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Abstract

Background: Bipolar disorder (BP) and schizophrenia (SCZ) are severe and

debilitating psychiatric illnesses, each affecting approximately one per cent of the

population. Family, twin and adoption studies have attributed a strong genetic

component to these disorders, but their aetiologies are still largely unknown.

Previously, several independent linkage studies identified chromosome 4pl5-pl6 as

a putative region of susceptibility for BP and SCZ. Blackwood et al. (1996) reported
a maximum multipoint LOD score of 4.8 in a large Scottish pedigree (F22) multiply
affected with BP, and subsequent haplotype analysis of F22 and three other 4p-linked
families dissected the region into four sub-regions (A-D), based on the overlapping

linkage evidence from these families. The primary aim of our research group is to

identify the gene(s) involved in these psychiatric illnesses, using multiple, integrative

computational and experimental methods. This PhD thesis describes the application
and results of two of these approaches: association and genome-wide expression

analysis.

Methods: First, I performed two association studies based on the chromosome 4p

findings: (1) an association study on a candidate gene, the G protein-coupled

receptor 78 (GPR78), which lies within Region B, in a sample of unrelated cases (BP
and SCZ) and controls recruited from the general Scottish population, using six SNPs

previously identified through sequencing members of the chromosome 4p-linked

family; (2) a larger association study, covering priority Regions B and D with 408
SNPs selected from the International HapMap Project in the same Scottish case-

control sample. Both single-marker and sliding-window haplotype analysis were

performed. Significant SNPs and haplotypes were then selected and tested for

replication in an independent, German sample.

Second, I performed a genome-wide expression study on the Illumina Human-6

BeadChips, using lymphoblastoid cell lines (LCLs) from members of F22. The

samples were classified and tested, using an ANOVA model, on the basis of their
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affection and chromosome 4p-linked haplotype carrier status relative to the sample of
unaffected individuals that had married into the family. Genes that were identified as

differentially expressed were subsequently subjected to gene ontology (GO) analysis
in search of significantly enriched biological processes, molecular functions and/or
cellular components.

Results'. A female-specific association was observed with SNP rsl282, located ~3kb

upstream of GPR78, and its overlapping haplotypes (best corrected P=0.01).

Analysis of Regions B and D identified 13 regions that were significant at the

adjusted, region-specific significance thresholds (best P=0.000003, uncorrected).
Known genes GPR125, PPARGC1A and CCKAR and the hypothetical genes

DKFZp761B107 and KIAA0746 are located within these regions. When tested in an

independent, German sample, a number of these regions, as well as others that were

brought forward for replication based on a more relaxed significance threshold, were

significant at the adjusted, Bonferroni-corrected significance level (best P=0.0004,

uncorrected). Four known or predicted genes mapped to these regions: BC042433,

PPARGCIA, DKFZp761B107 and LGI2. Also, a joint analysis of the Scottish and
German datasets at the single-marker level supported a region containing a spliced

expressed sequence tag (EST: DA598685).

The genome-wide expression study identified a total of 99 differentially expressed

genes (ANOVA P<0.05, uncorrected), including two that fall within the chromosome

4p-linked region: ACOX3 (Region A) and CD38 (Region C). Two other differentially

expressed, GSTM1 and HLA-DRB1, have been previously shown to be associated to

SCZ, while the differentially expressed genes ALDH2, ALOX5AP, CNN3, DBN1,

FfLA-DRBl, MAN2A1, MBNL3, PFN2, SRI have been identified as differentially

expressed in other published microarray studies of BP or SCZ. The GO analyses
identified several terms with relevance to psychiatric illness and that have been
identified in other microarrays studies of BP and SCZ. These GO terms included

glutathione transferase activity, immune response, chemokine activity, cell-cell
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signalling, positive regulation of transcription, cytoskeleton organisation and

biogenesis, and programmed cell death.

Conclusions: The aim of this PhD was to use multiple, integrative methods to obtain

convergent evidence of the involvement of the chromosome 4p linkage region in BP

and related illnesses. At first glance it could be concluded that there is no evidence
for convergence of the association-based and expression-based results - i.e. the genes

implicated in the association studies were not identified as differentially expressed in
the expression study. However, most of the genes, including PPARGC1A, that were

implicated in the association studies were not expressed in the LCLs of the F22

members, and the chromosome 4p genes ACOX3 and CD38 that were identified as

differentially expressed in the microarray study have yet to be tested by association.

Thus, any such conclusion would be premature. Much work remains to be done and
is warranted based on the findings presented in this thesis.
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Chapter One

Introduction



1 Introduction

1.1 Background

Bipolar affective disorder (BP) is a severe and debilitating psychiatric illness that
afflicts one per cent of the population worldwide. It has been ranked as one of the top

ten leading causes of disability worldwide (Lopez and Murray 1998), devastating the

patients, their family and society as a whole. Together with other mental health

disorders, BP imposes a sizeable economic burden owing to, amongst other things,
extensive health and social service needs, lost employment, reduced productivity and

premature mortality (World Health Organization 2001).

1.1.1 Symptoms and diagnosis

BP (commonly known as manic-depression) is characterised by severe mood swings,

ranging from mania to depression. According to The Diagnostic and Statistical
Manual ofMental Disorders, Fourth Edition, text revision (DSM-IV-TR) (American

Psychiatric Association 2000), which is one of the two main diagnostic systems for

currently recognised mental health disorders, to be diagnosed with BP, an individual
must have experienced at least one manic or mixed (concurrent manic and

depressive) episode and a depressive episode. The manic state is marked by an

extended period, of at least one week, of abnormally and persistently elevated,

expansive or irritable mood, inflated self-esteem and grandiosity, racing thoughts,
excessive talkativeness and excessive involvement in pleasurable, but potentially

dangerous, activities. Symptoms of depression include an extended period, of at least
two weeks, of depressed mood, marked loss of interest or pleasure in daily activities,

sleep disturbance, anxiety, loss of concentration, sense of hopelessness, low self-
esteem and thoughts and/or plans of death and dying or suicide attempts. While BP is

equally prevalent (-1%) in males and females, there is substantial evidence for

gender differences in the onset, course and outcome (Holden 2005).

Diagnosis of BP is not always straightforward, as different individuals suffer from
different combinations of symptoms and to varying degrees, resulting in different
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classifications of the illness. The "textbook" form of BP is classified as bipolar
disorder I (BPI), for which the presentation of depression and mania are

unambiguous. BPII is characterised by episodes of hypomania (a milder form of

mania) and depression, while cyclothymia, a less severe form of BPII, consists of
recurrent mood disturbances between hypomanic and dysthymic (a milder form of

depression) states. This apparent progression in symptom severity from extreme to

milder forms of mania and depression has suggested, to some, the existence of a

bipolar spectrum (Kelsoe 2003), which together result in higher estimates (3-5%) of

population prevalence, while the typically quoted one per cent prevalence pertains

only to BPI (Nwulia, Miao et al. 2007).

Outwith the bipolar spectrum, which is characterised by the presence of some degree
of mania, but overlapping in clinical presentation with BP, are the related illnesses
recurrent major depression (RMD) and schizophrenia (SCZ). A diagnosis of RMD

(also known as recurrent unipolar depression) requires the occurrence of two or more

major depressive episodes, such as those described for BP, separated from each other

by an interval of at least two months. RMD has been reported to have a population

prevalence of six to ten per cent (Sequeira and Turecki 2006), and is twice as

prevalent in women as it is in men (Jones, Kent et al. 2004). SCZ has a population

prevalence of one per cent, with similar rates in males and females, but sex-specific
differences in the onset, course and outcome (Holden 2005). It is characterised by

positive or acute symptoms, such as hallucinations and delusions; cognitive

dysfunction in working memory, speech, attention and executive function; and

negative or chronic symptoms such as lack of affect, social withdrawal and poverty

of speech (Tamminga and Holcomb 2005). Disturbances must persist for at least six
months. While BP is considered a disorder of mood, or affect, and SCZ, a disorder of

cognition, there can be considerable overlap in the clinical presentation of the two,

such that the positive symptoms of SCZ resemble the manic state in BP and the

negative symptoms, the depressive state. Thus, the clinical boundaries of the

"Kraepelinian dichotomy", which classifies BP and SCZ as distinct disease entities,
the two "functional psychoses", into which other psychotic disorders can be
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differentiated, and which has formed the basis for the extant diagnosis systems

(Greene 2007), are blurred. The co-occurrence of symptoms of affective disorders
and schizophrenia has been classified as schizoaffective disorder (SCAFF).

Despite the devastating consequences of BP, SCZ and related illnesses on patients,
carers and society as a whole, little is known about their aetiology. To date, no

biological or physiological markers have been identified, and, as a result, diagnosis is
still based almost entirely on self-reported and subjective, clinical observation that
seeks to identify a cluster of symptoms (Hyman 2007), while treatment involves

alleviating these symptoms, rather than dealing with the cause. The identification of
a susceptibility gene for BP and/or SCZ would thus prove invaluable toward the

goals of elucidating the pathophysiology of these disorders and of enhancing

diagnosis, prognosis and treatment.

1.1.2 Genetic epidemiology of BP and SCZ

1.1.2.1 Evidence for a genetic component

From as early as the 1960s, family, twin and adoption studies have provided
evidence for a strong genetic component to the susceptibility of BP (Kelsoe 2003;
Smoller and Finn 2003). While the extent of evidence varies, all family studies have
shown an increased risk of BP or RMD in relatives of BP probands. In a meta¬

analysis of eight controlled family studies, a risk of seven per cent (95% confidence
interval: 5-10%) in first degree relatives of BPI was estimated (Jones, Kent et al.

2004). Results from twin studies provide more concrete evidence of a genetic

component. One of the most comprehensive twin studies to date (Bertelsen, Harvald
et al. 1977) involved 34 pairs of monozygotic (MZ) and 37 pairs of dizygotic (MZ)
twins from the Danish Psychiatric Twin Register. The probandwise concordance
rates were approximately 62% for BP in MZ co-twins of BP probands and 8% in DZ

co-twins, increasing to approximately 79% and 19%, respectively, when RMD co-

twins of BP probands were included. Similarly, all but one of the few adoption
studies of BP conducted support the strong contribution of genetics to the

susceptibility of mood disorder (Jones, Kent et al. 2004). Figure 1.1 (adapted from
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Owen, O'Donovan et al. (2004)) summarizes the approximate concordance rates of
BP in relatives of BP probands, using the estimates provided in Jones, Kent et al.

(2004). The heritability of BP has been estimated to be approximately 80%, while an

estimate of approximately 40% has been reported for RMD (Owen, Cardno et al.

2000).

SCZ shows the same pattern of increased risk in relatives of affected probands, with
a rapid decline in concordance as relatedness decreases (Figure 1.1). Family studies
have estimated a ten-fold increase in risk in siblings and children of SCZ and six-fold
in parents. (The lower figure in parents may be explained by decreased reproductive

opportunity and/or ability in affected individuals (Craddock, O'Donovan et al.

2005)). Concordance in MZ co-twins of SCZ probands is 41-65% compared with 0-
28% in DZ co-twins of affected probands, with heritability estimate of 85% (Cardno
and Gottesman 2000). Adoption studies further support this evidence of a strong

genetic component in the susceptibility of SCZ (Owen, O'Donovan et al. 2004;
Sullivan 2005).

The Kraepelinian dichotomy assumes that if the two functional psychoses are indeed
distinct genetic entities, then an increased predisposition to BP would be observed in
the family of BP probands and to SCZ in the family of SCZ probands, but not the

aggregation of both in one family (Greene 2007). However, BP and SCZ do not

always 'breed true', as there are families with co-aggegration of BP, SCZ and
SCAFF (Craddock, O'Donovan et al. 2005). In a twin study consisting of 77 MZ and
89 same-sex DZ pairs from the Maudsley Twin Register in London, significantly
increased concordance rates were observed across the diagnostic boundaries of BP,

SCZ and SCAFF (Cardno, Rijsdijk et al. 2002). Also, a compelling example is that
of genetically identical triplets, in which two suffered from a lifetime diagnosis of
SCZ and the other from a lifetime diagnosis of BP (McGuffin, Reveley et al. 1982).
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Concordance rate (%)

Figure 1.1. Concordance rates for BP and SCZ. Concordance rates are shown along the
x-axis for BP (purple) and SCZ (light blue) for different degrees of relatedness (y-axis) to the
BP or SCZ probands, respectively. (Figure adapted from Owen, O'Donovan et al. 2004.)

1.1.2.1.1 Non-genetic factors ofBP and SCZ

The less than perfect (<100%) concordance rates between MZ co-twins for BP or

SCZ (see Figure 1.1) suggests that risk to these disorders is not entirely due to

genetics. Environmental factors have also been shown to play a role in the

susceptibility of psychiatric illness, in some cases appearing to influence the

phenotypic outcome of the genetically predisposed individuals (Kendler 2005).
Environmental risk factors implicated for BP include recent life events, social

support, parental or attachment histories and maltreatment (Alloy, Abramson et al.

2005). Relatively well-established environmental risk factors for SCZ include

prenatal stress, obstetric complications, infection and place or season of birth

(Sullivan 2005). For example, two independent studies have reported an

approximately two-fold increase in risk of SCZ following prenatal nutritional

deficiency due to exposure to famine. These studies examined the rates of SCZ in
those born during the 1944-1945 Dutch Plunger Winter (Susser, Neugebauer et al.

1996) and the Chinese Famine of 1959-1961 (St Clair, Xu et al. 2005). Early parental
loss (Agid, Shapira et al. 1999) and socioeconomic status (World Flealth
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Organization 2001) have also been implicated in the development of major

psychiatric illnesses.

1.1.2.2 Penetrance, mode of inheritance and allelic architecture

While the evidence for a strong genetic component in the susceptibility to BP and
SCZ is indisputable, neither the penetrance nor the mode of inheritance from parent

to offspring is known. Segregation analysis using large, autosomal dominant-like

pedigrees has produced mixed results. Some studies have suggested a single-gene
model while others were unable to show major locus transmission (Jones, Kent et al.

2004). Mathematical modelling of the observed recurrence risk, which consists of a

rapid, non-linear decay in concordance rates as relatedness decreases from MZ co-

twins to the general population (as shown in Figure 1.1), excludes the possibility of
either SCZ or BP being a single-gene disorder (Risch 1990; Craddock, Khodel et al.

1995; Craddock, Van Eerdewegh et al. 1997). The risk data instead suggest the
involvement of complex genetic mechanisms, including locus heterogeneity, allelic

heterogeneity, epistasis, dynamic mutation, imprinting and mitochondrial inheritance

(Jones, Kent et al. 2004). The heterogeneity of these major psychiatric illnesses is

likely to manifest itself not only across populations, but between families as well,
with different alleles present in different families (McClellan, Susser et al. 2007).
Substantial phenotypic heterogeneity, in which the same genetic variant leads to a

different diagnosis between and within families, has also been observed. For

example, the same rare inversion on chromosome 18, inv(18)(pl 1.3;q21.1), has been
identified separately in a Danish and a Scottish family, segregating with BP and

SCZ, respectively (Mors, Ewald et al. 1997). The balanced translocation

t(l;l I)(q42.1;ql4.3) in a different Scottish pedigree (St Clair, Blackwood et al.

1990), which led to the cloning of the DISCI and DISC2 genes (Millar, Wilson-
Annan et al. 2000), has been shown to co-segregate with several psychiatric

disorders, including SCZ, BP and RMD, within the same family (Blackwood,

Fordyce et al. 2001). These two examples illustrate the utility of studying single

large, multiplex families, in which the genetic and phenotypic heterogeneity is likely
to be reduced and the penetrance and mode of inheritance more clearly defined
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among the multiple affected family members, such that the effect of one or a small
number of genes will be detectable (Blackwood, Visscher et al. 2001; Peltonen,
Perola et al. 2006). While these genes will not explain the total genetic variance
observed in the general population, they would provide invaluable clues about the

possible gene functions and pathways involved in these disorders. A similar rationale

applies for using genetically isolated populations, such as Ashkenazi Jews and those
from Iceland, Finland and the Faroe Islands, to search for genes for psychiatric
illness (Venken and Del-Favero 2007).

Different complex genetic models have been proposed to try and explain the risk data

emerging from various genetic studies. These include a polygenic model of
transmission in which multiple genes, or alleles, each of small effect (odds ratios

(ORs) between 1.1 and 1.6 (Kendler 2005)) result in illness, either through a

continuous trait model, where the cumulative effects of these susceptibility variants
increase the severity of psychiatric symptoms, or through a polygenic threshold

model, where disease results once a critical threshold is exceeded (Kelsoe 2003).

Understanding the genetic architecture of BP and SCZ would direct which study

designs would prove most successful in identifying the causative genes. For example,

linkage analysis has been very powerful in identifying the genes responsible for

Mendelian, or single-gene, disorders (Risch 2000). However, since the genetic
architecture of BP and SCZ is not known, it is more the case that the study designs

applied in search of disease genes for psychiatric illness have defined the type of the

putative genetic variants that have been identified (Campbell and Manolio 2007).
Consistent with the relatively high prevalence of BP and SCZ in the population, as

well as the observed risk pattern from high to low degrees of relatedness and the

paucity of consistent and convincing loci to emerge from genetic linkage studies (see
section 1.2 below), the common disease/common variant (CD/CV) hypothesis has
been proposed as a genetic model for these disorders. The CD/CV hypothesis

suggests that multiple common variants, each of small effect size, underlie the

genetic liability to BP and SCZ (Pritchard and Cox 2002). Such variants would be
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amenable to detection by association mapping, as described in section 1.2. It is also

possible, however, that multiple rare variants of greater relative risk are responsible
for the underlying genetic liability to psychiatric illness, as supported by

evolutionary genetic theory and recent findings in human genetics of other complex
traits (Pritchard and Cox 2002; Keller and Miller 2006; Campbell and Manolio 2007;

McClellan, Susser et al. 2007), such as HDL cholesterol (Cohen, Pertsemlidis et al.

2006). Resequencing is currently the most powerful approach for the identification
rare variants, but the large-scale application of resequencing is still in its infancy and
further cost reductions are necessary before this can become routine.

A mixed model has also been proposed, in which a few major loci function on the

background of a polygenic model (Kelsoe 2003). Indeed it is likely the case that all
of the proposed models are relevant, with different combinations of multiple
different genes/alleles, of variable frequency, penetrance and effect size, resulting in
the manifestation of the same and/or different psychiatric illnesses (Kendler 2005).
The complexity is further compounded by interacting environmental factors (Kelsoe

2003; Kendler 2005).
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1.2 The search for genes for BP and SCZ through linkage,
association and expression studies

1.2.1 Linkage studies

With a few exceptions (e.g. the Alzheimer's Disease gene APOE and the breast
cancer genes BRCA1 and BRCA2), the linkage methods used to identify genes for
Mendelian disorders, such as Cystic Fibrosis and Huntington's Disease, have not

been as successful in identifying the genes responsible for common, complex

disorder, including BP and SCZ. Linkage methods involve studying closely related

individuals, who are separated from a common ancestor by a small number of

meioses, in search of the segment of chromosome that statistically significantly

segregates with the illness. Over the years, hundreds of linkage studies for BP, SCZ
and related illnesses have been performed, but the results that have emerged have
been far from consistent. Consequently, many putative regions of susceptibility have
been identified, scattered throughout the genome, consistent with there being no one

gene of major effect (Lander and Kruglyak 1995).

For BP, a recent review covering studies published until December 2007 (Serretti
and Mandelli 2008) reported the existence of positive linkage peaks, with varying

degrees of support, on every chromosome, except the Y-chromosome. While a

proportion of these positive linkage findings are likely to be false positives, the

possibility that most of them represent true findings for the specific families or

cohorts under study can not be excluded, given the probable complex, heterogeneous
nature of BP. Regions that have gained positive support for linkage from multiple
studies include 4pl6, 5pl5, 6q21, 8q24, 10q26, 1 lpl5, 12q24, 17q25, 18pll, 18q22,

20ql3, 22ql2 and Xq26 (Serretti and Mandelli 2008). Some of these regions, as well
as others, had received strong, though not genome-wide, support for linkage

following a comprehensive meta-analysis of BP linkage scan data from 18 non-

overlapping studies (Segurado, Detera-Wadleigh et al. 2003). These included 9p22-

21, 10qll-q22 and 14q24-q32. It is important to note that not all linkage findings to

date had been included in that meta-analysis because of its inclusion criteria

(Segurado, Detera-Wadleigh et al. 2003); thus, studies in which genome-wide
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significance had been originally detected were excluded from the meta-analysis

altogether.

The picture for SCZ is similar, though, in some ways, clearer, as several well-
established linkages have been identified. These include Ipl3-q23, lq42, 2pl2-q22,

5q21-q33, 6p24-p22, 6ql6-q25, 8p22-p21, 10pl5-pll, 13q32-q34 and 22qll-ql2

(Craddock, O'Donovan et al. 2005; Venken and Del-Favero 2007). In the

corresponding meta-analysis of 20 SCZ linkage studies, evidence for genome-wide

significance was identified for 2pl2-q22 and strong support for 5q23-q34, 3p25-p22,

Ilq22-q24, 6pter-p21, 2q22-q23, lpl3-q23 and 8p22-p21 (Lewis, Levinson et al.

2003). Also, a number of regions, including Iq32-q42, 6ql6-q27, 8q24, 13ql2-q34
and 22ql l-q22 (Venken and Del-Favero 2007), have been found to show significant

linkage to both BP and SCZ, supporting the possibility of shared genetic factors and
mechanisms between the two psychoses (Berrettini 2003; Craddock, O'Donovan et

al. 2005; Van Den Bogaert, Del-Favero et al. 2006).

1.2.2 Association studies

While linkage analysis has been useful in identifying susceptibility regions, it is
limited in its ability to localise the genes that underlie common and complex
disorders. Linkage analysis generally involves studying closely related individuals
who are separated from a common ancestor by a small number of meioses and
therefore share large segments of chromosome, usually greater than lOcM

(Hirschhorn and Daly 2005). Thus, linkage peaks tend to span a broad region that
contains tens to hundreds of genes, making it difficult to localise the disease gene.

Linkage analysis also does not have the power to detect common genetic variants
with modest effect sizes (OR<2) without unrealistically large sample sizes, nor is it
robust to locus heterogeneity. As BP and SCZ are likely to be caused by multiple,

possibly interacting, genetic and environmental factors, linkage methods will only
have the power to detect a small portion of that genetic variance. Instead, if the
CD/CV model is the prevalent genetic liability model, particularly in the sample
under study, then association analysis is the method of choice for identifying these
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common variants of small effect size (Risch and Merikangas 1996). Association

methods, using feasible sample sizes, provide adequate power to detect common

variants (allele frequency=0.10-0.70) with relative risks as low as 1.5 and stringent

significance criteria (P<5xl0~8) (Risch 2000).

Until relatively recently, most association studies of common, complex disorders
involved testing candidate genes for differences in the frequencies of alleles, mainly
of single nucleotide polymorphisms (SNPs), between affected and unaffected
individuals. These included both positional candidate genes that mapped to

significant linkage regions and functional candidate genes that were suspected to

play a role in the disease. Also, for reasons of practicality and of ignorance of the

genetic mechanisms underlying complex disease, most studies only studied variants
of potential functional significance, i.e. those in the coding regions, at intron-exon
boundaries and in proximal putative regulatory regions, while intronic and intergenic

regions were largely omitted (Risch and Merikangas 1996). However, recent

intellectual, analytical and technological advances in the study of human complex
disease have motivated the widespread application of association methods. These

driving advances include the completion of the human genome sequence (Lander,
Linton et al. 2001; Venter, Adams et al. 2001), the realisation of the International

HapMap Project (www.hapmap.org) and the availability and continuous

development of fast and affordable, high-throughput genotyping methods.

The International HapMap Project has played a crucial role in association studies
since its conception, as it has attempted to describe the common patterns of variation,

by characterising SNPs, their frequencies and the correlations between them in DNA

samples from four geographically-diverse populations: the Yoruba people of the
Ibidan Peninsula in Nigeria (YRI); individuals of European decent from the CEPH

project in Utah (CEU); the Hans Chinese population of Beijing (CHB) and
individuals of Japanese ancestry from the Tokyo area (JPT). The HapMap Project is
based on the premise that the human genome is likely to be divided into regions of

high linkage disequilibrium (LD) that are separated by recombination hotspots (Daly,
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Rioux et al. 2001; Jeffreys, Kauppi et al. 2001) in a pattern shared among individuals
within a population and, for the most part, across different populations (The
International HapMap Consortium 2003). LD is the tendency for alleles at two (or

more) loci to co-occur more than is expected by chance (Wall and Pritchard 2003),
and LD has been shown to extend greater than 500kb in length (Clark 2003). As a

result of LD, it has been estimated that 200,000 to 1,000,000 tagging SNPs across the

genome will be sufficient to cover the variation represented by the approximately 10
million common SNPs throughout the genome (Gabriel, Schaffner et al. 2002). The
second and final phase of the HapMap Project (Phase II, Release 22, April 07) is now

complete, cataloguing 3.1 million SNPs genotyped across the four geographically
diverse populations (Frazer, Ballinger et al. 2007). Knowledge of these SNPs and
their LD relationship has facilitated and advanced the execution of candidate

gene/region association studies, as the selection of tagging SNPs based on LD
structure is more powerful and covers more of the variation in the region than the
selection of random, even-spaced SNPs (Goldstein, Ahmadi et al. 2003). This

resource, along with the generation of the relevant commercial genotyping methods,
has facilitated the successful implementation of genome-wide association studies

(GWASs), which utilises the strength of association analysis with the positional

cloning flexibility of genome-wide linkage scans, requiring no a priori hypotheses
about the role of the candidate gene in disease (Tabor, Risch et al. 2002). This is

appropriate for complex disorders, such as BP and SCZ, whose pathophysiology is
still unclear.

Several association studies of BP and SCZ have been performed, including candidate

gene, candidate region and, now, GWASs. Most of what is known about the

pathophysiology of BP and SCZ has come from therapeutic and illegal drugs that
alter perception and behaviour in ways that resemble psychiatric illness. The main
functional candidates for BP, in particular, have emerged from these observations.
For example, the neurotransmitter (dopaminergic, serotoninergic and

noradrenalinergic) hypothesis of psychiatric illness has prevailed since the 1950's
when the first successful antidepressant and antipsychotic medications were
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developed (Glatt and Freimer 2002). The serotonin transporter (SLC6A4), which is
the target of a powerful class of antidepressants, selective serotonin reuptake
inhibitors (SSRIs), is one of the most widely tested genes in BP, resulting in both

multiple positive and negative findings (Serretti and Mandelli 2008). Another
serotonin-related gene is the neuronal tryptophan hydroxylase (TPH2), again with
both positive and negative findings. Of the dopamine-related genes, dopamine

receptor D4 (DRD4) is the most widely studied and consistently replicated gene

(Serretti and Mandelli 2008). The associations observed with the glutamate-related

gene D-amino acid oxidase activator DAOA (G72)/G30 locus, located in the 13q33-
34 linkage region for BP (and SCZ), have been suggested to be of the most robust

(Kato 2007). Other strong candidates for BP include monoamine oxidase A (MAOA),

catechol-O-methyltransferase (COMT) and brain derived neurotrophic factor

(BDNF), which have shown positive association in multiple studies.

The few GWASs of BP that have been conducted thus far have identified new

candidate genes. The UK-based Wellcome Trust Case Control study (The Wellcome
Trust Case Control Consortium 2007) was one of the first of the GWASs to be

published. It examined seven common diseases, one of which was BP. The one SNP
that was associated to BP at the predetermined genome-wide significance level

n

(P<5xl0~ ) mapped to a locus, chromosome 16pl2, with multiple putative candidates
for BP, including PALB2 (partner and localizer of BRCA2), NDUFAB1 (NADH

dehydrogenase (ubiqinone) 1) and DCTN5 (dynactin 5). PALB2 interacts with
BRCA2 in tumour suppression and, of more relevance, is involved in the stability of

key nuclear structures including chromatin and the nuclear matrix. NDUFAB1 is a

nuclear-encoded subunit of complex I of the mitochondrial respiratory chain that is

expressed in the adult and fetal heart and skeletal muscle. DCTN5 encodes a protein
that is involved in intracellular transport and that has been shown to interact with
DISCI. Another genome-wide association study, using pooled DNA for the initial
screen and then confirming selected SNPs by individual genotyping, identified the
DGKH (diacylglycerol kinase eta) gene (Baum, Akula et al. 2008). DGKH is a key

protein in the lithium-sensitive phosphatidyl inositol pathway. A third genome-wide
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association study of BP identified MY05B (myosin5B), TSPAN8 (tetraspanin-8) and
EGFR (epidermal growth factor receptor) (Sklar, Smoller et al. 2008). MY05B is

expressed at high levels in multiple brain structures, including dendritic spines, and

regulates vesicle trafficking. MY05B has also been shown to regulate EGFR in
human cells, suggesting the possibility of a pathway disruption in the susceptibility
of BP. EGFR belongs to the same family of receptor kinases as the NRG1 candidate

gene, and it has been shown to disrupt circadian rhythm in mice (Sklar, Smoller et al.

2008). Finally, TSPAN8 is a member of a large family of tetraspanin proteins that
mediate signal transduction events that play a role in the regulation of cell

development, activation, growth and motility. It is a cell surface glycoprotein that is
known to complex with integrins and is expressed in different carcinomas. The lack
of agreement between these GWASs may be due to a number of factors, including

genetic and phenotypic heterogeneity between samples, the use of different

genotyping platforms (Affymetrix 500K GeneChip versus the Illumina HumanHap

550K) and/or spurious results.

Association to SCZ has been tested in more than 500 genes, resulting in both positive
and negative findings (Sun, Kuo et al. 2008). In general, however, the candidate gene

findings for SCZ have been more robust than for BP. In particular, neuregulin 1

(NRG1) and disrupted in SCZ 1 (DISCI) are of the most supported and promising
candidates for SCZ, backed by positive linkage, association and mRNA expression
results. NRG1 was identified as a result of extensive fine-mapping and haplotype

analysis of the chromosome 8p locus, which had been supported by linkage analysis
in six populations, the strongest result coming from an Icelandic sample (Stefansson,

Sigurdsson et al. 2002). A seven-marker haplotype showed highly significant
association and increased risk to SCZ in the Icelandic population (Stefansson,

Sigurdsson et al. 2002), a finding that was subsequently replicated in a Scottish

population (Stefansson, Sarginson et al. 2003). Evidence of the potential involvement
of NRG1 in the pathogenesis of SCZ was further supported from mouse functional
studies in which NRG1 mutants and mutants of one of the receptors of NRG1 display
behaviour similar to mouse models for SCZ, which was reversed, in part, with the
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antipsychotic drug clozapine in the NRG1 mutant line (Stefansson, Sigurdsson et al.

2002).

DISCI was identified as a genetic risk factor by virtue of its disruption by a balanced

t(1; 11) chromosomal translocation that segregates with schizophrenia, bipolar
disorder and recurrent major depression in a large Scottish family (LOD=7.1)

(Millar, Wilson-Annan et al. 2000; Blackwood, Fordyce et al. 2001). Multiple groups

have subsequently used linkage and association analysis to investigate DISCI as a

genetic risk factor for schizophrenia, bipolar disorder and schizoaffective disorder in

many populations world-wide, resulting in the identification of positive linkage and
association in independent samples from Scotland, Finland, North America, Taiwan,

Japan, UK and Iceland for schizophrenia and affective disorders (Hennah, Thomson
et al. 2006; Chubb, Bradshaw et al. 2008). The role of DISCI in the pathogenesis of

psychiatric illness is further supported by the production of mice carrying one of two

independently-derived ENU-induced Disci missense mutations (Clapcote, Lipina et

al. 2007). Mice with the Q31L mutation showed depressive-like behaviour that was

reversed by the antidepressant bupropion. Conversely, the LI OOP mutant mice
exhibited schizophrenic-like behaviour that was reversed by antipsychotic treatment.

Other strong functional and positional candidate genes for SCZ include dysbindin

(.DTNBP1), DAOA, COMT, and regulator of G-protein signalling 4 (RSG4). As has
been observed for BP, the few GWASs that have been conducted thus far have

identified new candidate genes. One study identified the CSF2RA (colony stimulating

factor, receptor alpha 2) gene and its neighbour, IL2RA (interleukin 3 receptor

alpha), both of which are cytokine-related genes (Lencz, Morgan et al. 2007). There
is a growing body of evidence implicating cytokine-mediated inflammatory response

to psychiatric illness (Sperner-Unterweger 2005). Another genome-wide association

study identified a coil-coil domain gene, CCDC60, of unknown function and the
RBP1 (retinol binding protein 1) gene (Kirov, Zaharieva et al. 2008). RBP1 is a

cellular retinol-binding protein that inhibits PI3K/Akt signalling - a pathway that has
been implicated in SCZ pathogenesis. Finally, a third genome-wide association
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study, using DNA pooling, in an Ashkenazi Jewish population identified a female-

specific association with a SNP in the RELN (Reelin) gene (Shifman, Johannesson et

al. 2008). RELN encodes a large secreted extracellular matrix protein thought to

control cell-cell interactions critical for cell positioning and neuronal migration

during brain development. It has been implicated in schizophrenia, autism, bipolar

disorder, major depression and in migration defects associated with temporal lobe

epilepsy. Mutations of this gene are associated with autosomal recessive

lissencephaly (Entrez gene: www.ncbi.nlm.nih.gov/sites/entrez). Additionally, the
autosomal recessive mouse mutant reeler, from which the murine reelin gene was

cloned, leads to a defect in neuronal migration which prohibits neurons from

reaching their correct positions in the mouse developing brain (D'Arcangelo, Miao et

al. 1995). Again, the lack of consistent findings between GWASs may be due to

heterogeneity, platform difference and/or spurious findings.

Similar to the linkage findings and consistent with the overlapping symptoms of BP
and SCZ, a number of candidate genes (e.g. COMT, NRG1, DISCI) are common in

susceptibility to both BP and SCZ, suggesting common susceptibility loci for BP and
SCZ among certain cases (Berrettini 2003; Craddock, O'Donovan et al. 2005; Van

Den Bogaert, Del-Favero et al. 2006).

Thus, linkage and association have played a crucial role in identifying putative

regions and genes for susceptibility to BP and/or SCZ, although no causative

variant(s) has/have been definitively implicated in either disorder to the extent of

serving as a diagnostic biomarker. If BP and SCZ are caused by multiple rare

variants, as has been suggested (McClellan, Susser et al. 2007) and has been
observed in other human complex disorders (e.g. HDL cholesterol (Cohen, Kiss et

al. 2004)), then neither linkage or association is likely to be powerful enough to

detect these variants. Currently, the most reliable way in which to identify rare

variants is by directly sequencing the region of interest, which can be a labour-
intensive and costly endeavour, depending on the size of the region. Thus, powerful
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new approaches of identifying rare variants at a high-throughput, fast and cost-

effective manner still need to be developed (Service 2006; Topol and Frazer 2007).

1.2.3 Genome-wide expression studies

Genome-wide expression studies offer an alternative and complementary approach
toward elucidating the genetics underlying complex psychiatric illness. Introduced in
1995 (Schena, Shalon et al. 1995), microarrays are a relatively new and promising
addition to the molecular biology toolbox, enabling the systematic, comprehensive
and simultaneous exploration of gene expression at the genome-wide level (Brown
and Botstein 1999). The potential of this technology was made immediately evident
with studies in yeast that confirmed known properties of biological processes and

provided clues towards the function of uncharacterised or novel genes (DeRisi, Iyer
et al. 1997). Clinically, microarray technology has already proven invaluable in the

expression profiling of human cancers, which has resulted in reliable biomarkers and

powerful screening techniques for diagnostic, prognostic and therapeutic purposes

(Golub, Slonim et al. 1999; Manning, Garvin et al. 2007).

Several microarray studies of major psychiatric illness, including BP and SCZ, have
been performed to date, primarily in post-mortem human brain or peripheral blood

samples, such as lymphoblastoid cell lines, from unrelated individuals, MZ twin

samples or large pedigrees. While human brain samples are more appropriate for the

study of what are expected to be brain-related disorders, brain biopsies from

psychiatric patients are unrealistic and use of post-mortem brain tissue can lead to

confounding by the uncertain effects of prescription and recreational drug use, the
cause of death and the time to post-mortem processing (Lipska, Deep-Soboslay et al.

2006). Alternatively, blood-derived cell lines are relatively easily accessible and, in
some respects, have been shown to serve as suitable surrogates for brain disorders.
There is a growing body of evidence connecting the central nervous system (CNS) to

the immune system, with lymphocytes playing a critical role (Gladkevich, Kauffman
et al. 2004). During an attack on the immune system, lymphocytes generate specific

responses in order to eliminate the agent attacking the immune system. These
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responses include the release of cytokines, which are a diverse group of cell-

signalling proteins, that can come in direct contact with the cytokine receptors

located on neurons (Gladkevich, Kauffman et al. 2004). The presence of sympathetic
fibers in lymphoid tissues provides physical support for the two-way communication
of the central nervous and immune systems, suggesting a direct target for neural
cascades on immune cells (Gladkevich, Kauffman et al. 2004). In addition, several
neurotransmitters and their corresponding receptors are expressed on both neuronal
cells and lymphocytes, including BDNF, multiple dopamine and serotonin receptors

and the GABA A receptor, most of which are established functional candidates of BP
and SCZ. Furthermore, alterations in lymphocyte function have been observed in

psychiatric disorders, including SCZ, stress and depression (Gladkevich, Kauffman
et al. 2004). However, a critical drawback of using blood-derived samples is their
failure to express all brain-expressed genes. In a study that compared the genome-

wide gene expression in whole blood and multiple CNS tissues (Sullivan, Fan et al.

2006), the median correlation between transcripts present in both the blood and brain

samples was approximately 50% and only half of a set of SCZ candidate genes were

expressed in both whole blood and the prefrontal cortex.

A number of putative candidate genes, or potential biomarkers, for BP and SCZ have
been identified and biological systems and pathways relevant to these disorders

implicated as a result of the recent implementation of genome-wide expression
studies in psychiatric illness (as reviewed in (Iwamoto and Kato 2006; Sequeira and
Turecki 2006; Kato, Kakiuchi et al. 2007)). The endoplasmic reticulum (ER) stress

response, X-box binding protein 1 (XBP1), gene was one of the first genes to be
identified as a genetic risk factor for BP using microarray analysis (Kakiuchi,
Iwamoto et al. 2003). XBP1 was down-regulated in lymphoblastoid cell lines from
the affected co-twin of two pairs of twins discordant for BP - a result that was

validated by real-time quantitative PCR (RT-PCR). A subsequent, independent

genome-wide expression study, using post-mortem brains of BP individuals and

examining the dorsolateral prefrontal cortex (DLPFC), in particular, also identified
XBP1 as being differentially expressed, but in the other direction (Nakatani, Hattori
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et al. 2006). This result was not validated by RT-PCR, however. Kakiuchi and

colleagues (2003) also identified and validated the HSPA5 (heat shock 70kDa protein
5 or glucose-regulated protein, 78kDa) gene as down-regulated in the affected co-

twins. HSPA5 is also critical in ER stress response, is regulated by XBP1 and is
induced by the mood-stabiliser valproate (Kakiuchi, Iwamoto et al. 2003).

Significant association to BP has been reported for both XBP1 (Kakiuchi, Iwamoto et

al. 2003) and HSPA5 (Kakiuchi, Ishiwata et al. 2005). XBP1 has also been found to

be associated to SCZ (Kakiuchi, Ishiwata et al. 2005), and its chromosomal location
on 22ql2 has been identified as a linkage peak for both BP and SCZ (Venken and
Del-Favero 2007).

In a series of expression studies, using both blood-derived lymphoblastoid cell and

post-mortem brain (DLPFC) samples of BP and SCZ individuals, the same group,

Kato, Iwamoto, Kakiuchi and colleagues, identified and repeatedly validated the

genes, PDLIM5 and HSPF1 (Iwamoto, Bundo et al. 2004; Iwamoto, Kakiuchi et al.

2004; Kato, Iwayama et al. 2005). PDLIM5 (PDZ and LIM domain 5) gene, which
links calcium channel beta and protein kinase C to regulate intracellular calcium

levels, was over-expressed in the post-mortem brains samples of BP and SCZ
individuals and under-expressed in the lymphoblastoid cells of unrelated BP and
SCZ individuals. These results have been validated by RT-PCR. PDLIM5 has also
been shown to be associated to BP and SCZ (Kato, Iwayama et al. 2005; Horiuchi,
Arai et al. 2006). HSPF1 was over-expressed in both the blood and brain samples of
BP individuals, but not in SCZ. Like HSPA5, HSPF1 is also a stress response gene.

Finally, Glatt and colleagues (2005) performed a multi-stage microarray study, in
which they compared post-mortem brain samples of unrelated SCZ individuals and
unrelated controls and bloods samples from a different cohort of unrelated SCZ
individuals and controls. This study identified six genes (BTG1, GSK3A, HLA-DRB1,

PINRPA3, SELENBP1 and SFRS1) that showed parallel differential expression in
both the blood and brain samples. Only SELENBP1 (.selenium binding protein 1), the

strongest candidate in the study, was taken forward and was subsequently
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successfully validated by RT-PCR. The exact function of SELENBP1 is not yet

known. It does bind selenium, which is an antioxidant that exhibits potent

anticarcinogenic properties and has been proposed to prevent certain neurologic
diseases (Entrez gene: www.ncbi.nlm.nih.gov/sites/entrez).

In addition to individual candidate genes being identified via genome-wide

expression studies, biological processes and pathways have shown evidence of being

disrupted in BP and SCZ. These include mitochondria-related genes (Iwamoto,
Bundo et al. 2005; Iwamoto and Kato 2006), myelin- and oligodendrocyte-related

genes (Aston, Jiang et al. 2005; Katsel, Davis et al. 2005; Iwamoto and Kato 2006)
and proapoptosis genes (Benes, Matzilevich et al. 2006).

Microarray studies using animal models for psychiatric illness have also been applied
in the search for disease susceptibility genes and pathways. For example, Dfl

heterozygous mice, which were initially created as a model for 22qll.2 deletion

syndrome, display cognitive deficits and reduced prepulse inhibition, which are

features of SCZ in humans (Paylor, Mcllwain et al. 2001). A microarray study,

surveying the mouse hippocampus, identified differentially expressed genes involved
in signal transduction, synaptic plasticity, neuronal differentiation, microtubule

assembly and the ubiquitin pathway, including the mouse ortholog of the SCZ and
BP candidate gene COMT (Sivagnanasundaram, Fletcher et al. 2007).
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1.3 The basis of this PhD: the F22 family and the chromosome 4p
candidate region

One of the few candidate linkage regions for bipolar disorder (BP) that has reached

genome-wide significance is the chromosome 4pl5-pl6 region. This region was

originally identified as a result of a genome-wide linkage study in a large Scottish

family (F22, see Figure 1.2) multiply-affected with major affective disorder

(Blackwood, He et al. 1996) (described in detail in section 2.2.1). A two-point

linkage analysis gave a maximum LOD score of 4.09 with BP to a region on

chromosome 4p. A subsequent follow-up study of this family, in which five
additional affected F22 individuals were identified and several additional

microsatellite and SNP markers were incorporated in the 4p region, resulted in a

maximum LOD score of 4.41 with BP (Le Hellard, Lee et al. 2005). This study also
included the analysis of a small Scottish family (F59), which showed positive linkage
to the region (LOD = 0.88) (Le Hellard, Lee et al. 2005).

