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Summary

Schizophrenia (SCZ) is a severe and debilitating disorder and it has a worldwide prevalence
estimated at approximately 1%. The underlying pathogenesis of SCZ is poorly understood
and there is a great need for diagnostic tools and new therapeutic interventions. It has a

very strong genetic component but its genetic architecture remains to be elucidated.

In this study | sought to investigate rare variants associated with SCZ using a number of
approaches. My first approach was to analyse a hexanucleotide repeat expansion in the
C9orf72 gene. This variant is associated with ALS/FTD, and clinical resemblance has been
reported between frontal lobe syndrome and negative symptoms in SCZ | applied this
investigation to 1,271 Irish psychosis cases and 1,283 controls. | did not find any of the Irish
Psychosis case control samples to have a hexanucleotide expansion with >30 repeats. | did
however find seven samples with >22 repeats. Overall | saw no difference in the distribution
of the mutation between case and control samples. The functional impact and importance
of the repeat expansion at different lengths remains to be elucidated. In addition, | used
available GWAS data to study the relationship between the founder haplotype and the
repeat expansion in this large homogenous sample. My data supports the claim that carriers
of the expansion arose from a single common founder, or at the very least that if the
expansion arose multiple times, it has done so on the same haplotype background. This

study was published in Neurobiology of Aging.

My second approach was to investigate a rare variant in the PAK7 gene in collaboration with
other members of my group. A gene-based analysis of large (>100kb), rare copy number
variants (CNVs) conducted in the Wellcome Trust Case Control Consortium 2 (WTCCC2) SCZ
sample, found an association between duplications at chr20p12.2 and SCZ (P = 0.007). | set
out to use PCR and Sanger Sequencing to discover the specific breakpoints for this
duplication. | identified the event as being a tandem duplication of 148,951bp at
chr20:9,684,767-9,833,717 (hgl8) with a 15bp sequence inserted between the first and

second copies of the repeated sequence. This study was published in Human Molecular



Genetics. | then utilised UK10K data to follow up on my PAK7 duplication analysis, and
investigate if there were any exonic PAK7 sequence variants present in this data set. |
performed functional annotation of the genetic variants in the neurodevelopmental and
obesity samples using Annovar. Eighty two variants were identified in the cases and
controls. | then carried out a carrier-based association analysis on this data, but found no
statistically significant differences in the rate of mutation carriers between cases and

controls at PAK7.

My third approach to rare variant analysis was to use a new method namely High Resolution
Melt (HRM) analysis. My initial goal was to test the sensitivity and specificity of the HRM
method by using it to detect known mutations in HapMap samples, with the intention of
then applying it to the screening of SCZ candidate genes in an lIrish psychosis case and
control sample. | applied HRM to the exons of two SCZ associated genes PAK7 and VIPR2. |
choose HapMap samples to test the efficiency of this method, as DNA sequence information
for all of these samples is publicly available on online databases. Its overall lack of both a
high sensitivity and a high specificity meant that it was not a method that would be useful

for identifying rare variants.

Finally, | carried out a functional approach to rare variant analysis. A targeted exome study
by my group identified an excess of LoF variants in an Irish psychosis case sample compared
to controls. One of the LoF variants identified was a nonsense mutation at R156 in the FYN
gene. FYN regulates the phosphorylation and trafficking of NMDA Receptors (NMDARs),
acting as a point of convergence for many signalling pathways regulating NMDARs. My
approach to investigate this variant was to design plasmids containing green fluorescent
protein (GFP)-tagged wildtype and mutant versions of the gene and transfect them into
neuroblastoma cell lines first to test the efficiency, and to then move on to primary cortical
neurons from newborn mice. | did not see a significant difference in the expression of FYN in
the WT compared to the Mut cells. | did however identify a significant difference between
WT and Mut with regard to Phospho-AKT expression in the FYN Mut transfected cells (p <

0.001). AKT is a member of the kinase family, and plays a major regulatory role in cellular



function; a decrease in the phosphorylated version of AKT has been reported in first episode

SCZ patients.
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allowing me to differentiate transfected from non-transfected.
Figure 5.11: Overall comparison of FYN WT V'S FYN Mut transfection.

Figure 5.12: 24hr Amaxa Transfection with wt plasmid A. Neuroblastoma transfected cell
lines can be distinguished from non-transfected neurons upon observing native GFP. B.
Phospho-akt antibody staining C.MAP2 staining indicates the presence of synapses. D. All

three stains can be observed together with DAPI.

Figure 5.13: Overall GFP and Phospho-AKT expression of both WT and Mutant transfected

and non-transfected plasmids.
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Figure 5.14: 24hr Amaxa Transfection on primary cultures with Mutant plasmid. A GFP
antibody stain. B. FYN antibody staining C.MAP2 staining indicates the presence of synapses.

D. All three stains can be observed together with DAPI.

Figure 5.15: Scatter plot showing the expression for both GFP and Phospho-AKT with the

Mutant plasmids.
Figure 5.16: Results of Phospho-AKT transfection

Figure 5.17: 24hr Amaxa Transfection on primary cultures with WT plasmid. A GFP antibody
stain. B. FYN antibody staining C.MAP2 staining indicates the presence of synapses. D. All

three stains can be observed together with DAPI.

Figure 5.18: 24hr Amaxa Transfection on primary cultures with Mutant plasmid. A GFP
antibody stain. B. FYN antibody staining C.MAP2 staining indicates the presence of synapses.

D. All three stains can be observed together with DAPI.

Figure 5.19: Chart showing the mean expression values for FYN WT and FYN Mut in primary
cultures. The transfection rate was significantly lower for primary cultures compared to cell
lines. The number of cells available for analysis is indicated at the bottom of each column. It

was also difficult to differentiate between transfected and non-transfected cells.

Figure 5.20 Sequence of wild type and site directed mutant plasmids after Site Directed

Mutagenesis showing the successful introduction of the mutant allele.

Figure 5.21 24hr Amaxa Transfection on neuroblastoma cell lines with the site directed
Mutant plasmid. A. native GFP, B. FYN antibody staining, C. MAP2 staining indicates the

presence of synapses. D. All three stains can be observed together with DAPI.
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Introduction

1.1 Genetic Variation

Genetic variation in humans, either at the DNA or RNA level, directly brings about
phenotypic diversity; from trait differences in behaviour and appearance to our
susceptibility to disease. Phenotypic “traits” come in many forms, from those with clear
patterns of inheritance that are determined by variation at just one base position or gene in
the DNA sequence, to those whose inheritance is more complex involving the interaction of
genetic risk variants, regulatory mechanisms and/or environmental influences (Lander et al.,
2006). Whole genome sequencing has revealed that every individual carries on average four
million genetic variations (Frazer et al., 2009), therefore elucidating which individual variant
or which combination of variants is responsible for a particular phenotypic trait is an

important challenge, particularly for the study of complex diseases.

