetic components, and thus, a
common aetiology that could explain such disorders. We aim to discern the
common genetic risk factors behind mental disorders by studying multiple
psychiatric cohorts of Finnish origin.
The research presented here follows the DISC1 genetic evidence identified
in Finnish families ascertained for schizophrenia. Initially, these families
identified linkage at the 1q32-41 locus, but fine mapping studies of this
region identified a marker on 1q42 locus intergenic to DISC1 linked with
schizophrenia (D1S2709; LOD=3.21). Another study replicated linkage on
the 1q42 locus maximized within the DISC1 gene (rs1000731; LOD=2.70).
These findings led to the identification of the Finnish DISC1 haplotype,
that significantly associates with schizophrenia, and with tests evaluating
short-term visual memory and attention. Other studies further implicated
DISC1 with bipolar disorder, psychosis and autism spectrum disorders in
Finland. Within the same Finnish familial cohort ascertained for
7

schizophrenia, association has been observed at the genes for DISC1
interacting

partners,

“the

DISC1

network”,

including NDE1, PDE4D, PDE4B, and NDEL1, however, any functional
mutations are yet to be identified. Thus, the main aim of this research is to
determine functional mutations within the DISC1 gene network, using a
three-stage sequencing and genotyping methodology, that can help explain
the mutations’ role in the aetiology of psychiatric disorders in Finnish
population. To identify any initial variants of interest, a sub-set of families
diagnosed with schizophrenia were sequenced for DISC1 and 26 other
genes, using a targeted-genome sequencing approach. From our list of 26
genes, 17 interacted with DISC1, and the remaining genes were selected
based on their involvement in other psychiatric cohorts, mainly the Finnish
and the global genome-wide study cohorts. Variants discovered at this
stage were first verified, and later replicated by genotyping in two distinct,
yet identically ascertained familial schizophrenia cohorts. Any replicating
variant was later studied in other psychiatric cohorts of Finnish origins,
including bipolar disorder, anxiety, three cohorts ascertained for different
aspects of psychotic disorders, twin pairs concordant or discordant for
schizophrenia, and controls. Additionally, these variants were checked for
association to quantitative neuropsychological endophenotypes, gene
expression probes, and psychiatric phenotypes in large biobanks.
Through our comprehensive studies of 8 Finnish cohorts (Total n=6,668;
2,775 cases; 1,909 controls), we have identified functional variants within
the PDE4D, NDE1, and the DISC1 gene increasing susceptibility to
schizophrenia. Two functional PDE4D gene variants that are located in
transcription factor binding sites are reported to be associated with
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schizophrenia, bipolar disorder, and with a broad diagnosis of psychotic
disorder. The study of NDE1 highlights two functional variants associating
with schizophrenia and the broader psychosis phenotype in a sexdependent manner, increasing risk in females. Preliminary results at the
DISC1 loci highlights two exonic variants in DISC1, associating with
schizophrenia in families carrying the HEP3 haplotype. All these variants
have

then

been

studied

with

respect

to

neuropsychological

endophenotypes, and gene expression measures, to initiate translation of
these variants as useful biomarkers for diagnosis and therapy. Quantitative
endophenotypes and factors, including immediate recall, visual working
memory, and verbal learning and memory, were found to be associating
with PDE4D SNPs after multiple test corrections. Genome-wide gene
expression probes from the familial schizophrenia cohort identified
significantly associated genes with NDE1 SNPs at a False Discovery Rate
q<0.05, and being predicted targets of microRNA-484. Moreover,
expression data from the GTEx database confirmed SNPs from these genes
to significantly alter mRNA expression levels in the cerebellum,
hypothalamus, and hippocampus brain regions. To conclude, these
comprehensive analyses demonstrate potential functional consequences of
these variants identified through our research.
Keywords: Schizophrenia, Psychotic disorders, DISC1, NDE1, PDE4D
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1. INTRODUCTION
A large number of studies have been carried out to understand the
biological origins of neuropsychiatric disorders, of which schizophrenia is
a prime example. Schizophrenia is a severe debilitating disorder with a
lifetime risk of around 1% in the general population, with an estimated
heritability as high as 80% (1). This disorder is commonly characterized by
positive, negative and cognitive symptoms, that includes delusions,
hallucinations, concentration and memory problems (2). Schizophrenia is
genetically predisposed by a large number of genes, including common and
rare variants that might be detected either by family-based or genome-wide
association studies.
Prior studies of families ascertained for schizophrenia in Finland identified
a large region on chromosome 1q linked with the disorder (3, 4). This large
region, the 1q32-41 locus, was further refined using fine mapping study
approaches, thus identifying an intergenic 1q42 DISC1 marker linked with
schizophrenia (D1S2709; LOD=3.21) (4). With the use of an independent
but identically ascertained cohort, linkage was replicated on 1q42 locus
maximized within the DISC1 gene (rs1000731; LOD=2.70) (5). Other
studies using the original Finnish familial schizophrenia cohort had
identified a DISC1 haplotype known as HEP3 involved in schizophrenia
(6), and is known to negatively associate with tests evaluating short-term
visual memory and attention (7), meaning that carriers of the haplotype
perform worse on these tests. DISC1 has also been noted to be involved in
bipolar disorder (8), psychosis (9) and autism spectrum disorders (10) in
Finland. Conditioning of the schizophrenia study sample for the HEP3
allelic haplotype identified 16p13 locus (D16S764; LOD=3.17), that
15

contains NDE1, a DISC1-binding protein, located 0.8 Mb from the linked
marker (11). Thus, to check the potential involvement of the NDE1 gene
with schizophrenia, seven NDE1 SNPs were genotyped, all belonging on
the same haploblock, with four SNPs in a haplotype being able to ‘tag’ for
this block (11). The seven individual SNPs and tag haplotype were tested
in 458 families, confirming association for NDE1 tag haplotype in females
affected with schizophrenia (11). This finding led to the hypothesis that
other DISC1 interacting genes, referred to as “the DISC1 network”, might
also have a role in the etiology of schizophrenia. To explore this hypothesis,
11 additional genes encoding components of the “DISC1 pathway” were
studied in a study sample of 476 families ascertained for schizophrenia
(12). Association was observed at the PDE4D, PDE4B, and NDEL1 genes
through the use of both surrogate SNPs and haplotypes tagging these genes
(12). Although numerous studies have been carried out at the DISC1 locus
and its extended network of interacting partners, they have to date been
unsuccessful in elucidating the functional mutations underlying these loci.
Our research aims to identify functional mutations within the “DISC1
network”, using a three-stage sequencing and genotyping methodology,
that can derive the mutations’ role in the aetiology of schizophrenia in the
Finnish population. For this purpose, a sub-set of families with
schizophrenia were sequenced for 27 genes (6 Mb) in the DISC1 network,
using targeted-genome sequencing (13). Sequencing identified variants at
these loci, that were checked for association in the discovery cohort. These
associating variants were first genotyped in the extended schizophrenia
cohort, to verify its existence and confirm initial association. Variants
progressing through the first stage of genotyping were further genotyped in
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the rest of the schizophrenia cohort to replicate the findings. It is important
to note that both schizophrenia cohorts have been identically ascertained
and are exclusive of each other. Variants associating with schizophrenia
were studied in other major mental illness cohorts of Finnish origin,
including the bipolar disorder, anxiety, three distinct cohorts with
properties of psychotic disorders, twin pairs concordant and discordant for
schizophrenia, and controls. Additionally, these variants were also checked
for association with quantitative neuropsychological endophenotypes, gene
expression changes, and in other psychiatric features available through
public databases (Figure 1).

Figure 1: Variant selection across the three-stage sequencing and genotyping design

17

In our first study involving PDE4D gene, we identified two functional
variants, rs35278 and rs165940, located in transcription factor binding sites
(14). Both the variants associated with schizophrenia in the sequencing and
genotyping stages, and rs35278 was observed to be linked with Bipolar
Disorder. Both SNPs were involved in patients with a broad diagnosis of
psychotic disorder. Importantly, analysis of quantitative cognition data
continues to support association between rs165940 and several
endophenotypes after accounting for multiple testing. Finally, expression
findings from the GTEx database confirmed that rs165940 significantly
correlated with the mRNA expression levels of PDE4D in the cerebellum
(p-value = 0.04; m-value = 0.9), establishing a potential functional
consequence for this PDE4D variant. These findings strongly implicate
PDE4D in psychiatric disorders, mainly schizophrenia, in Finland. It was
also observed that PDE4D plays a role in both psychosis and cognitive
endophenotypes of major mental illnesses. Through eQTL analysis, we
have concluded that the SNP rs165940 is the principal variant of interest at
this locus (14).
In the second study, we investigated the NDE1 gene present at 16p13.11
genomic locus to elucidate their role in psychiatric illnesses in Finland.
Because the 16p13.11 locus also encodes for microRNA-484 (miR-484),
which is located on a non-coding 5′ exon of the longest splice variant of
the NDE1 gene, we wanted to check whether variants present on this
microRNA could be associated with psychiatric disorders in Finland. This
study highlights two NDE1 genetic variants, rs881083 and rs2242549,
associating with schizophrenia within the combined Finnish familial
cohort, but only in a sex-dependent manner, increasing risk in females. No
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variants were identified within microRNA-484. Further, both these SNPs
associated with the broad psychosis phenotype in females. Genome-wide
gene expression analysis between rs881083 and 11,976 probes from the
familial schizophrenia cohort identified 1,320 genes significantly
associating with rs88103 at a False Discovery Rate q<0.05. We observe 54
genes being significantly over-represented within the predicted targets of
microRNA-484, and 14 genes were significantly different between the two
sexes after FDR correction. Since rs881803 is located in a predicted
transcription factor binding site, we conclude this variant being the prime
functional candidate, affecting the roles of both NDE1 and microRNA-484
in psychiatric disorders.
Similar findings are being made at the DISC1 loci, but their analysis is still
to be finalized. However, preliminary results from the validation stage
highlights two exonic variants in DISC1, rs3738401 and rs11122324
associating to schizophrenia in families carrying the HEP3 haplotype. In
the whole cohort, these variants are associated with anxiety, first episode
psychosis, and a broader range of psychotic disorders. Our findings based
on this research strongly suggest that the DISC1 pathway is involved in
major mental illnesses in Finland, and further studies into the functional
consequences of these DISC1 network variants are essential.
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2. REVIEW OF THE LITERATURE
2.1 Human genome
2.1.1 Structure
The building blocks of human genome comprise of deoxyribonucleic acid
(DNA) bases. Our genome contains well over three billion DNA base pairs
(bp). DNA molecules are tightly packed around proteins to form structures
called chromosomes. Human genome has 23 pairs of chromosomes in total,
22 pairs being autosomes, and one pair of sex chromosomes (X and Y).
DNA is extremely important for living organisms as it carries the genetic
commands for growth, development and reproduction.
It is essential to note that at the molecular level, a DNA molecule is made
of two strands coiled around each other forming a double helical structure.
The individual DNA strand is composed of multiple monomer units defined
as nucleotides. Each of these nucleotides consists of a simple deoxyribose
sugar, one of four nitrogenous bases (Adenosine (A), Cytosine (C),
Guanine (G), and Thymine (T)), and a phosphate group. Adenine binds
with Thymine whereas Cytosine binds with Guanine (15). The DNA chains
are held into complexes with the help of proteins, namely histones. Histone
modification is one of the common mechanisms through which nonheritable epigenetic variations in the genome may arise. Tightly packed
chromatin has increasing levels of complexity, ranging from nucleosomes
to highly coiled chromosomal structures (Figure 2).
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Figure 2: DNA structure and its organization (from https://www.genome.gov/geneticsglossary/Nucleosome)

In 1988, the Human Genome Project was first articulated, with the aims to
completely sequence high quality version of the human genome, and the
creation of physical and genetic maps of the human genome. After more
than a decade of extensive work, the Human Genome Project consortium
presented the first complete draft sequence and early analysis of the human
genome (16). The draft sequence covered 90% genome at an error rate of
1 per 1000 bp with 150,000 gaps in the genome. With better technical
21

advancements in sequencing technologies, there are now less than 350
gaps, and 99% of the genome is finished with an accuracy of less than one
error every 10,000 bp (17). Since then, the number of genes in humans has
been repeatedly revised, and it is currently estimated that this ranges
between 19,000-20,000 genes (18). However, only about 1.5% of the
genome encodes for proteins, while the majority of the genome comprises
of introns, regulatory DNA sequences, non-coding RNA molecules and
non-coding repetitive sequences. In 2003, the Encyclopedia of DNA
Elements (ENCODE) project was launched, that has identified functions
for 80% of the genome, particularly in the introns and non-coding regions,
helping us to understand regulation of the genome (19). It is well known
that regulatory elements in non-coding regions, including chromatin and
transcription factors, affect the expression of genes. Similarly, modification
in the histone proteins can alter the structure of DNA. Modifications in noncoding regions can lead to malfunctioning of one or several genes through
mutations induced in the DNA blocks.
2.1.2 Variation
Humans are essentially genetically identical to each other, with 99.9% of
their genomes being common (20). The remaining 0.1% of the genome is
the naturally occurring sequence and structural variations, which influences
physical and behavioral differences among individuals. Thus, genetic
variations can be defined as the difference in DNA sequences between
individuals within a population. These differences are permanent arising
through two main mechanisms: mutations and recombination. Mutations
occur when there is an error during DNA replication that is not corrected
by DNA repair enzymes (Figure 3a). Mutations may be beneficial to the
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organism, deleterious (harmful) to the organism, or neutral (have no effect
on the fitness of the organism). In higher animals, genetic recombination
occurs during meiosis in which genetic information is passed on from the
parents to the offspring. In a nutshell, recombination involves mixing of
genetic material between chromosomes and different regions of the same
chromosome. It is during this mixing process when the variations may arise
(Figure 3b; Homozygotic recombination (HR) between genes).