A number of other groups have also implicated this region in BP and/or SCZ, based
on linkage, association, allele-sharing, cytogenetic or other methods, as summarised
in Table 1.1. Of note are the positive linkage findings in two other families by

independent groups: Asherson et al. (1998) reported linkage in a Welsh,
schizoaffective family (F50, LOD = 1.97) and Detera-Wadleigh et al. (1999)

investigated families with major mental illness, and their largest family (Ashkenazi

Jewish, F48) generated a LOD score of 3.24. Subsequent haplotype analysis of the
F22 family and the three other 4p-linked families (F48 (Detera-Wadleigh, Badner et

al. 1999), F50 (Asherson, Mant et al. 1998) and F59 (Blackwood, He et al. 1996))
defined the linked haplotypes in the families and dissected the linkage region into
four sub-regions (A-D) (Figure 1.3; adapted from Le Hellard, Lee et al. (2007)),
based on the overlapping linkage evidence from the families (Le Hellard, Lee et al.

2007). An allele sharing analysis, comparing the linked haplotypes from the three

families, F22, F50 and F59, which showed linkage to Region B, to the control

haplotypes from these families, revealed highly significant sharing along ~200kb of

Region B (corrected .P=0.008) (Lee, Thomson et al. submitted).
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Figure1.2.Thefive-generationScottishfamily(F22).Fulldiamondsrepresentindividualswithbipolardisorder(BPIorBPII);half-fulldiamonds representindividualswithrecurrentmajordepression(RMD)andquarter-fulldiamondsrepresentindividualssufferingfromotherpsychiatricillnesses, suchasalcoholismoranxietydisorder.Theasterix(*)denotesindividualscarryingthechromosome4p-linkedhaplotype,withtheasterixfallingtothe rightoftherelevantindividual.Severalindividualshavebeenexcludedandthegenderoftheindividualsconcealedtoprotectpatientconfidentiality. ThispedigreewaspreparedbyLornaHoulihan,usingtheProgenySoftware.



StudyReference

Phenotype

Population

Analysis

Result(Best4pLOD/P-value)
FamilyorRegion

Palmour,Milleretal.1994
SCZ(1male);SCZ- related(mother)

Canadian

Karyotyping

inversion:inv4(p15.2;q21.3)
"RegionD/centromeric

ofRegionD

Blackwood,Heetal.1996
BP

Scottish

Linkageanalysis:genome-widecoveiageusing miciosatellites

LOD=4.09

F22

Ashersonetal.1998

SCZ

Welsh

Linkageanalysis:coverageofchromosome4p15-16 usingmicrosatellites

LOD=1.96

F50

Ewald,Degnetal.1998

BP

Danish

Linkageanalysis:coverageacrosschromosome 4p15-16usingmicrosatellites

LOD=1.97

Ginns,St.Jeanetal.1998
mentalhealthwellness

OldOrderAmish

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=4.05

Shaw,Kellyetal.1998

SCZandSCAFF
US(Caucasian)

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=1.96;1.35(SCZonly)

Detera-Wadleiqhetal.1999
BP

AshkenaziJewish
Linkageanalysis:genome-widecoverageusing microsatellites

LOD=3.24

F48

Visscher,Haleyetal.1999
BPandRMD

Scottish

QTLanalysisusingvariancecomponentmethod: coverageacrosschromosome4p15-16using
LOD=5.9,2.3(BPonly)

F22

Williams,Reesetal.1999
SCZ

BritishandIrish

Affectedsib-pairanalysis:genome-widecoverage usingmicrosatellites

LOD=1.73

Cichon,Schumacheretal.2001
BP

German

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=1.89

Ewald,Flintetal.2002

BP

Danish

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=1.97

Lerer,Segmanetal.2003
SCZ

ArabIsraeli

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=2.18

Als,Dahletal.2004

BPandSCZ

Faroese

Haplotypesharing:coverageacrossthechromosome 4p15-16regionusingmicrosatellites
P=0.000066

Itokawa,Kasugaetal.2004
SCZ(1male)

Japanese

Karyotyping

balancedtranslocation: t(4,13)(p16.1;g21.31)

"telomericofRegion AZReqionA-B

Schumacher,Kanevaetal.2005
BP

Spanish

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=1.68;1.83(combined)

Schumacher,Kanevaetal.2005
BP

Bulgarian

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=2.83;1.83(combined)

Cheng,Juoetal.2006

psychosis

US(Caucasian)

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=1.87

Cheng,Juoetal.2006

suicidalbehaviour
US(Caucasian)

Linkageanalysis:genome-widecoverageusing microsatellites

LOD=1.59

Table1.1.Summaryofsupportforthechromosome4pregioninBP,SCZandrelateddisorders.Continuedonthenextpage.
to
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StudyReference

Phenotype

Population

Analysis

Result(Best4pLOD/P-value)
FamilyorRegion

LeHellard,Leeetal.2007
BP

Scottish

Linkageanalysis:coverageacrosschromosome 4p15-16regionusingSNPsandmicrosatellites
LOD=4.41

F22

LeHellard,Leeetal.2007
BP

Scottish

Linkageanalysis:coverageacrosschromosome 4p15-16regionusinqSNPsandmicrosatellites
LOD=0.88

F59

Baum,Akulaetal.2006
BP

USandGerman

Genome-wideassociationanalysis:SNPs
qeneLBD2.P=0.0045

ReqionC

Baum,Akulaetal.2008
BP

USandGerman

Genome-wideassociationanalysis:SNPs
qeneSOPCS:P=0.000014

ReqionA

Sklar,Smolleretal.2008
BP

USandBritish

Genome-wideassociationanalysis:SNPs
qeneKCNIP4:P=0.000072

ReqionC

Lee,Thomsonetal.(submitted)
BP,RMD,SCZand SCAFF

2Scottish,1Welshand
1AshkenaziJewish

Allele-sharinganalysis:coverageacrosspartofthe chromosome4p15-16regionusingSNPs
correctedP=0.008

F22,F59,F50andF48

Table1.1.Summaryofsupportforthechromosome4pregioninBP,SCZandrelateddisorders.Foreachstudythereference,thephenotypein whichtheresultwasobserved,thepopulationinwhichthestudywasperformed,thetypeofanalysisapplied,includingtheextentandtypeofmarker coverage,themostsignificant(best)resultemergingfromthatstudyforthe4pregion(LODscoreorP-value)andwhichofthefourrelevantfamilies werestudiedorspecific4pregions(RegionsA-D)implicatedareshown.**Thebreakpointidentifiedinthisstudywasnotdefined.Locationisbasedon
thecytogeneticbandreported.TheoriginalstudybyBlackwood,Heetal.(1996)onwhichallthisworkisbasedinbold.
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Chromosome 4 4p-linked Families
F22 F59 F50 F48

Coordinates

(NCBI Bid. 36)

6,566,672

8,575,191
Region A

Region B

12,358,518

Region C

21,926,091

Region D

26,279,795

Figure 1.3. The overlap between the chromosome 4p-linked regions that segregate
with illness in the four families. On the left is a diagram of the cytogenetic bands of
chromosome 4, with the approximate position of the 19.8Mb chromosome 4p-linkage region
indicated by the thick black vertical line, leading to an expanded view of the overlapping
linkage regions detected in the four 4p-linked families. The sizes (in Mb) refer to the genomic
distances between the horizontal lines, which dissect the F22 linkage region into four sub-
regions, A-D, each of which shows linkage in at least one other family. The genomic
coordinates (NCBI, Build 36) of each region is shown above each horizontal line. The
illnesses observed in the families are indicated on the figure as follows: "AFD", BP and
recurrent major depression (RMD); "SCZAFF", schizoaffective disorder and SCZ and
"SCZAFD", BP, RMD, SCZ and others. (Adapted with permission from Le Hellard, Lee et al.
(2007).)
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1.4 PhD Aims

The aim of this PhD was to add to the existing body of knowledge of the genetic
factors underlying BP (and SCZ), using multiple genomics approaches that focused
on the chromosome 4p linkage region and the large Scottish family (F22), as follows:

• by performing a candidate gene association study of the chromosome 4p-
located functional candidate, GPR78, in population-based Scottish sample

(Chapter 3);

• by performing an association study of two (Regions B and D) of the four

regions in the chromosome 4p linkage region in the same population-based
Scottish sample (Chapter 4);

• by performing a replication study in an independent, German sample of the
associations originally identified in Regions B and D (above) of the
chromosome 4p linkage region (Chapter 5) and

• by performing a genome-wide expression study, using affected and unaffected
individuals from the large Scottish family (F22), in search of differentially

expressed genes on the chromosome 4p locus and elsewhere (Chapter 6).
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Chapter Two

Materials and Methods
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2 Materials and Methods

This chapter describes the materials and methods that I employed throughout the
course of my PhD. It is divided into two sections, corresponding to the two main

approaches applied to study the genetics of bipolar disorder and schizophrenia:
association analysis (Chapters 3, 4 and 5) and genome-wide expression analysis

(Chapter 6).

As the studies described in this thesis are part of larger group projects, other
individuals were involved and contributed to the production or preparation of the
data for analysis. Table 2.1 indicates which of the work described in this PhD thesis
was performed by me (AC) and which was performed by others. Briefly, all patients
and controls, including the F22 family members, were recruited by experienced

psychiatrists and any decisions regarding the affection status of these individuals was

made by the psychiatrist. All genotyping was outsourced to established genotyping
facilities. The work described in Chapters 3 and 4 was initiated prior to the
commencement of my PhD, as detailed at the beginning of the respective chapters,
where I also indicate the point at which I began working on the project. The BasicAS

script used for the single-marker association analyses was written by Dr. Naomi

Wray. For Chapter 6, the total RNA samples used in the microarray experiment were

prepared by different members of the group, including myself (AC), over the course

of the two years (2005-2007). Table 6.2 in this chapter names the individual who
harvested the cells and prepared the RNA for a particular sample. I performed all

subsequent steps. I have indicated if someone other than me has performed the work
at the relevant places throughout the thesis.
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ASSOCIATION STUDIES

Methods Chapter 3 Chapter 4 Chapter 5

Tagging SNP selection for association analysis AC SLH, PTand
KE

AC, KE and PT

Genotyping. including calling WTCRF
lllumina, San

Diego
Bonn

Collaborators

Duplicate checking SM SM
Bonn

Collaborators

Data formatting SM SM AC

Quality control checks (sample/locus success rates
and HWE)

AC AC AC

Association analysis (power calculations, single
marker, haplotype. multiple testing, etc.)

AC AC AC

Bioinformatics-based analyses AC AC AC

WHOLE-GENOME EXPRESSION STUDY

Methods Chapter 6

Mammalian cell culture
Various individuals, including AC_

(see Table 6.2)

RNA preparation
Various individuals, including AC_

(see Table 6.2)

RNA quantification and quality control WTCRF (Alison Condie or HST)

cRNA amplification and biotinylation AC

BeadChip preparation, including hybridisation,
washing and scanning

WTCRF (Angie Fawkes)

Data extraction and formatting AC

Data pre-processing and analysis AC

Downstream analyses AC

Table 2.1. Division of work described in thesis. The work involved for the association
studies described in Chapters 3, 4 and 5 is shown on the top and that involved for the
genome-wide expression study (Chapter 6) is shown on the bottom. The initials or names of
the individuals responsible for the work described are indicated, with my initials (AC)
underlined and in bold. Abbreviations: AC, Andrea Christoforou; Bonn Collaborators: Dr.
Sven Cichon and colleagues at the Department of Genomics, Life and Brain Center,
University of Bonn, Germany; HST, Helen Torrence; KE, Dr. Kathryn Evans; PT, Dr. Philippa
Thomson; SLH, Dr. Stephanie Le Hellard; SM, Stewart Morris; WTCRF, Wellcome Trust
Clinical Research Facility (Western General Hospital, Edinburgh, UK).
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2.1 Association studies

The following section describes the materials and methods used to carry out the

population-based association studies: (Chapter 3) a candidate gene study on the
chromosome 4p-located G protein-coupled receptor 78 (GPR78) gene, using a

Scottish cohort; (Chapter 4) a candidate region study on the chromosome 4p-linked

region, using the same Scottish cohort; and (Chapter 5) a replication study of the

findings of Chapter 4 in an independent, German sample. The general steps applied
to perform the association studies were the same for all three studies: SNP selection,

genotyping, hypothesis testing, correction for multiple testing and interpretation of

results; although, the actual methods applied may differ based on the resources and
information available at the time.

2.1.1 Clinical Resources

2.1.1.1 Ethical approval

The Scottish studies (Chapters 3 and 4) were approved by the Multicentre Research
Ethics Committee for Scotland, while the German study (Chapter 5) was approved

by the Ethics Committee of the Faculties of Medicine at the Universities of Bonn and

Mannheim/Heidelberg, Germany. Appropriate (written) informed consent was

obtained from both the patients and control individuals prior to study participation
for the Scottish or German study.

2.1.1.2 Scottish case-control sample

Individuals with bipolar disorder (BP) or schizophrenia (SCZ) were recruited from

inpatient and outpatient services at the Royal Edinburgh Elospital and other Scottish

psychiatric hospitals. Patients were screened by experienced psychiatrists using the
semi-structured interview: the Schedule for Affective Disorder and Schizophrenia -

Lifetime version (SADS-L) (Endicott and Spitzer 1978). Based on the information

gathered from the interview and on case note review, diagnoses were reached by
consensus between the two experienced psychiatrists (Professor Douglas Blackwood

Chapter 2 31



and Dr. Walter Muir) and made according to the Diagnostic and Statistical Manual of
Mental Disorders (4th Edition) (DSM-IV) (American Psychiatric Association 1994).

Control subjects were drawn from the same population in South East and South
Central Scotland. The majority (-80%) were recruited through the Scottish National
Blood Transfusion service, which only accepts donors that are not currently on

medication and have no chronic illness. The remaining controls were recruited from
the local population or from hospital staff. Each of the additional controls was briefly
screened by interview to exclude anyone currently on medication or with a history of
treatment for psychiatric illness.

Both the cases and controls were sampled from the general Scottish population, 98%
of which is of (self-reported) white background (89.9 % 'white Scottish', 7.5% 'other
white British', 1% 'white Irish' and 1.6% 'other white background') (Office of the
Chief Statistician 2004).

A total of 1304 individuals were recruited from the general Scottish population for
this study (Table 2.2). This Scottish sample was used in both the GPR78 candidate

gene study and the chromosome 4p-linked candidate region study.

Sample BP SCZ Control Total

Scottish 408 415 481 1304

German 400 401 401 1202

Table 2.2. Samples available for the association studies. Breakdown of numbers of
bipolar disorder (BP), schizophrenia (SCZ) and control individuals recruited from the Scottish
and German populations for the association studies.
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2.1.1.3 German case-control sample

The case-control sample for the replication study was made available through
collaboration with Dr. Sven Cichon and colleagues in the Department of Genomics,
Life and Brain Center, University of Bonn, Germany. The German BP and SCZ

samples were recruited (primarily by Dr. Marcella Rietschel) from consecutive
admissions to the inpatient unit of the Department of Psychiatry and Psychotherapy
of the University of Bonn and of the Central Institute of Mental Health in Mannheim.
The patients consisted of individuals with a DSM-IV lifetime diagnosis of bipolar I
disorder or schizophrenia. A consensus best-estimate procedure (Leckman,
Sholomskas et al. 1982) was used based on all available information, including a the
structured clinical interview for DSM-III-R (SCID-I) (Spitzer, Williams et al. 1992),
medical records and family history. Also, the operational criteria (OPCRIT) (Farmer,

Wessely et al. 1992) checklist was used to obtain detailed polydiagnostic
documentation of symptoms.

The control cohort was recruited from around Bonn, Germany. The samples were

collected by Dr. Marcella Rietschel. Both the patient and control samples were of
German descent, at least as far back as the grandparent generation. A total of 1202
individuals were recruited from the general German population for this study (Table

2.2).

2.1.2 SNP selection

2.1.2.1 GPR78 candidate gene study

In order to select SNPs to cover the GPR78 gene, I constructed a custom linkage

disequilibrium (LD) map of the region using the genotype data for a small sample of
control individuals. The genotype data was uploaded into the Haploview 3.2 software

((Barrett, Fry et al. 2005); www.broad.mit.edu/mpg/haploview), where r was

calculated and used to determine the LD block boundaries. The LD blocks were

constructed by examining the r2 between all pairs of markers, using an intermediate
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threshold of r >0.65. Tagging SNPs from each block were selected to represent

haplotypes within the blocks with frequencies greater than five per cent.

2.1.2.2 Study of the chromosome 4p-linked region

The SNPs for this study were selected from the International HapMap Project ((The
International HapMap Consortium 2003); www.hapmap.org), using a block-based

approach, prior to the commencement of my PhD. A description of the haplotype
block construction and the SNP selection method is provided in Chapter 4.

2.1.2.3 Replication study of the chromosome 4p-linked region

The SNPs for the replication study were selected to cover all potentially significant

regions of association identified in the original study of the chromosome 4p-linked

region, which is presented in Chapter 4. This included all significant single SNPs

(P<0.01) and the SNPs making up the most significant haplotype (P<0.01) in each

original region of association, as detailed in Chapter 5.

2.1.3 Power calculations

Power calculations were performed using the online Genetic Power Calculator: case-

control for discrete traits ((Purcell, Cherny et al. 2003); http://pngu.mgh.harvard.edu/

~purcell/gpc/cc2.html).

2.1.4 Genotyping

2.1.4.1 GPR78 candidate gene study

The tagging SNPs selected for the association analysis were genotyped by the

TaqMan® method as per the manufacturer's instructions. The probes and primers
used in the TaqMan® genotyping assays were designed by Applied Biosystems

(www.appliedbiosystems.com). The genotyping was carried out by Alison Condie at

the by the Genetics Core of the Wellcome Trust Clinical Research Facility
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(WTCRF), Western General Hospital, Edinburgh on an ABI PRISM® 9700

sequence detection system.

2.1.4.2 Study of the chromosome 4p-linked region

Genotyping was performed by Illumina Inc., San Diego, using the high-throughput

BeadArray™ platform technology.

2.1.4.3 Replication study of the chromosome 4p-linked region

Genotyping was performed on the high-throughput Illumina BeadArray™ platform

technology by our collaborators in the Department of Genomics, Life and Brain

Center, University of Bonn, Germany.

2.1.5 Quality control and data formatting of genotype data

2.1.5.1 Scottish datasets

Stewart Morris (SM) performed the majority of the quality control checks, data

cleaning and data formatting for direct input into Dr. Naomi Wray's (NW) Fortran

program, BasicAS (for Basic Association). Additional quality control measures were

applied specifically to the chromosome 4p-linked dataset (Chapter 4) by Drs.

Philippa Thomson and Kathryn Evans. I then used the BasicAS program to perform
additional quality control checks, including determination of the genotype and

sample success rates and test of Hardy-Weinberg Equilibrium (HWE), as described
in the statistical analysis section (section 2.1.6) below.

2.1.5.2 German dataset

Quality control measures for the genotype data on the German case-control sample
were applied by Drs. Sven Cichon, Axel Hillmer and Per Hoffman at the University
of Bonn. I reformatted the data for input into BasicAS, using a free-trial version of
the Progeny Software (www.progenygenetics.com).
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2.1.6 Statistical analysis

The BasicAS program was used to perform basic quality control checks and to

perform the single-marker analysis. It was also used to produce the linkage format

input files for the haplotype analysis program Cocaphase v2.4 ((Dudbridge 2003);
www.mrc-bsu.cam. ac.uk/personal/frank/software/unphased).

2.1.6.1 Test of Hardy-Weinberg Equilibrium

The standard % test of independence, as implemented in NWs BasicAS program, was

used to examine all markers for deviations from Hardy-Weinberg Equilibrium

(HWE) in the control sample. A P-value threshold of 0.004 was used for the GPR78
candidate gene study (Chapter 3), while the Haploview default HWE significance
threshold of 0.001 (Barrett, Fry et al. 2005) was selected as the threshold for the

study of the chromosome 4p linkage region (Chapter 4) and the replication study in
the German sample (Chapter 5). The way in which these thresholds were selected is
described in the relevant chapters.

2.1.6.2 Single-marker analysis

Differences in allele and genotype frequencies between cases and controls were

evaluated with the % test of independence (with 1 and 2 degrees of freedom,

respectively). Fisher's Exact test, as implemented in SISA (Simple Interactive
Statistical Analysis, http://home.clara.net/sisa), was used when appropriate, for

sparse contingency tables. Significance was initially declared at a nominal E-value of
0.05 for the GPR78 candidate gene study (Chapter 3). More stringent nominal

significance thresholds were established for the study of the chromosome 4p linkage

region (.P<0.0005 or P<0.0003) (Chapter 4) and the replication study of the
chromosome 4p linkage region in the German sample (P<0.002) (Chapter 5), as

described in the relevant chapters.
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Odds ratios (OR) and their 95% confidence intervals (CI) were calculated in
Microsoft* Office Excel, using standard formulae, as described in Kirkwood and
Sterne (2003). The significance of ORs was assessed using the Z-statistic (Kirkwood
and Sterne 2003).

2.1.6.3 Multi-locus analysis

2.1.6.3.1 Haplotype analysis

Haplotype frequency estimation and comparison was carried out using the program

Cocaphase 2.4. A sliding-window approach was used to test all haplotypes of up to

six SNPs. P-values for both global and individual tests of haplotype frequencies were

calculated. In order to avoid misleading results caused by multiple rare haplotypes in
the global test of the null hypothesis (Koeleman, Dudbridge et al. 2000), haplotypes
with a frequency less than or equal to five per cent in both the cases and the controls
were designated as rare and grouped together to perform the global haplotype test.

ORs and 95% CIs were calculated as described for the single-marker analysis (see
section 2.1.6.2), with the most common haplotype estimated in the control sample set

as the reference. If the haplotype of interest was the most common haplotype, then
the second most common haplotype was set as the reference haplotype for the
calculation of the OR.

2.1.6.3.2 Genotype logistic regression analysis

Genotype logistic regression analysis was performed for the GPR78 candidate gene

study (Chapter 3). A backwards elimination logistic regression approach (as
described in (Cordell and Clayton 2002)) was applied, using SPSS* Release 12, to

test the significance of adjacent and non-adjacent marker genotypes, working

individually or jointly, in predicting the diagnosis of each patient, while adjusting for
the confounding effects of gender. The patient diagnosis was declared as the
dichotomous dependent variable (1 = affected, 0 = unaffected). The sex of the
individuals and the unphased genotypes of the SNPs were declared as the
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independent variables. Sex was set as a categorical variable (1 = male, 0 = female),
while the genotypes were set as linear variables, which assumes that the logarithm of
odds for the heterozygotes is midway between that for the two homozygotes.

Specifically, the Backward Wald procedure was applied, fitting all of the

independent variables into the model to start with, then removing the non-significant

(P>0.10) variables one-by-one based on the P-value of the Wald test statistic. The
SPSS algorithm requires that each individual must be genotyped successfully with all
markers in order to be included in the logistic regression analysis. Therefore, I

subsequently refitted the final model identified from the Backward Wald procedure,

using the most complete set of data available for the variables in that model, in order
to harness all of the available power.

2.1.7 Significance thresholds and multiple testing corrections

2.1.7.1 GPR78 candidate gene study

Permutation analysis (1,000 or 10,000 permutations), as implemented in the

haplotype analysis program Cocaphase 2.4, was used to correct for the multiple
SNPs and haplotypes tested.

2.1.7.2 Study of the chromosome 4p-linked region

The level at which individual markers were declared nominally significant was

determined using the online program SNPSpD ((Nyholt 2004);

http://genepi.qimr.edu.au/general/daleN/SNPSpD), using the full sample of cases and
controls. Both region-wide and experiment-wide thresholds were determined. The

adjusted significance thresholds are referred to as "Nyholt-corrected" thresholds

throughout the text. Individual SNPs that met the Nyholt-corrected threshold at either
the relevant region-wide or experiment-wide significance level were subsequently
corrected by permutation analysis (10,000 shuffles), using Cocaphase 2.4. Individual
markers that met the Nyholt-corrected threshold, but were not the most significant,
were subjected to the permutation analysis once the SNP(s) with the better nominal
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P-value(s) was (were) removed from the dataset (as carried out, for example, in the
Holm "step-down" procedure (Holm 1979)).

Haplotypes were declared nominally significant if they met the region-wide Nyholt-
corrected thresholds determined in the single-marker analysis. A subset of the

haplotype P-values were also corrected by permutation analysis (1,000 shuffles) at

the region-wide level. The haplotypes that were corrected by permutation analysis
were those with nominally significant global P-values and their corresponding

haplotypes (only for lengths < 3 SNPs) with nominally significant individual P-
values.

2.1.7.3 Replication study of the chromosome 4p-linked region

A straightforward Bonferroni correction was used to account for the multiple testing

performed in this study. The number of tests corresponded to the number of regions

brought forward from the original chromosome 4p-linked region study for

replication, as described in Chapter 5.

2.1.8 Bioinformatics analysis

Bioinformatics analysis was performed to assess the biological relevance of

significant individual SNPs. For non-coding SNPs, evolutionary conservation in 17
vertebrates was examined using the "Vertebrate Multiz Alignment (Blanchette, Kent
et al. 2004) & Conservation" track on the UCSC Genome Browser ((Kent, Sugnet et

al. 2002); http://genome.ucsc.edu). The conservation track is based on a phylogenetic
hidden Markov model, phastCons (Siepel and Haussler 2004). I determined whether
the associated SNP fell within a predicted evolutionarily conserved element using the

phastCons conserved elements track (Siepel, Bejerano et al. 2005). Finally, the
MATCHIM program ((Kel, Gossling et al. 2003); www.gene-regulation.com/cgi-

bin/pub/programs/match/bin/match.cgi) was used to determine whether non-coding
SNPs located in putative regulatory regions created or destroyed any TRANSFAC"
(Wingender, Chen et al. 2001) predicted transcription factor binding sites. Sequences
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of length greater than or equal to 50bp that contained the alternate alleles of the SNP
of interest were submitted for analysis. In addition to the default settings, MATCH™
was set to search only the vertebrate matrix groups and to minimize the false positive
matches.

2.1.9 Defining the associated regions on chromosome 4p

2.1.9.1 Delineating the associated regions

Each of the individual haplotypes that met the region-wide Nyholt-significant
threshold (see section 2.1.7.2) was followed along the sliding windows in both the 5'
and 3' directions, using the results of the single-marker and haplotype analyses, to

determine how far each significant haplotype extended while the individual

haplotype test P-value was less than or equal to 0.01 (Table 2.3, for example). The
associated region was then defined as the region spanning the distal SNP of the distal
block containing the extended significant haplotype, to the proximal SNP of the

proximal block containing the extended significant haplotype.

Block 1 2 3 3 4 4 4 4 5 6 6 Individual
SNP 1 2 3 4 5 6 7 8 9 10 11 P-value

G C T T A 0.0090
C T T A 0.00075

T 0.00027

in T T 0.00025
<\>
CL T T A 0.00016

& T T A A 0.00015
o T T A A T 0.00020
<9 T A A T A 0.000033
I A A T A 0.000907

A T A 0.000686
T A 0.000959
T A G A 0.0092

Table 2.3. Delineation of hypothetical associated region. This table shows how the
associated regions are defined in Chapter 4. Along the top two rows are the block numbers
and corresponding SNP numbers that represent them. Beneath are the haplotypes with
individual P-values < 0.01. The core haplotype cluster (highlighted in light yellow) is that
consisting of haplotypes that meet the Nyholt-corrected threshold (e.g. P<0.0003, highlighted
in yellow). The hypothetical associated region spans from SNP 1 to SNP 11 (Blocks 1-6).
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2.1.9.2 Genes in the associated regions

2.1.9.2.1 Study of the chromosome 4p-linked region

The genomic region spanning the associated region (see section 2.1.9.2) was queried
in the UCSC Genome Browser (Version May04; http://genome.ucsc.edu) for i)
Known genes (June 05) based on protein data from UniProt (SWISS-PROT and

TrEMBL) and mRNA data from RefSeq and GenBank; ii) NCBI RefSeq genes from
the NCBI mRNA reference sequence collection and iii) main prediction class
AceView genes (defined below) that do not correspond to Known or RefSeq genes.

AceView genes are constructed from mRNA, EST and genomic evidence using the

Acembly program ((Thierry-Mieg, Thierry-Mieg et al. unpublished);

www.ncbi.nlm.nih.gov/IEB/Research/Acembly) and are categorized into a prediction
class of either main or putative genes. Main prediction class genes must encode a

putative protein with a coding sequence of at least 100 amino acids, or they must be

supported by at least one identical EST or mRNA clone and match at least eight
bases on either side exactly to the genome. For sequences that do not meet either of
the above criteria to be included as main class predictions, they must either be
identified with an NCBI RefSeq or OMIM number, or they must encode a protein
with significant BlastP homology (E<10" ) to a cDNA-supported nematode AceView

protein. Putative AceView predictions were not considered.

If no Known or RefSeq genes were mapped to the associated region, the closest
Known or RefSeq gene to the region, telomeric or centromeric, and its distance from
the associated region was determined.

2.1.9.2.2 Replication study of the chromosome 4p-linked region

The relevant associated regions were queried, as above, in the most recent UCSC
Browser version (March 2006) for Known (referred to as 'Old Known' in this
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Browser version) and RefSeq genes, as described above, and for UCSC genes. The
UCSC Genes track largely replaces the Known Gene track, showing gene predictions
based on data from RefSeq, Genbank, and UniProt. UCSC genes are a moderately
conservative set of predictions, requiring the support of one GenBank RNA sequence

and at least one additional line of evidence.
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2.2 Whole-genome expression study

The following section describes the materials and methods used to carry out the

whole-genome expression study, using lymphoblastoid cell lines from the individuals
from the F22 family. The steps undertaken in the preparation and subsequent

hybridisation of the RNA samples adhered to the Direct Hybridization Assay

(Eberwine, Yeh et al. 1992) implemented in whole-genome discovery studies with
the Illumina BeadArray™ platform (Kuhn, Baker et al. 2004).

2.2.1 Clinical Resources

2.2.1.1 Ethical approval

This study was approved by the Multicentre Research Ethics Committee for

Scotland, and appropriate informed consent was obtained from the participants.

2.2.1.2 Family F22

Family F22 is a large Scottish family, multiply-affected by major affective disorder -

bipolar disorder (BP) and recurrent major depression (RMD). The family was first
ascertained almost three decades ago through contact with general practitioners and
local hospitals (Blackwood, He et al. 1996), and ongoing contact with members of
the family has enabled updates in diagnoses and the identification of new cases

throughout the years (Le Hellard, Lee et al. 2007). The family members were

interviewed using the Schedule for Affective Disorders and Schizophrenia - Lifetime
Version (SADS-L) (Endicott and Spitzer 1978), and a consensus diagnosis, based on

the Diagnostic and Statistical Manual of Mental Disorders (4th edn) (DSM-IV)

(American Psychiatric Association 1994) criteria, was reached by two experienced

psychiatrists (Professor Douglas H. Blackwood and Dr. Walter J. Muir). Figure 1.2

depicts the family, although some adjustments have been made to ensure patient

confidentiality. Spanning five generations, the current pedigree consists of 180

individuals, 46 of whom have married into the family. The individuals who married
into the family were also interviewed and their family history obtained to identify
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cases of possible psychiatric illness. In this study and in any other genetic studies

involving the family, the married-in individuals with probable psychiatric illness and
their offspring (10 individuals) were classified as unknown with respect to diagnosis.
A breakdown of the diagnoses and the availability of the samples in the F22 family is
shown in Table 2.4. The numbers of individuals carrying the chromosome 4p-linked

haplotype (DH) have also been indicated.

Blood samples from 83 individuals were collected by Professor Douglas H.
Blackwood and Dr. Walter J. Muir and submitted to the European Collection of Cell
Cultures (ECACC; www.ecacc.org.uk) to be immortalised as Human Epstein-Barr
Virus (EBV) transformed lymphoblastoid cell lines (LCL) (Table 2.4).

Diagnosis Total Male Female DH LCLs Married-in

AFFECTED 42 19 23 27 33 n/a

BP 12 6 6 10 10 n/a

RMD 23 7 16 13 19 n/a

OTHER 7 6 1 4 4 n/a

UNAFFECTED 90 51 39 23 48 37

UNKNOWN 48 30 18 7 2 9

TOTAL 180 100 80 57 83 46

Table 2.4. Breakdown of diagnoses segregating in the F22 family. The first three
columns give the totals and the numbers of males and females, respectively, in each
diagnosis group. The remaining columns provide the numbers of the total that represent
partners (married-in), those carrying the chromosome 4p-linked haplotypes (DH) and those
for whom lymphoblastoid cell lines (LCLs) have been produced. 'BP' refers to bipolar
disorder, 'RMD' refers to recurrent major depression and 'other' refers to minor psychiatric
illnesses, such as alcoholism or anxiety.
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2.2.2 Mammalian cell culture

2.2.2.1 Cell lines and growth conditions

Human Epstein-Barr Virus (EBV) transformed lymphoblastoid cell lines (LCLs)

(Containment Level 1) derived from blood lymphocytes from members of the F22

family were manipulated at all times under sterile conditions using Envair Bio2+
Class II Safety Cabinets. Cells were grown in suspension in RPMI-1640 culture
media supplemented with 10% Foetal Calf Serum, 1% lOOx Glutamine, 1% lOOx

Penicillin/Streptomycin, 1% 1.25M MOPS and 0.4% OPT media supplement. All
cells were grown under humid conditions (37°C, 5% CO2) in a Galaxy S (Scientific

Laboratory Supplies Ltd.) incubator. The cell cultures were maintained in T.25, T.75
or T.175 tissue culture flasks (CellStar®, Greiner Bio-One).

2.2.2.1.1 Resuscitation offrozen cell stocks

Frozen cell stocks, brought up from the in-house liquid nitrogen (LN2) tank or

ordered in from ECACC, were resuscitated by quickly thawing in a 37°C water bath.
Once thawed, the cells were immediately transferred, using a sterile plastic plugged

pipette, to a T.25 flask containing approximately 9mL of fresh, pre-warmed media.
The flask was then placed upright in the 37°C-5%C02 incubator to promote

clumping. On the following day, approximately 3mL of the media were aspirated and

replaced with fresh, pre-warmed media. The flask was returned to the incubator and
laid flat.

2.2.2.1.2 Maintenance ofcell lines

The cells were grown in appropriately-sized tissue culture flasks, placed flat in the
incubator for maximum exposure to the culture media. Cells were maintained by

changing the media on Monday, Wednesday and Friday. First, the flask was gently
shaken and then left to stand for approximately one minute to allow the dead cells to

float to the surface. Half of the media was then carefully aspirated using a sterile

glass pipette and replaced with fresh, pre-warmed media. Since healthy cells grow in
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aggregates, the aggregates were disrupted with a sterile plastic pipette to promote

growth before returning the tightly sealed flasks back to the incubator.

Each cell line was grown until a T.175 tissue culture flask reached statuary phase, or

was confluent. First, cells in T.25 flasks were grown in approximately lOmL of
media until confluent. Then the cell suspension was transferred into a 15mL Falcon
tube and centrifuged gently at 1200rpm (CR312 Jouan centrifuge) for five minutes

(~32°C). The old media was aspirated and the pellet was resuspended in a small
volume of fresh, pre-warmed media, ensuring that all of the cell clumps were

disrupted, and transferred to a T.75 flask. Fresh, pre-warmed media was added to

bring the total volume to approximately 30mL. Once the cells had reached
confluence in the T.75 flask, they were centrifuged (as above) in a 50mL Falcon tube
and the old media aspirated. The cell pellet was resuspended in a small volume of

pre-warmed media, disrupting the cell clumps, and transferred to a T.175 flask.

Fresh, pre-warmed media was added to bring the total volume to approximately
70mL. If the cells were growing well and aggregating heavily at the bottom, the

centrifugation step was avoided to minimise the stress to the cells. Instead, the old
media was carefully aspirated, making sure not to disrupt or aspirate the cells. A
small volume of fresh, pre-warmed media was used to resuspend and disrupt the cell

clumps. The cells were then transferred to the appropriate sterile tissue culture flask
and the volume of fresh media increased accordingly.

2.2.2.1.3 Preparation offrozen cell stocks

Standard laboratory protocol of the Psychiatric Genetics Group requires that six

pellets per individual cell line be available in stock in LN2 at all times. Therefore,
whenever a cell line was brought up from the in-house LN2 storage or a new cell line
arrived from ECACC, up to six cell stocks per cell line were frozen down.

To prepare frozen cell stocks, 1-2 xlO6 cells per pellet were centrifuged for five
minutes at 1200rpm (~20°C). The old media was aspirated and the cells were
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resuspended in approximately 3mL cold PBS per 1-2 xlO6 cells. The cells were

centrifuged (as above) and the PBS aspirated. Each 1-2 xlO6 cell pellet was then

resuspended in lmL of freezing medium (90% Foetal Calf Serum and 10% DMSO)
and transferred to a CryoTube™ (NUNCIM). The cells were frozen slowly using a

Cryo 1°C freezing container (NALGENE), which was placed in -70oC overnight.
Beneath the tube holder, the freezing chamber was filled with 100% isopropanol,

causing the cells to cool at a rate of 1°C per minute. The cells were then returned to

LN2 for long-term storage.

2.2.2.2 Determination of cell number

Cells were counted using either a haemocytometer or the Beckham Z2™ Coulter
Counter®. The haemocytometer and coverslip were cleaned with water, followed by
70% ethanol. The coverslip was then placed over the counting chambers. A drop of
the cell suspension was placed at the edge of the each chamber using a plastic pipette
and the counting chamber filled by capillary action. The cells in each of the four

lmm-squares, which were further segmented into 16 smaller squares, were counted
and the average taken, equating to the number of cells xlO4 per mL.

For the Beckham Z2rM Coulter Counter®, a lOOpL aliquot of the cell suspension was

diluted in 9.9mL of the Coulter" Isoton" II Diluent. The Counter" was set to count

cells with a diameter ranging from 8pm to 24pm at a dilution factor of 100. See the
manufacturer's specifications for further details on the technology

(www.beckmancoulter.com).

2.2.2.3 Harvesting of cells for RNA

For cells that were to be used for RNA extraction, the media was replenished (as

described in section 2.1.2.1.1) for three consecutive days prior to harvesting. The
cells were then counted, as described in section 2.2.2.2, to obtain 5xl06 cells per

pellet. The cells were transferred to the appropriate Falcon tubes and centrifuged for
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five minutes at 1200rpm (~10°C). The old media was aspirated and the cells were

resuspended in approximately 3mL cold PBS per 5 xlO6 cells. The cells were

centrifuged again, as above, and the PBS aspirated. Each 5 xl06-cell pellet was then

resuspended in 600pL of Buffer RLT (from the Qiagen RNeasy Mini kit, Cat #

74104; P-mercaptoethanol added, as instructed) and transferred to 1.5mL eppendorf
tubes. Cell pellets that were not immediately used for RNA extraction were stored at

-70°C.

2.2.3 Preparation and quality control of RNA

2.2.3.1 Total RNA extraction

Total RNA was extracted using the Qiagen RNeasy Mini kit (Cat # 74104),

according to the manufacturer's instructions. After the fifth step of the protocol was

completed, the optional on-column DNase digestion steps were performed, using the

Qiagen RNase-Free DNase Set (Cat # 79254), according to the manufacturer's
instructions. The final RNA-containing eluate was aliquotted into four tubes and
stored immediately at -70°C. Approximately lpL, diluted up to 1:2 with nuclease-
free water, of the extracted RNA was set aside for quantification and quality control

using the Agilent bioanalyzer (see section 2.2.3.3).

2.2.3.2 cRNA amplification and biotinylation

The Illumina" TotalPrep RNA Amplification Kit (Ambion #IL1791) was used to

generate biotinylated, amplified cRNA (antisense mRNA) for hybridisation with
Illumina Sentrix® arrays. The Illumina® TotalPrep RNA Amplification procedure is
based on the RNA amplification protocol developed in the laboratory of James
Eberwine (Van Gelder, von Zastrow et al. 1990). The manufacturer's instructions
were observed, with the following specifications and modifications: The maximum
recommended amount of total RNA (500ng) was used as starting material. Master

mixes were prepared, as recommended, using the Illumina* TotalPrep™ RNA

Amplification Master Mix Calculator available online (www.ambion.com/

techlib/append/mm_calcs/illumina_rna_totalprep_amp_calc.php). Peltier Thermal
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Cyclers (PTC-225, MJ Research) were used for the two 2-hour incubations (II.C and

II.D). After step II.F. "In Vitro Transcription to Synthesize cRNA", the samples were

incubated for the full 14 hours at 37°C in a hybridisation oven. The tube tops were

wrapped with parafilm to avoid any loss of material due to evaporation. The final

RNA-containing eluate was aliquotted into three tubes and stored immediately at -

70°C. Approximately lpL, diluted up to 1:5 with nuclease-free water, of the

amplified cRNA was set aside for quantification and quality control using the

Agilent bioanalyzer (see section 2.2.3.3).

2.2.3.3 Quantification and quality control of RNA

Quantification and quality control analysis of the RNA was conducted by Alison
Condie or Helen Torrence at the Wellcome Trust Clinical Research Facility

(WTCRF), Western General Hospital, Edinburgh. The Agilent 2100 bioanalyzer

(Mueller, Hahnenberger et al. 2000) was used in conjunction with the Agilent RNA
6000 Nano kit to determine the quantity and the quality of the total RNA (see section

2.2.3.1) and the cRNA (see section 2.2.3.2). One microliter of the RNA sample was

sufficient for analysis. In order to remain within the limits of quantification for the

Agilent RNA 6000 Nano chip (Quantitative range: 25-500 ng/pL for total RNA and

25-250ng/pL for cRNA), the total RNA and cRNA samples were diluted up to 1:2
and up to 1:5, respectively, with nuclease-free water. The Agilent 2100 Expert
software was used to extract the concentration information and a standardised RNA

quality assessment metric, the RNA Integrity Number (RIN) (Schroeder, Mueller et

al. 2006), and to examine the sample traces for degradation and contamination. For
details of the technology and software, refer to the Agilent user manuals at

www.chem.agilent.com.