As our knowledge of human genetic variation increases, progress has been made in applying
this knowledge to develop insight into the molecular aetiology of complex diseases (Hindorff
et al., 2009) such as Type 1 diabetes (Todd et al., 2007; WTCCC, 2007), inflammatory bowel
disease (Duerr et al., 2006) and coeliac disease (Hunt et al., 2008). Psychiatric disorders,
such as schizophrenia (SCZ), are substantially heritable and understanding the molecular
aetiology involved is a significant research goal as current diagnostics and therapies are
based on clinical assessment or have emerged from clinical observation rather than an
understanding of underlying biology. However, this also presents substantial challenges

(Burmeister, 1999).

1.2 Inheritance of complex diseases

Traits or diseases which are the result of the disruption of one gene, allele or biochemical
pathway are known as single gene or Mendelian diseases and examples include cystic
fibrosis and Huntington’s disease. Although the inheritance of some of these diseases are

complicated by factors such as incomplete penetrance and varying age of onset, the pattern
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of inheritance is still clear and follows strict dominant, and recessive or X-linked
transmission patterns (Burmeister, 1999; Lander et al., 1994; Lander et al., 2006; Schork,
1997). With complex diseases inheritance is more complicated as they are caused by a
combination of genetic and environmental risk factors. Disease liability is based upon a
threshold whereby a certain combination of genetic and enviornmental factors can shift

individuals towards or away from disease onset.

The number of risk alleles contributing to disease susceptibility, the frequency of the risk
allele in the population, their effect size and whether or not they act additively or through
interaction with one another can vary depending on the disease. There are two commonly
proposed models; the common disease-common variant model (Lander, 1996; Reich et al.,
2001), whereby the majority of genetic contribution to common disease is the result of
multiple common variants of small effect with minor allele frequencies (MAF) >5%, or the
common disease-rare variant model whereby rare variants (MAF <5%) with moderate to
large effect contribute to disease susceptibility. There is evidence from the study of complex
diseases to support both models and to indicate that these models are not mutually
exclusive in that genetic variants of varying frequency and effect in the population (e.g.
common and/or rare) contribute to disease liability. The number of variants contributing

and the distribution of their effect sizes can also vary.

Additional complications such as incomplete penetrance, phenotypic heterogeneity, locus
heterogeneity, allelic heterogeneity, epigenetic influences (e.g., imprinting), environmental
influences and epistasis all make it difficult to elucidate the extent of the genetic
contribution and underlying cause of these complex diseases (Burmeister, 1999; Lander et

al., 1994; Schork, 1997).
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1.3 Schizophrenia Overview

SCZ is a chronic, severe, and disabling mental disorder characterized by deficits in thought
processes, perceptions, and emotional responsiveness. Symptoms typically emerge in early
adulthood with the age of onset occurring between the ages of 15 to 25. One in 100 people
will develop SCZ in their lifetime. At present there are no biological diagnostic tests, with
diagnosis generally based on a thorough psychiatric interview. Early diagnosis of SCZ is very
important, as it can decrease the impact of the disorder through tailored medication and

therapy.

SCZ currently affects over 50,000 people in Ireland, and the economic cost of this is
estimated at approximately €460 million per year, which breaks down as follows: direct
costs of inpatient and outpatient care, medication and community services are €118 million,
and indirect costs due to unemployment and high mortality are more than €343 million per
year (Behan et al., 2008). Along with the economic costs, there are a number of social issues
affecting sufferers of SCZ with many patients unable to live independently. Other
debilitating social factors include unemployment, homelessness and increased risk of death
due to accident, illness or suicide. The lifetime risk of suicide is 5-10% (Hor & Taylor, 2010).
On average, individuals affected with SCZ die >20 years earlier than the general population

(Tiihonen et al., 2009).

SCZ has been termed a complex disorder due to the fact it is understood to be caused by a
combination of genetic and environmental factors. Environmental factors are both prenatal
and perinatal, and include viral infections during pregnancy, famine, premature birth and
advanced paternal age (Brown & Susser, 2008; Cannon, Jones, & Murray, 2002). These
environmental factors however are not unique to SCZ. Individuals living in urbanised areas
have been shown to be at a greater risk of the disorder (Krabbendam & van Os, 2005) and
cannabis use has also been identified as a trigger for those with pre-existing liability to

psychosis (Henquet et al., 2006).
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It is widely believed that a complex combination of genetic factors and environmental
influences are responsible for an individual’s susceptibility to developing SCZ. The most
strongly reported risk factor for both disorders is undoubtedly family history and
epidemiological studies suggest that there may be genetic risk factors common to both
disorders (Paul Lichtenstein et al., 2009). In the largest family study conducted to date,
Lichtenstein et al (Paul Lichtenstein et al., 2009) found that offspring and siblings of

individuals with SCZ were 9 times more likely than the general population to have SCZ.

SCZ symptoms can be divided into positive symptoms, negative symptoms and cognitive
deficits. Positive symptoms include hallucinations, delusions, disorganised behaviour and
thought disorders (Tables 1.1 and 1.2). The positive symptoms of SCZ have been found to
overlap with other neuropsychiatric disorders such as bipolar disorder (BD) (Schulze et al.,
2012). Negative symptoms include diminished characteristics such as social withdrawal, lack
of empathy, neglect and loss of motivation. Diagnosis is based on confirmation of the key
symptoms, and current treatments provide control rather than cure. Drug development is
complicated by the heterogeneity of the disorders that likely includes a wide range of

genetic and environmental risk factors.

The cognitive deficits associated with SCZ are among the earliest signs of the iliness (Bowie,
Reichenberg, Patterson, Heaton, & Harvey, 2006). Cognitive dysfunctions include verbal,
visual and working memory; reasoning, problem solving and social cognition. Clinicians are
currently using cognitive remediation therapy which involves repetitive practise leading to
cognitive improvement. These methods have been used with SCZ sufferers in order to target
higher-order thought processes such as attention and higher level processes, which in turn

may lead to an improvement in overall cognition and function (Keefe et al., 2011).
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Table 1.1: Criteria for diagnosis of schizophrenia according to the Diagnostics Statistics

Manual Classification IV (DSM-IV)

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)

- Delusions

- Hallucinations

- Disorganized speech

- Grossly disorganized or catatonic behaviour

- Negative symptoms

Social/occupational
dysfunction:

For a significant portion of the time since the onset of the
disturbance, one or more major areas of functioning such as
work, interpersonal relations, or self-care are markedly below
the level achieved prior to the onset (or when the onset is in
childhood or adolescence, failure to achieve expected level of
interpersonal, academic, or occupational achievement).