Figure 3a: Mutations as a source of
genetic

Figure 3b: Recombination in
genetic variation. Image source:
Creation wiki

Genetic mutations at the nucleotide level are most common in the genome,
known as single nucleotide polymorphisms (SNPs). Small insertion and
deletion may also occur, that subsequently increases or decreases genetic
sequences up to 50bp in length. Another form of variation is the structural
variation, defined as region of DNA greater than 1kb in size, and can
include inversions and balanced translocations or genomic imbalances,
commonly insertions and deletions, referred to as copy number variants
(CNVs). Other forms of variations also occur in the genome, for instance
repetitive elements, and chromosomal aneuploidy to name a few.
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Variations like repetitive elements are patterns of nucleic acids occurring
in multiple copies throughout the genome. Their presence and spread
causes several inherited diseases (21, 22), and they have been linked to
major events in evolution (23). Chromosomal abnormalities in the genome
are defined as aneuploidy. Aneuploidy can be described as an abnormal
chromosome number due to an extra or missing chromosome. In
aneuploidy, trisomy (three copies of a chromosome) is more common
instead of monosomy (single copy of a chromosome).
2.2 Genetics of complex disorders
It is important to understand the concept behind three classical inheritance
modes when complex genetic disorders are being studied. These are the
monogenic, oligogenic, and polygenic modes of inheritance. In monogenic
inheritance, a trait is determined by a single causative gene or allele.
Polygenic inheritance involves the role of many genes in the development
of a trait. Oligogenic inheritance is thus an intermediate between
monogenic and polygenic inheritance. Inheritable cardiac disorders like
long-QT syndrome (24), Brugada syndrome (25), and arrhythmogenic
cardiomyopathy (26) were first thought to be monogenic disorders.
Through methodological advances in genetics and genotype-phenotype
studies, it has been shown that such disorders have a complex genetic basis
wherein multiple genetic variants contribute (oligogenic or polygenic
inheritance) in the development of illnesses. However, genetic mechanisms
of the remaining majority of multigenic complex diseases are unclear and
largely remain unexplained. Many studies with different aetiological and
epidemiological designs have studied the genetics of psychiatric disorders,
and reported several chromosomal sites of gene localization. Linkage
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analysis was first used, that would identify a few significant peaks per
study, suggesting potential oligogenic models (4). With the genome wide
association study (GWAS) era, and the ability to test large cohorts, the
polygenic component had become apparent (27). However, replication of
such results has often not been achieved due to heterogeneity and polygenic
nature of the disorder, and, thus specific genes are yet to be identified in a
majority of multigenic complex inheritance disorders, especially in
psychiatric disorders.
The Finnish population is considered as one of the best models to study
genetic disorders, including psychiatric illnesses because of its relative
isolation, and the frequency of some known disease mutations reflect the
multiple bottleneck effects the population has gone through (28). The
relative isolation makes the population more genetically homogeneous,
thereby limiting the heterogeneity underlying any given disorder, and, thus,
aiding in gene mapping of complex traits. To overcome the replication
challenges, we have analyzed our genetic data using multiple
epidemiological designs, to exploit different genetic models. The
epidemiological designs included familial, population-based, and joint
cohorts ascertained for various psychiatric disorders. In families, traits are
transmitted from one generation to another by genes, and both alleles of a
given gene segregate equally in each offspring- one inherited from the
mother, and the other from the father. The transmission and segregation
mechanisms aid in genetic testing of a marker with disease in families. The
association tests in population-based cohorts checks whether or not a
certain allele of a gene is found in affected individuals with significantly
higher/lower frequency than in non-affected individuals over an entire
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sample set. Over the decades, genetic studies of psychiatric disorders as a
whole have been weighted towards schizophrenia, including in Finland.

2.3 Overview of psychiatric disorders
The Diagnostic and Statistical Manual for Mental Disorders (DSM), is
currently in its fifth edition (DSM-V), however we have used the fourth
version (DSM-IV) (29) in our studies that defines psychiatric disorder as
conditions that clinically disrupts an individual's cognitive, emotion
regulation, or behavior. These disruptions, in general, have a negative
effect on the psychological, biological, or developmental process
underlying mental functioning. The expression psychiatric disorder can be
often used interchangeably with other terms like mental disorder,
psychological disorder, or mental illness. Recent WHO reports estimate the
prevalence of these disorders at 22% worldwide (30).
Broadly, most of the psychiatric disorders, including schizophrenia, bipolar
disorder, psychosis, and depression can be classified either as psychotic or
mood disorder. Psychotic disorders are a severe form of mental disorders,
with delusions and hallucinations as their major symptoms, causing
abnormal thinking and perceptions. Mood disorders are characterized by a
serious change in mood that can have adverse effects on a person’s ability
to function, leading to the disruption to life activities. Under the bipolar
disorder diagnosis, major phases of mood disorder include depression and
maniac phases. The most common properties of depression phase involve
cognitive, sleep and behavioral problems, and mood swings and suicidal
thoughts. Manic moods are characterized by unusually high energy, with
frequent feelings of euphoria.
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2.4 Overview of psychiatric cohorts: Epidemiology and prevalence
2.4.1 Schizophrenia
Schizophrenia is among one of the severe debilitating disorders, that has
been ranked by the World Health Organization as one of the top 10 illnesses
contributing to the global burden of the disease (31). The prevalence of
schizophrenia (the number of cases in a population at any one time point)
approaches 1 percent internationally. The incidence (the number of new
cases annually) is about 0.15 per 1,000 people per year (32), however, this
can range between 0.11/1000/year to 0.70/1000/year (33). Fluctuations in
prevalence and incidence across the world can be explained through
geographical and geopolitical differences (34-36). These include factors
like urban environment, migration, and economic status (Table 1) (32). In
the general population, schizophrenia is equally prevalent between men and
women, however, some studies have reported that slightly more men are
diagnosed with schizophrenia when compared to women (37-39). Women
tend to be diagnosed later in life than men. The modal age of onset is
between 18 and 25 years for men, and between 25 and 35 years for women,
with a second peak occurring during menopause (40). There is also some
indication that prognosis is generally worse in men (41, 42). Both genetic
and environmental factors are known to contribute towards the incidence
of schizophrenia. Known environmental risk factors include cannabis use,
traumatic brain injury and pregnancy and delivery complications, such as
maternal infections, nutritional deficiency and hypoxia (43-47). Over the
decades, genetic studies of psychiatric illnesses as a whole have been
weighted towards schizophrenia, including in Finland.
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Schizophrenia is diagnosed based on either the research-based DSM-IV
(currently in fifth version; Table 2) (29), or the clinically focused tenth
edition of International Classification of Diseases (ICD-10) (Table 3) (48).
Both the classification systems overlap in their definition of the disorders,
and generally differ only in their semantics. These diagnoses characterize
schizophrenia as a psychotic disorder with symptoms being positive, such
as hallucinations or delusions; negative, such as speech problems; and
impairments in cognition, including attention, memory, and executive
functions (2).
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all cause

mortality ratio:

Standardized

estimates

combined

Prevalence:

Incidence: core

Males = females

Males = females

Males > females

Sex(53)

Not available

Not available

difference

urban and rural

born

born

Urban > mixed

Migrant > native

No significant

(51)

(52)

Migrant > native

Urban status

Migrant Status

Rising over time

Stable

time

Falling over

(32)

Secular trend

difference

No significant

least developed

Developed >

difference

No significant

status (50)

Economic

Table 1: Impact of sex, migrant status, urban status, secular trend, economic status, and latitude on Schizophrenia (32).

Not available

lower latitude

High latitude >

(males only)

lower latitude

High latitude >

Latitude (49)

Table 2: Adapted version of DSM-V Schizophrenia diagnosis guidelines proposed by
the American Psychiatry Association (29).

DSM-V schizophrenia diagnosis
A. Characteristic symptoms: Two (or more) of the following, each present for
a significant portion of time during a 1 -month period (or less if successfully
treated). At least one of these must be (1), (2), or (3):
1. Delusions.
2. Hallucinations.
3. Disorganized speech (e.g., frequent derailment or incoherence).
4. Grossly disorganized or catatonic behavior.
5. Negative symptoms (i.e., diminished emotional expression or avolition).
B. For a significant portion of the time since the onset of the disturbance, level
of functioning in one or more major areas, such as work, interpersonal relations,
or self-care, is markedly below the level achieved prior to the onset (or when
the onset is in childhood or adolescence, there is failure to achieve expected
level of interpersonal, academic, or occupational functioning).
C. Duration: Continuous signs of the disturbance persist for at least 6 months.
This 6-month period must include at least 1 month of symptoms (or less if
successfully treated) that meet Criterion A (i.e., active-phase symptoms) and
may include periods of prodromal or residual symptoms. During these
prodromal or residual periods, the signs of the disturbance may be manifested
by only negative symptoms or by two or more symptoms listed in Criterion A
present in an attenuated form (e.g., odd beliefs, unusual perceptual
experiences).
D. Schizoaffective and Mood Disorder exclusion: Schizoaffective disorder and
depressive or bipolar disorder with psychotic features have been ruled out
because either 1) no major depressive or manic episodes have occurred
concurrently with the active-phase symptoms, or 2) if mood episodes have
occurred during active-phase symptoms, they have been present.
E. Substance/general medical condition exclusion: The disturbance is not
attributable to the physiological effects of a substance (e.g., a drug of abuse, a
medication) or another medical condition.
F. Relationship to a Pervasive Developmental Disorder: If there is a history of
autism spectrum disorder or a communication disorder of childhood onset, the
additional diagnosis of schizophrenia is made only if prominent delusions or
hallucinations, in addition to the other required symptoms of schizophrenia, are
also present for at least 1 month (or less if successfully treated).
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Table 3: Adapted version of the ICD-10 Schizophrenia diagnosis (48).

ICD-10 diagnosis
Schizophrenia Code: F20
•

F20 should not be used for reimbursement purposes as there are multiple
codes below it that contain a greater level of detail.
The 2019 edition of ICD-10-CM F20 became effective on October 1,
2018.
This is the American ICD-10-CM version of F20 - other international
versions of ICD-10 F20 may differ.