2.2.4 Preparation of pooled RNA

One pool of cRNAs was prepared as a control sample for the microarray experiment.

Having determined the concentration of each individual cRNA with the Agilent

bioanalyzer (see section 2.2.3.3), equal amounts (150ng) of each individual cRNA
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sample were combined into one pool. A RAININ edp3 electronic pipette was used
for greater accuracy in aliquotting equal amounts of each cRNA to the pool.

2.2.5 Hybridisation and scanning of lllumina BeadChips at the
Wellcome Trust Clinical Research Facility

The Illumina BeadArray™ platform (Kuhn, Baker et al. 2004) was used for the

whole-genome expression microarray experiment. It is a unique microarray

technology based on randomly assembled arrays of beads, each of which carries

approximately 10? copies of a gene-specific (long oligonucleotide) probe sequence.

Each of these randomly positioned, gene-specific beads is on the array an average of
30 to 40 times, with a very low probability of being included less than five times

(Dunning, Thorne et al. 2006).

Specifically, the Illumina Human-6 version 2 Expression BeadChip was used to

interrogate 48,701 probes, targeting 46,720 genes and known alternative splice
variants from the RefSeq database release 17 and Unigene Build 188, simultaneously
across six samples per BeadChip (www.illumina.com/downloads/GXHuman6-

8v2Datasheet.pdf). Ten microliters of 150ng/pl of each cRNA sample were

submitted to the Genetics Core of the WTCRF. Angie Fawkes at the WTCRF

performed the subsequent steps of hybridisation, washing, blocking and streptavadin-

Cy3 staining, according to the manufacturer's instructions. The Illumina

BeadArrayIM Reader was used to scan the BeadChips, with the Illumina BeadScan
software automatically performing specific image processing steps to determine the
bead intensities from the raw image data (Dunning, Thorne et al. 2006). Briefly, the
bead signals were calculated as weighted averages of the sharpened pixel intensities,
with the local pixel background subtracted. Then, each probe signal was estimated as

the average of its corresponding bead intensities, removing outlier beads with a

median absolute deviation greater than three, as described in (Kuhn, Baker et al.

2004). The resulting image data files (*.dat), along with the Bead Manifest file

(*.csv), which provides annotation for the probes, and the Sentrix Descriptor (*.sdf)
and Content Descriptor (*.xml) files were returned by the CRF. Refer to the
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manufacturer's literature at www.illumina.com for further details of the technology
and software.

2.2.6 Data extraction and analysis

2.2.6.1 Data extraction using lllumina BeadStudio 2.0

The BeadArray™ Reader and BeadScan image data were read and the signal data

generated by the Illumina BeadStudio 2.0 Gene Expression software. The image data
files and the Bead Manifest and Descriptor files returned from the WTCRF (see
section 2.2.5) were uploaded into the BeadStudio package to obtain the raw signal

intensity for each probe, as well as other probe information, including the number of
beads used to calculate signal, the standard deviation of the raw bead intensities and
the detection P-value. The data produced by BeadStudio was then exported for use in
other gene expression analysis programs. Refer to the BeadStudio GX User Guide
for additional information on the software's capabilities.

In addition to BeadStudio, Microsoft8 Office Excel and SPSS" were employed to

format the data files for use in the other microarray analysis software.

2.2.6.2 Data analysis

General descriptive statistics and hypothesis testing, such as analysis of variance

(ANOVA) and the interquartile range (IQR) outlier detection method

(wwwl.hollins.edu/faculty/clarkjm/Statl40/Outliers.htm), on the entire dataset were

performed in MicrosoftOffice Excel. Venn diagrams were created using the online
Venn Diagram Generator (www.pangloss.com/seidel/Protocols/venn.cgi).

Most downstream analyses were performed using the free software environment R

(www.r-project.org) and the R-based open source software for bioinformatics,
Bioconductor ((Gentleman, Carey et al. 2004); www.bioconductor.org). The

packages used are described in the relevant analysis sections.
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2.2.7 Microarray quality control measures

This section describes the direct hybridisation assay, or system, controls built into the
Illumina BeadArray™ Platform, the technical replicates included in the experiment
and the cluster analysis performed to gauge the success of the experiment and the

quality of the data generated.

2.2.7.1 Illumina direct hybridisation assay controls

Six control categories are built into the Illumina BeadArray™ platform: 1) the

housekeeping controls assess the intactness of the biological sample; 2) the negative
controls provide an estimate of the background and noise of the experiment; 3) the

hybridisation controls determine the hybridisation success of the experiment; 4) the
biotin controls assess the success of the biotin labelling and signal generation and 5)
the high stringency hybridisation and 6) low stringency hybridisation controls gauge

the stringency of the hybridisations. Controls 3 to 6 are independent of the RNA

quality and sample preparation, while controls 1 and 2 are sample dependent. Refer
to the appendix of the Illumina Product Manual at www.illumina.com for further
details on these controls. BeadStudio produced a summary report of the experiment's

performance based on these built-in controls.

2.2.7.2 Technical replicates

One cRNA sample, made up of a pool of cRNA samples (see section 2.2.4), was

included once on each BeadChip to evaluate BeadChip-to-BeadChip reproducibility.
Another cRNA sample, prepared from the same harvested cell pellet but different
RNA preparations, was included in triplicate on one BeadChip as a measure of

experimental and within-chip variability or reproducibility. The reproducibility was

assessed using the square of Pearson's correlation coefficient (r ), Spearman's rank

correlation coefficient (p) and the coefficient of variation (CV). These measures
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were applied after pre-processing as well, in order to assess the efficacy of the
transformation and normalisation steps (see section 2.2.9).

2.2.7.3 Cluster analysis for detection of experimental artefacts

Hierarchical cluster analysis was applied to the data for quality control to determine
whether the samples clustered due to experimental variables, such as cell line

preparation batch effects, RNA preparation batch effects, BeadChip or other

potentially confounding factors. Various hierarchical clustering methods exist,

differing in the way in which they measure the distance between pairs of samples and
the distance between clusters. No particular combination of pair-wise and between-
cluster distance measures can be recommended. It depends on the dataset and the

question being asked. Thus, in this study, several of these algorithms were applied to

the dataset, using the IlluminaGUI (Schultze and Eggle 2007), in order to determine
the most suitable clustering method for this dataset. The technical replicates guided
this analysis, as they were expected to cluster together. Once a suitable cluster
method was determined, the R package pvclust (Suzuki and Shimodaira 2006)

(www.is.titech.ac.jp/~shimo/prog/pvclust) was used to create the final dendrogram
and to assess the uncertainty of the clustering results via multisample bootstrap

resampling, as cluster analysis suffers from large sampling error. One thousand

bootstraps were performed on each of five different bootstrap sample sizes (r=0.5,

0.75, 1.0, 1.25 and 1.5, where r is the size of the bootstrap sample relative to the size
of the actual dataset), in order to assess the uncertainty of the clusters. Such multi-
scale resampling, where the data size of the bootstrap samples is altered to several

values, has been shown to be more accurate than regular bootstrapping (Suzuki and
Shimodaira 2006).

2.2.8 Power calculations

Power calculations for the microarray experiment were performed using the

power.multi function for multiple treatment designs from the Bioconductor
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sizepower package (Qiu, Lee et al. 2007). Power curves were drawn for a range of
standard deviations and effect sizes, using the R software environment.

2.2.9 Pre-processing

Pre-processing - the steps taken to prepare the data for analysis - involved three

steps: (1) variance stabilisation; (2) normalisation and (3) data filtering. The
Bioconductor package, lumi (www.basic.northwestern.edu/projects/lumi), created

specifically for the Illumina BeadArray™ platform, was used for pre-processing the

BeadArray data. Variance stabilisation, which aims to make the variance across the

sample more constant (i.e. to reduce the heteroskedacity), was accomplished using
the Variance Stabilization Transformation (lumi-vst) function, which is a generalised

log transformation determined by directly modelling the mean-variance relationship
of the bead intensities (Lin, Du et al. 2008). The normalisation step, which was also

completed using lumi, aims to remove or reduce the systematic, non-biological bias
incurred by the experimental process. The Robust Spline Normalization (lumi-rsn)
method was applied to the data. The lumi-rsn method was created to be used in

conjuction with the lumi-vst method, taking advantage of the Illumina platform

technology (www.bioconductor.org/packages/2.1/bioc/vignettes/lumi/inst/doc/

Bioc2007_lumi_presentation.pdf).

Finally, the data was filtered in two ways: First, any probes that were not

significantly expressed above background were removed. This was determined using
the Illumina BeadStudio detection P-value. The detection P-value associated with

each probe is automatically calculated by the BeadStudio software for individual and

multiple samples using a non-parametric method that ranks the signal of the probe of
interest relative to that of the negative control. It is interpreted as the probability that
the observed signal is no greater than the background, given the amount of noise in
the data. The background and noise were estimated from the Illumina built-in

negative probes (section 2.2.7.1).

Chapter 2 54



Second, the probes were filtered based on fold-change. For the relevant pair-wise

comparisons, only the probes that were found to be at least 1.3-fold over or under-

expressed were kept to test for differential expression. A 1.3-fold cut-off was

selected because that is the sensitivity offered by the Illumina platform

(www.illumina.com/downloads/GXHuman6-8v2Datasheet.pdf), and it has also been
used by others to identify differentially expressed genes in psychiatric illness

(Matigian, Windus et al. 2007). Fold-change was determined by taking the

inverse/anti-log2 of the difference between the average normalised values.

2.2.10 Testing for differential expression

The ANOVA model, as implemented in the R package MAANOVA ((Wu, Churchill
et al. 2007); http://research.jax.org/faculty/churchill/software/Rmaanova/index.html)
was used to test the probes for differential expression, including main or fixed

effects, random effects and covariates, where necessary. The Fs statistic, which
makes no assumptions about the distribution of variances, but borrows information
across the probes tested to determine the variance, was used as the test statistic (Cui,

Hwang et al. 2005). Potential random effects and covariates to be included in the
model were first tested for significance before including them in the model. The false

discovery rate (FDR) value for each probe was also determined with the
MAANOVA adjPval function. The Benjamini and Hochberg step-up procedure

(Benjamini and Hochberg 1995) was the method used for the FDR estimation.
Probes were declared significant at the nominal Fs P-value threshold of 0.05.

2.2.11 Differentially expressed genes: primary annotation,
gene ontology and relevance to psychiatric illness

2.2.11.1 Primary annotation

The primary annotation of the differentially expressed probes involved identifying
the National Center for Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov)
accession number, official gene symbol, gene name, Entrez identifier (GenelD)

((Maglott, Ostell et al. 2007); www.ncbi.nlm.nih.gov/entrez) and map location of the

targeted gene. First, the Bioconductor Illumina Sentrix Human-6 version 2
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annotation data package (IumiHumanV2 1.2.0), assembled on the 27th of March

2007, using data from the NCBI public data repositories, was used to map each
Illumina probe ID to its corresponding accession number, gene symbol, gene name,

Entrez GenelD and map location via the nucleotide universal identifier (nuID) (Du,
Kibbe et al. 2007). The nuID is a unique, non-degenerate encoding method based

solely on the probe sequence. It was developed to avoid the ambiguity and

potentially misidentification of genes hybridising to a particular probe between
different versions of chips or across different chip manufacturers. While each of the

48,701 probes on the Human-6 v2 BeadChip mapped to an accession number (Table

2.5), the number of probes otherwise annotated by the lumiHumanV2 annotation

package depended on the extent of available information for each transcript.

Annotation type lumi command = of mappings
Accession Number lumiHumanV2ACCNUM 48701
Entrez GenelD lumiHumanV2ENTREZID 28441

Gene Name lurniHumanV2GENENAME 23859

Map lumiHumanV2MAP 27734

Gene Symbol lumiHumanV2SYMBOL 28441

Total number of probes 48701

Table 2.5. Quality control information for the lumiHumanV2 1.2.0 annotation data
package. The table shows the number of probes mapped to the specified annotation
information for this annotation package, which was built on Thu Mar 29 02:25:22 2007. The
total number of probes on the Human-6 version 2 BeadChip was 48,701. The actual
mappings from the 48,701 nulDs to the relevant annotation type were obtained using the
specified lumi commands. This quality control information was obtained when calling the
lumiHumanV2 function in the R environment.
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Further annotation was performed manually, querying the NCBI databases with the
accession number to identify the relevant information. If no relevant annotation
information was available for a particular probe, the nucleotide sequence identified
with the accession number was used to search all assemblies of the human genome

sequence using the Basic Local Alignment Search Tool (BLAST, (Altschul, Gish et

al. 1990)) in NCBI. Specifically, the megaBLAST program, which uses a greedy

algorithm (Zhang, Schwartz et al. 2000) to compare highly related sequences, was

applied with the default parameters. The top hit was assumed to be the intended gene

target. If no gene was hit directly, then the nearest flanking gene was assumed to be
the intended target. For each gene with an Entrez GenelD number, the Entrez gene

database was queried for relevant functional information provided in the Entrez

Summary, GeneRIF (Gene Reference Into Function) and/or the conserved protein
domains of the gene's product. Information about the protein domains identified was

obtained from the PFAM website ((Finn, Mistry et al. 2006);

http://pfam.sanger.ac.uk).

2.2.11.2 Previous genetic evidence for relevance to psychiatric
illness

In order to determine whether each gene or its chromosomal location (map) had

previously shown to be associated or linked to bipolar disorder (BP), recurrent major

depression (RMD) and/or schizophrenia (SCZ), a number of recent reviews on the

genetics of these disorders was examined (McGuffin 2004; Craddock, O'Donovan et

al. 2005; Craddock and Forty 2006; Levinson 2006; Ross, Margolis et al. 2006;

Farmer, Elkin et al. 2007; Harvey, Belleau et al. 2007; Kato 2007; Serretti and
Mandelli 2008). In addition, a number of recent expression studies of BP and SCZ
were inspected in search for genes identified as differentially expressed in this study.

In addition, Chris Carter's Polygenic Signalling Pathways website

(www.polygenicpathways.co.uk) was searched, using the available GOOGLE™
search engine, for each gene and its chromosomal location. This website, which was
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originally based on reviews of BP (Carter 2007) and SCZ (Carter 2006) and is

updated regularly, contains lists of genes positively associated with BP or SCZ.
Genes are included if they have been shown to be positively associated with BP or

SCZ in at least one study, regardless of the strength of the association or evidence of

replication. The genes are grouped by family in relation to the signalling cascades or

metabolic pathways to which they are known or predicted to belong. The tables also
indicate whether the chromosomal location of the associated gene has been shown to

be linked to either BP or SCZ. To perform the search, each gene was queried by it
official symbol and its gene name. It was noted if the gene was found in any of the
BP or SCZ tables. Similarly, each chromosomal locus, specifically the gene's

cytogenetic band location, was searched, and if a hit was obtained in either, or both,
of the BP or SCZ tables, the tables were searched for the locus to ensure that

evidence of their linkage to BP or SCZ was noted.

2.2.11.3 Gene ontology analysis

The web-based GOTreeMachine (GOTM) ((Zhang, Schmoyer et al. 2004);

http://bioinfo.vanderbilt.edu/gotm) was used to analyse and help interpret the lists of

differentially expressed genes identified, based on Gene Ontology (GO, (Ashburner,
Ball et al. 2000)). GO is a precisely defined, hierarchically-structured, common,

controlled vocabulary of terms relating to molecular function (the activities of a gene

product), biological process (a commonly recognised set of molecular functions) or

cell components (where the gene product acts). It was developed by the GO
Consortium (www.geneontology.org) for use when describing the roles of genes and

proteins in cells. The Entrez GenelD, which is the same as the Locus Link ID

(Maglott, Ostell et al. 2007), was used as the input identifier for the GOTM analysis.
A reference gene set analysis was performed in order to identify statistically enriched
GO categories (P-value < 0.01), as determined by the hypergeometric test (Zhang,

Schmoyer et al. 2004). A file containing the available Entrex GenelDs of the probes
identified as significantly differentially expressed was uploaded as the "interesting

gene set" file, and a file containing the available Entrez GenelDs of the probes found
to be significantly expressed above background in the lymphoblastoid cell lines in
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this experiment (see section 2.2.9) was uploaded as the "reference gene set". Entrez
GenelDs for the reference gene set file were obtained using both the Bioconductor
lumiHumanV2 annotation package (as described in section 2.2.11.1) and the Bead
Manifest file (see section 2.2.5) provided by Illumina for the Human-6 version 2

BeadChip. Entrez GenelDs were available for approximately 93% of the probes.
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Chapter Three

Association analysis of the chromosome 4p-located
G protein-coupled receptor (GPR78) gene in bipolar

disorder and schizophrenia in a Scottish sample
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3 Association analysis of the chromosome 4p-located G
protein-coupled receptor (GPR78) gene in bipolar disorder
and schizophrenia in a Scottish sample

3.1 Introduction

The orphan G protein-coupled receptor (GPR78) gene was selected for genetic

analysis by a former PhD student, Dr. Sarah Underwood (SU), prior to the
commencement of my PhD. Thus, in addition to providing the motivation and

background to this study, the introduction to this chapter summarises the work
carried out by SU as part of her PhD (Underwood 2004), which resulted in the initial
GPR78 dataset that I analysed. The work described in this chapter has been

published in Molecular Psychiatry (Underwood, Christoforou et al. 2006) (included
in Appendix III).

3.1.1 Background and motivation

GPR78 was selected as a candidate gene for bipolar disorder (BP) and schizophrenia

(SCZ) on account of its chromosomal location and predicted function. As detailed in
section 1.3, several independent linkage studies have identified chromosome 4pl5-

pl6 as a putative region of susceptibility for BP and SCZ. Previously, Blackwood
and co-workers reported a maximum multi-point LOD score of 4.8 in a large Scottish

pedigree (F22) multiply affected with BP (Blackwood, He et al. 1996). Subsequent

haplotype analysis of the F22 family and three other 4p-linked families (F48 (Detera-

Wadleigh, Badner et al. 1999), F50 (Asherson, Mant et al. 1998) and F59

(Blackwood, He et al. 1996)) defined the linked haplotypes in the families and
dissected the linkage region into four sub-regions (A-D) (see Figure 3.1; adapted
from Le Hellard, Lee et al. (2007)), based on the overlapping linkage evidence from
the families. The GPR78 gene maps to the telomeric end of Region B (red bar in

Figure 3.1), linkage to which has been shown in the three families (Scottish F22 and
F59 and Welsh F50) of Celtic descent (Figure 3.1).
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Chromosome 4 4p-linked Families
F22 F59 F50 F48

Coordinates

(NCBI Bid. 36)

6,566,672

8,575,191
Region A

Region B

12,358,518

Region C

21,926,091

Region D

26,279,795

Figure 3.1. The overlap between the chromosome 4p-linked regions that segregate
with illness in the four families and GPR78. On the left is a diagram of the cytogenetic
bands of chromosome 4, with the approximate position of the 19.8Mb chromosome 4p-
linkage region indicated by the thick black vertical line, leading to an expanded view of the
overlapping linkage regions detected in the four 4p-linked families. The sizes (in Mb) refer to
the genomic distances between the horizontal lines, which dissect the F22 linkage region
into four sub-regions, A-D, each of which shows linkage in at least one other family. The
genomic coordinates (NCBI, Build 36) of each region is shown above each horizontal line.
The illnesses observed in the families are indicated on the figure as follows: "AFD", BP and
recurrent major depression (RMD); "SCZAFF", schizoaffective disorder and SCZ and
"SCZAFD", BP, RMD, SCZ and others. The approximate location of GPR78 is indicated by a
red bar (not drawn to scale) at the telomeric end of Region B. (Adapted with permission from
Le Hellard, Lee etal. (2007).)
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As a member of the G protein-coupled receptor (GPCR) family, GPR78 is also a

strong functional candidate for psychiatric illness. The GPCR family is the largest of
the cell surface receptor families and is critical in many signalling pathways that
have relatively recently emerged as likely to play a critical role in the

pathophysiology of mood disorders (Coyle and Duman 2003; Bachmann, Schloesser
et al. 2005). Several GPCRs have already been implicated in the pathophysiology of

psychiatric illness (Gonzalez-Maeso, Rodriguez-Puertas et al. 2002; Gould and

Manji 2002; Thomson, Wray et al. 2005).

GPR78 was identified by virtue of its homology to orphan GPR26, which was

identified in human and rat (Lee, Lynch et al. 2000; Lee, Nguyen et al. 2001). The
GPR78 gene is approximately 6.5 kb long, encodes a 363 amino acid protein and has
three exons, which give rise to the classic seven transmembrane domain (TMD)

receptor structure of G protein-coupled receptors, with an extracellular N-terminus
and an intracellular C terminus (Figure 3.2). The GPR78 protein shares highest

sequence identity with GPR26 (49% overall and 56% in the TMD regions). The two

orphan GPCRs have a similar intron-exon structure and a similar protein structure

with a short amino terminus, no asparagine-linked extra cellular glycosylation site
and cationic arginine and lysine residues in TMD 6 and 7, respectively (Lee, Lynch
et al. 2000). Their overall structural homology suggests that they may encode

receptors that bind to a common endogenous ligand, although no ligand has been
identified for either of the two GPCRs (Lee, Lynch et al. 2000; Lee, Nguyen et al.

2001).
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Figure 3.2. The GPR78 gene and the SNPs identified in the chromosome 4p-linked
family members. The seven transmembrane domains (top, black boxes) and extracellular
N-terminal (NH2) and intracellular C-terminal (COOH) domains arise from the three exons
(bottom, white boxes, numbered 1-3). The black bars beneath the exons show the regions
screened for polymorphisms using DNA from the linked families. The relative positions of the
23 SNPs identified are indicated by the arrows. The numbering of the SNPs corresponds to
the SNP number in Table 3.1. (Reproduced, with permission, from Underwood (2004).)
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GPR26 expression has been observed in the human fetal brain, with a marked
decreased in primary human gliomas, suggesting that it could be a suppressor of

primary glioblastoma (a malignant brain tumour) development (Boulay, Maier et al.

2003). GPR78 mRNA is primarily expressed in the pituitary and the placenta (Lee,

Nguyen et al. 2001), consistent with a potential role in the functioning of the

hypothalamic-pituitary-adrenal (HPA) axis and in pregnancy. The HPA axis is
involved in hormone and stress regulation (Herman, Prewitt et al. 1996), and its

dysregulation has been implicated in major affective disorder (Rybakowski and
Twardowska 1999; Pariante and Miller 2001) and SCZ (Altamura, Boin et al. 1999).
The prenatal period is a critical time for the development of systems such as the HPA

axis, and there is evidence that maternal stress increases the likelihood of abnormal

HPA functioning and abnormal responses to stress in the mature offspring

(Weinstock 1997). Other prenatal insults transmitted via the mother, such as maternal
infection or malnutrition, have also been implicated in the pathogenesis of

psychiatric illness (Bromet and Fennig 1999). However, little is understood about the
role of the prenatal environment and the involvement of the HPA axis in the

pathogenesis of psychiatric illness. Recently, it was reported that GPR78 is also

expressed at low levels throughout the human brain, including the hippocampus

(Jones, Nawoschik et al. 2007), which has long been suggested to play a role in the

pathophysiology of psychiatric illness (Knable, Barci et al. 2004). Also, transfection
of HEK293 cells with GPR78 expression vectors resulted in a marked increase (3- to

16-fold) in the basal levels of cAMP (Jones, Nawoschik et al. 2007). The cAMP

pathway has been implicated in psychiatric illness (Stewart, Chen et al. 2001; Millar,
Pickard et al. 2005).

3.1.2 Mutation screening

As a first step in testing the candidacy of GPR78 in the aetiology of psychiatric

illness, SU screened 46 individuals, who were drawn from the four 4p-linked

families, in search of novel polymorphisms in GPR78. The coding regions, splice

sites, approximately 1.2kb of the 5'UTR and approximately 500bp of the 3'UTR of
GPR78 were sequenced, identifying 23 SNPs (Figure 3.2). At the time (February
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2002), none of these SNPs had been described in dbSNP

(www.ncbi.nlm.nih.gov.SNP) (Underwood 2004).

Of the 23 SNPs identified, one was immediately removed from the analysis on

account of its low minor allele frequency (MAF<3%) in the family members (SNP 4
in Figure 3.2). Then, in addition to the 22 SNPs discovered in the family members,
the following three commercial, Applied Biosystems (AB) "Assay on Demand"

(AOD) SNPs, each with a frequency greater than 0.10 in Caucasians (AB MAF data,

www.appliedbiosystems.com), were selected to cover further upstream and
downstream of the GPR78 coding region: SNPs rsl 1736084 and rsl282, located

approximately 8.8kb and 3.0kb, respectively, upstream from the start codon, and
SNP rs3756179, located approximately 3.6kb downstream from the terminating
codon (not shown in Figure 3.2). SU submitted these 25 SNPs for genotyping in 95
control individuals. Nine of these 25 were successfully genotyped and/or deemed
suitable for further analysis (Table 3.1) in 86 control individuals.

It was at this stage, using the genotype data available from these 86 control
individuals on the nine SNPs, that I became involved in the genetic analysis of
GPR78. First, I constructed a custom linkage disequilibrium (LD) map of the region
and selected haplotype tagging SNPs (htSNPs) that best represented the variation in
the region. Then, I performed a case-control association analysis in a sample of 408

BP, 415 SCZ and 481 control individuals.
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SNP?

(Fig 3.2>
SNP ID

Chi4
Position

HWE P
MAF

(CTL)
Reason for discarding htSNP ?

AOD rs11736084 8624847 0.94 0.30 snpl
AOD rs1282 8630658 0.49 0.19 snp2
1 rs6447884 8632995 Low genotyping success rate
2 rs4385041 8633106 0.41 0.40
3 rs 17844775 8633134 «0.004 0.14 Failed HWE
4 [ih1651 8633307 ND ND Not qenotyped
5 rs4235270 8633413 Failed primer design
6 rs 17844776 8633642 0.38 0.37
7 rs 17844777 8633756 <<0.004 0.45 Failed HWE
8 rs 17844778 8634212 0.22 0.45 snp3
9 rs9991820 8634989 «0.004 0.38 Failed HWE
10 rs 10000720 8634995 Failed Assay
11 rs3115388 8639529 Failed Assay
12 rs3115387 8639585 Failed Assay
13 rs9685931 8639923 0.52 0.13 snp4
14 rs9683448 8640055 <<0.004 0.16 Failed HWE
15 rs10938724 8640106 Monomorphic
16 rs9799380 8640141 Failed primer design
17 rs9799717 8640163 Failed primer design
18 rs9799807 8640182 0.084 0.12
19 rs9799720 8640248 0.068 0.087 snp5
20 rs9799809 8640316 <<0.004 0.040 Failed HWE
21 rs9799721 8640336 Failed primer design
22 rs17844781 8640377 0.080 0.024 Low MAF
23 rs9799378 8640614 Failed primer design
AOD rs3756179 8643607 0.58 0.30 snp6

Table 3.1. The GPR78 SNPs genotyped in a small sample of control individuals.
Numbering of SNPs corresponds to SNP numbers in Figure 3.2. AOD refers to the 'Assay
On Demand' SNPs selected to cover regions further upstream and downstream of the gene.
A SNP ID (where available, the dbSNP rs number) was provided for each SNP. The position
on chromosome 4 (NCBI Build 36), the Hardy-Weinberg Equilibrium (HWE) test P-value, the
minor allele frequency (MAF) of the SNPs in the control sample and the reason for not
including the SNP in the remainder of the study are also provided. A HWE significance
threshold of P^0.004 (adjusted from 0.05 for the 14 successfully genotyped markers) was
selected to account for testing multiple markers. SNPs that were included in the LD analysis
are highlighted. SNPs selected as haplotype tagging SNPs (ht SNP) (see section 3.2) are
marked in final column with their htSNP number.
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3.2 LD map construction and htSNP selection

In order to select the set of htSNPs that best represented the haplotypic variation in
the region in the Scottish sample under study, while minimizing the genotyping

requirements, I first constructed a custom linkage disequilibrium (LD) map of the
GPR78 region. As previously described in section 1.2.2, LD is the tendency for
alleles at two (or more) loci to co-occur more than is expected by chance (Wall and
Pritchard 2003).

The custom LD map was constructed by uploading the genotype data for the nine
successful SNPs on the 86 control individuals into the Haploview 3.2 software

((Barrett, Fry et al. 2005); www.broad.mit.edu/mpg/haploview). The r LD measure

was automatically calculated between each pair of SNPs and then used to determine
9 • •

the LD block boundaries, r is a pairwise LD metric that measures the statistical

correlation, squared, between two loci, and it is inversely related to the sample size
t 2

required to detect association at a linked locus. Since the r measure is frequency-
• 9

dependent, a high r can only be obtained if the allele frequencies at the two loci are

similar (Wall and Pritchard 2003), making it a stringent measure. In this study, the
LD blocks were constructed manually (that is, not applying an algorithm). To form a

block, SNPs within the block were required to have an r threshold of at least 0.65
with all the other SNPs in the block. This resulted in six LD blocks (Figure 3.3).

Then, the SNPs with the highest MAFs and highest HWE P-values (Table 3.1) were

selected to represent all haplotypes with a frequency greater than five per cent in the
block (Figure 3.3). This resulted in the selection of the following six htSNPs:
rsl 1736084 (snpl), rsl282 (snp2), rsl7844778 (snp3), rs9685931 (snp4), rs9799720

(snp5) and rs3756179 (snp6), at an average density of one SNP per 3.13kb (Table

3.1).
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Figure 3.3. Custom LD map of GPR78. The LD map was constructed using Haploview v3.2
(Barrett, Fry et al. 2005). SNPs included in the analysis are shown at the top of the figure. In
the white bar just beneath SNP names shows the relative position of the SNPs (vertical black
lines) to each other as well as their position relative to the GPR78 gene (exons, coding =
red, noncoding = yellow; black lines = introns). Beneath the SNPs, the LD blocks formed are
outlined by black bars. The values within boxes are the measures of r2 between pairs of
markers. Blocks were constructed based on ^>0.65 threshold. The shading was provided by
Haploview, with darker boxes representing higher revalues. SNPs selected to tag
haplotypes are marked by an asterisk at the top of the figure. For the sake of comparison, in
the bottom right corner is the same map, with the same r-based block boundaries illustrated
in the larger LD map, but showing the |D'| values between SNPs. The darker the red boxes,
the higher the LD. Since r2 depends on allele frequencies, a high |D'| does not imply a high
r2. At the very bottom are the common haplotypes (frequency > 5%) making up the six
blocks, with their frequencies estimated in Haploview and the htSNPs selected to tag these
haplotypes outlined and highlighted in red.
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3.3 Sample

The sample used in this study consisted of 408 BP, 415 SCZ and 481 control
individuals recruited from the general Scottish population, as described in section
2.1.1.2.

3.4 Sample size and power

A priori power calculations were performed to assess whether the available sample
size would provide adequate power (>80%) to detect biologically-plausible effect
sizes (relative risks < 2 (Risch 2000)) for common, complex disorders, such as BP
and SCZ. A sample of approximately 400 cases and 400 controls provides almost
80% power to detect a multiplicative heterozygote relative risk of 1.4, given a risk
allele frequency of 0.40, a Type I error rate (a) of 0.0083 and a population

prevalence (PP) of one per cent. For a risk allele frequency of 0.10, this sample size

provided over 80% to detect a multiplicative heterozygote relative risk of 1.7

(a=0.0083 and PP=1%). An a of 0.0083 was assumed, at this stage, to account for
the six SNPs to be tested, using a straightforward Bonferroni correction (i.e.

0.05/6=0.0083). This, however, was a conservative correction estimate because it
assumed that the markers were completely independent, which was not the case, as

there was LD between the SNPs, as indicated by the r , and |D'|, values in Figure 3.3.
The power calculations were performed using the online Genetic Power Calculator

((Purcell, Cherny et al. 2003); http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html).

3.5 Genotyping and quality control

The six haplotype-tagging SNPs were selected for genotyping in 1304 unrelated

samples (408 BP, 415 SCZ and 481 controls) by the TaqMan® method at the
Genetics Core of the Wellcome Trust Clinical Research Facility (WTCRF). The full

dataset, including sample IDs, information on gender and genotypes was sent to

Stewart Morris (SM) to perform a series of quality control checks, data cleaning and
data formatting. In particular, SM checked that there were no discrepancies in
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genotypes between known duplicate samples and no positive results from the
blank/water samples. He then matched the sample IDs to the most recent diagnosis
information. Some samples were removed from the dataset, as advised by a

psychiatrist (Professor Douglas Blackwood), due to changes, or uncertainties, in the

original diagnosis. This resulted in a dataset containing the most up-to-date and
accurate clinical diagnoses. Finally, SM formatted the dataset for direct input into Dr.
Naomi Wray's (NW) Fortran program, BasicAS (for Basic Association analysis),
which required the following ordered information to run: sample ID, gender,

diagnosis (BP, SCZ or control) and genotype (allele 1, allele 2). I received the full
dataset at this point and performed all subsequent analyses.

Using functions available in BasicAS, additional quality control measures were

applied. First, any sample with less than or equal to 50% genotyping success rate (ie.
>3 missing genotypes) was removed from the dataset, as it was assumed to be of

poor DNA quality. This resulted in SNP genotype data for 1239 individuals (Table

3.2) - approximately 95% of the original sample size. I then examined the markers
for deviations from Hardy-Weinberg Equilibrium (HWE) in the sample of control

individuals, using the standard x test of independence, as implemented in BasicAS,
to test for evidence of systematic errors in genotyping. The assumption is that in a

large enough randomly mating population, not subject to evolutionary phenomena,
such as selection, mutation or migration, that can disrupt allele frequencies, the

frequency of genotypes for individuals markers should be in HWE (Sham 1998).

Otherwise, deviations from HWE could indicate genotype errors (Hosking, Lumsden
et al. 2004). In this study, all six markers met HWE in the controls at the adjusted
HW threshold of 0.004 (as in the small cohort of controls, see section 3.1.2) (lowest
HWE P=0.048, Table 3.3). The average genotype success rate was 97.5%, ranging
from 94.3% to 99.1% (Table 3.3).
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BP SCZ Control Total

Male 163 280 244 687
Female 214 112 223 549
Unknown 3 3
Total 377 392 470 1239

Table 3.2. GPR78 association sample demographics. Breakdown by diagnosis and
gender of the samples successfully genotyped and available for analysis in this study.
Abbreviations: BP, bipolar disorder; SCZ, schizophrenia.

htSNP # SNP ID
Chr4

Position
HW P-value

(CTL. MF)
HW P-value

(CTL, M)
HW P-value

(CTL, F)
Genotype

Success Rate

snpl rs11736084 8624847 0.50 0.95 0.31 98.50%

snp2 rs1282 8630658 0.96 0.75 0.58 99.10%

snp3 rs 17844778 8634212 0.84 0.75 0.57 94.30%

snp4 rs9685931 8639923 0.31 0.63 0.33 97.10%

snp5 rs9799720 8640248 0.58 0.88 0.50 97.60%

snp6 rs3756179 8643607 0.18 0.048 0.91 98.50%

Table 3.3. Genotype quality control measures. Organised by htSNP number, this table
includes the SNP ID (rs#), the position on chromosome 4 (NCBI Build 36), the HWE P-
values for control in the entire sample and in males and females separately, with the lowest
P-value in bold and the genotype success rate at each locus.

Chapter 3 72



3.6 Association analysis

This section describes the results of the association analysis performed on GPR78 in
the Scottish sample described above. Association analysis aims to identify patterns of
variation that systematically differ between cases and controls (Balding 2006).

Historically, it has been applied following linkage analysis to narrow down a linkage

region. Both single-marker and multi-marker analyses were performed. Since linkage
to chromosome 4p has been observed in families affected with SCZ (e.g. F48 and

F50) as well as BP (e.g. F22 and F59) and overlapping clinical, epidemiological and

genetic findings have been reported between the two disorders (Van Den Bogaert,
Del-Favero et al. 2006), I tested the hypotheses that GPR78 may be involved in the

pathogenesis of BP, SCZ or both BP and SCZ. Similarly, owing to evidence of
differences between males and females in the manifestation of psychiatric illness

(Holden 2005) and from findings of sex-specific association in the analysis of other
candidate genes, such as CREB1 (Zubenko, Hughes et al. 2003) and GPR50

(Thomson, Wray et al. 2005), the samples were separated and analysed on the basis
of gender.

3.6.1 Single-marker analysis

Differences in allele and genotype frequencies between cases and controls were

tested using the standard x" test of independence, or Fisher's Exact test (for cell
counts less than 5). Table 3.4 shows the results of the single-marker analysis for all
six SNPs.

Chapter 3 73



Marker Allele HWE

P -value

P -value

(zr>

Genotype P -value

(Xi5)Groii|> Allele 1 <%) Allele ? <%) 11 <%) 12 (%) 22 (%)

rs117360»4

All individuals C T CC CT TT

BP 513(68.8) 233 (31.2) 0.93 0.28 176 (47.2) 161 (43.2) 36 (9.6) 0.50

SCZ 527 (68.3) 245 (31.7) 0.33 0.38 184 (47.7) 159 (41.2) 43 (11.1) 0.67

All Affected 1040 (68.5) 478 (31.5) 0.53 0.25 360 (47.4) 320 (42.2) 79 (10.4) 0.52

Controls 603 (66.3) 307 (33.7) 0.50 203 (44.6) 197 (43.3) 55 (12.1)

Male C T CC CT TT

BP 219(68.0) 103 (32.0) 0.86 0.66 74 (46.0) 71 (44.1) 16(9.9) 0.90

SCZ 368 (66.7) 184 (33.3) 0.37 0.96 126 (45.7) 116(42.0) 34 (12.3) 0.85

All Affected 587 (67.2) 287 (32.8) 0.53 0.81 200 (45.8) 187 (42.8) 50 (11.4) 0.92

Controls 318(66.5) 160 (33.5) 0.95 106 (44.4) 106 (44.4) 27 (11.3)

Female C T CC CT TT

BP 294 (69.3) 130 (30.7) 0.98 0.29 102 (48.1) 90 (42.5) 20 (9.4) 0.47

SCZ 159 (72.3) 61 (27.7) 0.80 0.10 58 (52.7) 43 (39.1) 9(8.2) 0.28

All Affected 453 (70.3) 191 (29.7) 0.86 0.13 160 (49.7) 133 (41.3) 29 (9.0) 0.27

Controls 281 (66.0) 145 (34.0) 0.31 96 (45.1) 89 (41.8) 28 (13.1)

rs1292

All individuals C T CC CT TT

BP 614 (83.2) 124 (16.8) 0.34 0.26 258 (69.9) 98 (26.6) 13(3.5) 0.42

SCZ 638 (81.6) 144 (18.4) 0.21 0.044 264 (67.5) 110(28.1) 17 (4.4) 0.10

All Affected 1252 (82.4) 268 (17.6) 0.11 0.067 522 (68.7) 208 (27.4) 30 (3.9) 0.14

Controls 789 (85.2) 137 (14.8) 0.96 336 (72.6) 117(25.3) 10(2.1)

Male C T CC CT TT

BP 265 (83.3) 53 (16.7) 0.74 0.88 111 (69.8) 43 (27.0) 5(3.1) 0.99

SCZ 462 (82.5) 98 (17.5) 0.86 0.59 191 (68.2) 80 (28.6) 9 (3.2) 0.86

All Affected 727 (82.8) 151 (17.2) 0.73 0.66 302 (68.8) 123 (28.0) 14(3.2) 0.91

Controls 402 (83.8) 78 (16.2) 0.75 169 (70.4) 64 (26.7) 7(2.9)

Female C T CC CT TT

BP 349 (83.1) 71 (16.9) 0.33 0.15 147 (70.0) 55 (26.2) 8(3.8) 0.23

SCZ 176 (79.3) 46 (20.7) 0.062 0.015 73 (65.8) 30 (27.0) 8(7.2) 0.015

All Affected 525 (81.8) 117(18.2) 0.046 0.035 220 (68.5) 85 (26.5) 16 (5.0) 0.054

Controls 381 (86.6) 59 (13.4) 0.58 164 (74.5) 53 (24.1) 3 (1.4)

rs17944779

All individuals A C AA AC CC

BP 455 (64.4) 251 (35.6) 0.43 0.57 150 (42.5) 155 (43.9) 48 (13.6) 0.77

SCZ 469 (62.9) 277 (37.1) 0.75 0.93 146 (39.1) 177 (47.5) 50 (13.4) 0.93

All Affected 924 (63.6) 528 (36.4) 0.75 0.78 296 (40.8) 332 (45.7) 98 (13.5) 0.96

Controls 555 (63.1) 325 (36.9) 0.84 176 (40.0) 203 (46.1) 61 (13.9)

Male A C AA AC CC

BP 189 (61.8) 117 (38.2) 0.58 0.78 60 (39.2) 69 (45.1) 24 (15.7) 0.79

SCZ 333 (62.6) 199 (37.4) 0.84 0.55 105 (39.5) 123 (46.2) 38 (14.3) 0.78

All Affected 522 (62.3) 316(37.7) 0.62 0.59 165 (39.4) 192 (45.8) 62 (14.8) 0.74

Controls 277 (60.7) 179 (39.3) 0.75 83 (36.4) 111 (48 7) 34 (14.9)

Female A C AA AC CC

BP 266 (66.5) 134 (33.5) 0.62 0.72 90 (45.0) 86 (43.0) 24 (12.0) 0.94

SCZ 136 (63.6) 78 (36.4) 0.36 0.66 41 (38.3) 54 (50.5) 12 (11.2) 0.50

All Affected 402 (65.5) 212(34.5) 0.88 0.96 131 (42.7) 140 (45.6) 36 (11.7) 0.87

Controls 273 (65.3) 145 (34.7) 0.57 91 (43.5) 91 (43.5) 27 (12.9)

Table 3.4. Results of single-marker analysis for all six SNPs. Continued on the next
page.