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 two or more symptomes listed in Criterion A present
in an attenuated form (e.g., odd beliefs, unusual perceptual
experiences).

Schizoaffective and
Mood Disorder
exclusion:

Schizoaffective Disorder and Mood Disorder With Psychotic
Features have been ruled out because either (1) no Major
Depressive, Manic, or Mixed Episodes have occurred
concurrently with the active phase symptoms; or (2) if mood
episodes have occurred during active-phase symptoms, their
total duration has been brief relative to the duration of the
active and residual periods.

Substance/general
medical condition
exclusion:

The disturbance is not due to the direct physiological effects of a
substance (e.g., a drug of abuse, a medication) or a general
medical condition.

Relationship to a
Pervasive
Developmental
Disorder:

If there is a history of Autistic Disorder or another Pervasive
Developmental Disorder, the additional diagnosis of
Schizophrenia is made only if prominent delusions or
hallucinations are also present for at least a month (or less if
successfully treated).
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Table 1.2: Criteria for diagnosis of schizophrenia according to the International

Classification of Disease 10 (ICD-10)

Diagnosis requires the presence of one symptom from section 1 or two symptoms from
section 2, for a period of at least one month

1 1 - Thought echo, insertion, withdrawal or broadcasting
- Delusions of control, influence or passivity
- Hallucinatory voices

- Persistent delusions of other kinds which are culturally inappropriate or
implausible.

2. - Persistent hallucinations, accompanied by delusions without clear affective
content, persistent over-valued ideas

- Breaks of interpolations in the train of thought resulting in incoherence or
irrelevant speech or neologisms

- Catatonic behaviour such as excitement, posturing, negativism, mutism and
stupor

- Negative symptoms such as marked apathy, paucity of speech and blunting of
emotional responses

- Change in the overall quality of aspects of personal behaviour manifest as loss
of interest, aimlessness, idleness, self-absorbed attitude and social withdrawal

1.4 Neurobiology of schizophrenia

SCZ is thought to be caused by alteration in brain structure and circuitry that can start
during foetal development, and in turn is considered a neurodevelopmental disorder. Many
of the genomic structural variants associated with SCZ implicate neurodevelopmental genes
involved in neuronal proliferation, migration and synapse formation. Changes in
neurotransmitter levels such as dopamine are thought to be associated with positive
symptoms such as delusions and hallucinations. SCZ in its acute psychotic state has been
found to be associated with an increase in dopamine synthesis, release and resting state
synaptic dopamine concentrations (Guillin, Abi-Dargham, & Laruelle, 2007; Laruelle, 1998).

Current treatments for SCZ are dopamine D2 receptor antagonists. Conventional
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antipsychotics reduce the delusions and hallucinations; however they do not enhance

cognitive deficits.

A second hypothesis involves glutamate and low activity of the N-methyl-D-aspartate
(NMDA) receptor on y-Aminobutyric acid (GABA) inhibitory interneurons in the prefrontal
cortex. Glutamate is an abundant amino acid in the brain, and is a major excitatory
neurotransmitter. It is not clear how NMDA receptors are involved in SCZ, however post
mortem brain studies have shown a loss of GABA and key enzymes for glutamate

biosynthesis (Coyle, 2006).

The neurodevelopmental model of SCZ has suggested an early insult, followed by a latent
period through neural development, with the emergence of psychosis at the early
adulthood stage. It has been suggested that this may be due to a lesion in early
development, which may not manifest until later stage, and that it may influence pathways

involved in excitatory and inhibitory neurons in the prefrontal cortex (Insel, 2010).

1.5 Genetics of schizophrenia

Like many complex diseases, much of the evidence that the cause of SCZ is rooted in
genetics is based on family, twin and adoption studies of affected individuals. Family studies
assess the risk for the disorder in the relatives of affected individuals but they cannot
distinguish between genetics and environment. The leading risk factor for SCZ is having an
affected first degree relative, which increases the risk ten-fold (Cardno & Gottesman, 2000).
Studies of dizygotic twins have shown a concordance rate for SCZ of 17%, whereas in
monozygotic (MZ) twins the concordance rate is 48%. Based on these data twin studies have
found the heritability of SCZ to be 80 — 85%. Thus, genetic factors are central to the
aetiology of the disorder. Another important area of study is discordant MZ twins, which
have allowed investigators to study non-inherited factors. The risk of SCZ in the offspring of

affected and unaffected MZ twins have been seen to be similar, which would imply that
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unaffected MZ twins carry SCZ susceptibility genes (Gottesman, 1997). Genetic discoveries
in rare psychiatric and neurological disorders have delivered changes in practice of clinical
medicine (Zoghbi & Warren, 2010) and this encourages researchers to attempt to find the

risk genes for SCZ in an effort to improve the diagnosis and treatment of the disorder.

1.5.1 Mapping the genetics of complex diseases

SNPs and structural variants have long been used in the mapping of susceptibility loci or
genes to complex disorders and several methods and technologies exist for their
identification. Constantly developing technology has allowed researchers to move from
studying just one variant in one gene in a small sample of individuals, to analysis on a
genome-wide level, surveying thousands of genes in thousands of individuals
simultaneously. In fact one of the greatest challenges currently is handling the vast amounts

of data that are being generated.

1.5.2 Linkage studies

Linkage studies analyse the co-segregation of DNA markers with disease (Altshuler, Daly, &
Lander, 2008). The approach involves the genotyping of a panel of evenly spaced DNA
markers (generally either microsatellites or SNPs), either in one large multi-generation
family or in a number of smaller nuclear families to detect broad regions harbouring
susceptibility loci. When using microsatellites, a marker density of one every 5-10 cM is
optimal, requiring approximately 400 markers for a genome-wide study. SNPs are less
informative than microsatellites, and so require increased marker density (1-2 SNPs every
cM)(Evans & Cardon, 2004). For a genome-wide linkage screen, this density requires 5,000-
10,000 SNPs be genotyped. For each marker a statistic is calculated to estimate the degree
of linkage between markers and the disease state. The most common statistic used in
linkage studies is the logarithm of odds (LOD) score. After identification of a linkage region