•
•

Type 1 Excludes
•
•
•
•
•

brief psychotic disorder (F23)
cyclic schizophrenia (F25.0)
mood
[affective]
disorders
with
(F30.2, F31.2, F31.5, F31.64, F32.3, F33.3)
schizoaffective disorder (F25.-)
schizophrenic reaction NOS (F23)

psychotic

symptoms

Type 2 Excludes
•

schizophrenic reaction in:
1. alcoholism (F10.15-, F10.25-, F10.95-)
2. brain disease (F06.2)
3. epilepsy (F06.2)
4. psychoactive drug use (F11-F19 with .15, .25, .95)
5. schizotypal disorder (F21)
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2.4.2 Bipolar disorder
Bipolar disorder is a multicomponent illness, that involves episodes of
severe mood disturbance, neuropsychological deficits, immunological and
physiological changes, and disturbances in functioning. Bipolar disorders
are classified within the framework of the DSM-IV, which differentiates
between Bipolar I (manic or mixed episodes apart from depressive
episodes), Bipolar II disorder (hypomania for ≥4 days but no manic state,
apart from depressive episodes), and bipolar disorder not otherwise
specified (Bipolar NOS). Epidemiological studies have suggested a
lifetime prevalence of around 1% for bipolar type I (54), and 3% for both
bipolar type II and bipolar spectrum disorders in the general population
(55). Risk factors for bipolar disorder are numerous, and can be both
genetic (56) and environmental (57, 58). People affected with bipolar
disorder may exhibit four distinct mood swings or episodes per year,
including depression, mania, or hypomania, more commonly referred to as
rapid cycling.
2.4.3 First Episode Psychosis
First Episode Psychosis (FEP), also known as early psychosis is a distinct
diagnosis, in which a person is temporarily unable to distinguish between
reality and imagination, causing disruptions in thoughts and perceptions.
Population-based studies of FEP have yielded annual incidence estimates
ranging from as low as 15 per 100,000 to as high as 100 per 100,000, but
the diagnostic methods have varied significantly among those studies (59,
60). Other mental illnesses cause psychosis, including schizophrenia,
bipolar disorder, depression, dementia and borderline personality disorder.
Psychosis may also arise due to extreme stress, a major lack of sleep,
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trauma, and withdrawing from certain drugs or medications. People who
receive treatment during their first episode of psychosis often recover
faster, experience fewer related problems like anxiety, depression, and
social problems. Many people never experience any further episodes of
psychosis after treatment.
2.4.4 Major Depression
Although we do not have a dedicated cohort for major depression in our
study, it is an important aspect to discuss as we have people suffering from
it in our cohorts, and they thus contribute a lot to the mood disorder
category. The most prominent symptom of major depression is a severe and
continuous low mood, profound sadness, or a sense of despair. These
symptoms should last for at least two weeks, but usually they continue
much longer for months or even years. Also, major depressive episodes
may occur just once in lifetime or may reappear repeatedly. According to
WHO 2015 estimates, the proportion of the global population with
depression was estimated at 4.4%.
2.4.5 Anxiety
Anxiety disorders, including panic disorder with or without agoraphobia,
generalized anxiety disorder, social anxiety disorder, specific phobias, and
separation anxiety disorder, are the most prevalent mental disorders.
Anxiety leads to excessive nervousness, fear, apprehension, and worry, and
up to 33.7% of the population are affected by some form of anxiety disorder
during their lifetime (61). To be diagnosed correctly, one or more
symptoms of anxiety are typically needed to be present for at least 6
months, and decrease a person's ability to function in their daily life.
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2.5 Relatedness among mental disorders
It is challenging to identify pathogenic mechanisms of psychiatric
disorders, thus making diagnostic boundaries difficult to define. Genetic
risk factors play an important role in the causation of all major psychiatric
disorders, thus genetic strategies are extensively used to assess potential
overlaps across disorders. Genome-wide association studies of psychiatric
disorders have shown that there are more genetic similarities than
differences between mood and psychotic disorders (62, 63). Schizophrenia
shares 68% of genetic liability with bipolar disorder, and 43% of genetic
liability with depression (Figure 4). Bipolar disorder and depression shared
47% of the genetic disposition. However, recent GWAS studies found no
significant genomic overlap between the psychiatric disorders being
addressed in this study and the neurological/psychiatric disorders ASD and
ADHD (62, 64). It is due to this relatedness among mental disorders, and
shared genetic risk, that we set out to determine the role of the DISC1
network beyond familial schizophrenia in Finland. Thus, we also
investigated if this gene network they may also play a role in other
psychiatric diagnoses in the Finnish population.
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Figure 4: Genetic relatedness between disorders as estimated from molecular SNP data
of GWAS (62).

2.6 Alternative traits: Quantitative endophenotypes and gene
expression probes
Endophenotypes are heritable quantitative biological traits that imitate the
function of a discrete biological system, and often more closely related to
the root cause of the disease than the broad clinical phenotype (65). The
neuropsychological

test

battery,

from

which

the

quantitative

neurocognitive traits have been investigated for this research, is a welldocumented and internationally recognized series of tests to evaluate an
individual’s cognitive ability. Neuropsychological endophenotypes (6668) have been used in our previous studies to check if affected individuals
with the risk allele of the variant will perform worse in cognitive task tests
when compared to controls, and through that increase risk to schizophrenia.
The scales used here as endophenotypes are derived from the Wechsler
Memory Scale - revised (WMS-R) (69), the California Verbal Learning
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Test (CVLT) (70), and the Wechsler Adult Intelligence Scale - revised
(WAIS-R) (71).
Genetic variants can directly alter expression level of genes, that can
disrupt biological mechanisms underlying mental illnesses. Prior gene
expression studies in Finland have shown NDE1 associated with a large
number of gene expression changes (n=2,542 genes), and a significant
number of these were found to be predicted targets of microRNA-484 (72).
Because microRNAs are well known to regulate expression of other genes,
miR-484 is the most likely explanation for the large-scale expression
changes of these genes observed previously (72). We therefore followedup our identified functional variants in gene expression measures derived
from the SCZ cohort to verify these observations. Specifically, association
tests were carried between the NDE1 gene variants and expression changes
in the SCZ cohort, and significant associations were checked for replication
in the FEP and TwinSCZ cohorts.
2.7 Finland as a model to study genetic disorders
Finnish population is considered as one of the best models to study genetic
disorders, particularly psychiatric illnesses because of its relative isolation,
and the frequency of many known disease mutations reflect the multiple
bottleneck effects the population has gone through (28). Finland has been
inhabited for 10,000 years, but two major migration waves have been
influential in shaping the gene pool of current Finns. The first wave came
from the east around 4000 years ago, whereas the second came from the
south and west some 2000 years ago (28). These resulted in the inhabitation
of only the coastal regions, often referred to as an early-settlement region.
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The final major migratory movement was internal, originating in the
sixteenth century from a limited early settlement region resulting in the late
settlement, with genetically distinct sub-populations isolated by distance
(73). These sub-populations, referred to as sub-isolates or internal isolates
(IS), originated from the initial early-settlement population representing the
outcomes of classical bottleneck effects. Thus, it is estimated that 20%
Finns, and one in 500 newborns carry some form of gene defect associated
with 30 diseases belonging to the Finnish disease heritage. Further, these
sub-isolates are known to be enriched for SNPs and rare CNVs in multiple
genes predisposing to schizophrenia (7, 27, 74-83), bipolar disorder,
psychosis, and anxiety, in Finland (8-10).
2.8 Major mental illnesses in Finland
In this thesis, we have focused on studying psychiatric disorders in Finland
to identify variants at the DISC1 network underlying the disorder.
However, prior studies of the Finnish population were centered around
identifying genetic causes for schizophrenia at the genomic level.
Participants for these prior studies were identified with the help of three
nation-wide healthcare sources: the Finnish Hospital Discharge Register,
the Pension Register, and the Medication Reimbursement register. In total,
33,731 cases were diagnosed for schizophrenia, schizoaffective disorder or
schizophreniform disorder, that were born between 1940 and 1976 (84).
First-degree relatives and close family members were identified through
the National Population Register that facilitated in the construction of
pedigrees, thus identifying 458 families. The individuals from this sample
were divided into two sub-samples based on the geographical origins of the
family: the internal isolate (IS) (n=179 families), and all (rest) of the
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Finland sample (AF) (n=279 families). The AF sample consists of parents
and at least two siblings from families with schizophrenia, schizoaffective
disorder or schizophreniform disorder (incidence=1.1%) (37). The IS
sample originated in the north-eastern region of Finland with an
exceptionally high lifetime risk of schizophrenia (3.2%) (37), and
comprises of families with at least one member with schizophrenia. IS and
AF samples are combined together to create the whole sample.
Furthermore, the IS harbored a risk of schizophrenia to siblings estimated
at 6.4, 9.1%, and 6.8% given 1, 2, or 3 affected siblings, and for AF 4.2%,
6.4%, and 8.7% given 1, 2, or 3, affected siblings, respectively (37). The
mean number of children in families ascertained for schizophrenia with at
least two affected individuals were clearly higher in the IS (24.9%) when
compared to AF (9.2%) (37). A survey of more than 8000 Finns above the
age of 30 reported total prevalence of clinically assisted mental disorders
to be 17.4%, 14.8% in men and 19.8% in women (Table 4) (85).
Table 4: Prevalence (%) of age-adjusted psychiatric disorders in Finland (85).

Psychiatric disorder

Men

Women

Total

Schizophrenia

1.3

1.3

1.3

Other psychosis

0.8

1.0

0.9

Anxiety or phobic neurosis

4.6

7.5

6.2

Neurotic depression

3.6

5.5

4.6

Other neurosis

2.7

2.6

2.6

Other mental disorder

2.7

2.5

2.6

Total

14.8

19.5

17.4
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2.9 The Disrupted in Schizophrenia 1 (DISC1) gene in psychiatric
illnesses
The DISC1 gene is located on the q arm of chromosome 1 (hg19
chr1:231,762,561-232,177,019), specifically in the 1q42 region of the
genome. The 1q42 region was identified in a large Scottish family with a
broad spectrum of major mental illnesses, including major depression,
anxiety, schizophrenia, and others (86). In this family, a balanced
translocation in which sections of two chromosomes had switched places
(1;11)(q42.1;q14.3), was found to co-segregate with schizophrenia and
other related psychiatric disorders (86). Two novel genes were discovered
to be directly disrupted by this translocation, and were named Disrupted in
Schizophrenia 1 and 2 (87). Evidence for this locus has also been observed
in Finland. The 1q32-41 locus was first identified (LOD=3.82) in an IS
cohort in Finland (3), that studied schizophrenia in 365 nuclear families.
Later, a fine-mapping study of this region utilizing independent nuclear AF
families identified a marker intergenic to DISC1 linked with schizophrenia
(D1S2709; LOD=3.21) (4). In a different study of chromosome 1, 300
polygenic markers were genotyped in 70 independent but identically
ascertained families, with multiple individuals affected with schizophrenia
or related conditions. Linkage was again observed on 1q42 maximized
within the DISC1 gene (rs1000731; LOD=2.70) (5), thus replicating the
previous linkage finding in this region and supporting the evidence for a
susceptibility gene at this locus that could be implicated to psychiatric
disorders.
To further refine the findings at this locus, 28 SNPs were genotyped in 458
Finnish schizophrenia families, covering the 600 kb region of 1q42 that
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contains the TRAX, DISC1 and DISC2 genes (6). These families
represented the combined (Com) sample, including the IS population (179
families) and the AF sample (279 families). Stratification of these 458
families based on HEP3 haplotype, a two SNP haplotype of DISC1,
spanning from intron 1 to exon 2 of the DISC1 gene resulted in two groups:
the first group had at least one family member predicted with HEP3
haplotype (n=145 families) and the second group had no family member
predicted with HEP3 haplotype (n=313 families) (6). Analysis of HEP3
samples confirmed its under-transmission to affected individuals, thus
significantly associating with schizophrenia (p=0.0031), including traits
representing delusions, hallucinations and negative symptoms (6). Other
haplotypes were also identified in this study, however they failed to
associate after multiple test corrections, and hence they have not been
reported here (6). The HEP3 haplotype displayed further line of evidence
by associating only with affected females through under-transmission
(p=0.00024). Moreover, HEP3 was also associated with endophenotypic
quantitative traits of short-term visual memory and attention (88). This
specific finding between DISC1 and quantitative traits had been carried out
in a sample of 215 Finnish families, that represented a subsample of the
original 458 families (88). Additional population-specific evidence has
been found for DISC1 in Finland, that can confirm its role in Bipolar
disorder (8), psychosis (9), and autism and Asperger syndrome (10). A twoSNP DISC1 haplotype T-T of rs821616 and rs1411771, located at 3 end
of the gene, associated with bipolar disorder in the Finnish cohorts
(p=0.0002) (89). In the psychosis study, rs821577 had significantly higher
scores on social anhedonia (p<.001) (9). Importantly, the bipolar and
psychosis studies highlighted different ends of the DISC1 gene associated
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with either mood or psychosis. Also, association between the DISC1 SNP
rs1322784 and Asperger syndrome was observed (p=0.0058), and with a
three-SNP haplotype (p=0.0013) overlapping the extended HEP3
haplotype (10). In the autism study sample, the DISC1 marker D1S2709
displayed family-based association with the disorder (p=0.022) (10).
Additionally, a DISC1 interplay model was set out to study association
across European cohorts of schizophrenia and bipolar disorder (8). The
cohorts came from London, Edinburgh, Aberdeen and Finland with
approximately 360 individual samples each for schizophrenia, bipolar
disorder and controls. Analysis of the combined dataset confirmed that
none of the associations survived multiple test corrections. Significant
corrected associations at different SNPs were observed for bipolar disorder
in the Finnish (rs1538979 uncorrected p=0.00020; corrected p=0.016;
ratio=2.73±95%