Chapter 3 74



M.iiker Allele HWE

P -value

P -value

(x.h
Genotype P -value

(X:T|Group Allele 1 (°v»> Allele ? (%> 11 <%> 12 (%> 22 (%)

r*968593f

All individuals A G AA AG GG

BP 71 (9.8) 655 (90.2) 0.14 0.42 1 (0.3) 69 (19.0) 293 (80.7) 0.13

SCZ 69 (8.9) 703 (91.9) 0.50 0.82 2 (0.5) 65 (16.8) 319(82.6) 0.50

All Affected 140 (9.3) 1358 (90.7) 0.13 0.55 3 (0.4) 134 (17.9) 612(81.7) 0.16

Controls 77 (8.6) 817 (91.4) 0.31 5(1.1) 67 (15.0) 375 (83.9)

Male A G AA AG GG

BP 32 (10.1) 286 (89.9) 0.16 0.29 0 (0.0) 32 (20.1) 127 (79.9) 0.13

SCZ 54 (9.8) 496 (90.2) 0.26 0.29 1 (0.4) 52 (18.9) 222 (80.7) 0.28

All Affected 86 (9.9) 782 (90.1) 0.080 0.23 1 (0.2) 84 (19.4) 349 (80.4) 0.10

Controls 37 (7.9) 431 (92.1) 0.63 2 (0.9) 33 (14.1) 199 (85.0)

Female A G AA AG GG

BP 39 (9.6) 369 (90.4) 0.48 0.89 1 (0.5) 37 (18.1) 166 (81.4) 0.52

SCZ 15(6.8) 207 (93.2) 0.46 0.27 1 (0.9) 13(11.7) 97 (87.4) 0.60

All Affected 54 (8.6) 576 (91.4) 0.82 0.69 2 (0.6) 50 (15.9) 263 (83.5) 0.68

Controls 39 (9.3) 381 (90.7) 0.33 3 (1.4) 33 (15.7) 174 (82.9)

rs9799720

All individuals C G CC CG GG

BP 665 (89.6) 77 (10.4) 0.10 0.56 295 (79.5) 75 (20.2) 1 (0.3) 0.19

SCZ 711 (91.2) 69 (8.8) 0.20 0.64 322 (82.6) 67 (17.2) 1 (0.3) 0.38

All Affected 1376 (90.4) 146 (9.6) 0.037 0.94 617(81.1) 142 (18.7) 2 (0.3) 0.14

Controls 800 (90.5) 84 (9.5) 0.58 363 (82.1) 74 (16.7) 5(1.1)

Male C G CC CG GG

BP 286 (89.9) 32 (10.1) 0.16 0.58 127 (79.9) 32 (20.1) 0 (0.0) 0.38

SCZ 500 (89.9) 56 (10.1) 0.23 0.52 223 (80.2) 54 (19.4) 1 (0.4) 0.46

All Affected 786 (89.9) 88 (10.1) 0.070 0.48 350 (80.1) 86 (19.7) 1 (0.2) 0.20

Controls 421 (91.1) 41 (8.9) 0.88 192 (83.1) 37 (16.0) 2 (0.9)

Female C G CC CG GG

BP 379 (89.4) 45 (10.6) 0.32 0.81 168 (79.2) 43 (20.3) 1 (0.5) 0.46

SCZ 211 (94.2) 13 (5.8) 0.51 0.064 99 (88.4) 13 (11.6) 0 (0.0) 0.17

All Affected 590 (91.0) 58 (9.0) 0.28 0.53 267 (82.4) 56 (17.3) 1 (0.3) 0.43

Controls 374 (89.9) 42 (10.1) 0.50 169 (81.2) 36 (17.3) 3 (1.4)

rs3756179

All individuals C T CC CT TT

BP 237 (32.1) 501 (67.9) 0.99 0.60 38 (10.3) 161 (43.6) 170 (46 .1) 0.59

SCZ 242 (31.2) 534 (68.8) 0.21 0.35 43 (11.1) 156 (40.2) 189 (48.7) 0.66

All Affected 479 (31.6) 1035 (68.4) 0.38 0.39 81 (10.7) 317 (41.9) 359 (47.4) 0.62

Controls 304 (33.3) 608 (66.7) 0.18 57 (12.5) 190 (41.7) 209 (45.8)

Male C T CC CT TT

BP 96 (30.4) 220 (69.6) 0.33 0.62 12(7.6) 72 (45.6) 74 (46.8) 0.13

SCZ 165 (29.8) 389 (70.2) 0.20 0.43 29 (10.5) 107 (38.6) 141 (50.9) 0.65

All Affected 261 (30.0) 609 (70.0) 0.67 043 41 (9.4) 179 (41.1) 215(49.4) 0.32

Controls 152 (32.1) 322 (67 .9) 0.040 31 (13.1) 90 (38.0) 116(48.9)

Female C T CC CT TT

BP 141 (33.4) 281 (66.6) 0.45 0.64 26 (12.3) 89 (42.2) 96 (45.5) 0.74

SCZ 77 (34.7) 145 (65.3) 0.79 0.95 14 (12.6) 49 (44.1) 48 (43.2) 0.96

All Affected 218(33.9) 426 (66.1) 0.44 0.71 40 (12.4) 138 (42.9) 144 (44.7) 0.79

Controls 151 (35.0) 281 (65.0) 0.91 26 (12.0) 99 (45.8) 91 (42.1)

Table 3.4. Results of single-marker analysis for all six SNPs. The legend is on the next
page.
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Table 3.4. Results of single-marker analysis for all six SNPs. Allele and genotype counts
and frequencies and P-values for the x test of independence (or Fisher's Exact Test) for all
six SNPs, based on the entire sample and separated on the basis of diagnosis and/or
gender. Significant P-values (P<0.05) are bold and highlighted in yellow. P-values for the test
of Hardy-Weinberg Equilibrium (HWE) are also shown, with those with P<0.05 in bold.
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Marginally significant allelic association was detected between snp2 (rsl282) and
SCZ (P=0.044), with the affected individuals carrying the T allele more frequently
than the controls (odds ratio (ORj/c) = 1.3, 95% CI: 1.0-1.7) (Table 3.5). Only a

trend toward significance (P<0.10) was detected between snp2 and SCZ at the

genotype level. When restricting the allele and genotype frequency analysis to the
female sample, a stronger association was detected between snp2 and SCZ (allele

P=0.015; genotype P=0.015), with the female SCZ individuals more frequently

carrying the T allele (ORj/c= 1.7, 95% CI: 1.1-2.6) and the TT genotype (Table 3.5).
A pair-wise comparison of the genotypic ORs supported a recessive mode of

inheritance, with the TT genotype incurring a significant increase in risk over the CC

genotype (ORtt/cc = 6.0, 95% CI: 1.5-23.2; Z-test P=0.005) and the CT genotype

(ORTT/ct= 4.7, 95% CI: 1.2-19.1; Z-test P=0.015), while the OR of the CT genotype

was not significantly different from that of CC (Z-test P=0.19) (Table 3.5). When

formally tested (TT vs. CC+CT), using the X test, an even stronger association
between SNP rsl282 and the SCZ female sample was observed (genotype P=0.005;

OR=5.6, 95% CI: 1.5-21.6).

Marginally significant association of snp2 was also detected in the analysis of all
affected females (allele P=0.035; genotype P=0.054), which was most likely a result
of the strong association in the SCZ female sample; although, there was an increase
in OR in BP females (OR=1.3, 95% CI: 0.9-1.9), as in SCZ females, that may not

have reached significance due to the small sample size (Table 3.4). No single-marker
association was detected with any other SNP, in the males or in the individuals with
BP (Table 3.4).
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SNPrs1282
Allele1(%)
Allele2(%)
P-value(xi2)
ORT,C(95%CI)
11(%)

12(%)

22(%)

P-value(xa2)
ornycc(95%CI)
orct/cc(95%CI)
ORtt/ct(95%CI)

Allindividuals
C

T

CC

CT

TT

BPAD

614(83.2)
124(16.8)

0.26

1.2(0.9-1.5)
258(69.9)
98(26.6)
13(3.5)

0.42

1.7(0.7-3.9)

1.1(0.8-1.5)

1.6(0.7-3.7)

SCZ

638(81.6)
144(18.4)

0.044

1.3(1.0-1.7)
264(67.5)
110(28.1)
17(4.4)

0.099

2.2(1.0-4.8)

1.2(0.9-1.6)

1.8(0.8-4.1)

ALLCASES
1252(82.4)
268(17.6)

0.067

1.2(1.0-1.5)
522(68.7)
208(27.4)
30(3.9)

0.14

1.9(0.9-4.0)

1.1(0.9-1.5)

1.7(0.8-3.6)

Controls

789(85.2)
137(14.8)

336(72.6)
117(25.3)
10(2.1)

Male

C

T

CC

CT

TT

BPAD

265(83.3)

53(16.7)

0.88

1.0(0.7-1.5)
111(69.8)
43(27.0)
5(3.1)

0.99

1.1(0.3-3.5)

1.0(0.6-1.6)

1.1(0.3-3.6)

SCZ

462(82.5)

98(17.5)

0.59

1.1(D.8-1.5)
191(68.2)
80(28.6)
9(3.2)

0.86

1.1(0.5-3.1)

1.1(0.8-1.6)

1.0(04-2.9)

ALLCASES
727(82.8)
151(17.2)

0.66

1.1(0.8-1.4)
302(68.8)
123(28.0)
14(3.2)

0.91

1.1(0.4-2.8)

1.1(0.8-1.5)

1.0(0.4-2.7)

Controls

402(83.8)

78(16.2)

169(70.4)
64(26.7)
7(2.9)

Female

C

T

CC

CT

TT

BPAD

349(83.1)

71(16.9)

0.15

1.3(0.9-1.9)
147(70.0)
55(26.2)
8(3.8)

0.23

3.0(0.8-11.4)

1.2(0.7-1.8)

2.6(0.6-10.2)

SCZ

176(79.3)
46(20.7)

0.015

1.7(1.1-2.6)
73(65.8)
30(27.0)
8(7.2)

0.015

6.0(1.5-23.2)

1.3(0.8-2.2)

4.7(1.2-19.1)

ALLCASES
525(81.8)
117(18.2)

0.035

1.4(1.0-2.0)
220(68.5)
85(26.5)
16(5.0)

0.054

4.0(1.1-13.9)

1.2(0.8-1.8)

3.3(0.9-12.0)

Controls

381(86.6)

59(13.4)

164(74.5)
53(24.1)
3(1.4)

Table3.5.Allele,genotypeandoddsratioanalysisofSNPrs1282inallsubgroups.Columnsincludethecountsoftheallelesandgenotypeswith percentagesinparentheses.Significancewasassessedwithxtestofindependence,orFisher'sexacttest,anddeclaredatanominalP-valueof0.05 (boldandhighlightedyellow).Oddratios(OR)areshownrelativetotheCalleleforallelesandtheCCorCTgenotypeforgenotypes(asspecified), alongwiththeir95%confidenceinterval(CI)inparentheses.ORsweredeclaredsignificantiftheir95%CIsdidnotcrossOR=1.0(boldandhighlighted), whichcorrespondedtoaZ-testP-valueoflessthanorequalto0.05.
oo



3.6.2 Multi-locus analyses

Single-marker analysis, as performed above, is known to be most powerful when the
causal functional variant itself has been genotyped, or if the causal functional variant
is in perfect LD (r2=l) with one of the genotyped SNPs. Since little is known with

certainty about the pathophysiology of BP and SCZ, let alone the involvement of
GPR78 in these illnesses, it is impossible to predict the identity and/or location of the
causal variant. Two of the genotyped SNPs, rsl7844778 and rs9685931, are

nonsynonymous coding SNPs, changing the amino acid sequence of the GPR78

protein, and therefore potentially functional. However, neither one of these was

individually significant (section 3.5.1), suggesting that they are unlikely to be the
functional variant. Moreover, since the SNPs were selected using LD-based methods
to tag haplotypes, it was unlikely that the SNPs genotyped were themselves the
causative variant. Instead, it was assumed that these SNPs, either individually or

jointly, would serve as a proxy for the functional variant by virtue of their LD

relationship.

Multi-locus methods involve simultaneously testing multiple markers for association
to disease, and they have been shown to be more powerful than single-marker

analysis in some cases (Akey, Jin et al. 2001; Fallin, Cohen et al. 2001; Zaykin,
Westfall et al. 2002). I applied two types of multi-locus tests to the dataset, each of
which is more powerful under different situations.

3.6.2.1 Unphased multi-locus genotype analysis using a step-wise

logistic regression approach

As this dataset involved a small number of markers, it was suitable for analysis by

step-wise logistic regression, as described by Cordell and Clayton (2002). This
method is useful for determining which loci, or combination of loci, have a causal
role in the disease, and which are merely in LD with, or have modifying effects on,

the primary causative locus. In the logistic regression model, the probability of
disease is a function of the unphased genotypes at the various loci. The effects at one
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locus are tested while accounting for the effects at the other loci, providing a flexible
framework by which to include additional loci and other putative risk factors. Also,

by using unphased genotype data, the uncertainty caused by the haplotype estimation

(see section 3.5.2.2 below) is eliminated and the number of degrees of freedom used
is reduced, potentially increasing the power.

In this study, a logistic regression approach was applied, setting the genotypes

themselves as the independent variables, while also adjusting for the possibly

confounding effects of sex. Since no prior knowledge of the interactions of GPR78
variants and their implication in psychiatric illness exists, there was no basis for

selecting particular interactions to test. Also, the sample size was insufficient to test

all possible interactions. Therefore, only the main effects and the interactions
between the significant main effects were included to avoid over-fitting the model.

The Backwards Wald elimination procedure was used, removing variables from the
model one-by-one on the basis of their Wald statistic (PX3.10). Again, BP and SCZ
were tested individually and in combination. Sex was identified as a significant
variable in both the test of the SCZ individuals (P<0.0005) and the BP individuals

(P=0.010). SNP rsl282 (snp2) was the only SNP that survived the variable selection
in the SCZ model (Wald P=0.066, LRT P=0.065). The test of the interaction
between sex and SNP rsl282 in the SCZ individuals was not significant (P=0.13). A

significant interaction would have supported evidence of a significant difference in
the ORs between males and females at this locus

Since sex was a significant variable in both the BP and SCZ models, the males and
females were analysed separately, as for the single-marker analysis, in the hope of

making the samples more homogeneous. No SNP model emerged as significant in
the analysis of the BP individuals, males or females. However, as observed in the

single-marker analysis, when the analysis was restricted to the females in the SCZ

sample, the significance of the SNP rsl282 increased (Wald P=0.020), with the 'T'
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allele conferring an increased risk in the females (OR = 1.3, 95% CI: 1.0-1.6). When
I tested the recessive model in the SCZ females, the significance of the model with
SNP rsl282 increased further (Wald P=0.007). No other SNP(s) emerged as

significant using the logistic regression approach, suggesting that no subset of the

genotyped variants were working jointly to confer susceptibility to illness in this

sample.

While this approach takes multiple markers into account, like the single-marker

analysis, it is most powerful in situations where the primary etiological variant(s)
have been genotyped (Cordell and Clayton 2002).

3.6.2.2 Haplotype analysis

Haplotype analysis, where the haplotype frequencies are estimated from the data, can

be more powerful than either single-marker or multi-locus logistic regression

analysis if the disease-causing variant is lying on the background of a specific
ancestral haplotype (Cordell and Clayton 2002) or if the causative variant is in higher
LD with a haplotype rather than with a single SNP (Zaykin, Westfall et al. 2002).

Haplotype frequency estimation and analysis was performed using Cocaphase 2.43
from the Unphased suite of programs (Dudbridge 2003). I applied a sliding-window

approach to test all haplotypes of lengths two to six. P-values for both global and
individual tests of haplotype frequencies were calculated. The global test P-value

(Pg) determines the significance of the overall difference in the distribution of
haplotype frequencies between cases and controls. In order to avoid misleading
results caused by multiple rare haplotypes in the global test of the null hypothesis

(Koeleman, Dudbridge et al. 2000), haplotypes with a frequency less than or equal to

5% in both the cases and the controls were designated rare and grouped together. The
P-value from the individual test (Pj) represents the significance of the difference in
case versus control frequency of an individual haplotype when compared to all the
other possible haplotypes in that window.
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Several haplotypes were found to be significant at the nominal significance level of
0.05 at both the global and individual levels in all groups tested. Of the significant

haplotypes, all but one included the significant individual SNP rsl282 (snp2), with
the T allele always affiliated with an increase in the risk of being affected (0R>1)
and the C allele with a decrease in the risk of being affected (0R<1) (Tables 3.6 and

3.7).
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rs11736084 (CP) C C C C C T

rs1282 (CP) C C C C T C T C

ih31 (AfC) C C C C C C C A

rs9685931 (G/A) G G G G G G G

rs9799720(CfG) C C C C C C

rs3756179 (T/C) T T T T C

All M

global P-value 0.30 0.35 0.30 0.043 0.043 0.038 0.038 0.038

permuted P-va/ue 0.091 0.091 0.065* 0.065* 0.065*

individual P-value 0.032 0.055 0.061 0.051 0.049 0.050 0.070 0.027

permuted P-va/ue 0.45 0.70 0.50

OR 0.5 0.6 0.6 0.6 1.2 0.5 1.2 0.5

frequency - cases 0.041 0.038 0.039 0.15 0.14 0.032 0.14 0.049

frequency - controls 0.073 0.066 0.067 0.20 0.098 0.061 0.098 0.092

BP M

global P-value 0.40 0.22 0.20 0.29 0.29 0.22 0.22 0.22

permuted P-vafue
individual P-value 0.062 0.04 0.047 0.39 0.068 0.033 0.081 0.20

permuted P-va/ue 0.48 0.53 0.46

OR 0.5 0.4 0.4 1.4 0.3 1.3

frequency - cases 0.036 0.028 0.029 0.15 0.019 0.15

frequency - controls 0.073 0.067 0.068 0.098 0.061 0.098

SCZ M

global P-value 0.52 0.58 0.54 0.042 0.042 0.031 0.031 0.031

permuted P-va/ue 0.11 0.11 0.052* 0.052* 0.052*

individual P-value 0.070 0.15 0.15 0.033 0.11 0.12 0.15 0.019

permuted P-va/ue 0.59 0.40

OR 0.6 0.6 0.4

frequency - cases 0.043 0.13 0.039

frequency - controls 0.073 0.20 0.091

Table 3.7. Significant estimated haplotypes in the male sample. Each column represents
a significant haplotype (global and/or individual P<0.05, highlighted in light yellow). The SNP
names and alleles making up the haplotypes are shown at the top, with SNP rs1282
highlighted in grey. Global and individual test P-values are shown for each haplotype, with
odds ratios and case-control frequencies listed for haplotypes with individual P-values
showing a trend towards significance (P<0.1). Permuted P-values are shown (in italics) for
the most significant global and individual test P-values for each haplotype. For permuted P-
values marked with an *, 10,000 permutations were run, while 1,000 permutations were run
for the rest. Abbreviations: BP, bipolar disorder; SCZ, schizophrenia; All, BP and SCZ; M,
male; OR, odds ratio. The Cocaphase 2.4 software (Dudbridge 2003) was used to estimate
haplotype frequencies and to test for difference between the cases and controls.
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3.6.2.3 Multiple testing correction: single markers and haplotypes

At this stage, with so many tests having been performed and so many potentially

meaningful results emerging, it was critical to assess the significance of these
observed associations. To do this, I ran the permutation analysis option in Cocaphase
to account for the multiple SNPs and haplotypes tested. Cocaphase reassigns, or

shuffles, the case-control status of the individuals, while maintaining the original LD
structure of the SNP genotypes. Cocaphase corrects only the most significant SNP or

haplotype of a particular sliding-window length tested in a sample of cases and
controls. Thus, for example, not all nominally significant haplotypes (uncorrected

P<0.05), will have a permutation corrected P-value. One thousand (or 10,000, where

stated) permutations were performed to correct the single markers and haplotypes
that reached the nominal significance level (P<0.05). In the analysis of the SCZ

females, individual SNP rsl282 only remained significant under the recessive model

(permuted P=0.017). No haplotype in the SCZ females remained significant at either
the global or individual test level after permutation analysis. However, the global test

P-values of two related haplotypes remained significant in both the BP female and all
affected female samples (Table 3.6). These haplotypes were the four-SNP haplotype,
rsl 1736084 - rsl282 - rsl7844778 - rs9685931 (snpl to snp4) (BP female:

permuted global P=0.038 and all affected female: permuted global P=0.044) and the
five-SNP haplotype, rsl 1736084 - rsl282 - rsl7844778 - rs9685931 - rs9799720

(snpl to snp5) (BP female: permuted global P=0.032 and all affected female:

permuted global P=0.033). The individual test P-value of the four-SNP (snpl to

snp4) haplotype, TCCG, also remained significant in the affected female sample after

permutation analysis (permuted individual P=0.048), with the C allele of SNP rsl282

(snp2) incurring a significant decrease in risk (OR=0.5, 95% CI: 0.4-0.8).

3.6.3 Bioinformatics analysis

SNP rsl282 was the only significant single marker (permuted P=0.017, recessive

model). SNP rsl282 is located almost 3kb upstream of the Methionine start codon in
a putative regulatory region. The potential functional significance of the SNP rsl282
was assessed by investigating cross-species conservation at this locus, using the
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Vertebrate Multiz Alignments and Conservation and PhastCons Conservation (28

species) (March 2006) track on the UCSC Genome Browser

(http://genome.ucsc.edu). It was not located in or near a conserved blocks of DNA

(not shown), based on the comparison of the nine species sequences available for that

region. Direct examination of the rsl282 allele in these cross-species sequences

supports this as well, given that the C allele observed in the human sequence is not

conserved in all of the other species. Furthermore, it did not appear to create or

abolish a TRANSFAC-predicted transcription factor binding site, as determined by
the MATCHrM program (Kel, Gossling et al. 2003). Taken together, there is no

evidence to suggest that rs 1282 is a functional variant.
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3.6.4 Discussion

This chapter describes the results of an association analysis of the orphan G protein-

coupled receptor 78 (GPR78) gene in relation to major psychiatric illness in the

general Scottish population.

The single-marker analysis identified one SNP, rsl282, to be significantly associated
with SCZ in the female subgroup (best corrected P=0.017, recessive model), with the
T allele and TT genotype conferring an increase in risk, as indicated by the

significant odds ratios (OR) (Table 3.5). This result was reiterated by the multi-locus

logistic regression analysis, where only SNP rsl282 was significant (in the SCZ

females). The haplotype analysis identified several nominally significant haplotypes
in the BP female sample (.P<0.05), all but one of which included SNP rsl282, adding
further credence to its significance. Furthermore, the effect of the haplotypes, in
either increasing or decreasing risk, was dictated by the state of the SNP rsl282, with
the T allele always conferring an increase in risk (0R>1), as observed in the single-
marker analysis. Two of these haplotypes remained significant (P<0.05) after

permutation correction in the BP female sample (Table 3.6).

SNP rsl282 is located approximately 3kb upstream of the GPR78 start site, placing it
in a putative regulatory region. However, bioinformatics analysis found that it was

not in a conserved sequence block, nor did it alter any predicted transcription factor

binding site. This suggests that SNP rsl282 is not itself functional, but instead may

be in LD with a causative variant. Interestingly, in a paper published subsequent to

this study, two other SNPs (rs2270268 and rs2270270) in the promoter region of
GPR78 (~1.3kb and ~1.8kb, respectively, upstream of the GPR78 start site) were

identified as potential regulatory SNPs, using a systematic, genome-wide in silico
method to extract SNPs with a high probability of influencing the level of gene

expression (Stepanova, Tiazhelova et al. 2006). These two SNPs are located

approximately 1.3kb and 1.8kb, respectively, upstream of the GPR78 start site,
between Blocks 2 and 3 (Figure 3.3). Future work on GPR78 could include
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determining the LD between these SNPs and rsl282 and testing them for association
in this and other samples.

The associations that survived permutation correction in this case-control study were

all detected in the female individuals. Female-specific associations between SCZ
and/or BP have been previously observed in DISCI (Hennah, Varilo et al. 2003),
GPR50 (Thomson, Wray et al. 2005), CREB1 (Zubenko, Hughes et al. 2003) and
Reelin (Shifman, Johannesson et al. 2008). However, it cannot be concluded from
this study that there is no effect in males. The 95% confidence intervals of the odds
ratios in the male and female subgroups overlapped, indicating that there was no

significant difference between their respective ORs. The inability to obtain
conclusive evidence either way could be a consequence of the reduction of power

caused by splitting the sample by sex, although the non-significant result emerging
from the test of the sex by rsl282 interaction, using the full sample, in the logistic

regression analysis supported the finding that there was no significant difference in
OR between the males and females. Significant haplotype associations were detected
in the male subgroups, favouring evidence for an effect in males. These associations
did not survive permutation correction for multiple testing, but did show a trend
towards significance after permutation (P<0.1) (Table 3.7). That different haplotypes

emerged as significant in the male-specific samples, relative to the female-specific
and combined male and female samples, is likely to be a result of sampling error

incurred by estimating haplotype frequencies from a different and small sub-sample

(Fallin and Schork 2000). In the future, it would be worthwhile estimating haplotype

frequencies using the full sample and then splitting the sample to perform the gender-

specific test of association.

Type I error is a major concern in any association study. Thus, it is also possible that
the associations observed in the females are spurious. Although the significant SNP
and haplotypes observed in the female SCZ individuals survived permutation-based

multiple testing correction, it is important to point out that the permutation option in

Cocaphase 2.4 only permutes within a particular sliding-window size and not across
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all of the windows tested at the same time, thus correcting for only one haplotype
window size at a time. Furthermore, no additional adjustments were made to account

for the extra tests performed as a result of pooling the cases and splitting the sample

by gender. It can be argued that adjusting the P-values for these additional tests,

using a straightforward Bonferroni-type correction, is overly conservative given the

non-independence and a priori relevance and importance of these tests. Another
source of Type I error is genotyping error, particularly if there are differential

genotyping error rates between the cases and the controls due to differences in their
DNA quality, resulting from differences in their ascertainment or processing

(Moskvina, Craddock et al. 2006). Flaplotype-based analyses are particularly
sensitive to genotyping error, especially when the haplotypes are rare or the LD
between the SNPs making up the haplotypes is high (Moskvina, Craddock et al.

2006). While several quality control measures were taken to try to prevent and/or
detect and account for the genotyping errors in this dataset, it is possible that low
levels of error have gone undetected or that additional biases have been imposed in
the attempt to account for the errors, as, for example, by removing poor quality

samples (Pompanon, Bonin et al. 2005). Therefore, it is critical that the associations

presented in this chapter be treated with caution and validated by other genotyping
methods in these and other samples. Also, replication of these associations in other,

larger samples is warranted, and steps are already being taken to try and reproduce
these results in another, independent Scottish sample.

As odds ratios and 95% confidence intervals were estimated using the sample from
which the statistically significant associations were observed, it is likely that they
were upwardly biased (Goring, Terwilliger et al. 2001). Therefore, any follow-up

replication study should be designed to have sufficient power to detect the lower
bounds of the 95% confidence intervals. For example, given the maximum observed

genotypic OR of 6.0 (95% CI: 1.5-23.2), the replication study should aim to have
sufficient power to detect an OR of less than 1.5, as this is the upwardly biased lower
bound of the 95% CI. This value is in keeping with the genotypic ORs of the
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complex disease susceptibility genes that have been identified to date (Wang, Barratt
et al. 2005).

At the time that this work was initiated, the International HapMap project (The
International HapMap Consortium 2003) was very much in its infancy, and coverage

of the GPR78 gene consisted of two SNPs. Therefore, it was necessary (for Sarah

Underwood) to screen the gene for polymorphisms. This resulted in the identification
of 23 SNPs, none of which had at that point been described in dbSNP (Underwood

2004). The nine SNPs identified as suitable for LD analysis were distributed from the
5' UTR to exon 1 region and from exon 3 to the 3' UTR. Few suitable SNPs were

identified in the intervening intronic regions and exon 2 (Figure 3.2). As a result, LD
in this intervening region was not definitively characterised. A fully comprehensive
screen of GPR78 would need to include SNPs between the six LD blocks

characterised in this study.

The current release of the HapMap project (Phase II Release #22 April 2007) shows
19 SNPs (16 SNPs with MAF>0.10) genotyped in the region covered by the nine
SNPs used for the LD analysis in this study (chr4:8,624,847-8,643,607, NCBI Build

36). Only four of these SNPs are the same as those used to construct the custom LD

map in this study, making it difficult to compare directly the relative quality of

coverage in the region. However, inspection of the location and LD patterns of these
19 HapMap SNPs reveals that the region between exon 1 and exon 3 is still sparsely

covered, offering no additional SNPs for improvement of the LD characterisation in
that region.

GPR78 was selected as a candidate gene for psychiatric illness by virtue of its

genomic location in a region of confirmed linkage and its putative function. In

general, G protein-coupled receptors (GPCRs) play a crucial role in intracellular

signalling cascades, such as those involving cAMP, which have been implicated in
the pathophysiology of BP (Gould and Manji 2002). Furthermore, given that GPR78
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is expressed in the pituitary and the placenta (Lee, Nguyen et al. 2001), it may play a

role in the functioning of the HPA axis and during pregnancy. The HPA axis is
involved in stress regulation (Herman, Prewitt et al. 1996), and there is evidence of
its dysfunction being associated with BP (Rybakowski and Twardowska 1999) and
SCZ (Altamura, Boin et al. 1999). The expression of GPR78 in the placenta also
links GPR78 to the functioning of the HPA axis, as it has been shown that prenatal

stress, resulting in the release of maternal hormones, can lead to the dysregulation of
the HPA axis in the developing fetus (Weinstock 1997). Interestingly, GPR78 was

recently reported (Jones, Nawoschik et al. 2007) to be expressed at low levels

throughout the human brain, including the hippocampus, which has long been

suggested to play a role in the pathophysiology of psychiatric illness (Knable, Barci
et al. 2004). Also, transfection of HEK293 cells with GPR78 expression vectors

resulted in a marked increase (3- to 16-fold) in the basal levels of cAMP (Jones,
Nawoschik et al. 2007). Indeed, the involvement of the cAMP pathway in psychiatric

phenotypes is increasingly documented (Stewart, Chen et al. 2001; Millar, Pickard et

al. 2005).

In summary, significant associations, which withstood multiple-testing correction,
were identified between the GPR78 gene and BP and SCZ in the Scottish population.
These findings, coupled with the positional and functional support, provide evidence
for the involvement of GPR78 in the pathophysiology of these devastating disorders.
These results, however, should be considered as preliminary until results of

independent replication studies have been reported.
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Chapter Four

Association analysis of the chromosome 4p
candidate region for bipolar disorder and
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4 Association analysis of the chromosome candidate region
for bipolar disorder and schizophrenia in a Scottish
sample

4.1 Introduction

This chapter describes the results of an association study covering a large portion of
the chromosome 4p candidate linkage region. The initial stages of the work described
in this chapter, namely the study design and the marker selection, began prior to the
commencement of my PhD. Thus, in addition to providing the motivation and

background to this study, the introduction to this chapter summarises the work
carried out by other members of the Psychiatric Genetics Section (University of

Edinburgh), namely Drs. Kathryn Evans (KE), Stephanie Le Elellard (SLH) and

Philippa Thomson (PT). The work described in this chapter, including most of the

figures and tables, has been published in Molecular Psychiatry (Christoforou, Le
Hellard et al. 2007) (included in Appendix III).

4.1.1 Background and motivation

The background and motivation for the work carried out in this chapter is similar to

that of the GPR78 candidate gene association study described in Chapter 3. Briefly,
several independent linkage studies have identified chromosome 4pl 5-pl 6 as a

putative region of susceptibility for BP and SCZ. Previously, Blackwood and co¬

workers reported a maximum multipoint LOD score of 4.8 in a large Scottish

pedigree (F22) multiply affected with BP (Blackwood, He et al. 1996). Subsequent

haplotype analysis of the F22 family and three other 4p-linked families (F48 (Detera-

Wadleigh, Badner et al. 1999), F50 (Asherson, Mant et al. 1998) and F59

(Blackwood, He et al. 1996)) dissected the ~20Mb linkage region into four sub-

regions (A-D) (see Figure 4.1; adapted from Le Hellard, Lee et al. (2007)), based on

overlapping linkage evidence from the families. Two of these sub-regions (B and D),
which cover a total of ~8.3Mb, showed linkage in three of the four chromosome dp-
linked families studied and were therefore prioritised for further analysis by

population-based association methods. The three families of Celtic origin (Scottish
F22 and F59 and Welsh F50) showed linkage to Region B, while three with broader
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ancestry, including the Ashkenazi Jewish family (F48), showed linkage to D. This

strategy of following up linkage findings by association is based on the hypothesis
that genes that are implicated by mutations with large effects and strong genotype-

phenotype correlations in pedigrees with multiple affected cases may also harbour
variants that predispose to the disease in the general population. Unlike the candidate

gene approach (e.g. GPR78 study, Chapter 3), which requires formulating a priori

hypotheses about the role of the candidate gene in disease (Tabor, Risch et al. 2002),

exploiting the statistical efficiency and power of association analysis across a

typically large (>10Mb) candidate linkage region negates the need to make any

assumptions about the function or specific location of the causal variants (Hirschhorn
and Daly 2005). This is appropriate for complex disorders, such as BP and SCZ,
whose pathophysiology is still unclear.
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Chromosome 4 4p-linked Families
F22 F59 F50 F48

Coordinates

(NCBI Bid. 34)

6,580,313

8,716,865
Region A

Region B

12,500,303

Region C

22,067,876

Region D

26,421,580

Figure 4.1. The overlap between the chromosome 4p-linked regions that segregate
with illness in the four families and Regions B and D. On the left is a diagram of the
cytogenetic bands of chromosome 4, with the approximate position of the 19.8Mb
chromosome 4p linkage region indicated by the thick black vertical line, leading to an
expanded view of the overlapping linkage regions detected in the four 4p-linked families. The
sizes (in Mb) refer to the genomic distances between the horizontal lines, which dissect the
F22 linkage region into four sub-regions, A-D, each of which shows linkage in at least one
other family. The genomic coordinates (NCBI, Build 34) of each region is shown above each
horizontal line. The illnesses observed in the families are indicated on the figure as follows:
"AFD", BP and recurrent major depression (RMD); "SCZAFF", schizoaffective disorder and
SCZ and "SCZAFD", BP, RMD, SCZ and others. The two regions of interest, Regions B and
D, are highlighted in yellow. (Adapted with permission from Le Hellard, Lee et al. (2007)).
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4.1.2 Selection of SNPs using the International HapMap Project

The selection of the SNPs to be tested for association in the population-based sample
was performed by Dr. Stephanie Le Hellard (SLH). SNP genotype data for the

Regions B and D was downloaded from a version of HapMap Data Release 7

(www.hapmap.org: Phase I data, May04, NCBI Build 34). Details of the SNP

coverage are presented in Table 4.1. It is important to note that an error was made in
the selection of SNPs to cover Region B. The region, or coordinates, for which

genotype data was downloaded (NCBI Build 34 coordinates: 8,769,508-12,567,891;
see Table 4.1) and the linkage disequilibrium (LD) blocks defined was displaced by
~53kb centromeric from the start of Region B (NCBI Build 34 Region B coordinates:
8,716,865-12,500,303; see Figure 4.1) and it extended into Region C by ~68kb.

A total of 1370 SNPs with a minor allele frequency (MAF) greater than or equal to

0.10 were available for the two regions. SLH used Haploview v2.5 ((Barrett, Fry et

al. 2005); www.broad.mit.edu/mpg/haploview) to define the LD blocks based on a

custom block construction method, which involved applying the Haploview solid

spine of LD method (|D'|>0.80) and joining adjacent blocks with a multi-allelic |D'|
of >0.95. This resulted in 235 LD blocks across the two regions (Region B: 85 and

Region D: 150). Approximately one quarter (58) of the blocks were single SNPs (i.e.

singletons) that did not fall in any other blocks. Haplotype tagging SNPs (htSNPs)
were then selected on a block-by-block basis to represent 100% of the genetic
variation present in the common haplotypes (>10%). In total, 421 htSNPs were

selected, resulting in an average density of one SNP per 20kb and approximately two

(ranging from 1 to 5) SNPs per block.
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Chromosome Coordinates covered Available Blocks Avg block size, kb htSNPs Density
4p Region (size, Mb) SNPs (singletons) (w o singletons) (singletons) (kb/SNP)

B
8 769,508-12,567,891 * 544

85 27 154
25

(3.8) (18) (34) (18)

p. 22,034,705-26,549,096 826
150 22 267

17
(4.5) (40) (29) (40)

Total (8.3) 1370
235

(58)
24

(31)
421

(58)
20

Table 4.1. Details of block-based SNP coverage for Regions B and D on chromosome
4p15-p16. Listed for the chromosome 4p regions, individually and in total, are the NCBI
Build 34 coordinates downloaded from HapMap, as well as the size of the region covered;
the total number of SNPs genotyped across the region in HapMap Data Release 7 (May
2004); the number of blocks spanning the two regions, with the number of those that were
singletons; the average (avg) block size, including and excluding (w/o) singletons; the
number of htSNPs selected, with the number of those that where singletons and the density
of the coverage, in kb per SNP. "This region does not correspond exactly to the Region B
coordinates (NCBI Build 34: 8,716,865-12,500,303), as defined by overlapping haplotypes
(see text).

4.1.3 Sample

The sample used in this study consisted of 408 BP, 415 SCZ and 481 control
individuals recruited from the general Scottish population, as described in section
2.1.1.2. This was the same sample that was used in the GPR78 association study
described in Chapter 3.

4.1.4 Genotyping and quality control

The 421 SNPs were submitted for genotyping in 1304 unrelated samples (408 BP,
415 SCZ and 481 controls). Genotyping was performed by Illumina Inc., San Diego,

using the high-throughput BeadArray™ platform technology. Genotype data for 408
of these SNPs (-97%) was returned; the remaining 13 were excluded due to assay

design or genotyping failure, as determined by Illumina.

Once the genotyping was complete, the full dataset, including sample IDs,
information on gender and genotypes was sent to Stewart Morris (SM) to perform a

series of quality control checks, data cleaning and data formatting. SM checked that
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there were no discrepancies in genotypes between known duplicate samples and no

positive results from the blank/water samples. He also ensured that the alleles called
at each locus were on the same DNA strand, according to the NCBI human reference

genome sequence; he provided the alleles on the forward (fwd) (or plus (+)) strand
for each SNP.

SM then matched the sample IDs to the most recent diagnosis information. Some

samples were removed from the dataset, as advised by a psychiatrist (Professor

Douglas Blackwood), due to changes, or uncertainties, in the original diagnosis. This
resulted in a dataset containing the most up-to-date and accurate clinical diagnoses.

As this was a large genotype dataset, with over a million alleles called, it was

impossible to examine each genotype manually to ensure that it had been called

correctly. Therefore, using Illumina's Gene Call (GC) score for each individual at

each locus, genotypes with a GC Score less than or equal to two standard deviations
from the overall mean GC Score for the dataset were removed by SM (personal

communication, Drs. Philippa Thomson and Kathryn Evans). This removed

approximately one per cent of the genotypes called. To ensure that removing these

genotypes did not bias the dataset, the allele frequencies of the genotype data
retained were plotted against those removed. The frequencies were highly correlated,

suggesting that the genotypes removed were random (personal communication, Dr.

Philippa Thomson). Additionally, any sample with less than 90% genotyping success

rate was removed from the dataset in an attempt to remove possible sources of

genotyping error due to poor sample quality.

Finally, SM formatted it for direct input into Dr. Naomi Wray's (NW) Fortran script,

BasicAS, to include the following ordered information: sample ID, gender, diagnosis

(BP, SCZ or control) and genotype (allele 1, allele 2). I received the full dataset at

this point and performed all subsequent analyses.
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I examined the markers for deviations from Hardy-Weinberg Equilibrium (HWE) in

the sample of control individuals, using the standard x2 test of independence, as

implemented in BasicAS, for evidence of systematic errors in genotyping. The

assumption is that in a large enough randomly mating population, not subject to

evolutionary phenomena, such as selection, mutation or migration, that can disrupt
allele frequencies, the frequency of genotypes for individuals markers should be in
HWE (Sham 1998). Otherwise, deviations from HWE, in the control sample, could
indicate genotype errors (Hosking, Lumsden et al. 2004). All 408 SNPs met HWE in
the controls at the default Haploview HW P-value threshold of 0.001 (minimum HW
P-value = 0.0016).

Thus, this resulted in genotype data for 408 of the 421 haplotype-tagging SNPs (149
in 83 blocks in Region B, 259 in 146 blocks in Region D) in a total of 1212
individuals (93% sample success rate) (Table 4.2). This represented an average locus
success rate of 99% (range: 94.3-99.9%). The SNPs used in the association study,

including their project number, rs number, position on chromosome 4 (NCBI Build

34), the block that they represent, their alleles, the minor allele frequency and HW P-
values in the full sample of control individuals and the genotype success percentage

are shown in Appendix Tables Al (Region B) and A2 (Region D).

BP SCZ Control Total

Male 160 276 237 673
Female 208 110 218 536
Unknown 3 3
Total 368 386 458 1212

Table 4.2. Chromosome 4p candidate region Scottish association sample
demographics. Breakdown by diagnosis and gender of the samples successfully genotyped
and available for analysis in this study. Abbreviations: BP, bipolar disorder; SCZ,
schizophrenia.
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4.2 Sample size and power

Prior to receiving the dataset, I had performed power calculations to assess whether

the available sample size would provide adequate power (>80%) to detect

biologically-plausible effect sizes (relative risks < 2 (Risch 2000)) for common,

complex disorders, such as BP and SCZ, each of which has a population prevalence
of approximately one per cent. Approximately 400 cases of each BP and SCZ and
400 controls recruited from the general Scottish population were available for this

study. Since Regions B and D were to be analysed separately, power calculations
were completed for each region separately, as different Type I error rate (a)
thresholds were set to account for the different numbers of markers being tested in
each region. At this stage, a was estimated based on the number of blocks in the

region. It was expected that SNPs within blocks were correlated, while the blocks
themselves were relatively independent units (although, long-range, or multi-block,
LD existed). Thus, for Region B, an a of 0.0006 (=0.05/85 blocks) was assumed and

for Region D, an a of 0.0003 (=0.05/150 blocks). The results of the power

calculations for two different allele frequencies and multiple effect sizes

(multiplicative heterozygote relative risk) are shown in Table 4.3.