of interest, the potential causative loci can be probed further by fine-mapping of the region.
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Linkage studies have been used to successfully identify genetic variants for over 1,600
Mendelian diseases including cystic fibrosis and Huntington’s disease (Botstein & Risch,
2003; Jimenez-Sanchez, Childs, & Valle, 2001). These types of studies were feverishly
applied to complex diseases from the 1980’s through to mid 2000’s but with little success.
The few successful examples include NOD2 in Crohn’s disease (Hugot et al.,, 2001) and
PTPN22 in Type 1 diabetes (Concannon et al., 2005). There are several reasons for this;
linkage studies are successful in Mendelian diseases where the risk variants are rare and
generally have a highly penetrant large effect thereby making them easier to detect in
families using a panel of markers. When applied to complex diseases, where a combination
of several genes or alleles of small effect along with environmental factors are involved,
linkage studies are much less powerful and would require extremely large sample sizes and
a more dense panel of markers (Hirschhorn & Daly, 2005; Risch & Merikangas, 1996), e.g.
the disease susceptibility allele of PPARG in Type Il diabetes would have required linkage

analysis to be conducted in at least one million sibling pairs (Hirschhorn & Daly, 2005).

1.5.3 Linkage studies of schizophrenia

Genome-wide linkage studies in families with one or more individuals affected with SCZ
have identified several regions of the genome potentially linked to the disorder including
those at 6p24-p22 containing the DNTBP1 (Dystrobrevin-binding protein 1) gene (Richard E.
Straub et al., 1995), 8p22—p21 containing the gene NRG1 (Neuregulin-1) (Hreinn Stefansson
et al., 2002) and 13g14-g32 containing the genes G30 and DAOA (D-amino acid oxidase
activator) (Chumakov et al., 2002a; Lewis et al., 2003). Similarly in bipolar disorder several
genes including SLC6A4 (serotonin transporter) and DRD4 (dopamine receptor D4) have
been implicated from linkage peaks at 1711 and 11p respectivly (Serretti & Mandelli,
2008).

Replication of these findings in other samples was inconsistent and many loci did not reach
genome-wide significance levels (E. S. Lander & Schork, 1994). Loci implicated in linkage

studies have been identified on almost every chromosome for both disorders (Serretti &
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Mandelli, 2008). In an attempt to increase the power of these individual studies, meta-

analysis of multiple genome-wide scans have been performed.

Meta-analysis of schizophrenia genome-wide linkage studies found significant linkage on 8p,
13q, and 22q using data from 11 studies (Badner & Gershon, 2002), on 1q, 2q, 3p, 5q, 6p,
8p, 11q, 14p, 20q, and 22q using data from 20 studies (Lewis et al., 2003) and on 1q, 2q, 3q,
4q, 5q, 8p and 10q using data from 32 studies (Ng et al., 2008) . Only 8p was replicated

across all three.

Technological developments that made it possible to assay large numbers of variants in an
association study led to huge changes in how complex diseases were studied (Risch &
Merikangas, 1996). Linkage studies in the majority of complex diseases (including both SCZ
and BD) had been inconsistent and there was strong evidence that association studies

(discussed below) were much more powerful at detecting common variants of small effects.

1.6 Issues with genetic association studies

Several factors must be considered when conducing association studies either on a single

gene or genome-wide scale.

1.6.1 Population stratification

For any type of association study, homogenous genetic ancestry within and between cases
and controls is key to prevent false positives and/or false negatives arising from differing
allele and haplotype frequencies (Hirschhorn & Daly, 2005; Stranger et al., 2007; W. Y. S.
Wang, Barratt, Clayton, & Todd, 2005). If the cases disproportionately represent a certain
genetic population in comparison to the controls as a result of migratory history or
differences in ethnic ancestry, then any SNP with allele frequencies differing between the

cases and controls for these reasons will be found to be (incorrectly) associated with the
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phenotype (Hirschhorn & Daly, 2005). A variety of methods have been proposed to identify
and correct for population stratification in association studies with the most commonly used
being genomic control. This method estimates the overall inflation of significant
associations due to stratification and uses principle component analysis (PCA) for correction
(Price et al., 2006; Price, Zaitlen, Reich, & Patterson, 2010). Using family based samples
whereby association analysis measures the preferential transmission of alleles from
heterozygous (unaffected) parents to affected offspring avoids issues with population

stratification but naturally requires more extensive sample collection (Price et al., 2010).

1.6.2 Power

When conducting association studies another important consideration is the power of the
study to detect a true association. The odds ratio (OR), MAF and size sample all contribute
to this. SNPs with small (OR=1.1-1.5) to moderate (OR=1.5-2.0) effect sizes are difficult to
detect and require large sample sizes (Spencer, Su, Donnelly, & Marchini, 2009; Stranger,
Stahl, & Raj, 2010). This is particularly important but challenging in genome-wide tests of
association given the numbers of SNPs being tested because p values must be corrected for
the number of tests undertaken, e.g., a SNP with a MAF of 15% with an OR of 1.25 would
require 6,000 cases and 6,000 controls to achieve a power of >80% for association at a
genome-wide significance level (5x10°®) (Stranger et al., 2010). The number of samples
required to give sufficient power to reach a predetermined level of significance can be
estimated using one of several genetic power calculators. The large number of statistical
tests undertaken increase the risk of type | error (false positive association with disease).
Lowering the significance level for association may reduce the number of type | errors, but it
could increase the likelihood of type Il error (false negative) because very large sample sizes

will be required to detect highly significant associations with SNPs of small effect.

Another issue that must be considered is phenotype heterogeneity, which refers to
variation within presentation of the disorder phenotype. Heterogeneity may weaken the

magnitude of the effect and therefore overall power of the study to detect and identify
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susceptibility genes (M. I. McCarthy et al., 2008). When dealing with large numbers of
samples and hundreds of thousands of SNPs, ensuring the genotype data is robust is also
extremely important in association studies. Problems with DNA extraction, genotyping
methodolgies between cases and controls and genotyping missingness can cause spurious
associations. This has generally been remedied in GWAS by use of core technologies in
centralized genomics facilities. (Anney et al., 2008). Most importantly, the gold standard of
any association study is independent replication of significant findings in a sufficiently

powered study.