CI

1.42–5.27)

and

London

cohorts

(rs821577

uncorrected p=0.00070; corrected p=0.040; ratio=1.64±95% CI 1.23–2.19)
(8). The SNP, rs821577, was replicated in the Northern Finland Birth
Cohort 1966 (NFBC66) study, in which it was shown to be associated with
Revised Social Anhedonia Scale (RSAS) and Revised Physical Anhedonia
Scale (RPAS) (90). The DISC1 interplay study paved way for the
hypothesis that to study DISC1, combined populations would not work for
single SNPs. Thus, it was important to test other methodological
approaches that had the potential to identify a consistent hit, which could
then be replicated in an independent cohort within the same population in
which the hit was first observed. Outside Finland, missense variants of
DISC1 in the Chinese and Japanese population have been reported to be
associated with schizophrenia (91). However, population-based metaanalysis of individuals with predominantly European ancestry, that
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contains 11 626 cases and 15 237 controls indicated that common variants
at the DISC1 locus are not associated with schizophrenia (92). Similarly,
latest consortia-based genome-wide association studies of common
variations, to date, have failed to identify DISC1 as a risk factor for
psychiatric disorders (27, 93).
2.10 DISC1 network in psychiatric disorders
It has been well established that the DISC1 gene is a multifunctional hub
for many protein interactions, disrupting several important pathways
related to brain function (94). Yeast two-hybrid screens helped in the
identification of potential DISC1-interacting proteins, that confirm the role
of DISC1 in important brain and central nervous system functions
including gene transcription, mitochondrial function, modulation of
the actin cytoskeleton, neuronal migration, glutamate transmission,
and signal transduction (95). In total, yeast-two hybrid screens identified
19 proteins from the adult brain library screen, and three from the foetal
brain library screen, with one protein being common in both the screens
(95). Importantly, a missense mutation in the gene encoding one of the
proteins identified, WKL1, is known to associate with catatonic
schizophrenia in a large family (LOD=3.57; p=0.000026) (96). This led to
the initial proposal of the DISC1 network hypothesis, that genes related to
DISC1 would also associate with schizophrenia.
2.10.1 NDE1 gene identification
At the same time as those yeast-two hybrid screens (95), researchers in
Finland set out to understand if they could use their observations at the
DISC1 locus to uncover new regions of the genome that may underlie
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schizophrenia in these families. Thus, 458 families were selectively
conditioned on HEP3 background, that is, the presence and absence of
HEP3 allelic haplotype. Linkage was observed near the previously
identified schizophrenia regions (4), and for 16p13 (D16S764; LOD =
3.17) (11). Furthermore, copy number variations at 16p13.11 locus have
consistently been implicated in individuals with intellectual disability (97),
developmental delay (98), autism (99, 100), attention deficit hyperactivity
disorder (101), microcephaly (102), epilepsy (103, 104), and schizophrenia
(105). This locus contains the NDE1 gene, which was interesting because
its polypeptide has been known to bind to the DISC1 protein (95, 106), and
thus, fits the criteria of DISC1 network hypothesis. Thus, 75kb region of
the NDE1 gene was checked for its association with schizophrenia, using 7
SNPs that formed a 4-SNP tag haplotype for NDE1. The tag-haplotype
comprises the CGCC alleles of rs4781678, rs2242549, rs881803 and
rs2075512. Two SNPs and the tag haplotype display association (p<0.05;
100,000 permutations), but they remain insignificant after the Bonferroni
correction. Since DISC1 had initially demonstrated sex-dependent effects
(6), such effects were also tested for the NDE1 gene. The initial linkage
observation at 16p13 was replicated by association for NDE1 tag haplotype
in females (p=0.0046; multiple test corrected p=0.011) (11), thus
confirming the role of this gene in schizophrenia. Follow-up studies of
these findings using additional data from the same SCZ cohort found a
significant interaction was found between high birth weight (>4000 g), and
one of the constituent SNPs rs4781678 of the tag-haplotype with higher
incidence of schizophrenia (107). Moreover, analysis of this tag-haplotype
using female-only offspring from 215 families showed suggestive
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association with the visual working memory endophenotype (p=0.055)
(11).
Other studies of NDE1 in Finland, that involved genome-wide gene
expression studies of 64 individuals from 18 families, has exhibited the
NDE1 SNP rs2242549 associated with significant expression level
differences of 2,542 genes (719 replicable genes). Within this list, a
significant number of the genes altered were predicted targets of
microRNA-484 (p=3.0×10-8), located on a non-coding exon of NDE1.
These findings suggested that either, or both, NDE1 and miR-484 could be
a functional element at the 16p13 region. Using the same genome-wide
gene expression data and 10-year prescription medication information for
931 affected individuals, it was observed that the NDE1 locus also
displayed significant genotype by gender interaction to early cessation of
psychoactive medications metabolized by CYP2C19 (72). It has been
observed that in vivo knockout expression changes of miR-484 in mice
induced neural progenitor proliferation and differentiation alterations
(108). This led to behavioral changes, and specifically hyperactivity,
suggesting the importance of microRNA-484 in neurogenesis (108).
Likewise, there has been evidence of 16p13.11 microduplications
functional consequences, identified through studying induced pluripotent
stem cells. It was noticed that overexpression of NDE1 lead to neural
precursor cell (NPCs) proliferation abnormalities, and miR-484 had no role
in such mechanisms (109).
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2.10.2 PDE4D gene identification
The hypothesis that the DISC1 pathway may be involved in mental
illnesses motivated researchers in Finland to systematically analyse the
SCZ cohort to identify other risk loci/genes in the DISC1 network. The
DISC1 pathway is well known to include genes such as PDE4B (110),
PDE4D (111), and FEZ1 (112), that are promising candidates to study
mental illnesses. This idea prompted Finnish researchers to investigate the
role of DISC1 network of 11 candidate genes in 476 families ascertained
for schizophrenia in a two-step manner (12). These families were randomly
split into two non-overlapping sub-samples to be analyzed as exploratory
and independent replication data sets. Firstly, association was performed
between the SNPs, haplotypes, and schizophrenia affection status in a
sample of 171 families. Any SNPs and haplotypes displaying evidence for
association were further analysed in 305 independent families. Replicating
SNPs and haplotypes were again tested for association in the 476 combined
families. In total, 142 SNPs were included in this analysis, that were used
to tag the haplotypes of specific genes. Initial association was observed for
14 SNPs and 19 haplotypes in six genes, and three SNPs and four
haplotypes in three genes (PDE4D, PDE4B, NDEL1) displayed replicable
association in stage two families, and in the combined sample set. We focus
on reporting findings for PDE4D, since this gene has been sequenced and
analysed systematically in this thesis. The PDE4D haplotype (5q11.2q12.1) comprised of the GGACA alleles of SNPs rs13190249, rs1120303,
rs921942, rs10805515 and rs10514862, significantly overrepresented in
affected individuals (p=0.00084) (12). Moreover, the SNP rs1120303 also
showed replicable association (p=0.021) with schizophrenia in this Finnish
familial data set (12). There has been additional support of evidence
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implicating PDE4D in other mental illnesses. These include five different
point mutations within the PDE4D associating with acrodysostosis, a rare
disorder characterized by intellectual disability, skeletal and neurological
abnormalities (113, 114). Two separate GWAS findings confirm PDE4D
SNPs to significantly associate with mediating the effects of quetiapine
(115), and neuroticism with major depression and anxiety phenotypes
(116).
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3. AIMS OF THE STUDY
Previous studies of the Finnish population have identified haplotypes in the
DISC1 gene network associated with schizophrenia, however any true
causal mutations are yet to be determined. The major aim of the study
presented here is to identify any functional mutations within the DISC1
network, and particularly the DISC, PDE4D and NDE1 genes, that can help
explain its role in the aetiology of schizophrenia and other major mental
illnesses in Finland. For this purpose, we have used a three-step sequencing
and genotyping approach, to identify the variants of interest through
sequencing, and replicate the findings in two identically ascertained, yet
independent Finnish familial schizophrenia cohorts, with increasing
sample size. This three-step strategy facilitated in an independent
validation and replication of our genetic variants in the DISC1 pathway. To
establish any variants role in the broader aetiology of psychiatric disorders,
these were further studied in the bipolar disorder cohort, twin cohort
concordant and discordant for schizophrenia, three population cohorts with
psychotic disorders, a population cohort with anxiety disorders, and a
sample of population controls. We further aim to study these associating
variants in neuropsychological endophenotypes and gene expression
changes. This can be used to identify underlying biological changes that
these variants may influence, which in turn can be used to help translate
these variants into useful biomarkers for diagnosis and therapy.
Specifically, the aims are:
1. Identification of the functional mutations in the DISC1 gene network
for schizophrenia, as implicated by our prior studies of the DISC1
network.
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2. Study these mutations in other cohorts ascertained for psychiatric
disorders, and alternate phenotypes based on neuropsychological, gene
expression to discover the broader impact of these variants on
psychiatric disorders.

48

4. MATERIALS AND METHODS
4.1 Ethical permissions
All the cohorts used in this research follow the principle guidelines
advocated in the Declaration of Helsinki and its amendments. Ethical
permission has been granted for the investigation of individual cohorts
either from the National Public Health Institute of Finland and/or Helsinki
University Hospital District. The guidelines and ethical permissions cover
all aspects of the intended research, paying specific attention to issues
related to subject confidentiality and informed consent.
4.2 Production of genetic data
4.2.1 Gene selection
In this thesis, we have mainly focused on investigating the DISC1 gene
network based on (i) prior Finnish association evidence, and (ii) the DISC1
proteomic evidence (Table 5). In total, we have sequenced 27 genes, to get
a detailed information of variations at our regions of interest. These include
the DISC1 (5), NDE1 (11), PDE4D (12), CACNA1C (117), GUK1, LCT
(90), DYCN1L2, ZNF804A (117), CRMP1 (118), CXCL3 (90), CAMK2A,
DTNBP1 (119), HSP90AB1, MCM7, VGF (120), RELN (121), TRAM,
EEF1D, VIM, ANK3 (122), CCSER2, ING4, MED13L (90), TRIOBP,
ATF4, EIF1AX, and GRIPAP1 gene.
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Table 5: Genes studied here and the presence of any prior evidence for their involvement
in major mental illness.
Gene

Finnish
familiesa

Other
Finnish
Cohortsb

Global
GWAS
Cohortsc

DISC1

Proteomic
evidence
(DISC1
models)d
NA

No
Linkage,
Bipolar,
Association,
Aspergers,
Endophenotypes
NFBC66
ANK3
No
Yes
No
No
ATF4
No
No
No
Yes
CACNA1C
No
NFBC66
Yes
No
CAMK2A
No
NFBC66
No
Aggresome
CCSER2
No
No
No
Yes
CRMP1
No
NFBC66
No
Aggresome
CXCL3
No
No
No
Yes
DTNBP1
Association
No
No
Aggresome
Endophenotypes
DYNC1L2
No
No
No
Yes
EEF1D
No
No
No
Yes
EIF1AX
No
No
Yes
No
GRIPAP1
No
No
No
Yes
GUK1
No
No
No
Yes
HSP90AB1
No
No
No
Yes
ING4
NFBC66
No
Yes
No
LCT
No
NFBC66
No
No
MCM7
No
No
No
Yes
MED13L
No
NFBC66
No
No
NDE1
Linkage,
No
CN
No
Association,
Vs
RNA
PDE4D
Association
No
No
No
RELN
No
No
No
Linkage,
Association,
Endophenotypes
TRAM
No
No
No
Yes
TRIOBP
No
No
No
Aggresome
VGF
No
NFBC66
No
Yes
VIM
No
No
No
Yes
ZNF804A
No
No
Yes
No
a
Any linkage, association, gene expression or endophenotype observed as significant in
Finnish families ascertained for schizophrenia.
b

Linkage, association, endophenotypes observed as significant in other Finnish cohorts.

c

Significant association in large-population based GWAS cohorts.