Chapter 4 102



Region a
Frequency of

risk allele

HRR

(multiplicative!
Power

B 0.0006

0.1

1.8 0.70

1.9 0.83

2.0 0.91

0.4
1.5 0.74

1.6 0.90

0 0.0003

0.1

1.8 0.64

1.9 0.77

2.0 0.87

0.4
1.5 0.67

1.6 0.86

Table 4.3. Estimates of power for Regions B and D. The table lists the estimates of power
available for this study, given a sample size of 400 cases and 400 controls. A population
prevalence of 0.01 and different Type I error rates (a) were assumed for both of the two
regions. Power is given two different risk allele frequencies and estimates of effect size in
terms of heterozygote relative risk (HRR; multiplicative model). The power calculations were
performed using the online Genetic Power Calculator (Purcell, Cherny et al. 2003)
(http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html).
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4.3 Setting significance thresholds and correcting for multiple
testing

Correction for multiple testing was not straightforward in this study, as multiple,

highly-correlated SNPs and overlapping and nested haplotypes were tested. A

Bonferroni correction to account for all of these tests would be overly conservative
because of the highly-correlated nature of the tests. Therefore, I applied Nyholt's

spectral decomposition method, as implemented in SNPSpD ((Nyholt 2004)

http://genepi.qimr.edu.au/general/daleN/SNPSpD), to determine an appropriate
nominal significance level. Briefly, SNPSpD performs a simple multiple testing
correction procedure for individual SNPs in LD with each other by determining the
overall correlation between the SNPs to obtain an estimate of the effective number

of independent markers (Mefr) (Cheverud 2001; Nyholt 2004) in the entire set. Then,

using the estimate of the Meff, MeffLi (Li and Ji 2005), the program provides the
Bonferroni-like Sidak-corrected (Sidak 1967) significance threshold required to keep
the Type I error rate at 5%. The thresholds both for each region separately (region-
wide thresholds) and for Regions B and D together (experiment-wide threshold) were

determined using the full dataset of cases and controls. I refer to these adjusted

significance thresholds as the "Nyholt-corrected" thresholds. Of the 149 htSNPs

spanning Region B, 108 were estimated to be independent, resulting in a region-wide

Nyholt-corrected threshold of P<0.0005. For Region D, of the 259 htSNPs

successfully genotyped, 191 were estimated to be independent, resulting in a region-
wide threshold of .P<0.0003. These region-wide thresholds were similar to the Type I
error rates assumed for each region for the power calculations (see section 4.2). Of
the 408 SNPs in both regions, 295 were estimated to be independent, resulting in an

experiment-wide threshold of P<0.0002.

Nyholt's SNPSpD multiple testing correction has been shown to provide a good

approximation to permutation-based correction methods, which are the "gold
standard" for multiple, correlated tests (Nyholt 2004). Therefore, individual SNPs
that met the Nyholt-corrected threshold at either the relevant region-wide or

experiment-wide significance level were subsequently corrected by permutation
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analysis (10,000 shuffles), using Cocaphase 2.4, to ensure that the thresholds were at

least accurate at the single marker level. The permutation analysis provides a P-value
that is adjusted at the "region-wise" or "experiment-wise" significance level

(Churchill and Doerge 1994) for the most significant single-marker P-value observed
for a set of markers, correcting for the multiple markers tested in the region of
interest. While the Cocaphase permutation option does not provide the threshold at

which the Type I error rate would be maintained at 0.05, a significant permutation-
corrected P-value (Pp<0.05) would support using the Nyholt-corrected thresholds for
this dataset.

Haplotypes were declared nominally significant if they met the region-wide Nyholt-
corrected thresholds determined in the single-marker analysis for Regions B or D.

However, since the Nyholt-corrected thresholds were determined by accounting for
the correlation between single markers, it was unclear how accurately these would

apply to the sliding-window haplotype analysis, which involved even more highly
correlated tests. Permutation analysis on all the haplotypes was not a feasible option
due to the intensive computational requirements of the permutation-based analysis.

Therefore, a subset of the haplotypes with the most significant P-values was also
corrected by permutation analysis (1,000 shuffles) at the region-wide level. Not all

haplotypes could be corrected due to the intensive computational requirements of the

permutation-based analysis. Similarly, as mentioned above, only the most significant

haplotype of a particular sliding-window length tested in a sample of cases and
controls could be corrected.

4.4 Association analysis

Regions B and D were analysed separately. Both single-marker and haplotype

analyses were performed on the BP and SCZ samples separately and combined, and
on these samples separated on the basis of gender. The results of the single-marker
and haplotype analyses, as well as the multiple testing correction, are presented by

region.

Chapter 4 105



Briefly, as in the analysis of GPR78 in Chapter 3, differences in allele and genotype

frequencies between cases and controls were tested using the standard %2 test of

independence, as implemented in BasicAS. Also, the sliding-window haplotype

analysis and permutation analysis were performed with Cocaphase 2.4 (Dudbridge

2003). Individual SNPs and haplotypes were declared significant if they first met the
relevant region-wide Nyholt-corrected threshold (Region B: P<0.0005 and Region
D: P<0.0003). The SNPs and haplotypes that were subsequently subjected to

permutation analysis were declared significant if the permuted P<0.05.

4.4.1.1 Region B

The distribution of single-marker allele (xi ) P-values along Region B is shown in

Figure 4.2: 5.7% of the P-values are less than or equal to 0.05 and 1.6% are less than
or equal to 0.01, suggesting that there is no overall inflation of Type I error in the
dataset. Three SNPs (56, 126 and 131) met the region-wide Nyholt-corrected
threshold of P<0.0005 in the analysis of allele frequencies (Table 4.4). They point to

two separate, seemingly sex-specific regions.

The three signficant SNPs (56, 126 and 131) were subjected to bioinformatics

analysis to assess their biological significance. All three SNPs were non-coding
SNPs. Thus, bioinformatics analysis involved assessing their potential role as

regulatory SNPs by investigating cross-species conservation and the whether they
created or disrupted a transcription factor binding site. Neither SNP 56 nor SNP 126
was found to be conserved across species, as determined by examination of the

Vertebrate Multiz Alignments and Conservation and PhastCons Conservation (28

species) (March 2006) track and the cross-species sequence alignments on UCSC

(http://genome.ucsc.edu/cgi-bin/hgGateway). SNP 131 also failed to fall within a

PhastCons conserved region (not shown). However, for the vertebrate sequences

with which it could be aligned (human, chimp, rhesus, tree shrew, guinea pig, dog,
cat and cow), the risk allele of SNP 131 (T) was conserved, suggesting that it might
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not be a deleterious allele. Finally, none of the three SNPs appeared to create or

abolish a TRANSFAC predicted transcription factor binding site, as determined by
the MATCH ™ program (Kel, Gossling et al. 2003). Taken together, there is no

evidence to suggest that any of these SNPs is the causative variant.
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SNPPioject? (rs#)

Diagnosis
Sex

Allele1(%)
Allele2(%)

P-value(xi2) (PermutedP-value)
OR2/1

(95%CI)
Genotype 11(%)

Genotype 12(%)

Genotype 22(%)

Total

P-value te2)

OR22A1 (95%CI)

56(rs6820330)
Controls

M

377(80)

93(20)

0.00023

1.8

150(64)

77(33)

8(3)

235

0.0011

3.9

BP

M

220(69)

100(31)

(0.036)

(1.3-2.6)

76(48)

68(43)

16(10)

160

(1.6-9.6)

126(rs1982655)
Controls

F

208(48)

224(52)

0.00027

0.60

40(19)

128(59)

48(22)

216

0.00027

0.33

BP

F

251(61)

163(39)

(0.038)

(0.46-0.79)
73(35)

105(51)

29(14)

207

(0.18-0.60)

131(rs1454883)
Controls

F

253(59)

179(41)

0.000039 (0.0066) (0.016)exp

1.8

72(33)

109(51)

35(16)

216

0.00019

3.2

BP

F

182(44)

228(56)

(1.3-2.3)

40(20)

102(50)

63(31)

205

(1.8-5.7)

Table4.4.AlleleandgenotypeanalysisofsignificantSNPsinRegionB.ListedforeachofthesignificantSNPsistheprojectnumberandSNPrs identifier,thediagnosis-gendersub-groupinwhichthesignificancewasobserved,withabreakdowninthenumbersandfrequenciesoftheallelesand genotypesforeachgroup.Allele1and2correspondtotheallelesshowninAppendixTableA1.TheP-valuesforthetestofthealleles(xi2)and genotypes(X22)andtheCocaphasepermutation-correctedalleleP-valueareshown,"exp"indicatesthatthiswastheexperiment-widecorrectedP- value,determinedonlyfortheSNPthatmettheexperiment-wideNyholt-correctedthreshold(P<0.0002).Finally,thecorrespondingoddsratios(OR) and95%confidenceintervalsfortheallelesandhomozygousgenotypesarelisted.



The sliding-window haplotype analysis identified a total of 36 haplotypes that met

region-wide Nyholt-corrected threshold CP<0.0005) at the global and/or individual

haplotype test level (Table 4.5). Twenty-one of these also met the experiment-wide

Nyholt-corrected threshold (P<0.0002). These haplotypes clustered into four distinct

sub-regions (B1 to B4), two of which (B1 and B4) encompassed the two apparently

sex-specific regions identified in the single-marker analysis. B1 and B4 were the

only two regions, of the four, that contain haplotypes with significant global P-

values, as well as significant individual P-values (Figure 4.3, Table 4.5). B2 and B3
each consisted of a single haplotype with a significant individual P-value

(Pi=0.00046 and 0.00020, respectively). Each significant sub-region is described in
more detail below, including putative candidate genes located in the sub-regions.
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n

<--h CD

BlockNo.

Case frequency

Contiol frequency

Subgroup

0.00048

rare

0.000065 0.00020

0.38 0.13 Global 0.25 0.19 0.18 0.18 0.17 0.17 0.31 0.31

0.46 0.05 Global 0.14 0.080 0.080 0.080 0.080 0.080 0.20 0.20

0.00031 0.00042 NS 0.00034 0.000066(0.060) 0.000075 0.00014 0.00043 0.00019 N/A-SM 0.00041

0.0054 0.0018
0.00016(0.059) 0.0017

0.00007310.012) 0.0002610.0481 0.0006558 0.0018 0.0010
0.00023(0.0361 0.0014

0.7(0.6-0.8) 3.2(1.9-5.6) N/A-Global 2.2(1.5-3.2) 2.6(1.6-4.1) 2.8(1.7-4.4) 2.7(1.7-4.4) 2.4(1.5-3.8) 2.5(1.6-4.1) 1.8(1.3-2.6) 1.7(1.2-2.4) 2.2(1.3-3.6)

0.00046

BlcckNo.

Case frequency

Confrol frequency

Subgroup BPM:

0.52 0.52 0.50 0.50 0.50 0.50 0.57 0.58 0.59 Global Global 0.41 0.20 0.11

N/A-SM 0.00025 0.00018 0.00015 0.00020 0.000033 0.000091 0.000069 0.00002610,0821 NS NS

N/A-SM 0.00010" 0.000014

0.0002710.0381 0.0008407 00044 0.0073 0.0059 0.00086 0.00047" 0.00056 0.0001310.016) 0.00014(0.0281 0.00033(0.069) 0.00003910.00661 0.0002010.028) 0.00040"

0.6(0.5-0.8) 0.6(0.5-0.8) 0.6(0.4-0.8) 0.6(0.4-0.8) 0.6(0.4-0.8) 0.6(0.4-0.7) 0.6(0.4-0.8) 0.6(0.4-0.8) 0.6(0.4-0.7) N/A-Global N/A-Global 1.8(1.3-2.3) 2.4(1.5-3.6) 3.4(2.1-5.6) 2.4(1.6-3.7)

0.40 0.38 0.37 0.38 0.35 0.44 0.44 0.44 Global Global 0.56 0.30 0.24

0.00019 0.00046 0.00049 0.00013

Table4.5.RegionBhaplotypesthatmettheNyholt-correctedthresholdofP<0.0005.Thelegendisonthenextpage.
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4.4.1.1.1 B1

Association to cluster B1 was seen primarily in the BP males. B1 spans from SNP 48
to 57 and contains the significant SNP 56 (rs6820330) (P=0.00023), which remained

significant after permutation analysis (Pp=0.036) (Table 4.5). The G allele at SNP 56
conferred an increase in OR of 1.8 (95% CI: 1.3-2.6), and the genotypic OR analysis
revealed that either one or two copies of allele G at SNP 56 significantly increase the
OR for BP in males to the same extent (OR=1.7, 95% CI: 1.1-2.7; OR=3.9, 95% CI:

1.6-9.6, respectively), suggesting a dominant pattern of inheritance. However, the

significance under the dominant model did not improve (/\iOm=0.0013 versus

genotype P=0.001 1, Table 4.4).

Three haplotypes within B1 had global P-values that met the region-wide Nyholt-
corrected threshold (P<0.0005) in the BP males, the most significant of which was

the 3-SNP haplotype from SNP 51 to 53 (Pg=0.000073) (Table 4.5). This haplotype
remained significant after permutation correction (Pgp=0.012). The 3-SNP individual
haplotype, G-C-T (SNP 51-53) had the most significant individual P-value

(Pi=0.000066), and it showed a trend towards significance after permutation
correction (Pjp=0.060). Aligning the local overlapping individual haplotypes that met
the region-wide threshold and that also conferred an increase in susceptibility to BP
in the males (max OR=2.8, 95% CI: 1.7-4.4; overall 95% CI range: 1.2-4.4)
identified an underlying 7-SNP extended haplotype (G-C-T-G-T-G-C, SNP 51-57,
not tested). A significant rare haplotype was also observed (G-G-G, SNP 49-51) in
the full sample of BP cases and the full sample and female sample of all affected
individuals in that region (Table 4.5).

The region of association for B1 - delineated by following each of the significant
individual haplotypes in both directions along the sliding windows (while Pi<0.01) -
was 202kb. No Known/ReJSeq genes or AceView predicted genes overlapped with
cluster B1 (UCSC May04 Browser). The nearest gene, mast cell immunoreceptor

signal transducer (MIST), is located 239kb telomeric of B1 (Table 4.6).
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Region B

Clustei[Blocks]
AssociatedRegion [Blocks]

UCSCCoordinatesof AssociatedRegion
Size (kb)

KnownRefSeq Genes

IfnoKnownRefSeqGenes, thenneaiestKnownRefSeq Gene

Numberof AceViewGenes

B1

SNPs48-57[30-34]
SNPs48-61[30-36]

chr4:10675941-10878006
202

none

MIST(-239kb)

none

B2

SNPs75-79[44-46]]
SNPs75-79[44-46]

chr4:11020762-11073938
53

none

HS3ST1(+77kb)

none

B3

SNPs123-125[69-70]
SNPs121-127[68-71]

chr4:11758342-11979289
221

none

HS3ST1(-577kb)

1

B4

SNPs126-134[69-75]
SNPs121-138[68-76]
chr4:11758342-12361604

603

none

HS3ST1(-577kb)

2

Table4.6.RegionB:Detailsofallsignificantclustersandtheircorrespondingdelineatedassociatedregions.ThistableshowstheSNPsand theircorrespondingblocks(basedontheoriginalHapMapMay04construction)thatmakeuptheclustersofsignificanthaplotypes,followedbythe SNPsandtheircorrespondingblocksoftheextendedassociatedregion.TheUCSCcoordinatesoftheassociatedregionsarebasedontheJuly03 UCSCBrowser(NCBIBuild34).Thesizeofthatregioninkbisshown.TheKnown/RefSeqgeneswereidentifiedbysearchingtheUCSCBrowser (May04,havingconvertedtheJuly03coordinatesaccordingly).IfnoKnownlRefSeqgeneswerefoundintheassociatedregion,thenearest KnownlRefSeqgenewasnotedalongwithitsdistanceawayandrelativeorientationtotheassociatedregioniftelomericor'+'ifcentromericofthe associatedregion).Thetworegions(B1andB4)supportedbysignificantglobalhaplotypesarehighlighted.



4.4.1.1.2 B2

Cluster B2 consisted of a single five-SNP haplotype (SNP 75-79), which was

associated in the full sample of SCZ individuals (Pi=0.00046) (Table 4.5). It
conferred an increase in risk to SCZ (OR=2.2, 95%CI: 1.3-3.6). Following the
individual sliding-window haplotypes in both directions, a 53kb region of association
was defined. No Known/RefSeq or predicted genes overlapped with B2. The nearest

gene, heparan sulfate (glucosamine) 3-O-sulfotransferase 1 (HS3ST1), was located
77kb centromeric of B2 (Table 4.6).

4.4.1.1.3 B3

Cluster B3 consisted of a rare 3-SNP haplotype (frequency: cases=0.04,

controls=0.00), spanning SNPs 123 to 125. It was significantly associated in the BP
males (Pj=0.00020) (Table 4.5). Following the individual haplotypes in both
directions revealed a 221kb region of association. No Known/RefSeq genes were

found in the region, but one predicted gene was identified. The HS3ST1 gene was

again the nearest gene, located 577kb telomeric of B3 (Table 4.6).

4.4.1.1.4 B4

Association to cluster B4 was observed primarily in the BP females. B4 spans from
SNP 126 to 134 and contains SNPs 126 (rsl982655) and 131 (rsl454883), which
met the region-wide Nyholt-corrected threshold (P=0.00027 and 0.000039,

respectively) (Table 4.5). Both SNPs remained significant after permutation analysis
at the region-wide level (Pp= 0.038 and 0.0066, respectively). For SNP 126, the C
allele conferred an increase in risk (OR=3.0; 95% CI: 1.7-5.5), and the genotype OR

analysis revealed that risk for BP in females only increased with two copies of allele
C (OR=3.0, 95% CI: 1.7-5.5), suggesting a recessive pattern of inheritance, which
was further supported by a stronger association (Prec=0.00010 versus P=0.00027,
Table 4.4). SNP 131 was the only individual marker to meet the experiment-wide

Nyholt-corrected threshold (P<0.0002), and it remained significant after permutation
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analysis at that experiment-wide level (Pp=0.016). For SNP 131, the T allele
conferred an increase in risk (OR=3.2; 95% CI: 1.8-5.7). The genotype OR analysis

supported a codominant mode of inheritance for SNP 131 (genotype P=0.00019,
Table 4.4).

Six haplotypes within B4 met the region-wide Nyholt-corrected threshold at the

global level (Table 4.5). The most significant of these was the 2-SNP haplotype from
SNP 130 to 131 (Pg=0.00013) in the BP females, which remained significant after
permutation analysis at the region-wide level (Pgp=0.016). The 4-SNP individual
haplotype, T-T-T-G (SNP 131-134) had the most significant individual P-value

(.Pi=0.000014, not corrected; OR=3.4, 95%CI: 2.1-5.6). Aligning the local

overlapping individual haplotypes that met the region-wide threshold revealed two

underlying haplotypes: T-T-A-G-T-C (SNP 126-131, not tested) and T-T-T-G (SNP

131-134). The individual overlapping haplotypes that make up the former all carry

the 'C' allele at SNP 131, thus conferring a decrease in susceptibility to, or a

protective effect against, BP in females (minimum OR=0.6, 95%CI: 0.4-0.7; overall
95%CI range: 0.4-0.8). On the other hand, the haplotypes making up the latter carry

a 'T' allele at SNP 131, conferring an increase in susceptibility to BP in females

(max OR=3.4, 95%CI: 2.1-5.6; overall 95% CI range: 1.5-5.6).

The individual haplotype T-T-T-G (SNP 131-134) also met the region-wide and

experiment-wide Nyholt-thresholds in the full sample of affected females

(Pi=0.00019), but less so than in the BP females (/Y0.000014) (Table 4.5),

suggesting that the SCZ sample did not significantly influence the result of the
combined sample. The extended region of significance (Pj<0.01) for the individual

haplotypes in the BP females stretched over 603kb. Again, current annotation of this

region failed to identify Known or RefSeq genes, but there were two main class
Aceview gene predictions, one of which fell between the two significant single

SNPs, 126 and 131. The HS3ST1 was the nearest known gene again, located 577kb
telomeric of B4 (Table 4.6).
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4.4.1.2 Region D

The distribution of single-marker allele (xi ) P-values for Region D is shown in

Figure 4.4: 5.5% of the P-values are less than or equal to 0.05 and 1.0% are less than
or equal to 0.01, suggesting that there is no overall inflation of Type I error in the
dataset. No individual markers were significant at the Nyholt-corrected threshold of
P<0.0003. However, the sliding-window haplotype analysis identified 35 haplotypes
that met either the region-wide Nyholt-corrected threshold at the global and/or
individual haplotype test level, with 25 of these meeting the experiment-wide
threshold as well (Table 4.7). These haplotypes fall into nine non-overlapping

regions (D1 to D9), only two of which (D2 and D7) contained haplotypes with

nominally significant global P-values (Figure 4.5, Table 4.7). The other regions
consist of one or two haplotypes with only significant individual P-values (range

Pi=0.00011-0.00030). Each significant sub-region is described in more detail below,

including putative candidate genes located in the sub-regions.
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Table4.7.RegionDhaplotypesthatmettheNyholt-correctedthresholdofP<0.0003.Thistableshowsthesignificanthaplotypesmakingthe RegionDsub-regions:D1throughD4onthetopandD5throughD9onthebottom(indicatedinsmallredboxesabovethehaplotypes).Thehaplotypes arelaidoutbyrow,withthecolumnsindicatingtheSNPnumberandcorrespondingblocktowhichtheSNPbelongs.Therownames(i.e.thefirst column)indicatethediagnosis-gendersubgroupinwhichthesignificancewasidentified.Totherightofthehaplotypesarethecaseandcontrol frequenciesinthecorrespondinggroups,theCocaphase-generatedindividual(Pi)andglobaltestP-values(Pg),withtheircorrespondingpermutation- correctedP-value(PipandPgp,respectively,whereapplicable),oddsratio(OR)and95%confidenceinterval(CI).Additionalabbreviations:All,allcases (BPandSCZcombined);BP,bipolardisorder;SCZ,schizophrenia;M,males;F,females;"N/A-rare",rarehaplotypes(frequency<5%inbothcasesand controls)wereclumpedtogetheringlobalhaplotypetestandtheestimationofORsisunreliableforveryrarehaplotypes;"N/A-Global",notapplicable becausecase-controlfrequenciesandORsdonotapplytoglobalhaplotypes.Font:Boldindicateshaplotypesthatweresignificantatthegloballevel andtheirPg-value;Boldandunderlinedhighlightsthehaplotypesthatsurvivedpermutationcorrection(Pp<0.05);italicsindicaterarehaplotypes;BP associationsareshowninred,SCZinblueandAllcasesinviolet.Theyellow-hashedshadingindicatestheclustersofhaplotypessupportedby significantglobalhaplotypes:D2andD7.* ThishaplotypeP-valuewasnotcorrectedbyCocaphasebecauseitwasnotthemostsignificantinthe particularsliding-windowsizeandsubgrouptested.
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4.4.1.2.1 D1

Cluster D1 consisted of two nested haplotypes, both of which were associated in the
all affected female sample, with the more significant haplotype being the 4-SNP

haplotype covering SNPs 14 to 18 (Pi=0.00011) (Table 4.7). Both haplotypes
conferred a protective effect against BP or SCZ to the females (OR=0.4, 95% CI:

0.3-0.6). Following the haplotypes in both directions identified a 94kb region of

association, in which the G protein-coupled receptor 125 (GPR125) gene and a

predicted gene were located (Table 4.8).

4.4.1.2.2 D2

Cluster D2 spanned SNPs 48 to 58, with the strongest associations emerging in the
full sample of all affected females at both the global (SNP 50-52, Pg=0.000019) and
individual (T-A-G, SNP 50-52, P,=0.0000033, OR=3.2, 95% CI: 2.0-5.1) levels

(Table 4.7). Both the 3-SNP global and 3-SNP individual haplotypes remained

significant after permutation-based correction (Pgp=0.0080 and Pjp=0.0040,
respectively). Aligning all the local overlapping individual haplotypes that met the

region-wide Nyholt-corrected threshold, and which confer an increase to

susceptibility to BP or SCZ in females (max OR=3.2, 95% CI: 2.0-5.1; overall 95%
CI range: 1.4-5.1), revealed an underlying 11-SNP haplotype (A-A-T-A-G-T-A-C-A-

G-T, SNP 48-58, not tested).

The two 3-SNP global and individual haplotypes described above were also the most

significant in the sample of BP females (.Pg=0.00011 and P{=0.0000047,
respectively) and in the full sample of BP individuals (Pg=0.00030 and Pj=0.00012,

respectively). Significance was maintained after permutation-based correction in the

sample of BP females (Pgp=0.033 and Pjp=0.0080, respectively), but not in the full
sample of BP individuals (Pgp=0.075 and .Pjp=0.16, respectively). However, three
haplotypes, spanning SNPs 53 to 57 along the 11-SNP underlying haplotype
described above, had nominally significant individual, but not global, P-values in the
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SCZ females and in the full sample of affected females (P<0.0003). One of these

haplotypes (T-A-C-A, SNP 53-56) showed a stronger association in the SCZ females

(Pi=0.000032) than in the full sample of affected females (Pr=0.000045) (Table 4.7).
The 201kb region of association contained one main AceView predicted gene. The
nearest known gene to D2 was the peroxisome proliferator activated receptor

gamma coactivator 1 alpha (PPARGC1A) gene, located just 25kb telomeric of D2

(Table 4.8).

4.4.1.2.3 D3

Cluster D3 consisted of a single 5-SNP haplotype (SNP 59 to 63), which was

associated in all affected males (Pj=0.00023; OR=3.2, 95% CI: 1.8-5.9) (Table 4.7).

Upon extending the individual haplotype in both directions, while P,<0.01, an 83kb

region of association was identified. This region contained the peroxisome

proliferator activated receptor gamma coactivator 1 alpha (PPARGC1A) gene, as

well as five predicted transcripts (Table 4.8).

4.4.1.2.4 D4

Cluster D4 consisted of a 5-SNP haplotype (SNP 148 to 152), which was associated
in all affected males (P,=0.00030; OR=0.6, 95% CI: 0.5-0.8) (Table 4.7). Following
the individual haplotype in the 5' and 3' directions, a 180kb region of association,

containing the hypothetical DKFZp761B107 gene, was identified. Two predicted

genes also mapped to D4.

4.4.1.2.5 D5

Cluster D5 consisted of a rare 5-SNP haplotype (frequency: cases=0.03,

controls=0.00), spanning SNPs 182 to 186. Association was observed in the full

sample of BP individuals (Pj=0.00014) (Table 4.7). The region of association was

found to span 34kb, which contained only one predicted gene. The nearest gene was
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the solute carrier family 34 (sodium phosphate), member 2 (SLC34A2) gene, which
was located 62kb centromeric of D5.

4.4.1.2.6 D6

Cluster D6 consisted of a rare 5-SNP haplotype (frequency: cases=0.03,

controls=0.00), which was significant in the full sample of SCZ individuals

(Pi=0.00024) (Table 4.7). It spanned SNPs 202 to 206. The delineated region of
association extends across 185kb and overlaps with the hypothetical K1AA0746 gene

and seven predicted genes (Table 4.8).

4.4.1.2.7 D7

Cluster D7 spanned SNPs 214 to 218 (Table 4.7). The most significant global P-
value was seen in the full sample of SCZ individuals with a 5-SNP haplotype

extending from SNP 214 to 218 (Pg=0.000070), which remained significant after
permutation analysis (Pgp=0.033). The same haplotype was also nominally
significant in the SCZ males fPg=0.00018), and it showed a trend towards
significance after permutation correction (Pgp=0.088). The most significant
individual haplotype was the 5-SNP haplotype, A-G-T-C-C, in the SCZ males

(uncorrected Pj=0.000079, OR=0.1, 95% CI: 0.0-0.3). The 121kb associated region
contained two main class Aceview gene predictions. The nearest known gene to this
associated region was the hypothetical gene K1AA0746, which is located just 17kb
telomeric of the region (Table 4.8).

4.4.1.2.8 D8

Cluster D8 consisted of a single 5-SNP haplotype, which was associated in BP males

(Pj=0.00016) and conferred an increase in risk (OR=3.2, 95%CI: 1.7-5.9) (Table

4.7). Following the haplotype in both directions revealed an 87kb region of

association, in which no Known/RefSeq or predicted genes were located. The closest
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gene is recombining binding protein suppressor ofhairless (Drosophila) (RBPSUH),
which falls 48kb centromeric of D8 (Table 4.8).

4.4.1.2.9 D9

Cluster D9 consisted of two nested, rare haplotypes (frequency of both: cases=0.05,

controls=0.00), which were associated in SCZ females. The more significant of these
was the 4-SNP haplotype, spanning from SNP 250 to 253 (Pi=0.00024) (Table 4.7).

Following the haplotypes in both directions identified a 109kb region of association
that overlapped with the cholecystokinin A receptor (CCKAR) gene (Table 4.8).
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Region D

Clustei[Blocks]
AssociatedRegion [Blocks]

UCSCCoordinatesof AssociatedRegion
Size (kb)

Known/RefSeq Genes

IfnoKnownRefSeq Genes,thennearest KnownRefSeqGene
Numberof AceViewGenes

D1

SNPs14-18[10-12]
SNPs12-18[9-12]
chr4:22244640-22338234

94

GPR125

1

D2

SNPs48-58[30-34]
SNPs46-60[29-35]

chr4:23317763-23519188
201

none

PPARGC1A(+25kb)
1

D3

SNPs59-63[35-37]
SNPs58-63[34-37]

chr4:23508127-23590971
83

PPARGC1A

5

D4

SNPs148-152[148-152]
SNPs140-152[77-83]
chr4:24560767-24740287

180

DKFZp761B107

2

D5

SNPs182-186[100-102]
SNPs182-187[100-102]

chr4:25313124-25346700
34

none

SLC34A2(+62kb)

1

D6

SNPs202-206[112-114]
SNPs201-214[112-118]

chr4:25516409-25701557
185

KIAA074G

7

D7

SNPs214-218[118-121]
SNPs211-221[118-122]

chr4:25632760-25753356
121

none

KIAA0746(-17kb)

2

D8

SNPs239-243[133-135]
SNPs239-247[133-136]

chr4:25937911-26024414
87

none

RBPSUH(+48kb)

none

D9

SNPs250-253[139-141]
SNPs249-256[138-144]

chr4:26215528-26324647
109

CCKAR

none

Table4.8.RegionD:Detailsofallsignificantclustersandtheircorrespondingdelineatedassociatedregions.ThistableshowstheSNPsand theircorrespondingblocks(basedontheoriginalHapMapMay04construction)thatmakeuptheclustersofsignificanthaplotypes,followedbythe SNPsandtheircorrespondingblocksoftheextendedassociatedregion.TheUCSCcoordinatesoftheassociatedregionsarebasedontheJuly03 UCSCBrowser(NCBIBuild34).Thesizeofthatregioninkbisshown.TheKnownlRefSeqgeneswereidentifiedbysearchingtheUCSCBrowser (May04,havingconvertedtheJuly03coordinatesaccordingly).IfnoKnownlRefSeqgeneswerefoundintheassociatedregion,thenearest KnownlRefSeqgenewasnotedalongwithitsdistanceawayandrelativeorientationtotheassociatedregioniftelomericor'+'ifcentromericofthe associatedregion).Thetworegions(D2andD7)supportedbysignificantglobalhaplotypesarehighlighted.



4.5 Discussion

In this chapter, I describe the results of an association study across the two priority

regions (B and D) that together span 8.3Mb of the 20Mb chromosome 4pl5-pl6

linkage region for BP and related phenotypes. Thirteen sub-regions - four in Region
B and nine in Region D - were associated with BP and/or SCZ in the Scottish cohort,

reducing the priority region to 2.2Mb. Four of these 13 regions were supported by

significant single SNPs and/or at least one global haplotype that remained significant
after permutation-based correction for multiple testing, as did a number of the

corresponding individual haplotypes (Pp<0.05). These four regions spanned 1.1Mb.

Regions of association supported by significant common individual haplotypes

(frequency >5%), but not significant global haplotype P-values, were also considered
because such haplotypes have previously been shown to represent true associations

(Fallin, Cohen et al. 2001). Similarly, regions defined by significant rare individual

haplotypes were considered because the association of rare variants, including

haplotypes, has previously led to the identification of susceptibility loci for complex
diseases (Cohen, Pertsemlidis et al. 2006).

In order to facilitate further studies, I delineated the region of association identified

by the four clusters containing the globally significant haplotypes described above.
No Known or RefSeq genes were identified in the 1.1Mb of genomic DNA covered

by the four regions of association (Bl, B4, D2 and D7). However, at the time that
this study was performed (September 2006), there were five AceView predicted

genes in these regions.

Four of the five AceView predictions were unlikely to be bona fide genes, as they
were supported by less than five clones each, while the fifth predicted gene,

LOC389203 (found in associated Region D7), was defined by 153 cDNA clones,
showed significant cross-species homology (not shown) and was predicted to encode
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a 105-amino acid protein. Furthermore, in the most recent version of the UCSC
Browser (March 2006), this predicted gene was classified as a "UCSC Gene
Prediction based on RefSeq, Uniprot, GenBank and Comparative Genomics", which
is a moderately conservative set of predictions, requiring the support of one GenBank
RNA sequence plus at least one additional line of evidence (http://genome.ucsc.edu).
Further work into this predicted gene and the others would be justified should any of
these regions be replicated in subsequent studies.

The known genes KIAA0746, PPARGC1A, MIST and HS3ST1 mapped 17, 25, 239
and 577kb, respectively, from a region of association, suggesting the possibility that
a functional variant is disrupting a regulatory element located in non-coding

sequence, as has been seen, for example, in Hirschsprung disease (Emison,
McCallion et al. 2005), cardiac repolarization (Arking, Pfeufer et al. 2006) and age-

related macular degeneration (Mailer, George et al. 2006). As regulatory regions are

known to exist as far as 1Mb up- or down-stream of the transcription unit (Kleinjan
and van Heyningen 2005), it is possible that any of the four associated regions
contain a putative regulatory element. Indeed, there are numerous conserved
elements (UCSC Browser, not shown) and, therefore, putative functional regions
within each of these associated regions. The nature of psychiatric illness, namely its
onset in adulthood and relatively subtle nature of the phenotypic abnormalities, and
its apparent polygenic nature may very well point to the involvement of regulatory,
rather than coding, polymorphisms. A brief description of each of these genes, as

well as their potential candidacy in psychiatric illness, is provided below.

The brain-expressed gene KIAA0746 encodes the hypothetical protein LOC23231. It
is conserved in the mouse (87.2% identity) and contains Sel-1 -like repeats

(IPR006597). These are tetratricopeptide repeat sequences originally identified in a

C. elegans receptor molecule - a key negative regulator of the Notch pathway (Grant
and Greenwald 1996), which is central to a variety of developmental processes,

including neurogenesis (Gaiano and Fishell 2002), and has been shown to play a role
in early neurodevelopment, learning and memory and late-life neurodegeneration in
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animal models (Lasky and Wu 2005). Associated Region D7 is located 17kb

upstream of the transcription start site.

The peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PPARGC1A) gene encodes a transcriptional coactivator that regulates genes

involved in energy metabolism, mitochondrial biogenesis, and regulation of muscle
fiber type determination. PPARGC1A may also be involved in controlling blood

pressure, regulating cellular cholesterol homoeostasis and the development of

obesity. In human neuronal cells, the expression of PPARGC1A has been shown to

be significantly reduced by lithium treatment (Seelan, Khalyfa et al. 2008),

suggesting a possible link to psychiatric illness. Associated Region D2 falls 25kb
downstream of the coding region of PPARGC1A.

The mast cell immunoreceptor signal transducer (MIST) gene is thought to be an

important part of the high-affinity IgE receptor (type I, FcfRI) intracellular signalling

cascade, which is involved in the development of an array of acute and chronic

allergic reactions (Fujii, Wakahara et al. 2003). Associated Region B1 lies 239kb

upstream of the transcription start site.

The heparan sulfate (glucosamine) 3-O-sulfotransferase 1 (HS3ST1) gene is highly

expressed in the brain and kidney and weakly expressed in the heart, lung and

placenta. It possesses both heparan sulfate glucosaminyl 3-O-sulfotransferase activity
and anticoagulant heparan sulfate conversion activity, is a rate limiting enzyme for

synthesis of anticoagulant heparin and is an intraluminal Golgi resident protein.

However, Hs3stl-deficient mice did not show the expected anticoagulant phenotype.

Instead, they developed unexpected non-thrombotic, perinatal phenotypes, including

eye degeneration and postnatal lethality (Shworak, HajMohammadi et al. 2002). This

suggests that the HS3ST1 enzyme might have additional or alternative biological
roles. Associated Region B4 is positioned 577kb upstream of the coding region.
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In addition to the four regions of association supported by significant haplotypes at

the global haplotype level, nine more regions were identified and delineated based on

support from significant individual, but not global, haplotypes. These nine additional

regions of association contained five known genes, in addition to several predicted

genes (Tables 4.6 and 4.8). The known genes are GPR125 (Dl), PPARGC1A (D3,
described above because of its proximity to Region D2) and CCKAR (D9) and

hypothetical genes DKFZp761B107 (D4) and KIAA0746 (D6, described above due to

its proximity to Region D7).

The G protein-coupled receptor 125 (GPR125) gene encodes a member of a family
of integral membrane proteins that regulate gene transcription associated with cell

proliferation, differentiation and dynamic cellular processes. These processes include
transduction of extracellular signals from neurotransmitters, transactivation of

receptor tyrosine kinases and activation of mitogen activated protein kinase cascades.
The signalling mechanisms can modulate synaptic activity in the central nervous

system. Therefore, GPR activity may be involved in maintaining the brain's
homeostatic response to neurotransmitter signalling and thus variation in this gene

family may contribute to psychiatric illness (Ferguson 2003). GPR125 is expressed
in a variety of tissues, including brain (Fredriksson, Gloriam et al. 2003).

The cholecystokinin A receptor {CCKAR) gene encodes a G protein-coupled receptor

that binds non-sulphated members of the cholecystokinin (CCK) family of peptide
hormones. This receptor is a major physiological mediator of pancreatic enzyme

secretion and smooth muscle contraction of the gallbladder and stomach. In the
central and peripheral nervous system, it regulates satiety and the release of beta-

endorphin and dopamine. Polymorphisms in CCKAR have been associated with
several psychiatric and neurologic disorders in the Japanese population, including

schizophrenia (Lu, Zhang et al. 2004), Parkinson's Disease (Wang, Si et al. 2003),
alcohol dependence (Miyasaka, Yoshida et al. 2004) and panic disorder (Ise,

Akiyoshi et al. 2003).
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The gene DKFZp761B107 encodes the hypothetical protein LOC91050. It shares
94% identity with the mouse hypothetical protein XP_144338 and 99% identity with
the Bos taurus (cattle) predicted protein XP_868963. This protein contains a smc

conserved domain (COG1196.1) identified from the NCBI Conserved Domain
Database (Marchler-Bauer, Anderson et al. 2005). As a chromosome segregation

ATPase, this domain is potentially involved in cell division and chromosome

partitioning.

In the previous chapter, I described a candidate gene association study in which

preliminary evidence for association was observed with the (Region B-located) G

protein-coupled receptor 78 (GPR78) gene in this sample. Only one SNP, rsl282

(Region B, SNP 1), was common to the two studies, because of the differences in the
SNP selection methods and resources between them. In this study, SNP 1 and

haplotypes spanning the GPR78 genomic region met the traditional nominal

significance threshold of P<0.05, but not the region-wide Nyholt-corrected threshold

(Region B: P<0.0005) set to account for the multiple markers tested in this study.

Recently, the results of the first genome-wide association studies (GWAS) in BP

(The Wellcome Trust Case Control Consortium 2007; Baum, Akula et al. 2008;

Sklar, Smoller et al. 2008) and in SCZ (Lencz, Morgan et al. 2007; Shifman,
Johannesson et al. 2008) were released. None of the studies reports a significant

finding in the regions covered in this study. However, this may be due to a number of

reasons, including differences in SNP coverage, the tests performed and/or the more

stringent significance thresholds established in the GWASs to account for the

genome-wide coverage. Therefore, it would be worthwhile delving deeper into the
data emerging from the GWASs to determine whether any evidence of association
was observed for Regions B and D in these larger, independent samples.

One main concern in population-based association studies is population stratification,
which occurs when the cases and controls have different allele frequencies due to
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population background, rather than their affection status, and can lead to bias and

spurious results (Cardon and Palmer 2003). In order to perform this candidate region
association study, the cases were carefully selected, having been recruited from the

general Scottish population, and included only definite cases of BP or SCZ. The
control sample was selected from the same population as the cases to minimise false
associations due to population stratification. However, stratification may still exist

(Redden and Allison 2006). Thus, a preliminary analysis of stratification using 66
SNPs (Turakulov and Easteal 2003) and the population stratification program

STRUCTURE (Falush, Stephens et al. 2003) was performed by Dr. Philippa
Thomson (PT). This analysis showed no evidence of population stratification in this

sample (personal communication, PT). Also, the distribution of the allele P-values
for Regions B and D (Figures 4.2 and 4.4) suggested no overall inflation of Type I

error, supporting the evidence of no stratification in the sample.

A systematic approach to SNP selection was applied, aiming to cover the two linked

sub-regions (B and D) as thoroughly as possible. This selection method relied on the
construction of LD blocks, which facilitated the selection of htSNPs that efficiently

captured a predetermined percentage of the known variation within the block

(Johnson, Esposito et al. 2001) and some inestimable portion of the unidentified
variation. Given that the definition of a block is much debated (Daly, Rioux et al.

2001), it is important to point out that the subsequent methods of analysis did not

depend on the block structure being wholly accurate or complete. The primary

purpose of the blocks was to facilitate the selection of the htSNPs, whose power in
an association study is based on their overall ability to represent the genetic variation
in a predefined area (Goldstein, Ahmadi et al. 2003). Selecting SNPs on a block-by-
block basis also offers a more thorough coverage of the region, is more likely to

provide positional information on an associated region than a block-free approach

(Daly, Rioux et al. 2001; Goldstein 2003; Goldstein, Ahmadi et al. 2003) and

provides coverage that is more robust to marker failure, due to the inherent

redundancy. Indeed, 13 SNPs did fail genotyping, but due to the block-based

coverage applied, the intended coverage of the region was unlikely to be
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compromised greatly. The one inevitable caveat was that since the htSNPs were

selected using an early, Phase I release of the HapMap Project data (Release 7, May

04) (The International HapMap Consortium 2005), it is likely that there are gaps in
the coverage. With the completion of the second and final phase of the HapMap

Project (Phase II, Release 22, April 07) and resulting three-fold increase in the

density of genotyped SNPs (Frazer, Ballinger et al. 2007), improved coverage of the
linked candidate regions is now possible (Pe'er, Chretien et al. 2006) and should be
utilised for any of the regions to be followed up.

I carried out both single-marker and haplotype-based analysis of the data because

haplotype-based analysis can be more powerful in some cases (Akey, Jin et al. 2001).

Specifically, as the frequency of the causative variant is unknown, it is more likely to

be matched, and possibly detected, when a range of haplotype frequencies is tested

(Schaid 2004; Wray 2005). This, however, resulted in an increase in the number of

(highly-correlated) tests performed and in an additional multiple testing concern, for
which there is no straightforward solution. The "gold standard" for multiple testing
correction is permutation analysis because it determines the empirical distribution
and significance threshold of the data, while accounting for its correlation structure.