1.6.3 Pre-GWAS association studies of schizophrenia

Association studies which have been performed for schizophrenia have generated evidence
of association at more than 1,000 genes, the strongest candidates from both positional
candidate gene studies, (i.e. combining results from both association and linkage) and from
biological candidates (e.g. genes involved in dopamine, glutamate, or neurodevelopmental
function) are dystrobrevin binding protein 1 (DTNBP1) (R. E. Straub et al., 2002), NRG1(H.
Stefansson et al., 2002), DAOA (D-amino-acid oxidase) (Chumakov et al., 2002b) and RGS4
(regulator of G-protein signalling 4) (Chowdari et al.,, 2002) and DISC1 (Craddock,
O'Donovan, & Owen, 2005; Gill, Donohoe, & Corvin, 2010; O’Donovan, Craddock, & Owen,
2009). However, a large association study of 14 SCZ candidate genes, including those
mentioned above, in 1,870 cases and 2,002 controls failed to confirm any association with
the disorder (Sanders et al., 2008). DTNBP1, DAOA and DISC1 are also amongst the strongest
candidate genes associated with bipolar disorder, along with BDNF (brain derived
neurotrophic factor) and SLC6A4 (serotonin transporter 4 ) (Craddock et al., 2005; Gill et al.,
2010; Serretti & Mandelli, 2008).

1.7 Genome-wide association studies in schizophrenia

Genome-wide association studies (GWAS) involve analysing markers, predominantly single
nucleotide polymorphisms (SNPs), in DNA samples from affected patients or cases and

unaffected controls to find genetic variation that differs in frequency between cases and
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controls and thus is associated with a particular disease. New genetic associations can then
be used to develop strategies to detect, treat and prevent disease. GWAS studies have
already been successful in identifying risk variants associated with many common traits and
ilinesses, e.g. type 2 diabetes (Frayling, 2007), Parkinsons Disease (Simon-Sanchez et al.,
2009), Crohn’s disease (Barrett et al.,, 2008) and prostate cancer (Thomas et al., 2008). A

catalogue of published GWAS is maintained at http://www.genome.gov/gwastudies/.

GWAS analyses are based on the common disease-common variant hypothesis, i.e., the
disorder is caused by a large number of common genetic variants (minor allele frequency
(MAF) >1%) coupled with environmental factors (Lee et al., 2012). Since the first published
GWAS of SCZ in 2008 (O'Donovan et al., 2008), there has been a steady flow of studies. The
trend has been for sample numbers analysed together to increase over time, primarily
driven by sharing of data through international collaboration. At the same time, the number
of SNPs analysed has also increased, primarily driven by imputation (Marchini, Howie,
Myers, McVean, & Donnelly, 2007) using dense reference panels such as 1000 Genomes
(Abecasis et al., 2012). Common variants have been confirmed at more than 20 loci,
although the effects on risk are modest (odds ratio (OR) = 1.1 — 1.24) (International
Schizophrenia et al., 2009; O'Donovan et al., 2008; Ripke et al., 2011; J. Shi et al., 2009; Y.
Shi et al., 2011; Stefansson et al., 2009; Yue et al., 2011).

Most effort is now channelled through the Psychiatric Genomics Consortium (PGC;
https://pgc.unc.edu/), the purpose of which is to conduct meta-analyses of genome-wide
genetic data for psychiatric disease. The PGC has focused on five critically-important
disorders: Autism Spectrum Disorder (ASD), attention-deficit hyperactivity disorder (ADHD),
BD, major depressive disorder and SCZ. The most recent large-scale GWAS of SCZ is
described in a paper by Ripke et al (Ripke et al., 2013) where combining samples from a
Swedish study, the PGC and a selection of independent samples to give <21,000 case and
<38,000 control samples. They reported 22 loci that are genome-wide significant for SCZ and
of these 13 are new. This study implicated a number of L-type voltage gated channel genes,

involved in learning, memory and synaptic plasticity. A number of antipsychotics currently
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prescribed to SCZ sufferers act on calcium channels. The calcium channel complex has also

been associated with BD (Ferreira et al., 2008).

The region with the strongest association in the Ripke et al. study (Ripke et al., 2013) is the
Major Histocompatibility Complex (MHC) region on chromosome 6. This region has
consistently been identified in multiple GWAS of SCZ. This region covers a 4MB region on
the short arm of chromosome 6, and contains more than 400 genes. The size of this region,
its complexity, diversity, high density and high linkage disequilibrium (LD) make it a very
complicated region to analyse. It has previously been associated with autoimmune and
inflammatory disorders, both of which have increased rates in SCZ sufferers. Although its
involvement has been implicated in both brain development and neuronal plasticity, the
genetic association with SCZ is not understood. Five MHC regions have been reported to be

associated with BD (Williams et al., 2011), but the evidence is not as strong as it is for SCZ.

An interesting locus to emerge from multiple GWAS is MIR137 (Ripke et al., 2011), (Ripke et
al., 2013), a micro RNA whose target site has been shown to be significantly enriched
amongst SCZ GWAS-associated genes. This story is not straight forward and highlights the
complexity of fine-mapping risk loci to understand function. The associated SNP is actually
39kb upstream of MIR137 and is predicted by eQTL analysis to affect expression of the
nearby DPYD gene, which itself has a MIR137 target site (Ripke et al., 2013). As the list of
SCZ risk loci continues to grow, the challenge of linking the associated SNPs to gene function

and from there to disease biology remains a major challenge.

In addition to pinpointing individual risk genes, GWAS have also advanced our knowledge of
SCZ genetics in other ways. In a study by Lee et al (Lee et al., 2012) a number of conclusions
were drawn about the causal variants involved in SCZ. Firstly that the genetic basis for SCZ
was the same for males and females, secondly that variance is linearly related to the length
of the chromosome and thirdly that a disproportionate amount of variation is attributed to

a set of approximately 2,275 genes expressed in the Central Nervous System (CNS). GWAS
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have allowed researchers to consider how many risk SNPs there may be in the human
genome for SCZ and how much genetic risk they account for. It has been predicted that
between 6,300 and 10,200 independent and mostly common SNPs could contribute to SCZ,
and these account for at least 32% of the variance in liability (Ripke et al., 2013). The current
empbhasis is on clearly identifying the top 2,000 loci using larger samples, which hopefully
will be sufficient to clearly identify the biological processes involved in risk. GWAS have
provided empirical evidence of a genetic overlap between SCZ, BD and major depressive
disorder (Lee et al.,, 2013). The genetic overlap between SCZ and BD backs up previous
genetic epidemiological studies (P. Lichtenstein et al., 2009) but the overlap between SCZ
and major depressive disorder was unexpected. These data challenge the traditional
categorical diagnosis of psychiatric disorders because shared genes suggests shared biology

between disorders.