d

Evidence based on interaction with DISC1 protein.
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4.2.2 The three-stage sequencing and genotyping study design
To generate and analyse our genetic data in a robust manner, we have used
a three-stage sequencing and genotyping design, to implicate genes in
psychiatric disorders in Finland. This study design increases our power to
detect true positives while lowering the amount of false positive findings,
through independent verification and replication of identified variants
during sequencing.
4.2.2.1 Targeted genome sequencing
Targeted genome sequencing technology is a modern next generation
sequencing (NGS) approach to decode genes involved in human diseases.
We have used this technology to study our list of 27 genes (6 Mb) for their
involvement in psychiatric disorders (Table 4). To identify any initial
variants of interest (n=19,844) at these genes, we sequenced 96 individuals
from 20 families ascertained for schizophrenia. These contain 96
individuals, of which 42 can be classified as liability class 4 (LC4)
diagnosis that includes

individuals affected

with schizophrenia,

schizoaffective disorder, schizophrenia spectrum disorder, and bipolar
disorder or major depressive disorder (Section 4.3.1), with 79 independent
chromosomes for variant identification and segregation analysis. These 20
families can be further split into 9 DISC1+ families that carry the HEP3
haplotype, 8 DISC1- families without this specific haplotype, and three
families being polymorphic at NDE1 locus, with gene expression data
available. Sequencing used the using Illumina HiSeq2000, HiSeq1500
platform and Nimblegen SeqCap EZ 6Mb as the target enrichment kit.
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4.2.2.2 Variant identification and filtering
Our multipurpose in-house developed SAMtools-based bioinformatics
variant calling pipeline (VCP) was used on sequencing data for quality
control, short read alignment (using Burrows-Wheeler Aligner), duplicate
removal, variant identification (with pileup), and variant annotation (123).
In the next step, identified variants were filtered by VCP according to the
following criteria: any variant call with a quality ratio of more than 0.8 was
considered as a reference call and was filtered out. Calls with a quality ratio
between 0.2 and 0.8 were considered to be heterozygous and calls below
0.2 to be homozygous variant calls. The filtered variants were checked for
any functional consequences, using bioinformatic predictions of function.
The data from UCSC genome browser build 19 has been utilized for this
purpose, that has the ability to tag a variants’ location in exonic and
regulatory sites (CpG island, Transcription Factor Binding Sites (TFBS)),
which in turn can infer its pathogenicity.
4.2.2.3 Genotyping
Genotyping of quality controlled variants was carried across two stages,
and performed using a Sequenom MassArray platform (124) according to
the manufacturer’s recommendations. Several quality control measures
were applied across the genotyping stages, that included high marker
success rates (>95%), HWE p-value>0.01, optimal primer usage without
leftover residues and no background signals in water. Quality controlled
variants were genotyped across two stages for independent verification and
replication in schizophrenia families. Stage-one (S1) genotyping has been
performed in a sub-cohort of the schizophrenia families (n=1122
individuals in 301 families) and population-based controls (n=323
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individuals). S1 genotyping confirms the variant’s existence (n=103),
along with independent association (p ≤ 0.05) to schizophrenia. Associated
variants were later selected to be genotyped (S2) in the rest of the
schizophrenia cohort (n = 1696), alongside the other major mental illness
cohorts (total n = 2733) and additional population-based controls (n = 794).
These cohorts have been explained in section 4.3.
4.2.2.4 SNP selection
The SNPs identified by sequencing were selected for stage 1 genotyping
based on (i) the association evidence (LD|Linkage) in the small sequencing
cohort containing 96 individuals (p≤ 0.05), and (ii) whether they were
located in predicted functional areas according to UCSC genome browser
build 19. The functional areas included exonic regions, CpG islands, and
transcription factor binding sites (TFBS), along with a score in the UCSC
Brain Methylation track, or tentative association to an endophenotype for
schizophrenia (social anhedonia) in our prior studies of the Northern
Finland birth cohort (125), and gene expression changes in the previously
studied schizophrenia cohort (Table 6a, 6b) (72). The genotyping selection
criteria for variants are the same across two stages, that is, the SNPs must
associate (LD|Linkage) with schizophrenia in the SCZ cohort at a p-value
threshold below 0.05.
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Table 6a: SNP genotyping selection criteria. The numbers represent SNPs passing the
specific criteria.
Genotyping
criteria
LD|linkage<0.05
LD|linkage<0.05 &
Exon
LD|linkage<0.05 &
TFBS
LD|linkage<0.05 &
CpG
LD|linkage<0.05 &
histone
Linkage p<0.05 &
TFBS
Linkage p<0.05 &
brain methylation
LD|linkage<0.05
DISC1+ &
DISC1all
DISC1+
LD|linkage<0.05
DISC1+
LD|linkage<0.05 &
Exon
Association with
gene expression
probes at a higher
level than
rs2242549

DISC1

PDE4D

NDE1

Other genes

3

-

-

24

2

5

-

12

-

8

-

5

2

1

-

3

1

-

3

5

-

2

-

3

-

3

-

4

NA

NA

NA

4

NA

NA

NA

1

NA

NA

NA

NA

NA

2

NA
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Table 6b: SNP genotyping selection criteria for other genes when at least one SNP was
selected for genotyping. The numbers represent SNPs passing the specific criteria.

Other
Genes

LD|linkage
<0.05

ANK3

3

LD|linkage
<0.05 &
Exon
2

LD|linkage
<0.05 &
CpG
-

LD|linkage
<0.05 &
TFBS
-

LD|linkage
<0.05 &
histone
-

CACNA1C

8

2

-

3

-

CRMP1

5

3

1

-

-

DTNBP1

3

2

-

-

-

EEF1D

-

-

1

-

-

ING4

-

-

1

-

1

MED13L

1

-

-

1

1

RELN

4

3

-

1

-

TRIOBP

-

-

-

-

1

4.3 Study subjects
The Finnish psychiatric cohorts studied in this research have been collected
using a number of different study designs, including familial, twin and
population-based cohorts (Table 7). Some of the cohorts allow for studies
of alternative traits, including neuropsychological endophenotypes, and
gene expression measures.
4.3.1 Finnish schizophrenia family (SCZ) sample
The analysis conducted in this thesis has utilized additional and extended
families that were used to report the original association at 1q42 locus (4).
For 1q42 identification, 221 families were considered, whereas study
between the DISC1 haplotype and schizophrenia used 458 families (6).
However, over the years, the SCZ cohort has continuously been updated
with new families with the schizophrenia diagnosis. Our SCZ sample
consists of 670 families and 2,818 individuals, including 1,309 individuals
classified as affected according to increasingly inclusive liability classes
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(LC), based on the fourth edition of Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV) (29). These liability classes (LCs) constitute
of LC1 where individuals are diagnosed for schizophrenia only
(affected=911), LC2 adds those individuals affected with schizoaffective

disorder (+154), LC3 adds individuals with schizophrenia spectrum
disorder (+160), and LC4 adds individuals with bipolar disorder or major
depressive disorder (+84). The SCZ cohort additionally contains
endophenotype data for 811 individuals, and gene expression data for 65
individuals.
The whole SCZ cohort can be divided into two mutually exclusive subgroups based on the geographical origins of the family. This geographical
division leads to two sub-samples, with 179 families constituting of young
internal isolate population (IS) (n=788 individuals, affected n=280), that
was originally used to obtain the linkage on chromosome 1q32-41 (3). The
second group contains 281 families obtained from the whole of Finland
(AF) (n=1,338 individuals, affected n=688) (4). Likewise, families
included in the whole SCZ cohort could be further categorized as DISC1
positive (DISC1+) and DISC1 negative (DISC1-) families. Families with
individuals carrying the common DISC1 HEP3 haplotype (6) are defined
as DISC1+ families, whereas families without this risk haplotype have been
referred to as DISC1- families. Our SCZ cohort contains 144 DISC1+
families (n=679 individuals, affected n=316), and 306 DISC1- families
(n=1,422 individuals, affected n=640).
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4.3.2 Finnish bipolar disorder (BPD) sample
The Finnish Bipolar disorder cohort (126) comprises of 181 families, and
650 individuals. This cohort has been primarily ascertained for bipolar
disorder, but allows for the study of a broad spectrum of DSM-IV related
diagnoses (29). Liability classes have been defined in conjunction with the
SCZ cohort, where the liability classes are (LC1) bipolar disorder type I
(affected=206); (LC2) adds schizoaffective disorder, bipolar type (+29);
(LC3) adds bipolar disorder type II (+14); (LC4) adds recurrent major
depressive disorder (+20).
4.3.3 Anxiety (Anx)
The anxiety disorder cohort (127) is a population-based cohort, that is a
part of the much larger Health 2000 cohort from a Finnish nationwide study
of multiple outcomes and measurements. It has individuals with 207
anxiety cases diagnosed according to DSM-IV (29), or with sub-threshold
anxiety symptoms, identified through Composite International Diagnostic
Interview (CIDI) (128). The phenotypes available in this disorder include
panic disorder, generalised anxiety disorder, social phobia, agoraphobia,
and phobia not specified otherwise. Additionally, this cohort adds 566
controls that are free of any neuropsychiatric diagnoses, matched for
gender, age (1 year), and hospital catchment area.
4.3.4 MMPN
The MMPN sample is made up of 429 psychiatric in- and out-patients from
the metropolitan Helsinki area, identified through three cohort collection
studies: Jorvi Bipolar study (JoBS), The Vantaa depression study (VDS),
and the Vantaa Primary Care Depression Study (PC-VDS) (129). Patients
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were identified through screening for BD (JoBS), MDD (VDS), and
depressive disorders (PC-VDS). The DSM-IV criterion (29) diagnosed
mood and other axis I disorders and to assess psychotic symptoms, that
were present in about 50% of the patients with bipolar I disorder (either
when manic or when depressed, or both), about 25% of those with bipolar
II disorder (in depressive phases), and less than 12% of those with major
depressive disorder.
4.3.5 Helsinki University Psychiatry Consortium cohort (HUPC)
The HUPC population-based cohort consists of 383 individuals with
diagnoses including severe depressive disorder or bipolar disorder with
suicidal tendencies, alcohol use disorder, borderline personality disorder
traits, and childhood physical abuse. These individuals are recruited from
the Helsinki metropolitan area, from the city of Helsinki, Espoo, Vantaa,
Kauniainen, Kerava, and Kirkkonummi. The diagnostic classification
followed the ICD, 10th Revision (48). The most severe and pervasive
lifetime diagnosis (severe depressive, bipolar affective, and psychotic
disorders) was given precedence over other forms of diagnosis.
4.3.6 Twin cohort (TwinSCZ)
The twin cohorts used here consists of 195 twin pairs that are concordant
or discordant for schizophrenia (130, 131). The twins were identified using
the discordant psychosis-related Finnish National Population Register, and
diagnostically interviewing them. We have used 303 individuals from this
cohort, with 77 diagnosed for schizophrenia, 187 individuals are known
controls, and the diagnosis is unknown for 39 individuals. From these twin
pairs 80 (32 case pairs (one or both twins affected), and 48 control pairs
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(neither affected)) are monozygotic, 109 (40 case pairs, and 69 control
pairs) are dizygotic, and 6 pairs with only one twin available (4 cases, 2
controls). Only one member of each monozygotic pair has been used in the
association analysis, using the case member of the pair, or if both were
cases, then choosing randomly. In the statistical analysis, dizygotic pairs
were treated as full siblings.
4.3.7 Controls
The control samples have been derived from the Health 2000 (H2000)
population-based cross-sectional health study from all of Finland. In total,
8,028 participants were recruited in this cohort, and we have randomly
selected 1,117 psychiatrically healthy individuals, and excluded any
individuals that are matched controls in the anxiety cohort. Additional 792
controls are included in the analysis as a part of other cohorts, with numbers
from ANX, TwinSCZ, and FEP being 566, 187, 39 respectively.
4.3.8 Joint cohort analysis
To boost the analytical potential of the cohorts investigated in this research,
we have combined all the cohorts described above, in order to jointly study
two broad major mental illness-related phenotypes, psychotic disorder and
mood disorder phenotype. The psychotic disorder (n=1,896 affected)
phenotype includes individuals with following disorders: schizophrenia,
schizoaffective

disorder,

schizophrenia

spectrum

disorder,

schizophreniform disorders, bipolar disorder type I, and major depression
only when psychotic features are also present. The mood disorder
phenotype (n=1,227 affected) phenotypes include individuals with the
following disorders: bipolar disorder type I or type II, major depression,
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schizoaffective disorder, and psychotic disorders with major depressive or
manic episodes. Moreover, 698 individuals had been categorized as cases
under both psychotic and mood disorder phenotypes.
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1117

823

650

449

383

303

125

6668

Control

Anxiety

Bipolar

Disorder
MMPN

HUPC

Twins

FEP

Total

3099/3569

78/47

137/166

132/251

152/297

308/342

297/526

578/539

1417/1401

(M/F)

size

2818

Sex

Sample

Schizophrenia

Cohort

2775

81

77

383

449

269

207

0

1309

Affected

1909

39

187

0

0

0

566

1117

0

Controls

-

-

-

-

-

1-4

-

-

1-4

class

Liability

Table 7: Summary each cohort for which DNA was available for this study.