Permutation analysis is, however, computationally intensive and extremely time-

consuming, particularly in its application to multiple, large haplotypes. Thus, a two-

step procedure was employed: First, the association data was mined for the most

significant markers and haplotypes, based on a significance (Nyholt-corrected)
threshold pre-adjusted for the number of SNP tested. Then, having validated this
threshold at the single-marker level with permutation analysis, the significant

haplotypes were ranked based on their level of support (global versus individual) and

permutation-based corrections were performed on the most promising haplotype
candidates - i.e. those with support at the global level. Each of the four high-ranking
associated regions (Bl, B4, D2 and D7) was supported by global and, in many cases,

individual haplotypes that withstood permutation testing (Pp<0.05). This provided
more reliable support for these regions and suggested that the region-wide Nyholt-
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corrected thresholds were appropriate cut-offs for the haplotype tests as well as the

single-marker tests.

The nominal, or Nyholt-corrected, significance thresholds were not adjusted to

account for the extra tests performed as a result of pooling the cases and splitting the

sample by gender. It can be argued that adjusting the P-values for these additional

tests, using a straightforward Bonferroni-type correction, is overly conservative

given the non-independence and a priori relevance and importance of these tests, as

discussed below. Furthermore, these findings should be taken in the context of the

prior probability conferred on the chromosome 4p linkage region, particularly in

Regions B and D, through the multiple, positive linkage results (Sullivan, Eaves et al.

2001; Wacholder, Chanock et al. 2004).

In this study, several significant regions were identified. Some showed association to

BP (B1 and B4), others to SCZ (D7) and still others to BP and SCZ together (D2).
These findings reflect what has already been observed in family-based studies for the

4p locus, where linkage has been shown to BP and/or SCZ and related illnesses

(Blackwood, He et al. 1996; Asherson, Mant et al. 1998; Detera-Wadleigh, Badner et

al. 1999). This phenomenon has also been observed in a proportion of other

susceptibility loci for psychiatric illness, suggesting that these illnesses may, in some

cases, share genetic predisposition across diagnostic boundaries (Berrettini 2003;
Van Den Bogaert, Del-Favero et al. 2006). Family studies and the overlap in the
clinical presentation between BP and SCZ also support this hypothesis. It is also

possible that Regions B and D each harbour separate loci (one or more in each) for
BP and SCZ, respectively.

It is also noteworthy that some of the associations were sex-specific, occurring only
in the males (e.g. Bl) or only the females (e.g. B4). While no difference in the
lifetime risk for BP or SCZ between males and females has been reported, there is
substantial evidence of gender differences in the onset, course and outcome of
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psychiatric illness (Holden 2005). For example, women with BP are more likely to

experience rapid cycling between the depressed and manic states, mixed mania and

antidepressant-induced mania (Burt and Rasgon 2004). Women are more likely to

have a depressive episode before their first manic episode, while men tend to present

with mania followed by depression (Barnes and Mitchell 2005). Also, women have

been found to be more likely than men to have a comorbid psychiatric or physical

diagnosis, such as substance abuse or migraines (Burt and Rasgon 2004). Finally,
there is also evidence of later age of onset of BP for females (Kennedy, Boydell et al.

2005). In SCZ, males show the first signs of the illness significantly earlier than
females and have a poorer course (Riecher-Rossler and Hafner 2000; Hafner 2003).
In terms of treatment, differences between men and women in both clinical and

pharmacokinetic responses to psychotropic drugs have been reported (Viguera,
Tondo et al. 2000). Both BP and SCZ are heterogeneous phenotypes; thus, these

illness-specific gender differences suggest the possibility of a genetically more

homogenous subgroup in the male- or female-specific BP and/or SCZ samples,

potentially increasing the power to detect association (Cloninger 1994). Indeed,

experimental and empirical evidence has indicated that modelling for sex-specific
architecture may increase the power to identify the underlying genetic variants. This
is particularly relevant in light of the recent findings of sexually dimorphic gene

expression in humans and rodents (Emison, McCallion et al. 2005; Isensee and Ruiz

Noppinger 2007) and of sex-specific heritability and genome-wide linkage in human

quantitative traits (Weiss, Pan et al. 2006). Finally, sex-specific associations have
been identified in the analysis of other candidate genes in psychiatric illness,

including DISCI, CREB1, GPR50 and Reelin (Flennah, Varilo et al. 2003; Zubenko,

Hughes et al. 2003; Thomson, Wray et al. 2005; Shifman, Johannesson et al. 2008).

Type I error is a concern in any association study, particularly when such an extent

of non-independent multiple testing is performed. An attempt at permutation-based

multiple testing correction was made, but it is important to note that there were

limitations to the method employed beyond the previously reported computational
restraints. One limitation was that the permutation option in Cocaphase 2.4 only

Chapter 4 136



permutes within a particular sliding-window size and not across all of the windows
tested at the same time, thus correcting for only one haplotype window size at a time.

Thus, the haplotypes that survived the permutation-based correction only did so

within their particular haplotype size and not across all of the haplotypes tested.
Also, as mentioned above, no additional adjustments were made to account for the
extra tests performed as a result of pooling the cases and splitting the sample by

gender. Finally, another source of Type I error is genotyping error, particularly if
there are differential genotyping error rates between the cases and the controls due to

differences in their DNA quality, resulting from differences in their ascertainment or

processing (Moskvina, Craddock et al. 2006). Haplotype-based analyses are

particularly sensitive to genotyping error, especially when the haplotypes are rare or

the LD between the SNPs making up the haplotypes is high (Moskvina, Craddock et

al. 2006). While several quality control measures were taken to try to prevent and/or
detect and account for the genotyping errors in this dataset, it is possible that low
levels of error have gone undetected or that additional biases have been imposed in
the attempt to account for the errors, as, for example, by removing poor quality

samples (Pompanon, Bonin et al. 2005). Therefore, it is critical that the associations

presented in this chapter, particularly those involving rare haplotypes, be treated with
caution. An important target for future genetic studies should be replicating these

findings in larger, independent samples, validating the associations by other

genotyping methods in these and other samples, carrying out functional studies on

the genes identified and homing in on the functional variant(s). Chapter 5 of this
thesis describes one attempt at replication in an independent, German sample.

Finally, Regions B and D only cover a portion (8.3Mb) of the chromosome 4p

linkage region (19.8Mb). A thorough population-based follow-up of the linkage

region would involve covering the other two sub-regions, A and C, as well,

especially in light of the results emerging from GWAS, reporting significant findings
in Region A gene, SORCS2 (Baum, Akula et al. 2008), and Region C genes, LDB2

(Baum, Akula et al. 2008) and KCNIP4 (Sklar, Smoller et al. 2008). Accordingly,

progress towards this has already been made, as SNPs have already been selected
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and genotyped in the same population-based Scottish sample to cover the parts of the
~20Mb linkage region that were not covered in this study. This data awaits analysis.

In summary, the large-scale association study described in this chapter covered two

priority regions totalling 8.3Mb of the 20Mb candidate linkage region on

chromosome 4p. It has identified 13 significant regions of association that include
known genes, predicted gene transcripts and potential regulatory regions for further

investigation.
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Chapter Five

Replication analysis of the chromosome 4p candidate
region for bipolar disorder and schizophrenia in an

independent, German sample
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5 Replication analysis of the chromosome 4p candidate
region for bipolar disorder and schizophrenia in an
independent, German sample

5.1 Introduction

This chapter describes a replication study of the associations described in Chapter 4.
This study was made possible through collaboration with Dr. Sven Cichon and

colleagues (Department of Genomics, Life and Brain Center, University of Bonn,

Germany), who provided the patient and control samples and performed the

genotyping and primary quality control checks.

5.1.1 Background and motivation

As previously described, the chromosome 4pl5-pl6 region has been identified as a

candidate region for susceptibility to bipolar disorder (BP) and schizophrenia (SCZ)
based on a several independent studies. Haplotype analysis of the large Scottish
chromosome 4p-linked family (F22, (Blackwood, He et al. 1996)) and three other dp-
linked families (F48, (Detera-Wadleigh, Badner et al. 1999); F50, (Asherson, Mant
et al. 1998) and F59, (Blackwood, He et al. 1996)) refined and dissected the linkage

region into four sub-regions (A-D) (see Figure 4.1), two (B and D) of which showed

linkage in three of the four 4p-linked families studied. In Chapter 4, I presented the
results of an association study covering these two regions in a population-based
Scottish sample of unrelated cases and controls. Thirteen regions met the (Nyholt-

corrected) significance thresholds defined for that study (Table 5.1). These 13

regions and 20 others were selected, as described below (section 5.3), for replication
in another sample of North Western European descent - an independent, population-
based German sample. Replication is crucial for filtering false positives from true

associations (Lander and Kruglyak 1995).
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Region Nyho It-significant
cluster

SNP range
Best P-value

(Scottish)
B1 48-57 0.000065

B
B2 75-79 0.00046
B3 123-125 0.00020
B4 126-134 0.000014

D1 14-18 0.00011
D2 48-58 0.0000033
D3 59-63 0.00023
D4 148-152 0.00030

D D5 182-186 0.00014
D6 202-206 0.00024
D7 214-218 0.000070
D8 239-243 0.00016
D9 250-253 0.00024

Table 5.1. Summary of the 13 significant clusters in Regions B and D identified in the
original Scottish sample. For each of Regions B and D, the significant clusters identified in
the original Scottish sample, are provided, along with their constituent SNPs and their best
P-value (single-marker, global or individual). The four clusters with global test P-values that
met the relevant region-wide Nyholt-corrected threshold (Region B: P<0.0005; Region D:
P<0.0003) and survived permutation-based correction (Ps0.05) are highlighted.
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5.2 Sample

The sample used in this study consisted of approximately 400 BP, 400 SCZ and 400
control individuals of German descent. As described in section 2.1.1.3, this sample
was recruited from the general German population. It was a suitable sample in which
to perform a linkage disequilibrium (LD) based replication analysis of the original
chromosome 4p findings in the Scottish population because both samples consisted
of individuals of North Western European descent. Furthermore, it has been shown

that, in general, European populations are similar with respect to LD patterns,

haplotype block structure and tagging SNPs (Mueller, Lohmussaar et al. 2005).

5.3 SNPs selected for replication

SNPs were selected for replication with the aim of covering all potentially significant

regions identified in the original, Scottish-based association study. In Chapter 4, I

presented the SNPs and haplotypes (B1 to B4 and D1 to D9, Table 5.1) that met the

significance thresholds established for the original study - i.e. the Nyholt-corrected
thresholds (Region B: P<0.0005 and Region D: P<0.0003). However, since funding

permitted, additional regions were selected for inclusion in the replication study,
based on more relaxed criteria for association (as described below) to allow for
allelic heterogeneity between the two samples and small differences in allele

frequency and LD structure, resulting from sampling or even population differences
at a fine-scale level. To that end, the significance threshold was relaxed, from the

Nyholt-corrected thresholds, to P<0.01 for single markers and global haplotypes and
their corresponding individual haplotypes, and to P<0.001 for all other individual

haplotypes.

The SNPs and haplotypes that met these criteria are shown in Appendix Tables A3
and A4. These significant SNPs and sliding-window haplotypes clustered into a total
of 33 non-overlapping (though not necessarily independent due to the possibility of
LD between them) regions of association - 11 in Region B and 22 in Region D

(Table 5.2). It is important to note that since the criteria for significance were relaxed
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relative to the Nyholt-corrected thresholds imposed in the original study, the regions
covered by these clusters of significant SNPs and haplotypes have broadened, as a

result, in some cases encompassing more than one of the Nyholt-significant clusters

(Table 5.2).

A systematic approach was then applied to determine which SNPs from the 33
associated regions in the original study would be genotyped in the replication

sample. In order to adequately cover each region, the following SNPs were selected:

1. All SNPs that were significant at the single-marker level (P<0.01), and

2. the SNPs that made up the most significant haplotype in each of the 33
clusters of associated haplotypes, with the following specifications:

a. If more than one individual haplotype form existed in the region
(for example, the light green versus pale blue haplotypes in Table
5.3), the SNPs making up the most significant of each of these
haplotype forms were selected.

b. If the region of association was identified in more than one
subgroup (e.g. BP males versus SCZ females), then the SNPs
making up the most significant haplotype of that region in that
subgroup were selected for replication.

c. If a region consists only of significant global haplotypes, then the
SNPs making up the most significant global haplotypes were
selected. Otherwise, the individual haplotypes were the focus of
selection.

This approach is illustrated in Table 5.3, using a hypothetical region of association,
as defined by the relaxed criteria for significance. The hypothetical region of
association was identified in three subgroups: the BP female, SCZ female and All

(BP and SCZ) female samples. In the BP female sample, two haplotype forms are

significant: T-A-G-C-G-G-G (light green) and T-A-C-C-C-C-G (pale blue).

Therefore, the SNPs making up the most significant "window" of these haplotypes
would be selected: A-G-C-G-G-G (SNPs 2-6 for the light green haplotype,

P=0.0029) and A-C-C-C (SNPs 2-5 for the pale blue haplotype, P=0.0013). SNP 1 is

Chapter 5 143



also significant at the single-marker level in the BP female sample. Only the pale
blue haplotype is present in the SCZ female group, and the most significant part of
that is C-G-A-A (SNPs 5-8, P=0.00039). In the full sample of females, only SNP 3

emerges as significant. Therefore, SNPs 1 to 8 would be selected for replication for
this hypothetical region of association.
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Region SNP range
Genomic cooridinates

(NCBI Build 36)
Nyholt-significant

clusters fSNPsl
5-7 chr4:8641411 -8650531

11-15 chr4:8701724-9349423
21-24 c h r4:9524948-9883271
48-58 chr4:10538866-10669581 B1 [48-57]
67-73 chr4:10820309-10861689

B
75-79 chr4:10878977-10920491 B2 [75-79]
91-94 chr4:11050732-11071052
106 chr4:11150205
108 chr4:11155677
113-117 chr4:11243225-11468817

121-135 chr4:11621607-12147148
B3 [123-125]
B4 [126-1341

10-19 c h r4:22050564-22214157 D1 [14-18]
26-36 chr4:22357854-22755985
38-39 chr4:22803604-22853172
46-58 chr4:23175978-23366343 D2 [48-58]
59-64 c h r4:23368855-23462109 D3 [59-63]
84-88 c h r4:23636435-23693408
97-102 chr4:23864675-23898753
140 chr4:24427195
142 chr4:24494853
146-154 chr4:24524326-24604668 D4 [148-152]

D
157-162 chr4:24622674-24642106
165-169 chr4:24653732-24681749
170-174 chr4:24686983-25064502
176-181 chr4:25073976-25166655
182-186 chr4:25171339-25196841 D5 [182-186]
192-193 chr4:25263664-25284223
202-208 chr4:25389989-25472473 D6 [202-206]
211-212 chr4:25490975-25502923
213-219 c h r4:25522253-25604984 D7 [214-218]
222-227 chr4:25625274-25661604
239-243 chr4:25796126-25826580 D8 [239-243]
245-254 chr4:25843540-26117259 D9 [250-253]

Table 5.2. The 33 regions of association identified in the original Scottish sample.
Provided for each region of association in Regions B and D is the range of SNPs comprising
the regions, the genomic coordinates (NCBI Build 36) and which, if any, of the Nyholt-
significant clusters corresponded with the region. The four clusters with global test P-values
that met the relevant region-wide Nyholt-corrected threshold (Region B: P<0.0005; Region
D: P<0.0003) and survived permutation-based correction (P<0.05) in the original, Scottish
study are highlighted.
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Subgroup SNP1 SNP2 SNP3 SNP4 SNPS SNP. Haplotype P-value Reason

BP F 1 T 0.00038 SM
BP F 1 2 3 4 5 T-A-C-C-C 0.0025
BP F 1 2 3 4 5 T-A-G-C-G 0.0082
BP F 2 3 4 5 Global 0.00090
BPF 2 3 4 5 A-G'-C-C 0.0073 Best P(pa!e blue)
BP F 2 3 4 5 A-G-C-G 0.0032
BP F 2 3 4 5 6 Global 0.0028
BP F 2 3 4 5 6 A-C-C-C-G 0.0014
BPF 2 3 4 5 6 A-G-C-G-G 0.0020 Best Pflight green)
SCZ F 3 4 5 6 C-C-C-G 0.0020
SCZF 5 6 7 8 C-G-A-A 0.0003d Best P
All F 3 G 0.0099 SM

Table 5.3. Replication SNP selection method. This table illustrates the method used to
select SNPs for replication, using a hypothetical region of association. The SNPs that would
be selected for replication are shaded in grey. For each haplotype is shown the subgroup
(BP-bipolar disorder [red]; SCZ - schizophrenia [blue]; All - both BP and SCZ [violet]; F -

female) in which the association was observed, the SNP(s) making up the significant SNP or
haplotype, the individual haplotype form (pale blue versus light green), the P-value for the
relevant (single-marker, global or individual) hypothesis test and the reason why the SNPs in
that haplotype were selected for replication. The significant single markers (SM) are in bold,
while the most significant haplotypes in each subgroup are in bold and italics.
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In total, 172 SNPs were selected for genotyping (see Table 5.4 for summary) to

cover the 33 regions of association. One of these SNPs, rs 1355969 (Region B SNP

67) was replaced by rsl6878966 because it was predicted by the Illumina® Assay

Design Tool (ADT, www.illumina.com) to have a low likelihood of genotyping

successfully within this selection of SNPs. According to the HapMap CEU sample

data, SNP rsl6878966 is a perfect replacement (r2=l) for rsl355969. Another SNP,
rs4593117 (Region D SNP 146), was renamed rsl 122594 in the later version of

HapMap (Phase II Release 21a, January 2007).

Summary Region B Region D Total

SNPs in Scottish study 149 259 408

Regions for replication 11 22 33

SNPs for replication
(% of Scottish SNPs)

56 (38%) 116 (45%) 172 (42%)

Table 5.4. Summary of number of SNPs for replication. This table lists the number of
SNPs originally tested for association in Regions B and D and in total, followed by the
number of non-overlapping regions identified as significant for replication and the number
(and percentage of original study) of SNPs selected to cover these regions in the replication
study.
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5.4 Genotyping and quality control

The 172 SNPs were submitted for genotyping in 1202 unrelated case-control
individuals of German descent. Genotyping was performed by our collaborators at

the Department of Genomics, Life and Brain Center at the University of Bonn,

Germany, using the high-throughput Illumina BeadArray™ platform technology.
The primary quality control measures were also performed in Bonn by Drs. Sven

Cichon, Axel Hillmer and Per Hoffman. Of the 172 SNPs, five SNPs (Region B

SNPs 13 and 135 and Region D SNPs 159, 215 and 225) were removed due to

genotype failure, while of the 1202, nine sample DNAs (five controls and four SCZ)
were removed due to poor DNA quality determined by low (<50%) genotype call
rates. Finally, the genotypes between the multiple duplicate samples included in the

experiment were compared and no discrepancies in genotype calls between duplicate

samples were observed. All of the relevant phenotypic information for the samples,

including diagnosis and sex, were provided by the collaborating psychiatrists at the
Universities of Bonn and Mannheim, Germany.

Upon receiving the data from Germany, I reformatted it, using a free-trial version of

Progeny (www.progenygenetics.com), for entry into BasicAS. Stewart Morris (SM)
ensured that the alleles called for each genotype were on the same relative strand -

i.e. the forward/plus strand relative to the latest release of the human genome

sequence at NCBI - as he had done for the genotype data in the original study

(Chapter 4), to enable a direct comparison of SNPs and haplotypes between the two

studies. I then used the functions available in BasicAS to examine the markers for

deviations from Hardy-Weinberg Equilibrium (HWE) in the sample of control
individuals. One SNP from Region D (SNP 250) failed HWE (due to homozygote

excess), and therefore was removed from the dataset. The remaining 166 SNPs met

HWE in the controls at the default Haploview HWE P-value threshold of 0.001

(minimum HW P-value = 0.0021).
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Therefore, the final dataset consisted of genotype data for 166 SNPs - 54 in Region
B and 112 in Region D - in 400 BP, 396 SCZ and 397 control individuals (Table

5.5). This represented an average locus success rate of greater than 99% (range: 95.8-

100%) in a total of 1193 individuals (-99% sample success rate). The SNPs selected
for replication, including their original project number (as in Chapter 4), rs number,

alleles, minor allele frequency and HW P-value in the full sample of control
individuals and genotype success percentage are shown in Appendix Tables A5

(Region B) and A6 (Region D).

BP SCZ Control Total

Male 184 169 204 557
Female 216 227 193 636
Total 400 396 397 1193

Table 5.5. Chromosome 4p candidate region German association sample
demographics. Breakdown by diagnosis and gender of the samples successfully genotyped
and available for analysis in this study. Abbreviations: BP, bipolar disorder; SCZ,
schizophrenia.

5.5 Significance threshold and multiple testing correction

A straightforward Bonferroni adjustment was made to account for the 33 non-

overlapping regions of association tested from replication in this study. Any SNP or

haplotype that met the corrected significance threshold, P=0.002, was declared

significant and provided support for replication of the region. No other adjustments
or corrections were made, as any of the tests performed within these 33 associated

regions, as described below, were performed to test the region as a whole. A
Bonferroni correction of 33 could be considered conservative, as the 33 regions are

unlikely to be completely independent with respect to LD.
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5.6 Association analysis

As in Chapter 4, both single-marker and sliding-window (up to 5 SNPs) haplotype

analyses were performed with the SNPs from each of the 11 regions of association in

Region B and the 22 in Region D. This was to ensure that each region was

adequately covered by testing across a range of frequencies, as occurs when testing

sliding windows of haplotypes, making it more likely to match the frequency of the
causal variant and target the causal variant (Wray 2005). The SNPs and haplotypes
selected for replication were selected in order to represent the 33 regions of
association identified in the original study (Table 5.2 and Appendix Tables A3 and

A4), rather than to be tested individually for replication. As before, the analyses were

performed on the BP and SCZ samples separately and combined, and on these

samples separated on the basis of gender. The results of the single-marker and

haplotype analyses are presented separately for Regions B and D, focusing on the

significant results that emerged when testing the German sample and comparing
them to the results of the original analysis in the Scottish sample.

5.6.1 Region B

Of the 11 regions of association identified in Region B in the original, Scottish-based

study, three showed evidence of association (P<0.002) in the German replication

sample (Figure 5.1, Table 5.6). Each region identified as significant in the German

study is described and compared to the results obtained from the original, Scottish

study.
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Figure5.1.RegionB:ComparisonoftheoriginalScottishresultsandtheresultsofthereplicationstudyintheGermansample.TheP-values ofthesignificantmarkersandhaplotypesinRegionBfromtheoriginalScottishstudyandfromtheGermanreplicationstudyareplotted(onthe-log10 scale,y-axis)againsttheSNPprojectnumber(x-axis).Theoriginalfindingsareindicatedbythehorizontalbars,withthecolourrepresentingthe diagnosissubgroup,asdefinedinthekeyinthefigure.Thegendersubgroupisnotindicatedfortheoriginal,Scottishfindings.Thesignificant replicationresultsareindicatedbythecolouredshapes,whicharealsodefinedinthekey.Threesignificancethresholdsaremarkedbyhashedlines: Brightgreen(P=0.0002)indicatestheoriginal,Scottishexperiment-wideNyholt-correctedthreshold;orange(P=0.0005)indicatestheoriginal,Scottish region-wideNyholt-correctedthresholdandthedarkgreen(P=0.002)indicatestheBonferroni-correctedreplicationthreshold.Resultsareshownfor bipolardisorder(BP),schizophrenia(SCZ)andthecombinedgroupofBPandSCZindividuals(All).ThetwoclustersinRegionBwithglobaltestP- valuesthatmettherelevantregion-wideNyholt-correctedthresholdintheoriginalstudy(RegionB:P<0.0005)andsurvivedpermutation-based correction(P<0.05)areboxed.
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Case frequency
Control frequency

OR(95%CI)

0.32

0.220.00180.0211.7(1.2-2.3)
0.0042

0.0330.0016N/A-rareN/A-rare
0.026 0.023 0.023 0.026 0.013 0.0062 0.021 0.018 0.021 0.016

0.071 0.064 0.066 0.071 0.043 0.034 0.071 0.062 0.071 0.066

0.00040 0.00093 0.00043 0.00037 0.0019 0.0016 0.00092 0.0019 0.00087 0.00094

0.0012 0.0050 0.0024 0.00084
N/A-rare N/A-rare 0.0051 0.020 0.0023 0.012

0.4(0 0.4(0. 0.4(0. 0.4(0
N/A N/A

0.3(0. 0.3(0. 0.3(0. 0.3(0.
2-0.7) 2-0.8) 2-0.7) 2-0.6) -rare -rare 1-0.7) 1-0.8) 1-0.7) 1-0,7)

0.052

0.0140.00075
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The first region showing evidence of association in the replication study was that
covered by SNPs 48-58 in Region B, which corresponds to significant region B1 in
the original study. In the replication study, a two-SNP haplotype (SNPs 54 and 56)
was significant at the individual haplotype level in the BP females (P,=0.0018,

Pg=0.021), causing an increase in risk of susceptibility to BP (Table 5.6). In Table
5.7, I compare the replication, or German sample, result to that obtained in the

original study. The two-SNP haplotype, consisting of SNPs 54 and 56, was not tested
in the original study because of the existence of SNP 55 in the original study. SNP 55
was not included in the replication study because it did not meet the criteria to be
selected for replication - i.e. it was not significant at the single-marker level, nor was

it located in the most significant haplotype in the region (see SNP range 48-58 in

Appendix Table A3). Thus, to allow direct comparison, the two-SNP (54-56)

haplotype was subsequently tested in the original, Scottish BP female sample. This

haplotype did not meet the criteria for significance (P<0.01), although it did show a

trend towards significance (P=0.020). In the original study, association to B1 was

observed primarily in the BP male sample. When this two-SNP haplotype was

subsequently tested in the BP males of the Scottish sample, for the sake of

comparison, an even stronger association than previously observed in the BP male

haplotypes containing SNPs 54 and 56 was identified (P=0.00034). The haplotype

producing this stronger association was, however, the G-G haplotype, which resulted
in an increase in risk to BP in the Scottish male sample, while, in the replication

study, it was the G-A haplotype that led to an increase in risk to BP in the German
female sample. The G-G haplotype did not meet the Bonferroni-corrected threshold

(P<0.002) in the German sample of BP males and, therefore, is not shown.
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Region B SNPs 48-58 (B1)

SNP No. 53 54 55 56 57
Case

frequency
Control

frequency
P-value Effect

Significant results in German stuc y
BP F G NI A 0.32 0.22 0.0018 S

Best German result (above, in bold) in Scottish study
BP F G i Ni A 0.31 0.23 0.020 ns

~BP M G Ni G 0.30 0.19 0.00034 S

S election of significant results in Scottish study
BP M 53 54 55 56 N/A - Global N/A - Global 0.0021
BP M T G G A 0.062 0.12 0.0095 P
BP M T G T G 0.28 0.17 0.00059 S
BP M 53 54 55 56 57 N/A - Global N/A - Global 0.0037
BP M T G T G C 0.28 0.18 0.00097 S
BP M G T 0.36 0.25 o oonon S
BP M 54 55 56 N/A - Global N/A - Global 0.0082
BP M G T G 0.29 0.19 0.00056 S

Table 5.7. Region B SNPs 48-58 (B1): Comparison of German and Scottish results. The
rows represent the haplotypes, while the columns indicate the SNP number, the frequency of
the haplotype in the case and the controls (as estimated by the EM algorithm in Cocaphase
2.4), the corresponding P-value and the direction of effect. 'S' refers to 'susceptibility', which
occurs when the frequency in the cases is greater than that in the controls, resulting in an
OR>1 and thus an increase in risk of susceptibility to illness; 'P' refers to 'protective', which
occurs when the frequency in the controls is greater than that in the cases, resulting in an
OR<1 and thus a decrease in risk of susceptibility to illness. The direction of effect (i.e. P vs.
S) cannot be confidently determined for haplotypes that did not reach the appropriate
significance level (ns). The three sections of the table represent the following: (top) the
significant results in the German sample, with the most significant in bold; (middle) the result
of testing the most significant haplotype from the German sample (top, in bold) in the same
subgroup of the Scottish sample and (bottom) the significant associations identified in the
original, Scottish study that overlap with, or correspond to, the associations identified in the
German sample (top). **Represents a special case in which the haplotype was also tested in
the BP males because it was not tested in the original study. 'A//' (in grey) represents a SNP
that was Not Included in the replication study. 'N/A - Global' indicates that case-control
frequencies are not applicable at the global haplotype level; thus, effect is not applicable to
global haplotypes either. Additional abbreviations: BP, bipolar disorder; M, male; F, female.
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The second region showing evidence of association in the replication study was that
covered by Region B SNPs 91-94 (Table 5.6). A rare four-SNP haplotype was

significant in combined group of affected females (P=0.0016). The same haplotype
tested in the original sample of all affected female sample was also rare, but was not

significant (P—0.39) (Table 5.8). The region was originally identified as significant
based on a single Nyholt-significant global haplotype observed in the Scottish SCZ
female sample. This global haplotype was not significant in the German sample, and,

therefore, is not shown.

Region B SNPs 91-94

SNP No. 91 92 93 94
Case

frequency
Control

frequency
P- value Effect

Sir nificant results in German study
All F G T C G 0.0042. 0.033 0.00f6 rare

Best German result (above, in bold) in Scottish study
AIIF G T c G 0.011 0.018 0.39 ns

Selection of significant results in Scottish study
SCZ F 91 92 93 94 N/A - Global N/A - Global 0.0053

Table 5.8. Region B SNPs 91-94: Comparison of German and Scottish results. The
rows represent the haplotypes, while the columns indicate the SNP number, the frequency of
the haplotype in the case and the controls, the corresponding P-value and the direction of
effect. The effect (protective vs. susceptibility) cannot be confidently determined for rare
haplotypes (rare, in italics) or for haplotypes that did not reach the appropriate significance
level (ns). The three sections of the table represent the following: (top) the significant results
in the German sample, with the most significant in bold; (middle) the result of testing the
most significant haplotype found in the German sample (top) in the same subgroup in the
Scottish sample and (bottom) the significant associations identified in the original, Scottish
study that overlap with, or correspond to, the associations identified in the German sample
(top). 'N/A - Global' indicates that case-control frequencies are not applicable at the global
haplotype level; thus, effect is not applicable to global haplotypes either. Additional
abbreviations: SCZ, schizophrenia; All, both bipolar disorder and SCZ; F, female.
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The third region showing evidence of association in the replication study was that
covered by SNPs 121-135 in Region B (Table 5.6), which includes the Nyholt-

significant clusters B3 and B4 from the original study. This region also appeared to

have two foci of significance in the German study (Tables 5.9 and 5.10). The cluster
at the telomeric end of the region consisted of multiple, nested and overlapping

haplotypes, spanning SNPs 121 to 126 (region B3), with the strongest association

emerging in the sample of all affected males at both the global and individual

haplotype test levels. This two-SNP haplotype, C-G (SNPs 122 and 123, Pj=0.00037,

Pg^O.00084) conferred a protective effect against BP and SCZ. This haplotype was

also the most significant in the sample of SCZ males (Pj=0.00087, Pg=0.0023). In the
original study, this two-SNP haplotype was rare, and was not significant in the
combined sample of male cases or in the SCZ male cases (Table 5.9). In the Scottish

study, this region was classified as a Nyholt-significant region due to the association
of a rare three-SNP haplotype in the BP male sample (G-G-C, SNPs 123-125,

Pj=0.00020); however, this haplotype was not significant in the replication study (not

shown). An association that was comparable in both the German and Scottish
combined sample of male cases was a four SNP haplotype, spanning from SNPs 121-
124. In the German sample, the individual haplotype, T-C-G-G, resulted in a

protective effect against BP and SCZ in the male samples, while in the Scottish

sample, the individual haplotype, T-C-A-G, which differed at only one SNP, SNP
123 (the 'A' allele), relative to the German haplotype, conferred an increase in risk.
In the original Scottish study, the rest of the haplotypes that were found significant in
that region were different from those identified in the German study and they
conferred a protective effect in the combined sample of affected females and BP
female samples.
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Region B SNPs 121-135 (B3 & B4)

SNP No. 121 122 123 124 125 126
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
All M 121 122 123 N/A - Global N/A - Global 0.0012
All M T C G 0.026 0.071 0.00040 P
All M T C G G 0.023 0.064 0.00093 P
All M C G G 0.023 0.066 0.00043 P
All M 122 123 N/A - Global N/A - Global 0.00084
All M C G 0.026 0.071 0.00037 P
All M c G G C 0.013 0.043 0.0019 rare

All M c G G C C 0.0062 0.034 0.0016 rare

SCZ M T c G 0.021 0.071 0.00092 P
SCZ M TJ C G G 0.018 0.062 0.0019 P
SCZ M c G

j
0.021 0.071 0.00087 P

SCZ M c G G 0.016 0.066 0.00094 P

Best German result (above, in hold) in Scottish study
AIIM c G 0.0012 0.0045 0.26 ns

SCZ M c G 0.036 0.033 0.76 ns

Selection of significant results in Scottish study
All M 121 122 123 124 N/A - Global N/A - Global 0.0087
All M T C A G 0.089 0.046 0.0044 S
All F 122 123 124 125 126 N/A - Global N/A - Global 0.0035
All F C A A T T 0.042 0.10 0.0082 P
All F C A G C T 0.069 0.14 0.0033 P
All F 123 124 125 126 N/A - Global N/A - Global 0.0042
All F A G C T 0.073 0.14 0.0057 ""P~~
BP F ~ 122 123 124 125 126 N/A - Global N/A - Global 0.00078
BP F C A A T T 0.035 0.10 0.0023 P
BP F C A G C T 0.059 0.14 0.0012 P
BP F n 123 124 125 126 N/A - Global N/A - Global 0.0014
BP F A A T T 0.036 0.10 0.0037 P
BP F A G C T 0.063 0.13 0.0029 P
BP M G G C 0.043 2.2E-11 0.00020 rare

SCZ F 123 124 125 126 N/A - Global N/A - Global 0.0028

Table 5.9. Region B SNPs 121-135 (B3 & B4): Comparison of German and Scottish
results. The rows represent the haplotypes, while the columns indicate the SNP number, the
frequency of the haplotype in the case and the controls, the corresponding P-value and the
direction of effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of
effect (i.e. P vs. S) cannot be confidently determined for rare hapiotypes (rare, in italics) or
for haplotypes that did not reach the appropriate significance level (ns). The three sections of
the table represent the following: (top) the significant results in the German sample, with the
most significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. Additional abbreviations: BP, bipolar
disorder; SCZ, schizophrenia; All, both BP and SCZ; F, female; M, male.
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A significant haplotype was identified at the centromeric end of the SNPs 121-135

region as well, which corresponded to region B4 (Table 5.6). A five-SNP haplotype,

spanning SNPs 129 to 133, was significant at the individual haplotype level in the BP

sample (Pi=0.00075), incurring an increase in risk to illness (OR = 4.2, 95% CI: 2.1-

8.4). This exact haplotype was not significant in the Scottish sample (P=0.65) (Table

5.10). However, several haplotypes were significant, primarily in the BP female

subgroup and to a lesser degree in the full sample of BP individuals. The allele of
SNP 131 appeared to influence, in some way, the effect of the haplotype - i.e. that
the 'T' allele always incurred an increase in risk while the 'C' allele incurred a

decrease in risk - in the German replication sample, as it had appeared to do in the

original Scottish sample (see section 4.4.1.1.4).
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Region B SNPs 121-135 (B3 & B4)

SNP No. 129 130 131 132 133
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
BP MF G C T T A 0.052 0.014 0.00075 S

Best German result (above, in bold) in Scottish study
BP MF G C T 7 A 0.042 0.045 0.65 ns

Selection of significant results in Scottish study
BP F 129 130 131 N/A - Global N/A - Global 0.00056
BP F G T C 0.44 0.58 0.000069 P
BP F G T T 0.15 0.088 0.0055 S
BP F 129 130 131 132 N/A - Global N/A - Global 0.0020
BP F G T C T 0.18 0.28 0.0031 P
BP F 129 130 131 132 133 N/A - Global N/A - Global 0.00056
BP F G T C C A 0.15 0.23 0.0022 P
BP F G T C T A 0.032 0.080 0.0015 P
BP F G T 7 C T 0.026 5.7E-27 0.0047 rare

BP F 130 131 N/A - Global N/A - Global 0.00013
BP F T C 0.44 0.59 0.000026 P
BP F T T 0.15 0.086 0.0061 S
BP F 130 131 132 N/A - Global N/A - Global 0.0011
BP F T C T 0.19 0.29 0.0014 P
BP F 130 131 132 133 N/A - Global N/A - Global 0.00014
BP F C T T T

~

0.22 0.15 0.0059 s
BP F T C 0 A 0.15 0.23 0.0022 p
BP F T C T A 0.030 0.078 0.00091 p
BP F T 7 C 7 0.022 4.9E-12 0.0075 rare

BP MF 129 130 131 N/A - Global N/A - Global 0.0025
BP MF G T T 0.14 0.10 0.0063 S
BP MF 130 131 132 133 N/A - Global N/A - Global 0.0028
BP MF T C T A 0.044 0.070 0.0069 P
BP MF C 0.47 0.54 0.0062 P
BP MF 131 132 133 N/A - Global N/A - Global 0.0040
BP MF C T A 0.045 0.068 0.0090 P
BP MF T T T 0.29 0.23 0.0100 S

Table 5.10. Region B SNPs 121-135 (B3 & B4): Comparison of German and Scottish
results. The rows represent the haplotypes, while the columns indicate the SNP number, the
frequency of the haplotype in the case and the controls, the corresponding P-value and the
direction of effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of
effect (i.e. P vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or
for haplotypes that did not reach the appropriate significance level (ns). The three sections of
the table represent the following: (top) the significant results in the German sample, with the
most significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. Additional abbreviations: BP, bipolar
disorder; SCZ, schizophrenia; All, both BP and SCZ; F, female; M, male.
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5.6.2 Region D

Of the 22 non-overlapping regions of association identified in Region D in the

original, Scottish study, seven showed evidence of association in the German

replication sample (Figure 5.2, Table 5.11). Again, I provide a table for each of the
seven significant regions (Tables 5.12 to 5.18), comparing the significant results in
the German replication study to the most relevant associations identified in the

original Scottish study.

Among the seven regions showing evidence of replication, the original Nyholt-

significant regions D2 (see Table 5.12) and D3 (see Table 5.13) showed evidence of
association in the German study, while the most significant association in Region D,
and in the whole replication study, was that covered by SNPs 146-154 (Table 5.11),
which corresponded to significant region D4. In this region, significance was

observed in many of the sex-specific subgroups at both the global and individual

haplotype level. It was also the region that contained the only significant single-

marker, SNP 149 (P=0.00041; OR = 1.7, 95% CI: 1.3-2.2), in the German replication

study. The most significant individual haplotype result was with the five-SNP

haplotype G-G-A-T-A (SNPs 149 to 153; Pi=0.000043, Pg=0.0081) in the combined

sample of affected female cases, which conferred a strong protective effect (OR =

0.1, 95% CI: 0.0-0.2). This haplotype was also the most significant in the SCZ
female sub-sample (Pi=0.00021, Pg=0.015), and significant, but rare, in the
corresponding male subgroup. The strongest association in the BP male

(Pj=0.000050, Pg=0.0065) and all affected male (Pj=0.0023, Pg=0.033) subgroups
was what appeared to be the same haplotype, but spanning SNPs 147 to 151 (T-T-G-

G-A). In these male subgroups, the effect corresponded to a significant increase in
risk (BP male: OR = 2.4, 95% CI: 1.4-4.2; all male: OR = 1.9, 95% CI: 1.2-2.9).

Taken together, the opposite direction of effect in the male compared to the female

samples suggests a significant sex-genotype interaction. In the original study, this

haplotype showed a trend towards significance in both the BP male and all affected
male subgroups (Table 5.14), but conferred a protective effect, which was opposite to

the effect observed in the corresponding subgroup in the German study.
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Figure5.2.RegionD:ComparisonoftheoriginalScottishresultsandtheresultsofthereplicationstudyintheGermansample.TheP-values ofthesignificantmarkersandhaplotypesinRegionDfromtheoriginalScottishstudyandfromtheGermanreplicationstudyareplotted(onthe-log10 scale,y-axis)againsttheSNPprojectnumber(x-axis).Theoriginalfindingsareindicatedbythehorizontalbars,withthecolourrepresentingthe diagnosissubgroup,asdefinedinthekeyinthefigure.Thegendersubgroupisnotindicatedfortheoriginal,Scottishfindings.Thesignificant replicationresultsareindicatedbythecolouredshapes,whicharealsodefinedinthekey.Threesignificancethresholdsaremarkedbyhashedlines: Brightgreen(P=0.0002)indicatestheoriginal,Scottishexperiment-wideNyholt-correctedthreshold;orange(P=0.0003)indicatestheoriginal,Scottish region-wideNyholt-correctedthresholdandthedarkgreen(P=0.002)indicatestheBonferroni-correctedreplicationthreshold.Resultsareshownfor bipolardisorder(BP),schizophrenia(SCZ)andthecombinedgroupofBPandSCZindividuals(All).ThetwoclustersinRegionDwithglobaltestP- valuesthatmettherelevantregion-wideNyholt-correctedthresholdintheoriginalstudy(RegionD:P<0.0003)andsurvivedpermutation-based correction(P<0.05)areboxed.



Original Region

SNPs46-58

SNPNo.