Family studies have suggested shared genetic liabilities for SCZ, major depressive disorder
(Tsuang), ASD and ADHD (Ronald, Simonoff, Kuntsi, Asherson, & Plomin, 2008), but the
extent of these remain unclear. A correlation analysis can be carried out between these
disorders using GWAS data to estimate genetic variance and liability in disease (Lee et al.,
2013). This correlation was calculated by analysing SNPs between case-control sets for
different disorders (rgSNP). If a disorder showed a higher genetic similarity with another
case group over their own control group it was termed a positive correlation. This analysis
showed a high r,SNP between SCZ and BD, a moderate one between SCZ and major
depressive disorder and a low correlation between SCZ and ASD. It should also be noted

however that misclassification could inflate correlation rates.

1.7.2 Copy Number Variation

Rare higher penetrant genetic mutations have also been identified that substantially
increase risk of illness. These mutations take the form of copy number variants (CNVs),

which are previously undetectable sub microscopic deletions, duplications and
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rearrangements in the human genome, which can range from kilobases (kb) to megabases

(Mb) in size.

There are a number of major mechanisms involved in the generation of structural variants.
Non Homologous recombination (NAHR), which involves alignment and subsequent crossing
over between 2 sites in the genome that share regions of sequence homology, is believed to
be responsible for 95% of large deletions and duplications (Malhotra & Sebat, 2012). Non-
homologous end joining (NHEJ) occurs due to aberrant repair of DNA double strand breaks
and is thought to be the cause of 70.8% of all deletions. Fork stalling results in replication
based genomic rearrangements induced by errors during the DNA replication process. L1
mediated retrotransposition, which are long interspersed nuclear elements, are responsible

for 89.6% of small insertions (Malhotra & Sebat, 2012).

The involvement of rare variants conferring either a large or small effect on the
pathogenesis of the disease has yet to be fully explored. In addition to CNVs and smaller
indel mutations, rare single base mutations could contribute to individual cases of SCZ
(Mitchell & Porteous, 2011). Findings from Walsh et al (Walsh et al., 2008) saw a three- fold
increase of rare genetic variants in cases versus controls, and with an average of over 1,000

CNVs in the genome, this in turn could affect over 4 million bases.

In addition to 22q11.2 deletion syndrome identified pre-GWAS, new deleterious CNVs at
chromosomes 1q21.1, 2p16.3, 3929, 7q36.3, 15p13.3, 16p11.2 and 16p13.2 have been
identified as new genomic disorders that increase SCZ risk (Levinson et al., 2011; "Rare
chromosomal deletions and duplications increase risk of schizophrenia," 2008; Rujescu et
al., 2009; Stefansson et al., 2008; Vacic et al., 2011), in some instances by as much as 20-fold
(Vassos et al., 2010). Most loci represent large regions of recurrent genomic mutation
implicating many genes, but others impact individual genes (e.g. 2p16.3 (NRXN1) (Rujescu et
al., 2009) and 7936.3 (VIPR2) (Vacic et al., 2011). CNV studies have thrown up a number of

challenges when trying to link genetics to disease biology. Although CNVs confer a higher
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risk for SCZ than common variants, they are neither necessary nor sufficient for the
development of a neuropsychiatric condition. For CNVs that contain many genes, it is
difficult to figure out which genes are important — one gene, some genes or all genes? But it
is possible, as made evident by the identification of KCTD13 as the likely risk gene at the
16p11.2 CNV (Golzio et al., 2012). Penetrance of these CNVs may be highly dependent on
the functionality of other genes within the locus, or environmental factors and so these
interactions require further investigation. Another complicating factor is the same CNVs
being linked to multiple neuropsychiatric disorders, along with other developmental and

neurological disorders.

The detection of CNVs may hold important clinical value, in particular for the use of
genome-wide Chromosomal Microarrays (CMAs) for diagnostics. CNVs are now established
as important risk factors for autism spectrum disorders and CMAs are now used for

diagnosis of autism spectrum disorders (Miller et al., 2010).

1.7.3 Next Generation Sequencing and Schizophrenia

Next Generation Sequencing (NGS) has revolutionised genetic discovery by generating vast
amounts of sequence data in a manner that is cheap, quick and accurate. Novel targeted
approaches have further increased the volume of information obtained. Whole Exome
Sequencing (WES) involves targeted capture of the entire exome, which generates a
comprehensive list of variants within the coding region of the genome. Whole Genome
Sequencing (WGS) on the other hand produces more complete and uniform sequence
coverage, but also requires a substantial increase in both computational and analytical

burden.

1.7.3.1 Whole Exome Studies

Whole exome studies have been used to investigate de novo mutations in targeted studies

of small numbers of candidate genes in SCZ samples (Moens et al., 2011). Recent studies
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have indicated a role for rare sequence variation in SCZ (Cooper et al., 2011). In a study
carried out by Xu et al (Xu et al., 2011) they claimed that de novo germline mutations
account for approximately 50% of sporadic SCZ cases, where individuals do not have a
family history. Their study included 53 trios with no family history and observed 34 de novo
point mutations, 19 of which were thought to be protein affecting. All de novo mutations
were also absent in controls. In this study none of the variants had been seen in any
previous studies of SCZ, and all mutations were found in different genes. A subsequent
study by the same group, but with a greater sample size found mutations in genes with a
higher expression in foetal life. The number of LoF events was also found to be 2.8 times
greater in case than controls. They also made an observation that the higher the paternal

age, the greater the number of de novo mutations in the offspring (Xu et al., 2012).

In a paper by Gulsener et al on de novo mutations in SCZ using a study design including the
proband, parents and unaffected sibling, they found that damaging de novo mutations
converged in a network of genes co-expressed in the dorsolateral and ventrolateral
prefrontal cortex during fetal development (Gulsuner et al.,, 2013). The prefrontal cortex
matures late in brain development, which in turn is consistent with the age of onset of SCZ.
Neuroimaging studies of SCZ have also shown anatomical and functional deficits in this
region (Shepherd, Laurens, Matheson, Carr, & Green, 2012). Genes implicated in SCZ
function in important processes in foetal brain development including axon guidance,

neuronal cell mobility, synaptic function and chromosome remodelling (Gilman et al., 2012).

1.7.3.2 Functional Assessment of Genetic Associations

At the beginning of this chapter | stated that “Genetic variation in humans, either at the
DNA or RNA level, directly brings about phenotypic diversity” and thus far | have discussed
the types of variants involved and methods of detection. Equally as important as the
identification of human variants is understanding their potential functional consequences.
Genetic variation along with environmental and epigenetic factors contribute to natural

variation in gene expression which in turn brings about different phenotypic traits (King &
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Wilson, 1975). These inherited variations in gene expression influence morphology,
physiology, behaviour and susceptibility to disease. Several studies have used family- and
population-based linkage and association studies to identify regulatory variants and it is
estimated that anywhere from 30%-60% of human genes are under the influence of
regulatory polymorphisms known as expression quantitative trait loci or eQTLs (Cheung et
al.,, 2011; Cookson, Liang, Abecasis, Moffatt, & Lathrop, 2009; Nica & Dermitzakis, 2008;
Pastinen, Ge, & Hudson, 2006).