919

0

0

0

0

108

0

0

811

phenotype

Endo

224

103

73

0

0

0

0

0

48

RNA

1896

79

78

126

116

199

0

0

1298

disorders

Psychosis

1227

17

8

248

449

267

0

0

238

disorders

Mood

-

Helsinki

All of Finland

area

metropolitan

Helsinki

Finland

Southern

All of Finland

All of Finland

All of Finland

All of Finland

Area

4.4 Intermediate traits to study psychiatric disorders
Any variants that were identified to be associated with psychiatric
disorders, particularly schizophrenia, have been further investigated with
respect to intermediate traits of both neuropsychological (4.4.1) and gene
expression origin (4.4.2). This allowed us to understand in depth the role
of such variants in the aetiology of psychiatric disorders.
4.4.1 Endophenotypes
In this research, we have studied 919 subjects from the SCZ (n = 811) and
BPD (n = 108) familial cohorts to test measures of cognition, that have been
derived using a comprehensive neuropsychological test battery, mainly the
WAIS-R (71), WMS-R (69), CVLT (70), stroop (132), and trail making
(133) tests. This test battery has allowed us to select 14 quantitative
neuropsychological endophenotypes, these could be grouped into five firstorder factors using factor analysis, and then into a second-order single
general ability factor (g-factor) based on previous findings (134). Table 8
shows the relatedness of these neuropsychological traits and factors.
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Table 8: Description of neuropsychological endophenotypes and factors.

Endophenotype

Description

WAIS-R vocabulary

Explain the meaning of words

WAIS-R similarities

State how two words are alike

WAIS-R digit

Assemble displayed patterns from

symbol

blocks quickly

Stroop color naming,

Name the color of inks as fast as

time

possible

Stroop color-word

Name the ink color independent of

task, time

written words as fast as possible

Trail making A, time

Trail making B, time
WMS-R digit span
forward
WMS-R digit span
backward
WMS-R visual span
forward
WMS-R visual span
backward
CVLT immediate
recall
CVLT short-delay
recall
CVLT long-delay
recall

Factor
Verbal skills

Information
processing

Drawing a line to connect numbers
in circles in an ascending order as
fast as possible
Draw a line to connect numbered
and lettered circles alternating
between two sequences and in an
ascending order as fast as possible
Immediate recall of digit series
increasing in length
Immediate recall of digit series in
reverse order increasing in length
Immediate recall of spatial location
patterns increasing in length
Immediate recall of spatial location
patterns in reverse order increasing
in length
Learn and recall of a list of 16
words on five trials
Recall the original list after a
recalling an interference list

g-factor
Verbal working
memory

Visual working
memory

Verbal learning
and memory

Recall the original list after a delay
of 20 to 30 minutes

These 14 neuropsychological endophenotypes have been grouped into five factors and one
general ability factor (g-factor) for cognition related traits.
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4.4.2 Gene expression probes
Gene expression data is available from three of the cohorts studied, i.e the
SCZ, TwinSCZ, and FEP cohort. In the SCZ cohort, genome-wide gene
expression data of 65 individuals was extracted from RNA using whole
blood samples, and the readings were generated by Illumina HumanHT-12
v4.0 array. This array contained 48,212 probes on the chip, of which 11,976
probes were detected in more than 90% of individuals at a threshold of
p<0.01. The probes were processed using quantile normalization followed
by log2 transformation. Raw anonymous data of our SCZ cohort can be
accessed using the Gene Expression Omnibus (GEO) database
(GSE48072). Moreover, we have analysed the genome-wide gene
expression data of 73 individuals from the TwinSCZ cohort (n=73) assayed
from peripheral blood mononuclear cells. RNA has been extracted from
whole blood sample. The expression readings for this cohort have been
measured using the Illumina Human WG6 v3.0 chip (135). Quality control
and data processing measures have been applied, that is identical to that
used in the SCZ family data, detecting 18,559 significant probes.
The FEP cohort had expression data available for 206 genes and 102
individuals (case n=65; control n=37), mainly generated to study changes
in the complement system and the DISC1 pathway (136). This data was
extracted from RNA using whole blood samples, and generated by means
of NanoString nCounter in-solution hybridization technology to calculate
gene expression levels of 206 candidate genes, of which 178 have been
previously published for the DISC1 pathway (137).
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4.5 Public database mining for association lookup
Any variant that was replicated by association in the SCZ cohort, and was
later observed to associating in the broader phenotypes under joint cohorts
were further checked for additional association signals in independent
samples from publicly available databases and datasets, to confirm their
role in other psychiatric phenotypes. These include the GTEx database
(138), and the FinnGen and UK Biobank (139) nation-wide population
registers. GTEx database was used to test our significant genetic mutations
in whole blood using the online eQTL calculator (138). FinnGen cohort
helped us to check the association in a much larger population-based
Finnish cohort, whereas the UK Biobank aided in checking the association
in a completely independent population through the use of Oxford BIG
stats online tool (139).
4.6 Analysis methods
4.6.1 Analysis of genetic data
The cohorts used here are of varying epidemiological designs, including
familial, twin and population-based cohorts. Thus, different analysis tools
were implemented so as to optimize the design of the cohorts. Populationbased case-control cohorts used PLINK (140), as the analysis is simply
looking for imbalance of allele frequencies between the two groups. Family
and twin studies need to account for relationship statuses and test for cosegregation between transmitted alleles and the phenotype, for which a
specialised software, Pseudomarker (141), was used.
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4.6.1.1 Pseudomarker
Two-point linkage and association analysis of our familial (SCZ, BPD),
joint (Psychotic disorder, Mood disorder), and twin (TwinSCZ) cohorts
was performed using Pseudomarker (141). Pseudomarker has the power to
utilise data originating from different epidemiological designs, thus
combining familial studies with population controls, alongside singleton
cases from other cohorts. It has the advantage of handling missing data,
even when the genotypes of the parents are unknown. Pseudomarker
conducts a full likelihood analysis between disease phenotypes and
underlying genotypes (141). Genetic linkage can be tested in pedigree
data to check the co-segregation of a marker with disease family-by-family,
and the marker genotype that co-segregates with the disease differing
between family to family. The ‘association given linkage’ (LD|Linkage)
option then identifies association between the SNPs and the diagnosis
(p ≤ 0.05), using the three main genetic models (dominant, recessive and
additive) assuming incomplete penetrance.
4.6.1.2 PLINK
PLINK (140) has been used to analyse population-based cohorts with an
unknown family structure. These include the ANX, FEP, MMPN, and
HUPC cohort, that may contain some related individuals. The relatedness
may be by chance through the recruitment process, but this is not explicitly
known in the cohort, and so we treat them all as unrelated. The association
was tested by using options --model and --perm that calculated the pvalues, using permutation tests to generate significance levels empirically.
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4.6.2 Analysis of endophenotypes - QTDT
When complex diseases are studied, it has been observed that quantitative
phenotype scores provide added information than is provided by
dichotomous traits. The practice of using quantitative traits has been well
recognized in linkage studies, and these traits should be likewise effective
in family-based tests of association (142, 143). The QTDT software (144)
is able to analyse quantitative variables, and has been used to analyse 14
neuropsychological cognitive endophenotypes, five first-order cognitive
factors, and the g-factor (Table 6) in our studies. This program uses
variance components to detect any transmission distortion within the
families, with age, gender, and LC4 affection status included as covariates
in the analysis. The orthogonal model (-ao) in combination with 1,00,000
permutations generated the empirical p-values. The orthogonal model
parameter of QTDT allows to include families of any size with or without
parental genotypes, whereas permutation corrects for the presence of
stratification, providing an empirical p-value for the observed difference in
the trait. In the results, we report the uncorrected empirical p -values and
additionally highlight on traits that would survive multiple test correction
for 14 endophenotypes (p=0.00357), five factors (p= 0.010) and the single
overall g-factor (p=0.05).
4.6.3 Analysis of gene expression data - Multiple regression in R
The R software environment (145) has been implemented to compute the
association between genome-wide gene expression probes from the SCZ
cohort and our SNPs of interest. This was modelled using the multiple
linear regression algorithm from the lme4 package (146). Sex, age at
measurement, disorder status and family structure has been used as
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covariates for the analysis. The TwinSCZ cohort was also analysed in the
same way as SCZ cohort, with, additionally, twin status as a covariate.
Within the FEP cohort, we have determined gene expression changes using
multiple regression, covarying for sex, age at measurement and disorder
status. A false discovery rate (FDR) cut-off q≤0.05 has been applied to any
gene expression findings using the R package qvalue (147).
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5. RESULTS AND DISCUSSION
The main aim of this thesis was to identify functional variants altering the
DISC1 gene network, particularly DISC1, PDE4D and NDE1 genes, that
can help explain its role in the aetiology of major mental illnesses in
Finland. The sequencing step identified 6,693 SNPs at these three loci, and
487 associated with schizophrenia in the discovery SCZ cohort with 96
individuals containing 79 independent chromosomes. SNPs associating
with the disorder were carefully selected to be further genotyped (S1) in a
larger SCZ cohort (n=1,122 individuals in 301 families), alongside
population-based controls (n=323 individuals), to verify the variant’s
existence and independent association (p<0.05) to schizophrenia. Those
SNPs that continued to display significant association (p<0.05) in this
larger cohort were further taken for Stage two (S2) genotyping, which
included the rest of the schizophrenia cohort (n=1,696 individuals in 369
families), alongside the other major mental illness cohorts (Total n=2,733)
and additional population-based controls (n=794). We aim to further study
these variants using alternate phenotypes based on neuropsychological,
gene expression and medication usage measures, to identify the
mechanisms through which disrupted DISC1 network leads to
schizophrenia and other mental illnesses.
For clarity, we want to emphasize that all the p-values presented in this
section are uncorrected for multiple testing unless otherwise stated.
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5.1 Role of PDE4D in schizophrenia and other psychiatric phenotypes
in Finland
The PDE4D gene was first noted to be associated with schizophrenia in a
Finnish familial cohort consisting of 476 families (12) by studying the
known genes of DISC1-binding partners referred as the DISC1 network.
The DISC1 network had previously been successfully established through
other critical genetic findings within this large SCZ cohort (6, 11, 12), that
identified a marker and four SNP haplotype significantly associating in
individuals affected with schizophrenia (haplotype p=0.00084; rs1120303
p=0.021) (12). However, these associations were derived from SNPs
designed to tag the haplotypic structure of PDE4D, and are thus not
expected to be the functional mutations but instead only represent surrogate
variants.
Thus, to identify variants at PDE4D that can help explain its role in the
aetiology of psychiatric disorders, we sequenced the whole 1.5 Mb
genomic region of this gene (chr5:58254866–59793925; sequencing read
depth = 80.53; mean coverage = 86.43) in 20 families. Sequencing
identified 4,570 variants, that were annotated with bioinformatic
predictions of function using the UCSC hg19 genome browser. After
association testing, we observed 380 variants associated with a broad
schizophrenia diagnosis (p≤0.05) in these 20 families. Using this list of
functionally annotated and associated variants, we further chose 19 SNPs
(Section 4.2.2.4) to be genotyped (stage-one (S1)) in the larger
schizophrenia cohort and population-based controls, but seven dropped out
due to their inability to be fitted into a multiplex for Sequenom genotyping.
Variants (n=3) associating in this larger cohort (p<0.05) were further taken

70

for stage-two (S2) genotyping, which included the rest of the schizophrenia
cohort, and other major mental illness cohorts, including additional
population-based controls. Multiple levels of genotyping eliminated the
need to further analyse the variant rs39672 due to significant
inconsistencies in its minor allele frequency (MAF) between the controls
of S1 and S2 (MAF S1=0.24; MAF S2=0.39; p=1.7110-11). No
geographical or gender differences between these two stages could explain
for such a difference.
Our thorough analysis of the PDE4D gene could identify and replicate
association for two regulatory SNPs located within transcription factor
binding sites (TFBS) (14). These SNPs, in relatively high-linkage
disequilibrium (r2=0.66), were thus studied within the combined familial
schizophrenia cohort: rs35278 (LC3_SCZ additive; p=0.0012) and
rs165940 (LC3_SCZ additive; p=0.0016) (Table 9). No gender or
geographical-based differences were observed in our analyses. Further
investigation of these SNPs in other cohorts with psychiatric disorders
confirm rs35278 significantly associating within the familial bipolar
disorder cohort (LC2_BPD additive p=0.032; Section 4.3.2) (Figure 5), but
not within the other individual cohorts (Figure 5). While analysis of the
joint cohorts highlights the involvement of both SNPs with a broad
diagnosis of any psychotic disorder (rs35278 additive p=0.023; rs165940
additive p=0.025) (Figure 5).
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Allele

T>G

A>T

SNP

rs35278

rs165940

0.047

0.011

P-value

Sequencing

0.0082

0.033

S1
P-value

0.035

0.0074

S2
P-value

0.0016

0.0012

Combined
(S1+S2)
P-value

1.27
(1.13 - 1.41)

1.18
(1.06 - 1.32)

(95% CI)

Odds Ratio

0.36

0.47

Families

MAF SCZ

P-values, odds ratios and confidence intervals are shown for liability class 3 under an additive genetic model (14).