4748495051
Subgroup SCZM

T

G

SCZM

T

G

A

SCZM

T

G

A

T

SCZM

T

G

A

T

A

SCZF BPM BPM BPM BPM BPM BPM BPM BPM BPM BPM BPM BPM BPM AllM AllM AllM AllM AllM AIIM AllF AllF AllF SCZF SCZF SCZF SCZM SCZM

SNPs146-154
146147148149150151152153Case

frequency
0.12 0.12 0.10 0.10

Control frequency
0.023 0.0036 0.015 0.016 1.3E-10 0.061 0.046

Statistics 0.0013 0.0014 0.0013 0.00089

0.013 0.026 0.066 0.051

2.4E-260.0018N/A-rare 0.41 0.011 0.41 0.011

0.00041 0.00041 0.00041 0.00041 0.000050 0.00041 0.00041 0.000051 0.00082
NA-SM 0.00041 0.000051 0.00075 0.00023 0.00023 0.0020 0.00023 0.0019

0.00460.00049
0.0013 0.0018 0.000043 0.00053 0.0010 0.00021

0.074 0.056 0.077 0.074 0.055 0.010 0.0046

0.0020 0.00056

0.0051 0.0071 0.0051 0.0071 0.0065 0.0017 0.0051 0.0083 0.028 0.00041 0.0019 0.0021 0.032 0.033 0.036 0.0061 0.013 0.0070
N/A-rare 0.020 0.085 0.0081 0.013 0.034 0.015 0.052

N/A-rare
OR(95%CI) 0.5(0.3-0.7) 0.5(0.3-0.8) 0.6(0.3-1.0) 0.6(0.3-1.0) N/A-rare

1.8(1.2-2.6) 1.8(1.2-2.6) 1.8(1.2-2.6) 1.8(1.2-2.6) 2.4(1.4-4.2) 1.6(1.1-2.2) 1.8(1.2-2.6) 2.4(1.4-4.2) 2.4(1.3-4.3) 1.7(1.3-2.2) 1.7(1.2-2.4) 1.6(1.1-2.4) 1.5(0.9-2.4) 1.9(1.2-2.9) 1.9(1.2-2.9)
3.8(1.4-10.4) 1.5(1.1-2.1)

3.8(1.4-10.6) N/A-rare
0.3(0.1-0.5) 0.3(0.2-0.5) 0.1(0.0-0.2) 0.2(0.1-0.4) 0.2(0.1-0.5) N/A-rare*

5.5(1.8-16.2) N/A-rare

Table5.11.RegionDhaplotypesthatmettheBonferroni-correctedthresholdofP<0.002intheGermansample.Continuedonthenextpage.
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Region D SNPs 46-58 <D2>

SNP No. 46 47 48 49 50 51 52
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
SCZ M T G 0.12 0.21 0.0013 P
SCZ M T G A 0.12 0.21 0.0014 P
SCZ M T G A T 0.10 0.19 0.0013 P
SCZ M T G A T A 0.10 0.19 0.00089 P

Best German result above, in bold) in Scottish study
SCZ M T G A T A 0.19 0.18 0.71 ns

Selection of significant results in Scottish study
All F 48 49 50 51 52 N/A - Global N/A - Global 0.00087
All F A A T A G 0.12 0.049 0.00016 S
All M C T G A G 1.9E-15 0.021 0.00043 rare

All MF 49 50 51 52 N/A - Global N/A - Global 0.0025
All MF A T A G 0.12 0.075 0.00063 S
BP F 48 49 50 51 52 N/A - Global N/A - Global 0.0033
BP F A A T A G 0.12 0.048 0.00023 S
BP MF 49 50 51 52 N/A - Global N/A - Global 0.0016
BP MF A T A G 0.13 0.075 0.00023 S
SCZ F 49 50 51 52 N/A - Global N/A - Global 0.0032
SCZ F A T A G 0.13 0.055 0.0012 S
SCZ F 50 51 52 N/A - Global N/A - Global 0.0021
SCZ F T A C 0.41 0.53 0.0059 P
SCZ F T A G 0.14 0.059 0.0017 S

Table 5.12. Region D SNPs 46-58 (D2): Comparison of German and Scottish results.
The rows represent the haplotypes, while the columns indicate the SNP number, the
frequency of the haplotype in the case and the controls, the corresponding P-value and the
direction of effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of
effect (i.e. P vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or
for haplotypes that did not reach the appropriate significance level (ns). The three sections of
the table represent the following: (top) the significant results in the German sample, with the
most significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. Additional abbreviations: BP, bipolar
disorder SCZ, schizophrenia; All, both BP and SCZ; F, female; M, male.
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Region D SNPs 59-64 (D3>

SNP No. 59 60 61 62 63
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
SCZ F C G C A G 0.025 2.4E-26 0.001 s rare

Best German result (above, in bold) in Scottish study
SCZ F C G c A G 0 0.013 0.087 ns

Selection of significant results in Scottish study
Ail M C G T A 0.10 0.034 0.00060 S
All M 59 60 61 62 63 N/A - Global N/A - Global 0.0066
All M C G T A G 0.11 0.034 0.00023 S
BP M 59 60 61 62 63 N/A - Global N/A - Global 0.0085
BP M c G T A G 0.11 0.031 0.00088 S
BP M A 0.53 0.43 0.0044 S
BP M 62 63 N/A - Global N/A - Global 0.0091
BP M A G 0.54 0.43 0.0025 S
SCZ M c G T A G 0.11 0.039 0.00092 S

Table 5.13. Region D SNPs 59-64 (D3): Comparison of German and Scottish results.
The rows represent the haplotypes, while the columns indicate the SNP number, the
frequency of the haplotype in the case and the controls, the corresponding P-value and the
direction of effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of
effect (i.e. P vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or
for haplotypes that did not reach the appropriate significance level (ns). The three sections of
the table represent the following: (top) the significant results in the German sample, with the
most significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. Additional abbreviations: BP, bipolar
disorder SCZ, schizophrenia; All, both BPand SCZ; F, female; M, male.
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Region D SNPs 146-154 (D4)

SNP No. 146 147 148 149 150 151 152 153
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
BP M C T T G 0.62 0.50 0.00041 S
BP M C T T G G 0.62 0.50 0.00041 s

BP M T T G 0.62 0.50 0.00041 s
BP M T T G G 0.62 0.50 0.00041 s
BP M T T G G A 0.56 0.41 0.000050 s

BP M 148 149 N/A- Global N/A - Global 0.0017
BP M T G 0.62 0.50 0.00041 s
BP M T G G 0.62 0.50 0.00041 s

BP M T G G A 0.56 0.41 0.000051 s

BP M T G G A A 0.52 0.39 0.00082 s

BP M G 0.62 0.50 0.00041 s
BP M 149 150 N/A - Global N/A - Global 0.0019
BP M G G 0.62 0.50 0.00041 s

BP M G G A 0.56 0.41 0.000051 s

BP M G G A A 0.52 0.39 0.00075 s
All M T T G G A 0.53 0.41 0.00023 s
All M T G G A 0.53 0.41 0.00023 s
All M T G G A T 0.050 0.011 0.0020 s
All M G G A 0.53 0.41 0.00023 s
All M G G A T 0.050 0.011 0.0019 s
AilM G G A T A 0.042 0.0046 0.00049 rare

All F T G G A T 0.022 0.076 0.0013 P

All F G G A T
... ..

0.023 0.074 0.0018 P

All F G G A T A 0.0036 0.056 0.000043 P

SC2F T G G A T 0.015 0.077 0.00053 P

SCZF G G A T 0.016 0.074 0.0010 P
SCZF G G A T A 1.3E-10 0.055 0.00021 P
SCZM G G A T 0.061 0.010 0.0020 S
SCZM G G A T A 0.046 0.0046 0.00056 rare

Jest German result (above, in bold) in Scottish stud; 1
BP M T T G G A 0.40 0.49 0.013 ns

All M T T G G A 0.40 0.49 0.0010 ns

All F G G A T A 0.026 0.018 0.063 ns

SCZF G G A T A 0.026 0.018 0.16 ns

SCZM G G A T A 0.032 0.023 0.66 ns

Selection of significant results in Scottish study
All M T 0.65 0.72 0.0039 S

All M T G G A 0.40 0.50 0.00080 P
All M T G G A A 0.36 0.46 0.00030 P

All M G 0.50 0.57 0.0057 P
All M 149 150 N/A - Global N/A - Global 0.0045
All M G G 0.50 0.57 0.0073 P

All M T G 0.37 0.28 0.00090 S
All M 149 150 151 N/A - Global N/A - Global 0.0090
All M G G A 0.40 0.50 0.00089 P
All M T G G 0.20 0.15 0.005/ s
All M G G A A 0.35 0.46 0.00032 p

BP M 146 147 148 N/A - Global N/A - Global 0.0080
BP M C T T 0.62 0.72 0.0025 p

BP M T 0.63 0.72 0.0042 s
BP M 149 150 151 152 N/A - Global N/A - Global 0.0078

BP M G G A A 0.34 0.47 0.0017 p

Table 5.14. Region D SNPs 146-154 (D4): Comparison of German and Scottish results.
The legend is on the next page.
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Table 5.14. Region D SNPs 146-154 (D4): Comparison of German and Scottish results.
The rows represent the haplotypes, while the columns indicate the SNP number, the
frequency of the haplotype in the case and the controls, the corresponding P-value and the
direction of effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of
effect (i.e. P vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or
for haplotypes that did not reach the appropriate significance level (ns). The three sections of
the table represent the following: (top) the significant results in the German sample, with the
most significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. Additional abbreviations: BP, bipolar
disorder SCZ, schizophrenia; All, both BP and SCZ; F, female; M, male.
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Region D SNPs 157-162

SNP No. 157 158 150 160 161 162
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
All F A 0.46 0.55 N/A - SM P

All F A A 0.46 0.55 0.0012 P
All F A A F T A 0.42 0.51 0.0018 P
All M G G F G G G 0.0066 0.055 0.00035 P
All M G F G G G 0.0070 0.056 0.00039 P
All M G G G 0.010 0.053 0.0017 P
SCZ M 158 F 160 161 162 N/A-Global N/A-Global 0.0018

Best German result (above, in bold) in Scottish study
All F A A Nt T A 0.45 0.44 0.94 ns

AIIM G G Nt G G G 0.026 0.020 0.42 ns

SCZ M 158 Nt 160 161 162 N/A - Global N/A - Global 0.81 ns

Selection of significant results in Scottish study
BP M A A T T A 0.077 0.023 0.00090 S
SCZ F 159 160 161 N/A - Global N/A - Global 0.0066
SCZ M T T A G 0.087 0.029 0.00065 S

Table 5.15. Region D SNPs 146-154 (D4): Comparison of German and Scottish results.
The rows represent the haplotypes, while the columns indicate the SNP number, the
frequency of the haplotype in the case and the controls, the corresponding P-value and the
direction of effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of
effect (i.e. P vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or
for haplotypes that did not reach the appropriate significance level (ns). The three sections of
the table represent the following: (top) the significant results in the German sample, with the
most significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. 'F (in grey), excluded from analysis due
to genotype Failure. 'A//' (in grey), Not Included in the test of the haplotype. These
haplotypes were tested subsequent to original study for direct comparison to replication
study results. Additional abbreviations: BP, bipolar disorder SCZ, schizophrenia; All, both BP
and SCZ; F, female; M, male.
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Region D SNPs 165-169

SNP No. 165 166 167 168 169
Case

frequency
Control

frequency
P-value Effect

Significant results in German study
BP M G G T T 8.7E-11 0.051 0.0014 P
BP MF A G G T T 0 0.031 0.00044 rare

BP MF G G 7 J 0.0035 0.038 0.0018 rare

Best German result (above, in hold) in Scottish study
BP M G T T 0.024 0.022 0.80 ns

BP MF A G G T T 0.0080 0.0065 0.5 7 ns

Selection of significant results in Scottish study
BP F G G G T C 0.00044 0 0.025 rare

Table 5.16. Region D SNPs 165-169: Comparison of German and Scottish results. The
rows represent the haplotypes, while the columns indicate the SNP number, the frequency of
the haplotype in the case and the controls, the corresponding P-value and the direction of
effect. 'P' refers to 'protective'. The direction of effect (i.e. P vs. S) cannot be confidently
determined for rare haplotypes (rare, in italics) or for haplotypes that did not reach the
appropriate significance level (ns). The three sections of the table represent the following:
(top) the significant results in the German sample, with the most significant in bold; (middle)
the result of testing the most significant haplotype from the German sample (top, in bold) in
the same subgroup of the Scottish sample and (bottom) the significant associations identified
in the original, Scottish study that overlap with, or correspond to, the associations identified
in the German sample (top). 'N/A - Global' indicates that case-control frequencies are not
applicable at the global haplotype level; thus, effect is not applicable to global haplotypes
either. Additional abbreviations: BP, bipolar disorder SCZ, schizophrenia; All, both BP and
SCZ; F, female; M, male.
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Region D SNPs 176-181
Case Control

P-value Effect
SNP No. 176 177 178 179 180 181 frequency frequency

Significant results in German study
AIIMF G r G A 1.2E-10 0.015 0.0012 rare

BP M G c A T G 0.059 0.015 0.0018 S
SCZ F A T G 0.039 0.10 0.0019 P

Elest German resu t (above, in bold in Scottish study
AIIMF G 7 G •4 0.0015 8.1E-13 0.22 ns

BP M G c A T G 0.051 0.061 0.56 ns

SCZ F A T G 0.040 0.075 0.14 ns

Selection of significant results in Scottish study
All M 176 177 178 179 180 N/A - Global N/A - Global 0.00051
All M G C A T 0.57 0.66 0.00077 P
BP M 176 177 178 179 180 N/A - Global N/A - Global 0.0072
BP M A A T G A 0.053 0.011 0.0064 S
SCZ M 177 178 179 180 N/A - Global N/A - Global 0.0064
SCZ M G C A T 0.56 0.66 0.0010 P
SCZ M 179 180 N/A - Global N/A - Global 0.0098
SCZ M A T 0.64 0.74 0.0012 P
SCZ M A G 0.25 0.17 0.0034 S
SCZ MF 177 178 179 180 N/A - Global N/A - Global 0.0093
SCZ MF G C A T 0.56 0.63 0.0037 P

Table 5.17. Region D SNPs 176-181: Comparison of German and Scottish results. The
rows represent the haplotypes, while the columns indicate the SNP number, the frequency of
the haplotype in the case and the controls, the corresponding P-value and the direction of
effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of effect (i.e. P
vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or for haplotypes
that did not reach the appropriate significance level (ns). The three sections of the table
represent the following: (top) the significant results in the German sample, with the most
significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. Additional abbreviations: BP, bipolar
disorder SCZ, schizophrenia; All, both BP and SCZ; F, female; M, male.

Chapter 5 172



Region D SNPs 222-227

SNP No. 222 223 224 225 226 227
Case

frequency
Control

frequency
P-value Effect

<significant results in German study
All M G A G F T T 0.016 0.053 0.0011 P
All MF G A G F T T 0.018 0.049 0.00010 P
BP MF G A G F T T 0.018 0.049 0.0012 P
SCZ M G A G F T T 0.010 0.054 0.0010 P
SCZ M G A G F T 0.013 0.058 0.0014 P
SCZ M A G F T 0.013 0.057 0.0017 P
SCZ MF G A G F T T 0.018 0.050 0.00077 P

3est German result (above, in bold) in Scottish study
AIIM G A G N! J T 0.019 0.032 0.22 ns

AIIMF G A G Ni T T 0.023 0.032 0.27 ns

BP MF G A G Nt T J 0.027 0.032 0.52 ns

SCZ M G A G Ni J J 0.020 0.032 0.25 ns

SCZ MF G A G Ni T J 0.021 0.032 0.23 ns

Selection of significant results in Scottish study
All F A A T T 0.070 0.14 0.00043 P
All MF 222 223 224 N/A - Global N/A - Global 0.0063
All MF G G G 0.45 0.38 0.0012 S
All MF A 0.19 0.24 0.0053 P
BP F A A T T 0.067 0.14 0.00092 P
BP MF G G G G 0.032 0.0072 0.00081 rare

BP MF G G G G G 0.032 0.0072 0.00062 rare

Table 5.18. Region D SNPs 222-227: Comparison of German and Scottish results. The
rows represent the haplotypes, while the columns indicate the SNP number, the frequency of
the haplotype in the case and the controls, the corresponding P-value and the direction of
effect. 'S' refers to 'susceptibility' and 'P' refers to 'protective'. The direction of effect (i.e. P
vs. S) cannot be confidently determined for rare haplotypes (rare, in italics) or for haplotypes
that did not reach the appropriate significance level (ns). The three sections of the table
represent the following: (top) the significant results in the German sample, with the most
significant in bold; (middle) the result of testing the most significant haplotype from the
German sample (top, in bold) in the same subgroup of the Scottish sample and (bottom) the
significant associations identified in the original, Scottish study that overlap with, or
correspond to, the associations identified in the German sample (top). 'N/A - Global'
indicates that case-control frequencies are not applicable at the global haplotype level; thus,
effect is not applicable to global haplotypes either. 'F (in grey), excluded from analysis due
to genotype Failure. 'A//' (in grey), Not Included in the test of the haplotype. These
haplotypes were tested subsequent to original study for direct comparison to replication
study results. Additional abbreviations: BP, bipolar disorder SCZ, schizophrenia; All, both
BPand SCZ; F, female; M, male.
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5.6.3 Summary and annotation of the significant regions

A summary of the 10 regions - three in Region B and seven in Region D - showing
evidence of association in the independent, German sample is presented in Table
5.19. These regions have been ranked according to their best P-value in both the
Scottish and German studies. (The ranking system ranges from 1 to 11, instead of to

10, because the region represented by Region B SNPs 121-135, which was selected
for replication, overlaps with regions B3 and B4 from the original study, which are

ranked separately in Table 5.19.) The region corresponding to D4 (Region B SNPs

146-154) was the top hit in the German study, ranking sixth in the original, Scottish

study, while the top hit in the original study was that corresponding to D2 (Region D
SNPs 46-58), which ranked seventh in the German study. Three (Bl, B4 and D2) of
the four clusters that met the Nyholt-criteria at the global level and survived

permutation correction in the Scottish sample showed evidence of association in the
German sample.

The genomic coordinates of these 10 regions were queried in the latest UCSC
Browser version (March 2006) (http://genome.ucsc.edu) for genes and predicted

transcripts. Two Known Genes, PPARGC1A and LGI2, one gene that encodes the

hypothetical protein DKFZp761B107 and one UCSC predicted gene, BC042433,

mapped to an associated region (Table 5.19).
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Region
SNPrange

Genomiccoordinates (NCBIBuild36)
Nyholt-significant clusters[SNPsJ (Scottish)

BestP-value (Scottish)

Rank (Scottish)
BestP-value (German)

Rank (German)

UCSCOld Known/RefSeqGenes (UCSCMarch2006)

48-58

chr4:10538866-10669581
B1[48-57]

0.000065

3

0.0018

11

none

B

91-94

chr4:11050732-11071052

0.0053

11

0.0016

9

none

121-135

chr4:11621607-12147148
B3[123-125]

0.00020

4

0.00040

4

BC042433(UCSCgene)

B41126-1341

0.000014

2

0.00075

6

46-58

chr4:23175978-23366343
D2148-581

0.0000033

1

0.00089

7

none

59-64

chr4:23368855-23462109
D3[59-63]

0.00023

5

0.0018

10

PPARGC1A

146-154

chr4=24524326-24604668
D4[148-152]

0.00030

6

0.000043

1

DKFZp761B107

D

157-162

chr4:24622674-24642106

0.00065

10

0.00035

3

LGI2

165-169

chr4:24653732-24681749

0.00044

8

0.00044

5

none

176-181

chr4:25073976-25166655

0.00051

9

0.0012

8

none

222-227

chr4:25625274-25661604

0.00043

7

0.00010

2

none

Table5.19.Summaryandannotationofsignificantregions.ProvidedforeachofthethreeRegionBandsevenRegionDregionsofassociationthat showedevidenceofassociationintheGermanreplicationstudyistherangeofSNPsmakinguptheregion,thegenomiccoordinates(NCBIBuild36), which,ifany,oftheoriginal(Scottish)Nyholt-signficantclusterscorrespondedwiththeregion,thebestP-valueandcorrespondingrankintheScottish studyandthebestP-valueandcorrespondingrankintheGermanstudyandtheUCSC,OldKnownandRefSeqgenesmappedtotheseregions, basedontheMarch2005UCSCGenomeBrowser(http://genome.ucsc.edu).Theregionshighlightedinyellowrepresentoneofthefourclusterswith globaltestP-valuesthatmettherelevantregion-wideNyholt-correctedthreshold(RegionB:P<0.0005;RegionD:P<0.0003)andthatsurvived permutation-basedcorrection(P<0.05)intheoriginal,Scottishstudy.TheregionsinboldarethosesupportedbyhaplotypesthatmettheBonferroni- correctedthreshold(P<0.002)attheglobaltestlevelinthereplicationstudy.Thetop(#1)rankintheScottishstudyandthetopintheGermanstudyare underlined.



5.7 Discussion

In this chapter, I describe the results of a replication study performed on Regions B
and D of the chromosome 4p linkage region. Thirty-three associated regions - 11 in

Region B and 22 in Region D - were identified in the original, population-based
Scottish sample and subsequently tested in an independent, population-based
German sample. Of these, three regions in Region B and seven in Region D showed
evidence of association in the German study, at the Bonferroni-corrected threshold.
These regions included three (Bl, B4 and D2) of the four sub-regions with global test

P-values that met the relevant region-wide Nyholt-corrected threshold and that
survived permutation-based correction in the original, Scottish study. The region

corresponding to D7, which was the fourth region to be significant at the global level
and survived permutation correction in the original study, showed no evidence of
association in the German study. A few possible explanations for this exist, including

Type 2 error (false negative) in the German study or Type 1 error (false-positive) in
the Scottish study. It may also be the case that the exclusion of the middle, Region D
SNP 215, due to genotyping failure, occluded the possibility of detecting an

association. Other regions that showed evidence of association in the German study
included three (B3, D3 and D4) that met the Nyholt-corrected thresholds at the
individual haplotype level in the original, Scottish study. The strongest association
observed in the German study fell in the region covered by Region D SNPs 146-154

(D4). This region and the region covered by SNPs 121-135 in Region B (B3 and B4)
were supported by haplotypes that were significant at the global test level in the
German study.

Four known or predicted genes mapped to these regions - one in Region B and three
in Region D. In Region B, a UCSC Gene prediction, BC042433, mapped to the

original region covered by SNPs 121-135 (B3 & B4). BC042433 is a ~28kb, four-
exon transcript, which shows no evidence of homology to any other species and
whose function has yet to be determined. In the original, Scottish study, BC042433

corresponded to the main AceView gene prediction that fell between the two

significant single SNPs, 126 and 131 (see section 4.4.1.1.4). In Region D, two
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Known Genes and a gene encoding a hypothetical protein were mapped to regions

showing evidence of association in the German replication study. These were

PPARGCIA (SNPs 59-64, D3), DKFZp761B107 (SNPs 146-154, D4) and LG12.
PPARGCIA and DKFZp761B107 were described in Chapter 4, as they mapped to

regions that met region-wide Nyholt-corrected significance levels (see section 4.6).

Briefly, of these two genes, PPARGCIA (peroxisome proliferator-activated receptor

gamma coactivator 1-alpha) is a strong putative functional candidate based on the
results of recent expression studies, which have shown its expression levels to be

significantly reduced by lithium treatment (Seelan, Khalyfa et al. 2008). LGI2, which

maps to the region covered by SNPs 157-162 on chromosome 4pl5.2, emerged due
to the less stringent significance criteria established in order to select SNPs for the

replication study. The LGI2 (leucine-rich repeat LGIfamily, member 2) gene belongs
to a sub-family of leucine-rich repeat genes, consisting of four members (LG11-4) in
mammals. It has been shown to be expressed in the brain, heart and placenta (Gu,
Wevers et al. 2002). Mutations in the paralogous gene, LGI1, cause autosomal-
dominant temporal lobe epilepsy, while the other human LGI paralogs, including

LGI2, have been implicated in epileptogenesis as well (Gu, Wevers et al. 2002). A
molecular evolutionary approach determined that LGI genes experience high levels
of purifying selection, which is indicative of a protein with essential functions (Gu,
Gibert et al. 2005). Given this evidence of purifying selection and the expression of
the LGI genes in the brain, the authors suggest the LGI genes may play a role in
neural development or function (Gu, Gibert et al. 2005).

The German sample was deemed a suitable sample in which to perform a LD-based

replication analysis of the original chromosome 4p findings because both the Scottish
and German samples consisted of individuals of North Western European descent. In

general, it has been shown that European populations are similar with respect to LD

patterns, haplotype block structure and tagging SNPs (Mueller, Lohmussaar et al.

2005). As a matter of emphasis, had the original study been performed in the German

sample instead of the Scottish sample, the same haplotype tagging SNPs would have
been selected, using the CEU genotype data from the International HapMap Project.
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The German sample was also appropriate because a genome-wide linkage scan in a

sample of German families showed evidence of positive linkage (LOD=1.89) to the

4pl6 linkage region (Cichon, Schumacher et al. 2001), suggesting that the putative

genetic heterogeneity of the disease phenotype may be reduced in these two samples.

A systematic approach to SNP selection for the German replication study was

undertaken, and SNPs were selected to represent the 33 regions of association. With
the region being the unit of interest in the replication study, instead of any specific
SNP or haplotype, single-marker and sliding-window haplotype analyses were

performed along the SNPs covering a region, testing a range of frequencies to

increase the likelihood of tagging the causal variant (Wray 2005). This method was

thought to be more robust to the possible existence of phenotypic heterogeneity
and/or of subtle differences in allele frequencies or fine-scale LD structure due to

sampling variation between the two studies. Although highly-correlated, overlapping
and nested haplotypes were tested, this approach did increase the multiple-testing
burden and, thus, increased the risk of picking up false-positives. To help offset this
burden and the burden imposed by trying to replicate the 33 regions that were

identified in the original study, a Bonferroni-correction was applied to the nominal
0.05 significance level. This resulted in a more stringent significance criteria

(P<0.002) than is normally reported for replications studies ((Lernmark and Ott

1998); for example, see replications reported in the publication of the WTCCC

genome-wide association study (The Wellcome Trust Case Control Consortium

2007)). Finally, it is possible that this SNP selection and subsequent analysis method
was ineffective in and inefficient at covering the regions of associations, and that it

may have been more productive to test only the 13 Nyholt-significant regions from
the Scottish study with a greater density of SNPs. This, however, would have
excluded the regions that were identified as the second and third top hits in the
German sample: Region D SNPs 222-227 and SNPs 157-162, respectively (Table

5.19). A closer look at these regions is warranted, particularly in terms of the genes

that may lie upstream or downstream from these regions.
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It was generally the case throughout this study that, when the results of the German

replication study were compared to those of the original Scottish study, the
alternative haplotype, which differs at one allele in the haplotype, conferred the same

direction of effect (protective or susceptibility) in counterpart subgroups (e.g. BP
males versus BP females) (see Table 5.7, for example), or the alternative haplotype

(e.g. T-C-G-G versus T-C-A-G) conferred an opposite effect in the same subgroup

(see Table 5.9, for example). It is unclear how to interpret these findings. Do they
constitute replication, or are they indicative of false-positive association? Only two

things can be said for certain. First, the associations observed in this study do not

meet the criteria for "hard" replication, which is the observation of a significant
association with exactly the same allele or individual haplotype in an independent

sample with the same phenotype (same allele/haplotype-same effect-same

phenotype) (Sillanpaa and Auranen 2004; Clarke, Carter et al. 2007). "Hard"

replication is the "gold-standard" for replication, but is contingent on many factors,

including the absence of heterogeneity between the samples, sample size and the

proportion of the disease variance explained by the variant under study (Campbell
and Rudan 2002). Second, the patterns of association observed do not contradict each
other in terms of the direction of effect, but suggest differences in allele frequencies,
fine-scale LD structure or in study design, such as sample ascertainment (Sillanpaa
and Auranen 2004; Weiss, Pan et al. 2006). The only way to overcome such

heterogeneity is to have an adequately powered replication study (Moonesinghe,

Khoury et al. 2008). The sample size used in the replication study was approximately
the same size as in the original study, implying equal or greater power to detect the
same effect sizes, especially given the prior evidence of involvement in illness to the

region and the less stringent significance thresholds required for replication (Lander
and Kruglyak 1995). However, it is likely that the effect sizes originally observed in
the Scottish sample were inflated, and that the power provided in the German sample
was insufficient to detect these smaller effect sizes in the same samples (Chanock,
Manolio et al. 2007). In the future, it would be worthwhile performing a joint

analysis of the two datasets, as it may increase the power (Skol, Scott et al. 2006) and
resolve the differences observed between the two studies. (A joint analysis of the two
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datasets was performed subsequent to the oral examination, upon the request of the
Examiners. The results of this analysis are presented in Appendix II.)

When comparing the results of the original and replication study, the only instance in
which the same haplotype in the same subgroup was observed to result in the

opposite effect occurred in the SNP 146-154 region, which corresponds to D4. Given
that this replication study was conducted under the assumption the broad LD
structure of the German and Scottish populations in the same, it is difficult to not

declare this result a non-replication. However, this 'flip-flop phenomenon' is often
observed in replication studies, and it has been suggested that it may result from
differences in fine-scale LD structure or gene-environment interactions between the
two sample populations (Lin, Vance et al. 2007). It should also be noted that,

independent from the replication findings, this region showed the strongest

association in the German sample, with P-values (best P=0.000043) akin to those

required to meet the experiment-wide Nyholt-corrected threshold (P<0.0002)

imposed in the original, Scottish study. Thus, although this region may not have been

replicated, its potential relevance cannot be ignored.

To conclude, while this study did not provide evidence of "hard" replication for the

regions originally identified in the Scottish sample, evidence for "local", or regional,

replication (Clarke, Carter et al. 2007) was observed. In the future, particularly
before any labour-intensive and expensive work, such as fine-mapping or

resequencing, is carried out on these regions, it is important for the data to be
examined in finer detail. This should include comparing the allele frequencies and
LD structures of the Scottish and German control samples to ensure that there are no

significant sample differences confounding the data and producing the observed
associations. Also, additional replication is necessary and has already been initiated
in another Scottish sample. A joint analysis of the three studies will be the most

powerful way in which to further validate these regions, filtering out the false-

positives from the true associations.
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Chapter Six

Preliminary analysis and results of a genome-wide
microarray study in a large Scottish family with major

affective disorder
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6 Preliminary analysis and results of a genome-wide
microarray study in a large Scottish family with major
affective disorder

6.1 Introduction

Microarray analysis is a complex, multi-step process (as outlined in Figure 6.1). This

chapter describes the experimental preparation, preliminary analysis and preliminary

findings of a genome-wide microarray study, using individuals from the large
Scottish family (F22) multiply-affected with major affective disorder.

6.1.1 Background and motivation

The aim of the work described in this chapter was to identify gene(s) altered in major
affective disorder, namely bipolar disorder (BP) and recurrent major depression

(RMD), using blood-based samples from members of the large Scottish family (F22)

multiply-affected with these illnesses. As previously described, Blackwood and co¬

workers reported significant linkage to chromosome 4p (maximum multipoint LOD
score of 4.8) with BP in this family (Blackwood, He et al. 1996; Le Hellard, Lee et

al. 2007), and high-resolution haplotype analysis of this family identified a

chromosome 4pl5-pl6 'linked haplotype', which was shared by the majority of the
individuals with BP (Le Hellard, Lee et al. 2007).

The purpose of the genome-wide expression study described in this chapter was to

identify genes that are differentially expressed on the basis of affection and
chromosome 4pl5-pl6 'linked haplotype' status. The long-term aim is to identify (i)

genes and pathways that may give further clues about the aetiology of these

psychiatric disorders and/or (ii) biomarkers (in the form of individual genes or

expression profiles) that may help in the diagnosis, prognosis and/or treatment of
these disorders. Major strengths of this study include the reduction in the phenotypic
and genetic heterogeneity of the disease that accompanies the use of related affected
individuals from a large multiply-affected family (Blackwood, Visscher et al. 2001)
and the overall reduction in the natural variability in gene expression observed in
related individuals compared to unrelated individuals (Cheung, Conlin et al. 2003).
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Genome-wide analysis offers a hypothesis-free approach to the study of psychiatric

illness, making no assumption or prior hypothesis about the pathophysiology of the

disorders, which is relevant for complex psychiatric illnesses, such as BP and SCZ,
whose molecular and cellular basis is still unclear. The analysis and findings

presented here are preliminary, and the results are discussed in the context of the
chromosome 4p candidate linkage region as well as other important candidate genes,

regions and pathways for psychiatric illness.
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Figure 6.1. Outline of the mulit-step microarray process. This figure shows the main
steps taken for this microarray experiment, from the experimental design to assessing the
biological relevance of the findings. The BeadChip preparation steps (box in red) were
performed at the Wellcome Trust Clinical Research Facility (WTCRF).
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6.2 Experimental Design

6.2.1 Sample and power

The RNA used for this genome-wide expression experiment was extracted from

lymphoblastoid cell lines (LCLs) derived from blood from members of the Scottish

family F22. The family members were selected on the basis of the availability and

quality of the sample, as well as their affection and chromosome 4p-linked haplotype

(DH for "haplotype linked to disease susceptibility' or 'Disease Haplotype'), or

"affection-DH", status. The individuals selected are either affected with bipolar
disorder (BP) or recurrent major depression (RMD) or unaffected, and they either

carry or do not carry all or part of the DH. This resulted in the inclusion of 43

samples from four biological groups, as summarised in Table 6.1. Figure 6.2 shows
the F22 pedigree, with the individuals used in the study boxed.

Biological Group Group symbol Number of samples

Affected with DH AD 13
Affected without (x) DH AxD 10
Unaffected with DH UD 10
Married-in control MIC 10

Table 6.1. Summary of biological groups included in the genome-wide expression
analysis. The biological groups were based on the affection and chromosome 4p-linked
haplotype (affection-DH) status of the F22 individuals. The group symbols are those used
throughout the thesis, and they indicate the affection-DH status of the individual. The number
of individuals, or samples, available per group is shown.
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Figure6.2.Thefive-generationScottishfamily(F22).Fulldiamondsrepresentindividualswithbipolardisorder(BPIorBPII);half-fulldiamonds representindividualswithrecurrentmajordepression(RMD)andquarter-fulldiamondsrepresentindividualssufferingfromminorpsychiatricillnesses, suchasalcoholismoranxietydisorder.Theasterix(*),whichfallstotherightoftherelevantindividual,denotesindividualscarryingthechromosome 4p-linkedhaplotype.Theindividualsboxedinredarethosewhowereincludedintheexpressionstudy.Severalindividualshavebeenremovedandthe genderoftheindividualsconcealedtoprotectpatientconfidentiality.ThispedigreewaspreparedbyLornaHoulihan,usingtheProgenySoftware.



The aim of this study was to determine which genes are differentially expressed on

the basis of affection and DH status, comparing each of the three groups AD, AxD
and UD to the MIC group. Power calculations were performed with the power, multi
function from the R/BioConductor (www.bioconductor.org) package sizepower

(Qiu, Lee et al. 2007) for a range of effect sizes (expressed as fold-change) and
variance (expressed in standard deviations (SD)) parameters to assess the ability of
this study design to detect differentially expressed genes, as neither the true

variability among individuals nor the actual effect size was known. Estimates of
natural variation (i.e. SD) among individuals in the same group were made based on

the findings of (Cheung, Conlin et al. 2003), who observed SD values ranging from
0.6 to 8 in unrelated individuals. Since the individuals used in this study are related,
the natural variability in gene expression between individuals was expected to be less
than that among unrelated individuals (Cheung, Conlin et al. 2003), resulting in less
noise in the experiment and increased power to detect significant and biologically

meaningful differential expression. Finally, a Type I error rate (a) of five per cent for
each gene to be tested was assumed, with no adjustments for multiple testing made at

this stage. Figure 6.3 shows the power curves over a range of SDs and effect sizes for
this study. As shown, a sample size of 10 individuals per group would provide
almost 80% power to detect a 1.4-fold change, given a SD of 0.4. For genes that are

more variable, with, for example, SD=0.8, the sample size would provide -80%

power to detect a two-fold change.
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SD

Figure 6.3. Power curves for this study. The power (y-axis) was determined and plotted
against a range values of standard deviation (SD, x-axis; range: 0.4 to 8) for a pair-wise
comparison (NumTrt=2) and N=10 samples per group, assuming a Type l error rate (a) of
0.05. The different colour lines represent different effect sizes, expressed in fold-change
(1.4-, 1.5-, 2- or 4-fold change, see key). Power calculations were performed using the
power.multi function from the R/BioConductor (www.bioconductor.org) package sizepower
(Qiu, Lee et al. 2007), while the power curves were generated in R (www.r-project.org).
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6.2.2 Layout of samples and technical replication

In total, 54 samples were selected for hybridisation to nine Illumina Human-6
Version 2 BeadChips (Figure 6.4). Forty-three of these samples represented the F22
individuals selected for the gene expression study. The members from each

biological group (AD, AxD, UD or MIC) were distributed throughout the nine

BeadChips (see Figure 6.4) to ensure that systematic bias pertaining to a particular

BeadChip did not confound or mask putative biological differences between the

groups. It also protected against an entire group being excluded from the experiment
due to an entire BeadChip failing. The samples were laid out blind to the sex of the
individuals. The biological group and arbitrary numeric identifier represent the

sample ID for each individual on the array.

The remaining 11 samples were technical replicates that were included as custom

quality control measures to assess the between-BeadChip and the joint within-

BeadChip and RNA-preparation experimental reproducibility. First, the same pooled

sample of the 10 MICs was included on each BeadChip in the experiment

(MICpooll-9; Figure 6.4, Array F on each BeadChip), allowing an assessment of the

reproducibility between BeadChips. (The pooled sample was also prepared to assess

the utility of pooling the MIC samples for follow-up or future gene expression

studies, as described in section 6.9. However, in this study, the pooled sample was

not used in the differential expression analysis.) Second, three different RNA

preparations of one LCL preparation of sample AxD2 were included on three
different arrays on the same BeadChip (Figure 6.4, BeadChip 9ACE) to obtain a joint
estimate of the within-BeadChip and experimental reproducibility. Determining the

reproducibility of arrays within a BeadChip was not deemed necessary, as highly
9 •

correlated or reproducible replicates (r >0.99) have been previously reported in our

lab by the Cystic Fibrosis Gene Therapy (CFGT) group, indicating minimal within-

BeadChip variation for the Illumina whole-genome expression platform (Dr. Varrie
C. Ogilvie, personal communication). Also, according to Illumina's BeadChip

specifications (www.illumina.com), the expected array-to-array coefficient of
variation (CV, the ratio of the standard deviation to the mean, reported as a
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percentage) is <10%, which was further corroborated in an intra-platform

reproducibility study performed by the MicroArray Quality Control Consortium (Shi,
Reid et al. 2006).

BeadChip
1 2 3 4 5 6 7 8 9

A AD1 AD2 AD3 AD4 AD5 AD6 AD7 AD8 AxD2

>.
to B MIC9 AxD10 AxD3 AxD4 AxD5 MIC10 MIC7 AxDS AD9
L_

< C UD1 UD2 UD3 UD4 UD5 UD6 UD7 UD8 AxD2

D AxD I AD'IQ AD l i AxD9 ADI2 AxD6 AxD7 AD 13 UD9

E MIC1 MIC2 MIC3 MIC4 MIC5 MIC6 UD10 MIC8 AxD2

F MICpooll MICpool2 MICpool3 MICpool4 MICpoolS MICpoolS MICpool7 MICpool8 MICpooB

KEY

AD Affected (BP or RMD) w/ chromosome 4p-linked haplotype

AxD Affected (BP or RMD) w/o chromosome 4p-linked haplotype

UD Unaffected w/ chromosome 4p-linked haplotype

MIC Married-in control

MICpool Pool of all married-in controls

Figure 6.4. Layout of the 54 samples across the nine lllumina Human-6 Version 2
BeadChips. Each column represents a different BeadChip (1-9), while each row represents
the six arrays (A-F) on each BeadChip. The samples are indicated by their sample ID, which
includes the biological group the sample belongs to (AD=red, AxD=orange, UD=blue, MIC=
yellow and MICpooMavender) and an arbitrary number based on the number of individuals
in the group. The MICpool samples (in array F of each BeadChip) are shown in bold italics to
emphasize that they are technical replicates of each other, made up of the same 10
individual MIC samples. Arrays A, C and E on the BeadChip 9 contain the experimental
replicates consisting of three different RNA preparations of sample AxD2 (in bold). The key
below the Array-by-BeadChip layout defines the biological groups. BP refers to bipolar
disorder (I or II) and RMD refers to recurrent major depression.
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6.3 Sample preparation and quality

Each lymphoblastoid cell line (LCL) was grown and harvested for RNA, using a

carefully standardized protocol and involving minimal stress to the cells, in order to

maximize the consistency between independent cell lines and to minimize spurious
differences in gene expression. The LCLs were grown as part of one of three batches

(LCL batch): A) September-October 2005 (grown by J. Beekman, L. Houlihan and
M. McLean); B) March-April 2006 (grown by J. Beekman, L. Houlihan and M.

McLean) and C) November 2006-January 2007 (grown by myself) (Table 6.2). The
total RNA was isolated, and treated with DNase to eliminate any genomic DNA

contamination, by different members of our group over the course of the project, as

specified in Table 6.2.

6.3.1 Integrity of total RNA

The purity and integrity of RNA is critical for obtaining meaningful gene expression
data, and the Agilent 2100 bioanalyzer (Nano-LabChip) with 2100 Expert software
used in this study is considered the "gold standard" for RNA quantification and

quality assessment (Imbeaud, Graudens et al. 2005). For total RNA, it provides a

standardised RNA quality metric, the RNA Integrity Number (RIN) (Schroeder,
Mueller et al. 2006), which ranges from 10 (intact total RNA) to 1 (completely

degraded total RNA), based on the curve of the electropherogram produced by the

Agilent bioanalyzer and Expert software. Standard operating procedures established

by the CFGT group in our lab strongly advise against using total RNA samples with
a RIN less than seven (Dr. Varrie C. Ogilvie, personal communication). However,
consistent RIN values, indicating comparable sample quality, is even more important
than high RIN numbers for accurate measurement of gene expression (Auer,

Lyianarachchi et al. 2003; Imbeaud, Graudens et al. 2005). Table 6.2 lists the cell
lines used in this experiment along with the RIN for each sample. The total RNA of
each sample was of high quality and adequate concentration. The RIN values ranged
from 8.6 to 10 (CV < 3%), with an overall median RIN of 9.9 and a mode RIN of 10.