The huge technological advances over the past decade, particularly those of next generation
sequencing, has not alone revolutionised how genetic variation can be identified and
analysed but also how the functional aspect of our genomes can be studied. Analysis has
progressed from the study of single genes, to hundreds of genes using microarrays and
more recently the entire transcriptome using next generation sequencing. These tools have
not alone provided huge insight into how the transcriptome functions in different cells and
tissues under different conditions but also into how genetic variation affects gene
expression which in turn contributes to disease phenotypes. Correlating how certain
genotypes influence gene or transcript expression is one of the great challenges of genetic
disease studies. It is essential in order to gain a greater understanding of the
pathophysiology and potential therapeutic treatment of a given disease and to allow the

prediction of disease risk (Montgomery & Dermitzakis, 2011).

Simply comparing gene expression levels of a particular gene between affected and
unaffected individuals is not considered powerful enough to detect important differences
and provides little information with regards the causative mechanisms (Cookson et al.,
2009). Combining expression information with association data between a genetic variant
and a trait has more potential. For example, if an allele has a higher frequency in cases
compared to controls and is also associated with variance in gene expression, it is easier to
establish causality. Mutations responsible for the majority of rare Mendelian diseases
generally lie within the coding sequence of a gene and cause an amino acid change in the

protein which inhibits normal functioning. In these cases, predicting the functional outcome
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of the associated variant, whether it be missense, nonsense, or involved in splicing can be
achieved using a variety of in silico tools (e.g., bioinformatics prediction tools developed to
evaluate functional effects of coding SNPs such as Polyphen (Ramensky, Bork, & Sunyaev,
2002) or using molecular methods (e.g., gene reporter constructs, gene knockdown,

expression analysis) and/or animal models.

There is greater difficulty with complex diseases whereby the majority of variants associated
with complex diseases to date (~88%) are intronic or intergenic (Hindorff et al., 2009). This
suggests that these variants have a regulatory function and contribute to disease
susceptibility by influencing gene expression (Cookson et al., 2009; Emilsson et al., 2008).
Again, several in silico tools exist for predicting the function of non-coding variants (e.g.
Tfscan) however any findings must be validated biologically in order to infer true causation.
Most associated loci are therefore commonly tested for potential association with gene

expression.

1.7.3.3 Assessing variants identified from linkage and early association studies

The most commonly used methods for investigating potential functional disease associated
loci involve treating the transcript levels of an associated gene as a quantitative trait and
determining if the level of gene expression differs based on genotype or by testing for allele
specific expression differences at a given associated SNP locus (Cheung et al., 2010; Cookson
et al., 2009; Emilsson et al., 2008; Gilad, Rifkin, & Pritchard, 2008; Nica et al., 2011; Yan,
Yuan, Velculescu, Vogelstein, & Kinzler, 2002). Successful eQTL and allelic expression
imbalance studies have been conducted for several complex diseases, including psychosis,
on variants associated through linkage and association studies e.g. DTNBP1 and SCZ (Bray et
al., 2008), e.g. NRG1 and SCZ (Nicodemus et al., 2009), HTRA1 and age related macular

degeneration (Yang et al., 2006).
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1.7.3.4 Microarrays and GWAS

If just one or a small number of genes are being tested, analysis of mMRNA transcript
expression for eQTL analysis can be effectively carried out by RT-PCR or by direct cDNA
sequencing. However, the development of microarray technology revolutionised how gene
expression could be studied, providing a practical and economical tool for studying the
expression of a large number of genes simultaneously. In addition, it offers researchers an
opportunity to combine gene expression data for large number of individuals with genotype
data in order to interrogate the impact of genetic variation on gene expression, essentially a

genome wide eQTL study.

Such studies were conducted on control population samples e.g. HapMap lymphoblastoid
cell lines (Cheung et al., 2010; Morley et al., 2004), in order to assess how common variation
affects expression and have also been applied to the study of complex diseases by
integrating GWAS and gene expression data e.g. Moffatt et al(Moffatt et al., 2007) identified
a series of strongly correlated SNPs on chromosome 17g23 associated with childhood
asthma. The association region contained 19 genes, none of which had an evident disease
role. Expression analysis on lymphoblastoid cell lines derived from the same families
showed that the disease associated SNPs also explained ~29.5% of the variance in transcript
levels of one of those 19 genes, ORMDL3 (ORM1-like 3) which is now considered one of the
best functional candidates for asthma. Similarity the gene based eQTL and allelic imbalance
methodology can also be used to assess potential regulatory variants associated in GWAS
e.g. ZNF804A and schizophrenia (Buonocore et al., 2010; Hill & Bray, 2011; Williams et al.,
2010) and PTGER4 in Crohn’s disease (Libioulle et al., 2007). Several studies have recently
shown that there is a significant excess of regulatory variants among disease associated loci

(Nicolae et al., 2010; Richards et al., 2011).

1.7.3.5 Transcriptome sequencing

In recent years next generation sequencing of RNA (RNA-seq) has become the method of

choice for the genome-wide characterisation of mRNA levels as it gives more accurate
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resolution of individual exon or overall transcript levels than microarrays with the additional
benefits of allowing novel gene and transcript discovery and charactarisation of splice sites
(Majewski & Pastinen, 2011; Marguerat & Bahler, 2010; Marioni, Mason, Mane, Stephens, &
Gilad, 2008; Mortazavi, Williams, McCue, Schaeffer, & Wold, 2008; Z. Wang, Gerstein, &
Snyder, 2009). It can also be used simultaneously for the analysis of eQTLs (Majewski &
Pastinen, 2011) and allelic imbalance (Heap et al., 2010). Studies so far have focused on
using this methodology to increase our understanding of the transcriptome (Cheung et al.,
2011; Nica et al., 2011). Several studies combining genotype and expression data from the
same individuals have been carried out with the intent of creating a genetic map of gene
regulation in different tissues and in different populations (Montgomery et al., 2010; Pickrell
et al., 2010), the extent of splicing (Lalonde et al., 2011; Pan, Shai, Lee, Frey, & Blencowe,
2008), percentage of regulated genes and extent of tissue specific expression (Nica et al.,
2011). It is beginning to be applied to the study of disease e.g. cancer (Ding, Wendl, Koboldt,
& Mardis, 2011), schizophrenia (Mudge et al., 2008) and Alzheimer’s disease (Twine, Janitz,
Wilkins, & Janitz, 2011) and will no doubt in the future offer huge insight into the

functionality of associated variants.