0.29

0.38

Controls

MAF

Table 9: Replicated observations of association of the two PDE4D SNPs within the whole Finnish familial schizophrenia cohort.
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Figure 6: Odds ratio and their respective 95% confidence intervals for the two NDE1 SNPs across the cohorts studied.

Further extending the analysis to determine the role of these two putative
variants using 14 quantitative neuropsychological endophenotypes and 919
individuals demonstrated that both SNPs associate with a general ability
factor (g-factor rs35278 p=0.043, β=-0.025; rs165940 p=0.044, β=-0.033)
(Table 10). After multiple testing correction, it was observed that the minor
allele, T of rs165940 significantly associates with the factors representing
verbal working memory (p=0.0062, β=-0.036) (Table 10), and verbal
learning and memory (p=0.0091, β=-0.044) (Table 10), with no
associations surviving corrections for the other variant rs35278. Moreover,
during the individual endophenotype analysis, we observed that the T allele
of rs165940 was associated with decreased scores on the immediate recall
task (p=0.0032, β=-0.65) (Table 10), a constituent of the verbal learning
and memory factor. Since the SNPs associate with diagnosis, which was
used as a covariate in these analyses, we also studied these endophenotypes
without affection status as a covariate. No significant association survived
multiple test correction in these analyses.
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Table 10: Empirical p-values from the association analysis of the two PDE4D SNPs and
the quantitative neuropsychological endophenotypes, their factors, and an overall general
score for cognition (14). These tests have been carried out in 919 individuals from the SCZ
and BPD cohort.

g-factor
Endophenotype

rs35278

rs165940

WAIS-R; Vocabulary

0.056

0.17

WAIS-R; Similarities

0.024

0.15

WAIS-R; Digit symbol

0.043

0.10

Stroop color naming, time

0.41

0.56

Stroop color-word task, time

0.80

0.48

Trail Making A, time

0.18

0.17

Trail Making B, time

0.24

0.31

WMS-R; Digit span forward

0.33

0.048

0.0062

0.0092

0.60

0.16

0.60

0.98

CVLT Immediate recall

0.013

0.0032

CVLT; Short delay recall

0.010

0.014

CVLT; Long delay recall

0.067

0.044

WMS-R; Digit span
backward
WMS-R; Visual span
forward
WMS-R; Visual span
backward

Factor

rs35278

rs165940

Verbal skills

0.015

0.063

Information
Processing

0.10

0.15

Verbal
working
memory

0.011

0.0062

Visual
working
memory

0.25

0.18

Verbal
learning and
memory

0.013

0.0091

rs35278

rs165940

0.043

0.044

P-values ≤0.05 for variables and factors are marked in bold.
P-values that surpass the Bonferroni multiple test correction for either the number of
endophenotypes (14), the number of factors (5) or g-factor (1) tested are in bold and italics.
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It is challenging to establish the true functional mutation at this locus since
both the SNPs are in high LD with each other (r2 = 0.66), and have a
potential regulatory function based on their locations being predicted at
TFBS. Using the publicly available GTEx portal, and inspecting tissuespecific expression quantitative trait loci (eQTL) highlights rs165940
significantly associating with expression changes in PDE4D within the
brain, specifically the cerebellum region (p-value=0.04, m-value=0.9).
Significant modulation of expression of PDE4D by rs165940 is also
detected in the oesophagus, heart and prostate tissues, the meta-analysis
over all tissues gives a p-value of 0.00000017.
Thus, through our comprehensive work on PDE4D, we conclude its role in
the aetiology of multiple psychiatric disorders in Finland. PDE4D gene
variants are observed to be associated with the respective diagnoses in
familial schizophrenia and bipolar disorder cohort, with a broad diagnosis
of any psychotic disorder, and with cognitive neuropsychological
endophenotypes. Particularly, we identify SNP rs165940 as the principal
functional mutation of interest, through its association pattern and being
identified as an eQTL for the PDE4D gene (14).
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5.2

Sex-differences

identifiy

NDE1

variants

associated

with

schizophrenia and miR-484 enriched gene expression probes
In addition to the PDE4D discovery, the original Finnish familial SCZ
cohort has been useful in establishing other important associations at the
DISC1 gene locus (6). Other loci have been identified through linkage and
association by conditioning on the presence of DISC1 risk haplotype within
these SCZ families. One such discovery has been the identification of
NDE1 through the study of SNPs designed to tag the haplotypic structure
of NDE1. These SNPs still highlight a broad locus that includes both NDE1
and miR-484.
The 16p13 locus, containing the NDE1 gene has provided evidence for
linkage in families carrying the DISC1 HEP3 risk haplotype (D16S764,
LOD=3.17) (11). Moreover, the 16p12 locus had previously been observed
to be linked with bipolar disorder Finland (148). Thus, the association
between NDE1 and schizophrenia was checked for two reasons. Firstly,
this conditioned linkage is in close proximity to the NDE1 gene (0.8Mb),
and secondly, due to the NDE1 protein peptide binding with the DISC1
protein. It was observed that a four SNP tag-haplotype in NDE1 associated
with schizophrenia and the visual working memory endophenotype in
females, but not in the whole cohort (11). Moreover, a different study
observed a significant interaction between high birth weight (>4000 g), and
one of the constituent tag-haplotype SNP, rs4781678, in increasing risk to
schizophrenia (107).
Additional studies were carried out to characterize the role of NDE1 gene
using genome-wide gene expression data, in order to understand the
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biological mechanisms behind psychiatric disorders. These studies
observed significant expression changes of 2,542 genes, including early
cessation of psychoactive medications metabolized by CYP2C19,
indicating that microRNA-484 regulation of CYP2C19 could be
responsible for increased metabolism of these medications (72). It was
further observed that differentially expressed genes were significantly
enriched for predicted targets of the micro RNA miR-484 (72), encoded on
exon 1 of the main transcript of the NDE1 gene.
Collectively, these studies not only implicate the 16p13.11 genomic locus
for major mental illnesses in Finland, but suggests that either, or both,
NDE1 and miR-484 could be a functional element under this region. Thus,
with the help of extended Finnish familial schizophrenia cohort, other
mental illness cohorts, endophenotypes, and gene expression data, we try
to discern any functional variant, or variants, at this locus, that can help us
determine and differentiate the functional elements underlying this locus in
major mental illnesses.
Thus, to identify potential functional variants at the NDE1 and miR-484
locus, we implemented the three-stage sequencing and replication study
design, that has been previously described under section 4.2.2. The 102Kb
region of NDE1 (chr16:15727124-15830120), including miR-484, was
sequenced in the SCZ cohort containing 96 individuals from 20 families.
We specifically chose three families with 12 individuals for being
polymorphic at the rs2242549 locus, and with gene expression data
available. The moral behind this preferred selection is due to association
patterns at this locus demonstrating sex-dependent affects, implying that
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the power to detect any level of association in the sequencing and stage 1
of genotyping has been compromised. Thus, it is necessary to add
individuals with previous relevant information concerned to this locus.
These steps will help to provide additional means for identifying potential
NDE1 functional variants of interest. Through sequencing, we identified
295 variants at the NDE1 locus, and importantly, none were immediately
located within the miR-484 coding sequence.
Three variants (chr16_1574307, rs74646346, rs117876551) have been
identified as associated (p0.05) with schizophrenia in the sequencing data
and are predicted to be located in potential functional regions. Our strategy
of adding an extra layer of previously existing information has further aided
in the selection of two more SNPs. With both SNPs being associated with
the chosen gene expression probes, one from our prior observations
(rs2242549) (72), and the other SNP (rs881803) associating at a higher
level than rs2242549, and located in a predicted functional element.
Genotyping them in the larger schizophrenia cohort and population-based
controls (S1) confirmed that two of the SNPs (chr16_1574307,
rs74646346) were monomorphic in this cohort, whereas SNP rs117876551
failed the quality control criteria for genotyping. These were hence
removed from analyses. Even though rs2242549 and rs881803 did not
show any association to schizophrenia in S1 (Table 11 a), they were still
taken forward for S2 genotyping to test the sex-dependent associations
considering our prior observations at this locus (11) (Table 11 b). Through
the sex-dependent association analysis of our whole SCZ cohort, and
assuming the additive mode of inheritance, we report both SNPs
(rs2242549,

rs881803;

r2=0.75)

significantly

associating

with
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schizophrenia in females (LC3_SCZ rs2242549 p=0.00044; LC3_SCZ
rs881803 p=0.00021), but not in males (LC3_SCZ rs2242549 p=0.67;
OR=0.92; LC3_SCZ rs881803 p=0.12) (Table 11 b).
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0.42

0.50

rs881803

0.58

0.16

Sequencing Sequencing
LOD
P-value
P-value

rs2242549

SNP

0.49

0.58

S1
P-value

the whole cohort across the three-stage design.

0.97

0.47

S2
P-value

0.54

0.24

Combined
(S1+S2)
P-value

0.99
(0.89 - 1.10)

0.36

0.43

Families

(95% CI)
1.02
(0.92 - 1.14)

MAF SCZ

Odds Ratio

0.36

0.43

Controls

MAF

Finnish familial schizophrenia cohort (SCZ). In the tables below, we report P-values, odds ratios and confidence intervals across

Table 11 a: LC3 additive genetic model association values for the NDE1 SNPs rs2242549 (T>G) and rs881803 (T>C) within the
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1.20
(1.03 - 1.40)
1.20
(1.02 - 1.40)

0.00044

0.00021

rs881803

Combined Odds Ratio
(S1+S2)
(95% CI)
P-value

rs2242549

SNP

by sex in the combined (S1+S2) cohort.

0.39

0.46

Families

MAF SCZ

0.37

0.44

0.12

0.67

MAF
Combined
Controls (S1+S2)
P-value

0.87
(0.74 - 1.01)

0.92
(0.80 - 1.07)

(95% CI)

Odds Ratio

0.33

0.41

Families

MAF SCZ

0.35

0.42

Controls

MAF

Finnish familial schizophrenia cohort (SCZ). In the tables below, we report P-values, odds ratios and confidence intervals separated

Table 11 b: LC3 additive genetic model association values for the NDE1 SNPs rs2242549 (T>G) and rs881803 (T>C) within the

Association was also observed between rs881803 and females within the
population-based MMPN sample (rs881803 dominant p=0.0097) (Figure
6), however, the C allele being protective rather than a risk factor in
comparison to the schizophrenia families. Our SNPs associated with
anxiety within our population-based anxiety disorder cohort regardless of
sex (rs881803 recessive p=0.013; rs2242549 recessive p=0.049) (Figure 6).
Study of broad psychosis or mood phenotypes highlighted both SNPs
associated with the psychosis phenotype in females (rs2242549 additive
p=0.0040; rs881803 additive p=0.0041) (Figure 6), and with the mood
disorder phenotype in the whole sample (rs2242549 recessive p=0.037;
rs881803 recessive p=0.0033) (Figure 6). In males, the association was
observed between the SNP rs881803 and, anxiety and mood disorder
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* excluded Anx and MMPN cohorts from the analysis.

Figure 6: Odds ratio and their respective 95% confidence intervals for the two NDE1 SNPs across the cohorts studied.

(Figure
6).
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Since our original SCZ cohort had a small sample size for replication of
reported variants, we tried to establish an independent association for our
SNPs through data mining in the UK Biobank and FinnGen cohorts. It is
important to note that these data mining methods do not consider sexspecific effects. The Oxford BIG database (139), containing UK biobank
(n=452,264; 590 with a diagnosis of schizophrenia) findings provide
evidence of association for rs881803 with schizophrenia (p=0.0073,
beta=0.00015), whereas rs2242549 is associated with “F43 reaction to
severe stress and adjustment disorders” (p=0.0047, beta=-0.00016).
Furthermore, the FinnGen database (n=175,519; 595 with a diagnosis of
speech disorder, n=161,390; 15,509 with a diagnosis of mental and
behavioural disorders) validates rs881803 associating with disorders of
psychological development (p=0.0016, beta=0.19), and disorders of speech
and language (p=0.0049, beta=0.14), whereas rs2242549 associates with
“Neurotic, stress-related and somatoform disorders” (p=0.00042,
beta=0.044), and anxiety disorders (p=0.00051, beta = 0.043).
Both the SNPs failed to significantly associate with any of the 14
quantitative endophenotypes, that would survive multiple test corrections
(data not shown). This was true even when the females were analysed
separately. In addition to cognitive measures, the impact of these variants
was studied to assess their effects on gene expression levels. However, our
previous studies have already reported an association between rs2242549
and gene expression probes (72), hence it was logical to exclude this SNP
for further analysis. Thus, the potential effects of rs881803 on gene
expression changes were studied in the SCZ cohort, using separate analysis
of gene expression data generated within the TwinSCZ and FEP cohorts,
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alongside the GTEx database. Studying multiple gene expression datasets
will enable us to robustly provide evidence of replication between the
cohorts. Regression analysis (section 4.6.4) between rs881803 and the SCZ
cohort identified 1,504 probes (n=1,326 unique genes) significantly
associated at a False Discovery Rate (FDR) of q<0.05. Of these 1,326
genes, 54 were predicted to be targeted by miR-484 (miR-484
p=0.000193), and 14 genes were significantly different between the two
sexes after FDR correction. Choosing varying levels of p-value cut-offs
(p<0.05, p<0.01, p<0.001) prior to FDR correction shows a consistent 910% overlap between the sex-affected genes and those associated with
rs881803 (gender p=0.00187). Analysis of the FEP cohort established
significant associations (p<0.05) between rs881803 and 33 of the 206 genes
studied; of which 9 were in common with those identified in the SCZ
cohort: ARNTl, GSK3, IL6R, MAPK3, MYD88, PER2, SOCS3, STAT3,
and STAT5A. Only two out of 18,559 probes in the TwinSCZ cohort were
significantly associated (p<0.05) with rs881803, neither of which were
identified in the original SCZ cohort. In the GTEx database, 59 of the 1086
genes that were tested in whole blood were significant eQTLs with
rs881803.
Through this study, we have observed sex differences in the association
patterns for the two NDE1 SNPs identified through sequencing (rs2242549;
rs881803; r2=0.75), increasing risk in females

ascertained

for

schizophrenia. These findings directly imply that the NDE1 genetic locus
could contribute to the sex differences found in the schizophrenia
phenotype. In the individual cohorts, rs881803 associated with anxiety
disorders, and within the psychotic disorder MMPN female-only cohort.
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However, the C allele, while being initially observed as the risk allele in
the SCZ and other cohorts, was protective in this MMPN cohort. This might
be a chance observation, and can be justified by the much smaller sample
size of the MMPN cohort. Moreover, both SNPs are associated in a sexdependent manner in the aetiology of psychotic disorders in females, and
with mood disorders demonstrating the role of this locus in the broader
aetiology of major mental illnesses. Due to the nature of our analysis
involving mixed aetiological cohorts, we did observe our SNPs to not
associate with one particular inheritance pattern, and the odds ratios
sometimes having their confidence intervals include unity. However, to
robustly implicate these SNPs in the aetiology of mental illnesses, we have
checked their association in completely independent cohorts, namely the
FinnGen and UK biobank. The risk C allele of SNP rs881803 is involved
in schizophrenia, psychological development, and disorders of speech and
language. The other SNP, rs2242549 is associated with stress,
psychological development, and disorders of speech and language, with G
being the risk allele. Beyond diagnoses, exploration of the consequences of
these variations demonstrated large-scale gene expression changes related
to the rs881803 genotype. We observe significant enrichment for genes
differentially expressed between the sexes, uncovering trends behind our
sex-specific associations, and for miR-484 specific gene targets.
Importantly, both SNPs are significant eQTLs for NDE1 in the GTEx
database (138), with significant expression changes across multiple tissue
types, including all brain regions studied. Thus, the convergence of
multiple lines of evidence using a broad dataset help us to conclude that the
SNPs being identified at the 16p13.11 locus contribute to dysregulation of
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both NDE1 and miR-484, with both their downstream consequences
increasing risk to mental disorders.
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5.3 DISC1 mutation in the Finnish population
Over the years, the Finnish family collection with a predisposition to
schizophrenia has steadily increased. Originally, the previous studies used
458 families (genotyped=2,059; affected=931) to identify DISC1
associations in Finland (6). Our study comprises of 670 Finnish families
containing 3,867 individuals, with 1,106 diagnosed with schizophrenia
(14). We took advantage of other additional psychiatric cohorts of Finnish
origin to study the effect of DISC1 genetic variants which could be
specific to Finland.
Targeted genome sequencing in a discovery sample of 20 SCZ families
identified 1,828 variants of interest at the DISC1 locus. Of these 20
families, 9 families were classified as DISC1+, meaning that they carry
the HEP3 haplotype, and 8 families did not carry this specific haplotype
(section 4.3.10). Two-point linkage and association analysis between the
variants and diagnosis was performed in 20 families, as well as separately
for the DISC1+ and DISC1- families. This identified 98, 48 and 42
variants as associated (p<0.05) in 20 families, DISC1+, and DISC1respectively. Based on their association pattern and functional properties,
we have carefully selected 17 variants to be genotyped (S1) in the larger
SCZ cohort and population-based controls, to actually confirm their
existence as polymorphisms and independently verify the associations
initially observed. None of the SNPs associated in the larger SCZ cohort.
We further analysed the SNPs by breaking down the larger cohort into
DISC1+ and DISC1- families. This additional analysis step identified
associations for four SNPs with schizophrenia (one SNP with
LD|Linkage; three SNPs with LOD score) (Table 12). We next genotyped
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(S2) all the four SNPs in the rest of the SCZ cohort, alongside the other
major mental illness cohorts (total n = 2733) and additional populationbased controls. Association was replicated for three SNPs in the DISC1+
families, hence these were studied in all of the combined DISC1+ families
from the S1 and S2 stages, and the results across various stages have been
summarized in Table 12. Analysis of these SNPs in other cohorts with
mental illnesses, irrespective of the HEP3 status, confirm the association
with several phenotypes (Table 13). Association tests between these SNPs
and quantitative endophenotypes using 1000 permutations fail to identify
any significant associations with these traits (data not shown).
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Function

-

Exon

Exon

-

SNP

rs61836891

rs3738401

rs11122324

rs1000730

0.00078

0.0014

0.0024

0.00016

LOD
P-value

Sequencing

0.41

0.94

0.95

0.005

P-value

0.031

0.0011

0.000035

0.047

S1
P-value

0.88

0.0011

0.000063

0.0068

S2
P-value

NT

1.80 10-7

6.49 10-11

0.00013

S1+S2
P-value

DISC1+ families

0.15

0.00018

0.000036

0.86

S1
P-value

NT

0.76

0.21

NT

S2
P-value

NT

NT

NT

NT

S1+S2
P-value

DISC1- families

the HEP3 status. LOD, Sequencing and LC3 additive association P-values < 0.05 are marked in bold and NT is not tested.

Table 12: Replicated observations of association of the DISC1 SNPs within the Finnish familial schizophrenia cohort based on

Table 13: Whole cohort association findings (p-values) for the DISC1 SNPs in other
psychiatric cohorts.
Cohort

SCZ Twin

FEP

MMPN

HUPC

Anx

Psychotic
Disorders
(-Anx)
Mood
Disorders
(-Anx)

Diagnosis

Schizophrenia

SNP

Recessive

Additive

Dominant

rs61836891

0.72

0.43

0.46

rs3738401

0.90

0.16

0.11

rs11122324

0.92

0.23

0.21

rs1000730

0.62

0.075

0.11

rs61836891

1

0.62

1

Psychotic

rs3738401

NA

NA

NA

Disorders

rs11122324

0.36

1

0.67

rs1000730

0.26

0.00022

0.0013

rs61836891

1

1

1

Psychotic

rs3738401

0.16

0.26

0.73

Disorders

rs11122324

0.86

0.42

0.67

rs1000730

0.86

0.59

0.33

rs61836891

0.73

0.10

0.21

Psychotic

rs3738401

0.24

0.86

0.86

Disorders

rs11122324

0.73

0.67

0.67

rs1000730

0.55

0.64

0.58

Anxiety

rs61836891

0.071

0.19

0.33

Disorders

rs3738401

0.36

0.036

0.0077

(Inc. sub-

rs11122324

0.43

0.096

0.025

thresholds)

rs1000730

0.30

0.18

0.073

rs61836891

0.82

0.65

0.47

All Psychotic

rs3738401

0.019

0.091

0.16

Disorders

rs11122324

0.0057

0.063

0.13

rs1000730

0.19

0.059

0.037

rs61836891

0.29

0.42

0.38

All Mood

rs3738401

0.051

0.25

0.36

Disorders

rs11122324

0.067

0.14

0.21

rs1000730

0.18

0.90

0.87

92

Given that the association of SNPs with schizophrenia is being observed
exclusively in the DISC1+ families carrying the HEP3 haplotype, and not
in the whole SCZ cohort is a concern. The associations observed here in
the DISC1 HEP3+ families are for SNPs in the 5' LD region of DISC1, and
includes rs3738401 (89). This is one of the variants that constitute the
HEP3 haplotype that tagged this region initially. No other differences,
including gender and geography in the population could explain this
separation. Thus, while it is clear that there is a sub-group of these families
for whom variation at DISC1 plays a role in their mental health, the
associations observed here are confounded by the circularity of having
enriched for those variants through separation on HEP3. Since these
findings warrant further investigation of the DISC1 gene, it is currently
difficult to accurately interpret these results. However, the variants we
report may represent the principal major mental illness mutations within
the DISC1 gene in the Finnish population, providing us with a novel insight
into the genetic aetiology of mental illnesses which could be specific to the
Finnish population.
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5.4 General discussion
Our three-stage study design using mixed epidemiological designs has
allowed us to identify significant variants through direct replication within
our mental illness cohorts. This method analysed multiple familial and
population-based cohorts, to identify and replicate functional variants
within Finland. Moreover, these variants have been independently
replicated in GTEx, FinnGen and UKBiobank public databases, ascertained
for schizophrenia, and traits including stress, psychological development,
and disorders of speech and language.
Broadly, we have identified a functional variant in a regulatory region
of PDE4D that associates in a replicable manner with schizophrenia (Table
9), particularly in the psychotic and cognitive domains (Figure 5), with this
variant significantly altering the amount PDE4D is expressed in the brain.
We have further identified another sex-dependent functional variant
in NDE1 gene associating within the females in the schizophrenia cohort
(Table 11 b), and is an eQTL for the NDE1 gene according to the GTEx
database. Furthermore, a significant number of the gene expression
changes are also significantly altered between the sexes, shedding light on
to sex differences in psychiatric disorders and the sex-dependent
association for NDE1. The DISC1 study confirms two exonic SNPs being
identified as the principal variants associating with schizophrenia in
families carrying the HEP3 allelic haplotype (Table 12). Nevertheless, both
the DISC1 SNPs needs further investigation in order to be rightfully
implicated in psychiatric disorders in Finland.
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However, the variants/genes identified though our studies are yet to be
identified through the recent large-scale population-based genome-wide
approaches, but biobank studies indicate that these genes will soon be
established as important psychiatric biomarkers once there is large enough
sample size that could detect variants with low effect size. To conclude, our
strategy of mutation identification may pave a way to understand these hits
before GWAS could recognize them.

95

6. CONCLUSION AND FUTURE PROSPECTS
This study is based on years of prior work that studied the DISC1 gene
network and familial mental illnesses in Finland. Through our systematic
analysis of the schizophrenia cohort using 670 families, we have identified
seven functional variants at the PDE4D, NDE1, and DISC1 genes
associating with schizophrenia. These variants have been further
investigated in other cohorts, confirming the variants’ role in bipolar
disorder, anxiety, and psychosis. Joint analysis of major mental illness
related phenotypes indicate that the variants are involved in psychotic and
mood domains of these disorders.
Complex psychiatric disorders occur as a result of many genomic variants,
and environmental factors. As a result, there can be hundreds or even
thousands of variants involved in a disease. Using this information,
researchers can estimate how the collection of a person’s variants affect
their lifetime risk for a certain disease, that is commonly known as
polygenic risk score. This collection of genetic variants, generally, will
work in harmony with each other to regulate risk associated with the
disease. Thus, polygenic risk scores simply add effects of each variant
together, however, it is possible that variants affecting groups of genes with
related functionality could interact with each other, potentially cancelling
each other out, or having multiplicative effects. In our research, all reported
variants are from the same gene network, which may allow us to begin to
shed light on how multiple genetic variants from distinct genes may interact
to modulate overall risk to psychiatric disorders. Further analyses into the
functional consequences of reported variants are essential, which may be
accomplished through biological studies, and not necessarily through more
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genetic association studies. These biological studies may involve using iPS
cells from cases with the mutations, and using CRISPR gene editing
technology to remove the mutation of interest to study biological changes
related to that mutation.
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