In addition to eQTL and AEl studies, microarrays and next generation sequencing
technologies can also be used to examine aspects of gene expression regulation on a
transcriptome-wide level through the examination of transcription factors and RNA-binding
proteins (Costa, Angelini, De Feis, & Ciccodicola, 2010; Park, 2009). Chromatin or RNA
immunoprecipiation (ChlIP or RIP) followed by array analysis or high-throughput sequencing
allows the analysis of the binding targets of such master regulators of gene expression,
several of which have been linked to complex diseases (Licatalosi et al., 2008; Robertson et

al., 2007).

Clearly the methodology employed for the study of potential candidate genes in complex
diseases has undergone huge advances in the past few years and is only set to continue. In
psychiatric illness a particularly exciting development is induced pluripotent stem cells (IPS)
which can be derived from patient cells and differentiated in to neurons (Buxbaum & Sklar,

2011). This offers the opportunity for the in-depth analysis of the gene expression profiles
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and processes that may underlie disease causation in relevant tissue. A preliminary study
observed over 600 differentially expressed genes in IPS-derived neurons from SCZ patients

compared to fibroblasts (Brennand et al., 2011).

How we study complex diseases is advancing at a rapid pace and presumably as sequencing
costs continue to drop, studies of whole genomes combined with whole transcriptome data

will start to become a possibility to offer unprecedented insights into disease biology.

1.8 My studies of rare variants invoived in schizophrenia

My PhD studies have taken place at a time (2011 — 2014) when the field of SCZ genetics and
psychiatric genetics in general, is experiencing a boom in terms of the quantity of genetic
data being generated for both population- and family-based sample collections. GWAS
studies of common variation have gathered pace over this time and in parallel, studies of
rare variation have begun to scale-up, largely driven by NGS technologies. | focused my

investigations in four areas of rare variant analysis.

1.8.1 Analysis of a hexanucleotide repeat in C9ORF72 gene

My first study follows on from the phenomenon observed for several CNVs and different
psychiatric and neurological disorders where there are several examples of rare mutations
that are not just strictly associated with one disorder but instead are associated with risk of
several disorders. At the time | was starting my studies, my group was approached by Prof.
Orla Hardiman and colleagues from TCD and Beaumont Hospital in Dublin. They had just
completed a study of a rare variant, specifically a hexanucleotide repeat expansion in the
C90RF72 gene and had generated data that strongly supported initial reports that
associated this mutation with amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD). For my studies | applied this investigation to a large psychosis case-control

sample.
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ALS and FTD are both progressive neurodegenerative disorders and are believed to be at
two ends of a disease continuum (Fecto & Siddique, 2011), (Lillo & Hodges, 2009). ALS is
caused by degeneration of motor neurons, whereas FTD is a dementia caused by
degeneration of neurons in the frontal and anterior temporal lobes leading to early
behavioural and personality changes and language impairments. Clinical resemblance has
been reported between frontal lobe syndrome and negative symptoms in SCZ (Stefansson et
al., 2008), (Ziauddeen, Dibben, Kipps, Hodges, & McKenna, 2011) and people with younger
onset FTD can be diagnosed with psychosis before being diagnosed with dementia
(Velakoulis, Walterfang, Mocellin, Pantelis, & McLean, 2009). Evidence for potential genetic
overlap between FTD and SCZ has also been reported (Momeni et al., 2010; Schoder et al.,
2010). In relation to C90ORF72, a high incidence of psychotic symptoms has been reported in
FTD cases that carry the repeat expansion (Snowden et al., 2012). These data led Huey et al
to test for the C9ORF72 repeat expansion in a schizophrenia patient sample without FTD
(Huey et al., 2013). No repeat expansions were detected in this relatively small sample
(n=192) so | asked a similar question but in a much more powerful sample of 1,271 Irish
psychosis cases and 1,283 controls. In addition, | used available GWAS data to study the
relationship between the founder haplotype and the repeat expansion in this large

homogenous sample.

1.8.2 Rare Variant Analysis of Schizophrenia Risk Genes

My second project addressed the challenge of how to efficiently detect rare variants in
candidate genes in large samples such as my psychosis case-control sample. Sequencing
may appear to be the obvious solution to this but at the time of study NGS approaches were
very expensive and only efficient when sequencing large numbers (e.g. hundreds) of

candidate genes together.

| was given the opportunity to collaborate with other members of the group who were
carrying out a study on duplications in the PAK7 gene. This gene was selected because a

CNV study led by our group identified it as a potential SCZ risk gene (Morris et al., 2014). |
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sought to study this gene by mapping the specific breakpoints, and carry out an association
analysis using data available to me and study rare coding variation by accessing sequence

data from the UK 10K Genomes Project.

My third project addressed the challenge of how to efficiently detect rare variants in
candidate genes in large samples such as my psychosis case-control sample. In my case |
wanted to scan the psychosis case-control sample for rare coding variants in just a couple of
genes that had emerged as strong candidate genes from CNV studies that directly

implicated them in SCZ, namely VIPR2 and PAK?7.

VIPR2 (7936.3) encodes the VPAC2 receptor which binds vasoactive intestinal peptide (VIP)
in the brain. VIPR2 helps to regulate the formation and activity of neurons in the brain and
has been found to play important roles in behavioural processes in mice. In a study by Vacic
et al, VIPR2 has been strongly associated with SCZ, where microduplications with variable
breakpoints within a 362kb region were detected in 29 of 8,290 cases and only 2 of 7,431
controls (Vacic et al., 2011). Subsequent analysis by Levinson et al (Levinson et al., 2011) and
De-Jesus Hernandez et al (Nieratschker, Meyer-Lindenberg, & Witt, 2011) have confirmed
this region as an area of interest with regard to SCZ. | also analysed the exons of the PAK7
gene, a serine/threonine protein kinase which is predominantly expressed in the brain, and
is thought to promote neurite development and growth. Ultimately, this method proved

unreliable for mutation detection.

1.8.3 Investigation of a Loss of Function Variant in FYN

My final project focused on the challenge raised by the numerous NGS-based rare variant
studies — with very large numbers of rare and potentially functional coding variants being
detected, how we determine the functional impact of these variants at the protein level. For
this | choose to look at a loss-of-function (LoF) variant in the FYN<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>