Also, the median RINs of the four groups were comparable (AD, 9.80; AxD, 9.95;
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KKs Sample 10 Diagnosis
or AAD

Sex
LCL

Piep
LCL

Botch
RNA

Prep
RNA Prep

Dote
RIN

KK0034 AD1 BP Female JB 1 SA 08/09/2005 9.9
KKD051 AD2 RMD Male JB 1 HST 13/09/2005 10
KK0090 AD3 RMD Female LH 1 SA 08/09/2005 9.7
KW0Q98 AD4 RMD Female JB 2 HST 17/03/2006 9.5
KK0114 ADS BP Male LH 1 HST 09/09/2005 10
KK0116 AD6 RMD Female JB 2 MM 20/02/2006 9.8
KKD147 AD7 RMD Female LH 1 MM 06/09/2005 10
KKD161 AD8 BP Female JB 1 HST 09/09/2005 10
KK0177 AD9 BP Male JB 2 MM 09/02/2006 8.6
KKD273 AD10 RMD Female MM 2 HST 08/02/2006 9.8
KKD512 AD11 BP Male MM 1 SA 12/09/2005 9.9

KK0519 AD12 BP Male JB 1 SA 12/09/2005 9.8
KKD552 AD13 RMD Male MM 2 MM 17/02/2006 9.2
KKD027 AxD1 RMD Female AC 3 AC 31/01/2007 10
KM0127a AxD2 BP Male AC 3 AC 15/02/2007 10
KKD127b AxD2 BP Male AC 3 HST 16/02/2007 9.9
KKD127c AxD2 BP Male AC 3 AC 19/03/2007 9.7
KK0141 AxD3 RMD Male AC 3 AC 31/01/2007 10
KK0152 AxD4 RMD Female AC 3 AC 19/03/2007 9.5
KKD233 AxDS RMD Female AC 3 SA 01/02/2007 9.9
KK0241 AxD6 RMD Female AC 3 SA 01/02/2007 10

KKD363 AxD7 RMD Male AC 3 SA 01/02/2007 10
KKD404 AxD8 RMD Female AC 3 SA 01/02/2007 9.9
KKD515 AxD9 BP Male AC 3 AC 19/03/2007 9.7
KW0572 AxD10 RMD Female AC 3 AC 29/01/2007 10
KKD026 UD1 £40 Female AC 3 AC 31/01/2007 9.9
KK0089 UD2 £40 Female LH 2 LH 09/02/2006 9.8
KW0099 UD3 <40 Female JB 2 MM 07/04/2006 9.8
KK0115 UD4 <40 Male LH 1 MM 02/09/2005 10
KKD117 UD5 £40 Male LH 2 MM 08/02/2006 9.6
KKD190 UD6 <30 Male LH 2 MM 09/02/2006 9.9
KM3250 UD7 £40 Male MM 2 MM 10/02/2006 9.8
KKD255 UD8 <20 Male JB 2 MM 10/02/2006 9.9

KKD409 UD9 £40 Male MM 1 SA 12/09/2005 9.8
KK0513 UD10 £40 Male AC 3 AC 29/01/2007 10
KKD053 MIC1 N/A Female JB 1 HST 13/09/2005 9.9
KK0054 MIC2 N/A Female JB 1 HST 13/09/2005 9.8
KKD097 MIC3 N/A Male JB 1 MM 02/09/2005 10
KK0142 MIC4 N/A Female JB 2 MM 08/02/2006 9.7

KK0162 MIC5 N/A Male JB 2 MM 09/02/2006 9.3
KK0251 MIC6 N/A Female MM 2 MM 10/02/2006 9.1
KKD274 MIC7 N/A Male MM 2 HST 08/02/2006 9.6
KKD354 MIC8 N/A Female JB 2 MM 07/04/2006 9.9
KKD514 MIC9 N/A Female AC 3 AC 29/01/2007 10

KKD662 MIC10 N/A Female JB 1 LH 02/09/2005 9.9

Table 6.2. Lymphoblastoid cell lines (LCL) used in the microarray analysis. The table
includes the sample ID, pedigree ID number (as in Figure 6.2), the diagnosis or age at
diagnosis (AAD) if unaffected and the sex (M, male; F, female) of the individual represented,
the LCL batch number and the individual who prepared the LCL, the individual who prepared
the total RNA and the RNA Integrity Number (RIN) for each sample. BP, Bipolar Disorder;
RMD, Recurrent Major Depression, AC, A. Christoforou; HST, H.S. Torrence; JB, J.
Beekman; LH, L. Houlihan; MM, M. McLean; SA, S. Anderson.
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Figure 6.5. Total RNA integrity using the Agilent bioanalyzer system. The figure shows
the electropherograms of two total RNA samples (red traces) used in the study (A, AxD3 and
B, AxD4). Fluorescent units (FU, y-axis) are plotted against the size (in nucleotides, x-axis)
of the RNA fragments making up the RNA sample. The marker (M) and 18S and 28S RNA
fragments for the sample are indicated both on the electrophoretic trace and on the 'virtual
gel' to the right of the trace. The Agilent RNA 6000 ladder of known RNA sizes is overlaid
(blue trace). Estimates of RNA concentration (ng/pL) and RNA Integrity Number (RIN, red
arrow) for the two samples are also shown.

6.3.2 Integrity of cRNA

Using the high-quality total RNA and the Illumina" TotalPrep RNA Amplification

Kit, I produced biotinylated, amplified cRNA (antisense mRNA), which was also

subjected to quantification and quality analysis using the Agilent bioanalyzer (Nano-

LabChip). Since no RIN, or equivalent metric, is provided for mRNA samples, the

electrophoretic traces were examined manually. A shift in RNA size distribution
toward smaller fragments would indicate degraded RNA. The traces showed no

evidence of degradation (Figure 6.6). In some cases, ribosomal RNA (rRNA)
contamination was reported by the Agilent bioanalyzer; however, this was not

evident upon examination of the traces, as no rRNA peaks (i.e. the 18S and 28S

fragments that make up the total RNA) were detected in the curve. For example, the

analysis for sample AxD3 (Figure 6.6A) reported no rRNA contamination, while

Figures 6.6 B and C show traces of samples with reported rRNA contamination of
0.7% (AxD4) and 21.7% (UD9), respectively, even though the traces and gel images
look similar. Illumina TechSupport determined that the reported rRNA
contamination was an artefact of the Agilent 2100 Expert software, and not due to

poor RNA quality, that can occur when the sample is too concentrated and exceeds
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the limits of detection of the Agilent technology (Agilent RNA 6000 Nano chip: 25-

250ng/pL for mRNA).

It was critical to have accurate concentration measurements so that equal amounts of
cRNA were hybridised to the arrays. Thus, in order to ensure that the concentration
estimates were accurate and not affected by the high cRNA concentrations, these
cRNA samples were diluted and analysed again with the Agilent bioanalyzer. The
concentration measurements, however, were similar, with a CV of less than 10%,

which is what is expected in terms of the reproducibility of quantitation for the

Agilent RNA 6000 Nano-LabChip, as reported in the product's specifications

(www.chem.agilent.com). For example, Figure 6.6C shows the electrophoretic trace

of the cRNA for LCL UD9. The RNA concentration was estimated to be 804ng/pL

(= 402ng/pL x 2 for one-in-two dilution). When the same sample was analysed

again, having been diluted one-in-five, the concentration was estimated to be

850ng/pL (= 170ng/pL x 5; Figure 6.6D). The CV for these two analyses was 3.9%.
For these samples that were diluted and re-quantified, the concentration estimate of
the more dilute sample was used for the rest of the experiment, as this is expected to

be more accurate based on the published limits of the technology even though the
CVs for these duplicate runs was less than 10%. With respect to the rRNA

contamination, the difference in the estimate of rRNA contamination reported for the
same cRNA sample (UD9: 21.7% vs 9.9%, Figure 6.6 C, D) when quantified twice
on the Agilent bioanalyzer supported the statement from Illumina TechSupport that
this was due to an artefact of the software.

In summary, the cRNA samples submitted to the WTCRF for hybridisation were

shown to be accurately quantified and of high purity and integrity.
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Figure 6.6. cRNA integrity using the Agilent bioanalyzer system. The figure shows the
electropherograms of three cRNA samples (red traces) used in the study (A, AxD3; B, AxD4
and C and D, UD9. Fluorescent units (FU, y-axis) are plotted against the size (in nucleotides,
x-axis) of the RNA fragments making up the RNA sample. The marker (M) is indicated both
on the electrophoretic trace and on the 'virtual gel' to the right of the trace. Estimates of RNA
concentration (ng/pL) and ribosomal RNA (rRNA) contamination (indicated by red arrow and
purple trace on electropherogram) are shown. Traces C and D are two different runs of the
same cRNA sample (UD9) submitted for analysis on the Agilent bioanalyzer at two different
dilutions.
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6.4 Data generation using the lllumina BeadArray™ platform

The 54 cRNA samples were submitted to the WTCRF to be hybridised to nine
Illumina Human-6 version 2 BeadChips on the Illumina BeadArray™ platform. The
nine BeadChips were processed in two rounds (referred to as hybridisation rounds,
Table 6.3): BeadChips 1-4 in the first round and BeadChips 5-9 in the second round

(BeadChip numbering as in Figure 6.4). They were scanned with the Illumina

BeadArray™ Reader, and the BeadScan software automatically performed
Illumina's specific image processing steps when determining the bead signal data
from the raw images (Dunning, Thorne et al. 2006). The bead summarisation step

was then automatically performed, calculating the probe signal as the average of its

corresponding bead intensities, having removed outlying beads with a median
absolute deviation greater than three (as described in (Kuhn, Baker et al. 2004)). Of
the 48,701 probes on the BeadChip, 48,687 probes (representing 46,713 genes) were

successful. I focused on the probe-level data throughout the quality control, pre¬

processing and differential expression testing steps, mapping back to the genes at the

very end of the analysis for annotation purposes. Most probes on the Illumina
Human-6 v2 BeadChip target only one gene; however, there are a number of genes

targeted by multiple probes. These probes are targeting multiple splicing isoforms of
these genes, thus allowing the analysis of alternatively spliced genes.

An important feature of the Illumina BeadArray™ platform is the redundancy of
each bead type, resulting in a probe signal estimated from, on average, 30 to 40

randomly-positioned copies of each bead, with a low probability of being estimated
from less than five beads (Dunning, Thorne et al. 2006). In this experiment, across

the nine Human-6 BeadChips, the average number of beads per probe was 40.7, with

only one probe estimated from less than five beads (Table 6.3). The large number of
technical replicates of the bead types facilitated a reliable estimation of the probe
intensities and the standard deviations of the bead signals.
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The probe signal and the number of beads used to generate the signal, along with the
standard deviation of the bead intensities and the detection T-value for determining
whether a probe is present or absent in a sample (see section 6.6.3), was accessed via
the Illumina BeadStudio software. Table 6.3 shows the average intensity estimated
for each sample array, as well the range of intensities for each array. The mean signal
across the entire experiment was -328, with intensities ranging from 7.59 to 45,166.
A visual inspection of the mean signal intensity and range of intensities for each

BeadChip array did not suggest that any particular array was an outlier due to sample
or array failure. Similarly, when this was formally tested using the interquartile range

(IQR) outlier detection method (wwwl.hollins.edu/faculty/clarkjm/Statl40

/Outliers.htm), none of the mean intensities were identified as outliers. When the

raw, log2-transformed data was formally tested using a one-way (53-degree-of-
freedom (df)) ANOVA, accounting for the variability in the data, statistically

significant variation among the 54 arrays was detected (ANOVA F statistic = 385.2,

P«<0.05). The overall significant variability is expected in raw microarray data due
to the effects of non-biological sources, such as cell harvesting, RNA quality,

hybridisation and scanning, resulting in the need to normalise the data before

analysis (as described in section 6.6.2).
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Sample ID
(BeadChip)

Hyl>
Round

? Beads (Min) Average Signal
(Range)

Background
(Noise)

AD1 (1) 1 40.7 (9) 420 (9.23-45166) 66.5 (11.3)
MIC9 (1) 1 40.9 (14) 397 (7.79-43015) 66 (12.3)
UD1 (1) 1 39.8 (11) 372 (7.98-43336) 65.5 (11.2)
AxD1 (1) 1 40.1 (13) 419 (7.59-42400) 66.2 (12.8)
MIC1 (1) 1 40.5 (14) 399 (8-43621) 66.7 (11.3)
MICPOOL1 (1) 1 40.4 (11) 370 (7.78-40126) 64.6 (11)
AD2 (2) 1 40.2 (8) 402 (38.5-42852) 61.4 (11.2)
AxD10 (2) 1 41.1 (11) 344 (34.3-35588) 60.3 (12.6)
UD2 (2) 1 40.8 (13) 351 (36.6-40038) 58.1 (10.8)
AD10 (2) 1 40.9 (14) 339 (37.2-38779) 58.8 (10.5)
MIC2 (2) 1 40.6 (14) 343 (37.4-40934) 57.4 (10.3)
MICPOOL2 (2) 1 40.5 (12) 344 (33.5-38508) 55.6 (10.4)
AD3 (3) 1 40.8 (14) 400 (39.6-42892) 62.8 (11.7)
AxD3 (3) 1 40.9 (12) 371 (37.2-40247) 60.2 (12.5)
UD3 (3) 1 40.8 (13) 438 (38.1-42096) 62.1 (13.3)
AD11 (3) 1 41.1 (12) 323 (36.5-37260) 59.5 (9.7)
MIC3 (3) 1 41.2 (8) 316 (36.3-38999) 59.4 (10.1)
MICPOOL3 (3) 1 40.9 (10) 358 (36.8-38247) 60 (10.9)
AD4 (4) 1 40.4 (11) 422 (8.75-41944) 62.3 (11.6)
AxD4 (4) 1 41.1 (13) 368 (26.2-39621) 65.7 (13.8)
UD4 (4) 1 41.2 (11) 316 (33.7-37813) 60 (8.95)
AxD9 (4) 1 40.5 (11) 316 (37.1-37227) 60.9 (9.81)
MIC4 (4) 1 41 (13) 397 (30.2-37996) 61.2 (11.2)
MICPOOL4 (4) 1 40.8 (14) 332 (37.2-32781) 60.4 (10)
AD5 (5) 2 40.3 (10) 335 (37.7-34642) 63.7 (10.9)
AxD5 (5) 2 40.4 (8) 297 (40.4-33688) 62.3 (11.9)
UD5 (5) 2 40.8 (12) 341 (37-33108) 58.6 (12.1)
AD 12 (5) 2 40.7 (12) 342 (35.6-31227) 57.2 (9.35)
MIC5 (5) 2 40.4 (11) 293 (34.1-31665) 55.6 (9.45)
MICPOOL5 (5) 2 39.8 (10) 255 (31.7-30288) 56.6 (9.06)
AD6 (6) 2 40.1 (13) 294 (8.61-31671) 55.6 (10.8)
MIC10 (6) 2 40.4 (13) 320 (8.29-29880) 54.5 (8.49)
UD6 (6) 2 40.9 (14) 266 (8.44-29052) 51.4 (8.41)
AxD6 (6) 2 41.1 (13) 251 (10.8-30644) 51.2 (9.33)
MIC6 (6) 2 40.9 (9) 245 (9.54-29183) 49 (7.66)
MICPOOL6 (6) 2 40.4 (10) 270 (8.14-28728) 51 (8.26)
AD7 (7) 2 40.2 (8) 255 (8.46-31695) 53.4 (8.29)
MIC7 (7) 2 39.9 (9) 313 (8.21-31961) 53.3 (8.86)
UD7 (7) 2 40.5 (7) 327 (8.36-33206) 52.9 (10.7)
AxD7 (7) 2 40.5 (9) 317 (31.3-33901) 53.7 (11.7)
UD10 (7) 2 40.6 (7) 299 (27.1-33334) 53.3 (10)
MICPOOL7 (7) 2 40.4 (11) 262 (23.8-30370) 54.1 (8.89)

Table 6.3. Summary of raw expression data. Continued on the next page.
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Sample ID
(BeadChip)

Hyb
Round

= Beads (Mill) Average Signal
(Range)

Background
(Noise)

AD8 (8) 2 40.2 (10) 293 (40.9-31239) 65.6 (9.05)
AxD8 (8) 2 41 (13) 281 (34.2-30381) 55.2 (10.8)
UD8 (8) 2 41.1 (14) 302 (35-30879) 53.1 (9.5)
AD13 (8) 2 41.3 (12) 290 (34.7-28761) 54.1 (10.1)
MIC8 (8) 2 41.3 (13) 281 (34.7-28362) 54.7 (8.45)
MICPOOL8 (8) 2 40.9 (11) 285 (31.9-29436) 53.3 (9.2)
AxD2a (9) 2 40.5 (8) 373 (39.2-33422) 63.1 (13.4)
AD9 (9) 2 40.9 (5) 330 (34.5-34694) 58.9 (10.4)
AxD2b (9) 2 40.5 (8) 276 (32.6-31132) 57.5 (11)
UD9 (9) 2 41.1 (10) 270 (37.5-30793) 56.7 (9.3)
AxD2c (9) 2 40.5 (8) 305 (35.7-31478) 57.1 (11.9)
M/CPOOL9 (9) 2 40.8 (3) 293 (37.3-29322) 59.6 (11.2)

Table 6.3. Summary of raw expression data. The table includes the sample ID and
BeadChip number (as in Figure 6.4) of each sample array; the hybridisation (Hyb) round in
which each BeadChip was processed; the average number of beads per probe on each
array, as well as the minimum number of beads used to calculate the probe intensities on an
array; the mean signal intensity and range of intensities per array and the average
background intensity and noise per array.
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6.5 Quality control

The quality of the microarray experiment was assessed at various levels, using both

platform-specific and custom measures of quality control, as described below.

6.5.1 lllumina BeadChip built-in controls

Six control categories are built into the Illumina BeadChip system, monitoring
various aspects of the array experiment, including the biological specimen, sample

labelling, hybridisation and signal generation. Figure 6.7 shows the default system

controls summary produced by BeadStudio. These represent the average probe
values across the 54 sample arrays for each control type. The result of each control is
discussed below.

(1) The housekeeping gene controls (Figure 6.7A) consisted of seven housekeeping

genes, each targeted by two probes. Their purpose was to monitor the integrity of the

lymphoblastoid cell lines (LCLs), as these genes are expressed in most healthy

biological samples. The overall signal from the housekeeping genes (-18,500) far
exceeded that of the rest of the genes targeted on the array (-300), indicating that the
LCLs were intact.

(2) The negative controls (Figure 6.7B) consisted of 1374 probes of random

sequence, which were thermodynamically equivalent to the gene-specific probes, but
without targets in the genome. Any signal produced from these probes therefore
arose from imaging system background, non-specific binding or cross-hybridisation.
The system background (-58) was defined by the mean signal produced from these

negative probes, while the standard deviation defined the noise (-10). Table 6.3 lists
the average background signal and noise for each array. As described later in this

chapter (section 6.6.3), the system background and noise values are used by the
Illumina BeadStudio software to establish the limits of detection for gene expression
in the experiment.
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(3) The hybridisation controls (Figure 6.7C) consisted of 10 probes with

complementary Cy3-labelled oligonucleotides present in the hybridisation buffer.
These probes work independent of the quality of the RNA sample or of the sample

preparation. A signal proportionally to the concentration of the probes was produced,

indicating that the hybridisation step was successful for all the arrays.

(4) The 10 low stringency hybridisation control probes defined the lower bounds of

stringency (Figure 6.7D). Each control probe has two mismatched bases (mm2);

therefore, a signal from the control probes approaching that of their perfect match

(pm) counterparts would indicate that the hybridisation stringency was too low. As

Figure 6.7D shows, the mm2 control probe signal was much less than that of the pm

probe, suggesting that probe hybridisation was sufficiently stringent.

The results of the last two built-in control types (5 and 6, below) are displayed by
BeadStudio on the same graph (Figure 6.7E).

(5) The two high stringency control probes defined the upper bounds of stringency.

Consisting of very high G+C content, these probes are expected to hybridise

regardless of the stringency (Figure 6.7E). Had a signal only been produced in the

high stringency control probe group and not in the other hybridisation control groups

(i.e. controls (3) and (4), above), then that would have indicated that the

hybridisation stringency was too high. However, since the other hybridisation
controls produced a signal confirmed that the overall stringency was not too high.

(6) The signal generation controls consisted of the three biotin control probes with

complementary biotin-labelled oligonucleotides in the hybridisation buffer. A

positive hybridisation signal indicated successful secondary staining (Figure 6.7E).
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Figure 6.7. BeadStudio built-in control summary. These lllumina BeadChip built-in
controls monitor the quality of the sample preparation and labelling, the hybridisation and the
signal generation. The mean intensity values (y-axes; error bars represent ± 1 standard
deviation) for the entire experiment (54 arrays) are shown for the following control types: A)
The housekeeping gene controls compared to the mean intensity of all non-control genes on
the chip; B) the negative controls, where the background shows the mean intensity and
noise is the standard deviation of the intensity for each array; C) the hybridisation controls at
low, medium (med) and high concentrations of the probes; D) the low stringency
hybridisation controls, for which 'mm2' refers to the control probes with the 2 mismatched
bases and 'pm' refers to their perfect match counterparts, and E) the high stringency
hybridisation and biotin controls.
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6.5.2 Technical replicates

It was important to assess the reproducibility, or variability, of the BeadChip

platform and the RNA preparation for this experiment, so that the variation due to

these two potential sources of systematic bias could be taken into account when

analysing and interpreting the data. This was done by including technical and

experimental replicates in the experiment. In order to establish the reproducibility of
the BeadChips, a MICpool sample was included once on each BeadChip. Since the
nine BeadChips were processed in two separate rounds ("Hyb Round" in Table 6.3),
an assessment of BeadChip batch processing effects was also possible. The joint

RNA-preparation and within-BeadChip reproducibility was determined by

hybridising three RNA preparations of the same LCL sample (AxD2) to one

BeadChip.

Pair-wise comparisons of the raw, untransformed MICpool data revealed high overall
correlation between the replicate MICpool samples across BeadChips ((Pearson's

r)2>0.97; Spearman's p>0.87), with equal or only marginally higher estimates of
correlation among the BeadChips processed together (Round 1 MICpool 1-4, r2>0.97;
p>0.87 and Round 2: MICpool5-9, r2>0.98; p>0.88; Figure 6.8). In terms of the
variation of the 48,687 probes across the nine BeadChips, the median CV was 10%,
with more than 95% of probes having a CV of less than 20%. Again, the median CV
was only slightly less among the BeadChips processed together: 7.6% for Round 1

MICpooll-4 and 8.3% for Round 2 MICpool5-9. Similarly, high pair-wise
correlations were observed among the experimental AxD2 triplicates hybridised on

BeadChip9 (r2>0.98; p>0.89) (Figure 6.9). The median CV was 9.1%, with -90% of
the probes having a CV of less than 20%. Overall, the variability (as determined by
the CV) due to batch and experimental effects was only marginally greater than that
due to platform effects across most genes.
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6.5.3 Quality control using cluster analysis

As a final diagnostic measure, a straightforward hierarchical cluster analysis was

performed on the 54 samples using the full 48,687-probe set of the raw,

untransformed data. I performed the cluster analysis, on the entire, raw expression

dataset, to determine whether the samples clustered due to technical or experimental

artefacts, such as batch effects or hybridisation to a particular BeadChip, or to other

potentially confounding factors, such as sex or extent of relatedness. Clustering due
to technical artefacts, if any exist, are expected to emerge using the full, raw

expression dataset. It was not expected that the samples would cluster into their

respective biological groups (AD, AxD, UD or MIC) prior to data pre-processing.

Cluster analysis is a statistical method that assigns objects into groups, or clusters,
based on how similar the objects are. Hierarchical clustering is a simple approach
that starts with single-member clusters that are gradually merged based on how
similar their expression profiles are, forming one hierarchical tree (or dendrogram).

Many hierarchical clustering approaches exist, differing in the way they calculate the
distance (or similarity) between samples and then fuse the samples into clusters.

Using different approaches can produce different clusters and illuminate different

aspects of the data (Quackenbush 2001). Therefore, several combinations of distance
measures and clustering methods were applied to this 54-sample genome-wide

expression dataset, using the IlluminaGUI (Schultze and Eggle 2007), in order to

determine the most suitable clustering method for this dataset. Then, that method was

re-applied to the data using the R software pvclust (Suzuki and Shimodaira 2006),
which assesses the robustness of the clusters via multiscale bootstrap resampling.

Most of the clustering analyses applied identified the same main clusters. Figure 6.10
shows a cluster dendrogram of the full raw dataset created using the "average
correlation" method, illustrating the main clusters and how well they hold up after
multiscale bootstrap resampling (1000 bootstraps). The pair-wise distance was

measured using the "correlation" measure (1-Pearson correlation), while the clusters
were joined using the "average linkage" method, which takes the average of the
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correlation distances across clusters and has been shown previously to be acceptable
for gene expression data (Quackenbush 2001). The results of the bootstrapping are

represented by the approximate unbiased (AU) probability values, which indicate the

frequency at which a particular cluster was observed during the bootstrapping. The

following general observations can be made based on these clustering results. First
and foremost, very little variability existed within the data, as indicated by the height
of the dendrogram (Figure 6.10, y-axis). The maximum distance, as measured by the
correlation measure, between any two samples in the dataset was less than 0.03,
which corresponds to a Pearson's correlation of greater than 0.97. Again, minimal
overall variability was expected given the full, genome-wide expression dataset. That
such a low level of variability was observed in the raw, non-normalised data is a

testament to the high quality of data produced by Illumina BeadChip. Nevertheless,
the clustering was still useful for determining which samples were most closely
related. The MICpool replicates merged into two clusters (Figure 6.10, lavender
boxes in colour key below dendrogram), both of which remained significant after

bootstrapping (Figure 6.10, boxed in red; AU probability > 0.99), and these two

clusters were part of a larger cluster, also supported by the bootstrapping (Figure

6.10, boxed in green; AU probability > 0.95). The three technical replicates of

sample AxD2 also formed a cluster strongly supported by the data (AU probability >

0.94). Third, the samples did not appear to cluster together on the basis of the

BeadChip to which they where hybridised. There appeared to be partial clustering
due to sex, with two larger clusters of females (grey boxes in colour key, Figure

6.10) and two smaller clusters of males (black boxes in colour key, Figure 6.10),
which is possible both biologically, as sex-biased gene expression has been found to

be common (Ellegren and Parsch 2007). The individual MIC samples were scattered

throughout the samples, which was expected, as these individuals are not related to

each other and are expected to have the most variable expression pattern with respect

to each other.

Finally, the other consistent observation was that most of the AxD samples grouped

together in the dendrogram. It is difficult to attribute this observation purely to the
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biology of the group because of a flaw in the experimental set-up, which is that all of
the AxD cell lines were harvested and grown as part of the same batch (by myself)

(Batch C, Table 6.3 and green boxes in colour key, Figure 6.10). If this clustering
was caused by an experimental artefact, then it would be impossible to distinguish
whether genes emerging as differentially expressed in the AxD samples were so due
to biological or technical reasons. On the other hand, there is some evidence to

suggest that clustering is not entirely due to experimental artefacts. For example, not

all of the samples harvested as part of batch C fell within the large cluster (indicated

by the green brace in Figure 6.10). These samples included UD1, MIC9, AxDl and
AxD9 (indicated by the green arrows in Figure 6.10). Also, the AU probabilities

generated by the multi-scale bootstrapping resampling was not as high as for the
other clusters described above (AU = 0.87, circled in red in Figure 6.10; compared to

>0.95).
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Figure6.10.Hierarchicalclusterdendrogramofthe54samplesbasedonthefull,rawdataset.They-axisrepresentstheheightofthe dendrogram,ordistancebetweenanytwosamples,asmeasuredbythecorrelation(=1-Pearson'scorrelation)distancemethod.Theclusterswere joinedusingtheaveragelinkagemethod.Attheendofeachbottombrancharethesamples,labelledasfollows:"sampleID"_"PedID""sex"_"LCL batch""Hybridisationbatch"_"BeadChip#".ThesampleID,pedigreeID,sexandLCLgrowthbatchareaslistedinTable6.2,whiletheHybridisation batchnumbercomesfromTable6.3andtheBeadChip#fromFigure6.4.Thenumbers(inblue)onthebranchesaretheapproximatelyunbiased(All) probabilitiesgeneratedbypvclust.ThegreenoutlinedboxesemphasisetheoutermostclusterswithAU>0.95,whiletheredoutlinedboxeshighlightthe clusterswithAU>0.99.ThesolidlightredboxishighlightingtheclusterofAxD2technicalreplicates.TheredcircleshowstheAUvaluefortheclusterof AxDs.Thecolourkeywascreatedtoemphasisethemainclusters.TheAffection-DHcoloursarethesameasinFigure6.4(red=AD,orange=AxD,light blue=UD,yellow=MICandlavender=MICpools);forsex(black=Male(M),grey=Female(F))andfortheLCLbatch(blue=A,purple=Bandgreen=C).The greenarrowsindicatethefivesamplesthatwereharvestedaspartofBatchC,butthatdidnotclusterwiththerestoftheBatchCsamples(green brace).



6.6 Pre-processing

The Illumina microarray platform has several unique features, setting it apart from
other microarray platforms. First, the beads, each of which carries 105 copies of a

gene-specific probe, are randomly distributed about the array, minimising the

possibility of positional artefacts. The redundancy of these randomly-positioned

beads, which resulted in an average of -40 beads per probe for this study (see section

6.4), enables a more robust estimate of hybridisation intensity and measurement error

for each probe. Finally, with multiple samples hybridised to the same chip (i.e. six

samples on each Human-6 BeadChip), hybridisation batch effects are reduced. As a

result, the Illumina microarray platform warrants special consideration when it
comes to pre-processing the data in order to take advantage of these unique features

(Du and Lin 2007). Pre-processing prepares the BeadChip data for statistical

analysis.

Technically, data pre-processing began with the image analysis (Allison, Cui et al.

2006), which was performed at the WTCRF, using Illumina's proprietary software,
the BeadArray™ Reader (as described in section 6.4). This section describes the
further steps taken to prepare the data for analysis, including (1) variance

stabilisation, (2) normalisation and (3) data filtering.

6.6.1 Variance stabilisation

The first step in preparing the data for analysis was variance stabilisation. Microarray
data tends to be highly variable, and, in particular, the variance of the data tends to

vary with the intensity, with the larger intensities exhibiting larger variances. This
was observed in this experiment, as shown, for example, in Figure 6.11, where the
variance varied with the mean intensity in a non-linear fashion. This inconsistency in
variance is known as heteroskadacity, and it is a major violation of the assumption of
constant variance required of parametric statistical tests, such as analysis of variance

(ANOVA).
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In order to stabilise the variance, the variance stabilising transformation (lumi-vst)
function (Lin, Du et al. 2008), available as part of the Illumina-specific
BioConductor package lumi (www.basic.northwestern.edu/projects/lumi), was

applied to the entire dataset. The lumi-vst function was used in favour of the usual

log2 transformation, as the latter tends to inflate the variances of intensities close to

background level, while the lumi-vst method takes advantage of the within-array

redundancy of the beads, directly modelling the mean-variance relationship to

determine the optimal transformation parameter. A generalised log transformation is
then applied, providing a more appropriate stabilisation of the data. In this dataset,
the lumi-vst transformation was similar to the log2-transformation, as show in Figure

6.12, except at the low levels of intensity, where the log2-transformation fared poorly
for the reasons mentioned above.
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6.6.2 Normalisation

The second step in pre-processing was the normalisation step. The purpose of
normalisation is to remove or reduce the systematic variation incurred by non-

biological sources, such as cell harvesting, RNA quality, hybridisation and scanning.
I used the lumi package to apply the robust spline normalisation (lumi-rsn) method,
which was created for Illumina data to be used in conjunction with the lumi-vst
transformation method (www.bioconductor.org/packages/2.1/bioc/vignettes/

lumi/inst/doc/Bioc2007_lumi_presentation.pdf). Since the dataset was too large to

run all at once, each BeadChip was processed separately. This was possible because
each array on each BeadChip was normalised against a target array. The target array

selected was the one that was most similar to the mean of all samples, as advised in
the lumi userguide (www.bioconductor.org/packages/2.1/bioc/vignettes/lumi/

inst/doc/lumi.pdf). As previously reported (see section 6.4), the mean signal across

the entire experiment was -328. Thus, with a mean intensity of -327 (Table 6.2),

sample UD7 on BeadChip 7C was selected to be the target array. All 54 arrays were

normalised to this array, using the entire 48,687-probe dataset.

Figure 6.13 shows the density plots of all 54 arrays (overlaid) before and after pre¬

processing. Similarly, Figures 6.14 and 6.15 show the boxplots of the arrays, before
and after pre-processing, respectively. These diagnostic plots indicate that the
normalisation was successful, as the distribution of the intensities across the arrays

was more uniform post normalisation. Furthermore, the pair-wise correlation
between the technical replicates increased to an r of-1, and the MICpool samples
clustered together, with the overall variability among all 54 samples reduced, as

indicated by the height of the dendrogram (maximum distance between two samples
< 0.02) (Figure 6.16). When I formally tested for any difference between the

expression means of the samples, using the 53-df ANOVA (as done originally with
the raw data, section 6.4), there was no overall significant variability in the data

(ANOVA F= 0.012, P= 1), indicating that the data had been adequately normalised.
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OFigure6.16.Hierarchicalclusterdendrogramofthe54samplesbasedonthefull,transformedandnormaliseddataset.They-axisrepresents theheightofthedendrogram,ordistancebetweenanytwosamples,asmeasuredbythecorrelation(=1-Pearson'scorrelation)distancemethod.The
Hclusterswerejoinedusingtheaveragelinkagemethod.Attheendofeachbottombrancharethesamples,labelledasfollows:"sampleID"_"Ped

1-1ID""sex"_"LCLbatch""Hybridisationbatch"_"BeadChip#".ThesampleID,pedigreeID,sexandLCLgrowthbatchareaslistedinTable6.2,whilethe HybridisationbatchnumbercomesfromTable6.3andtheBeadChip#fromFigure6.4.Thenumbers(inblue)onthebranchesaretheapproximately unbiased(AU)probabilitiesgeneratedbypvclust.ThegreenoutlinedboxesemphasisetheoutermostclusterswithAU>0.95,whiletheredoutlined boxeshighlighttheclusterswithAU>0.99.ThesolidlightredboxishighlightingtheclusterofAxD2technicalreplicates.Thecolourkeywascreatedto emphasisethemainclusters.TheAffection-DHcoloursarethesameasinFigure6.4(red=AD,orange=AxD,lightblue=UD,yellow^MICand lavender=MICpools);forsex(black=Male(M),grey=Female(F))andfortheLCLbatch(blue=A,purple=Bandgreen=C).
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It is important to note that no global background correction was performed on the
dataset because this would have resulted in negative signals, affecting the pre¬

processing steps. Instead, as described below, before testing for differential

expression, the data was filtered to include only genes that were present above the

background level, as determined by the BeadStudio detection P-value.

6.6.3 Data filtering

The final pre-processing step involved filtering the data to include only the probes
that (1) were expressed in the cell lines and (2) showed biologically relevant
differential expression, as defined by fold change, potentially improving the

sensitivity of the microarray analysis (Calza, Raffelsberger et al. 2007).

I applied the two filter steps as follows: First, any probes that were not significantly

expressed (above background) in at least one of the four biological groups (AD,

AxD, UD or MIC), as determined by the Illumina BeadStudio detection P-value,
were removed. As previously mentioned (see section 6.5.1), the detection limits of

expression for the experiment are automatically established by the system

background and noise, which, in turn, is estimated from the signal intensities

produced by the built-in negative control probes (section 6.5.1). The detection P-
value associated with each probe is calculated for individual and multiple

samples/arrays using a non-parametric method that ranks the signal of the probe of
interest relative to that of the negative controls. It is interpreted as the probability that
the observed signal is no greater than the background, given the amount of noise in
the data. Thus, the higher the signal is, the lower the probability that it could be due
to non-specific sources. For this study, only probes with a detection P-value less than
or equal to 0.0125 (=0.05/4, conservatively, Bonferroni-corrected for the four

biological groups) in at least one of the four biological groups (AD, UD, AxD and

MIC) were kept for analysis, allowing for probes to be expressed in one group but
not in another. Of the 48,687 probes (representing 46,713 genes) on the Human-6 v2

BeadChip, 15,543 probes (14,927 genes; -32%) met this expression threshold. This
is comparable to the estimates determined by others that most tissues only express
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30-40% of genes (Su, Cooke et al. 2002) or approximately 10,000 to 15,000 genes

(Jongeneel, Iseli et al. 2003). By removing the probes that were not significantly

expressed above background in at least one of the four groups, the noise in the data
was reduced, as illustrated in the final diagnostic cluster dendrogram (Figure 6.17).
This dendrogram was created using the 15,543 probes with the same clustering

parameters previously described and applied (i.e. Figures 6.10 and 6.16). Although
there were no drastic differences in the resulting clusters between this dendrogram

(Figure 6.17) and that created using the full, transformed and normalised dataset

(Figure 6.16), there is an obvious overall increase in the bootstrapping AU values,

indicating stronger support for the observed clusters, which is indicative of less

sampling error, or noise, in the dataset.
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It is important to note that, at this stage in the study, it was determined that one of the

samples in the MIC group, sample MIC 10, had not married into the family, but was

in fact a member of the family, who had married her first cousin. Thus, MIC 10 was

removed from these analyses. A recalculation of power determined that this reduced

power by only five per cent at most across the range of standard deviations and effect
sizes originally examined (see section 6.2.1).

The second filter involved retaining only the probes that showed potentially

biologically meaningful differential expression between the relevant groups, as

represented by fold-change. It has been shown that the most reproducible gene

findings within and between microarray studies are those based on fold-change

ranking and a non-stringent statistical significance (P-value) cut-off (Shi, Reid et al.

2006). Thus, for the three relevant pair-wise comparisons - AD versus MIC, AxD
versus MIC and UD versus MIC - only the probes that were found to be at least 1.3-
fold under- or over-expressed were retained to be tested for differential expression. A
1.3-fold cut-off was selected because that is the sensitivity offered by the Illumina

platform (www.illumina.com/downloads/GXHuman6-8v2Datasheet.pdf). Fold-

change was calculated by taking the anti-logi of the difference between the average

normalised values of the two biological groups being compared. Even though the
data itself was not log2-transformed, the lumi-vst transformation used was

comparable enough to a log2-transformation (as shown in Figure 6.12) to make this
an accurate and straightforward conversion back to obtain an estimate of fold-change

(Dr. Simon Lee (co-creator of BioConductor lumi), personal communication). The

fold-change filter reduced the number of probes to be tested from a total of 15,543 to

224 in the AD versus MIC comparison, 1194 in the AxD versus MIC comparison
and 252 in the UD versus MIC comparison, with 67 probes in common among the
three comparisons (Figure 6.18).
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AD vs

(224)
AxD vs MIC

\ (1194)

UD vs MIC

(252)
Figure 6.18. Venn diagram of probes surviving the fold-change filter in the three
comparisons. The figure shows the total number of probes (in parenthesis) that survived
the 1.3-fold-change filter for each of the three pair-wise comparisons performed (AD vs MIC,
green circle; AxD vs MIC, blue circle; UD vs MIC, red circle). Within the circles of the Venn
diagram are the numbers of probes unique to each comparison and, where the circles
overlap, in common among two or all three of the comparisons. The Venn diagram was
created using an online Venn Diagram Generator (www.pangloss.com/seidel/
Protocols/venn.cgi).

6.7 Differential expression

The probes that survived the fold-change filter were then tested for differential

expression using the analysis of variance (ANOVA) model, as implemented in the R

package MAANOVA (Wu, Churchill et al. 2007). The ANOVA model offers a

flexible framework for the analysis of microarray data by allowing for the inclusion
of fixed (main) effects, random effects and cofactors (Cui and Churchill 2003;

Ayroles and Gibson 2006). The affection and chromosome 4p haplotype (Affection-

DH) status was tested as a main effect, while the batch in which the cell lines were

grown (LCL batch) was included as a random effect and the sex of the individuals as
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a cofactor. LCL batch and sex were two variables that had been identified as

potentially confounding (see section 6.5.3). In general, sex-biased gene expression
has been shown to be a common phenomenon across organisms and genomes

(Ellegren, H & Parsh, J, 2007), and gender-specific differences have been observed
in expression in LCLs (Zhang, W, Bleibel, WK, et al, 2006). The LCL batch effect
was of particular concern because all of the AxD LCLs had been harvested together
as part of one batch (batch C) - an issue that was flagged when the majority of the
AxD samples clustered together in the cluster analysis of the raw data (see section

6.5.3, Figure 6.10). Both of these factors were first included in the ANOVA model
and tested, using the Fs statistic (as described below), to see if they were indeed

significant in the dataset. A number of probes were significant due to sex or LCL
batch (Fs T-value < 0.05, Table 6.4); therefore, both sex and LCL batch were

included in the ANOVA model when testing for differential expression.

Comparison Probes
Sex as

significant (%)
LCL batch as

significant (%)
AD vs MIC 224 12 (5.4) 12 (5.4)
AxD vs MIC 1194 34 (2.8) 85 (7.1)
UD vs MIC 252 10 (4.0) 18 (7.1)

Table 6.4. Summary of probes affected by sex or LCL batch. The pair-wise comparisons
made and the number of probes that survived the 1.3-fold-change filter. The number and
percentage of those probes in which sex or LCL batch are significant factors.

The MAANOVA matest function was used to perform the tests of differential

expression. Four ANOVA F tests (Fi, F2, F3 and Fs) are available in MAANOVA,
which differ based on the assumptions they make about the distribution of variances
across the probes. The Fs statistic was used because it makes no prior assumption
about the distribution of variance, estimating it using the information available across

all of the probes in the dataset. Using the James-Stein shrinkage concept (Cui,

Hwang et al. 2005), the Fs statistic has been shown to be as or more powerful than
the other F statistics in detecting differential expression (Cui, Hwang et al. 2005).
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Shrinkage is a method that borrows information across probes to obtain better
estimates of variance for statistical tests, as gene- or probe-specific estimators are

inefficient. By using all available information, power is increased, offering the

greatest reward to small sample sizes (Allison, Cui et al. 2006). Table 6.5 shows the
number of probes that were found to be significantly differentially expressed (Fs P-
value < 0.05) based on the Affection-DH status (i.e. biological group) of the
individuals. The Venn diagram in Figure 6.19 shows the number of significant

probes unique to and in common among the three comparisons.

In addition to the Fs-based P-value, the false discovery rate (FDR; specifically, the

Benjamini and Hochberg (1995) step-up procedure) value was determined for each

probe tested (using the adjPval function in MAANOVA). The FDR value is the

expected proportion of false positives incurred when calling a particular feature, i.e.

probe, significant (Storey and Tibshirani 2003). It is important to note that, in this

study, the FDR value was not used as a cut-off for declaring a particular probe

significant, but helped to assess how stringent the cut-off of 0.05 was. As shown in
Table 6.5, the maximum FDR value for the probes was less than 0.20, suggesting
that the probes declared significant in each comparison had a low probability of

being false positives.

Comparison Probes Significant (%)
Mean FDR

(Maximum)
AD vs MIC 224 59 (26.3) 0.12 (0.18)
AxD vs MIC 1194 687 (57.5) 0.025 (0.087)
UD vs MIC 252 71 (28.2) 0.13 (0.16)

Table 6.5. Summary of probes differentially expressed due to affection-DH status. The
first column lists the pair-wise comparisons made, followed in the second column by the
number of probes that survived the 1.3-fold-change filter. The third column shows the
number and percentage of those probes that were significantly differentially expressed
(ANOVA Fs P-value ^ 0.05) by biological group (affection-DH status). The final column lists
the mean and maximum false-discovery rate (FDR) values observed in the list of probes
declared significant.
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Figure 6.19. Venn diagram of significant probes. The figure shows the total number of
probes (in parenthesis) that were significant (ANOVA Fs P-value ^ 0.05) for each of the three
relevant pair-wise comparisons performed (AD vs MIC, green circle; AxD vs MIC, blue circle;
UD vs MIC, pink circle). Within the circles of the Venn diagram are the numbers of probes
unique to each comparison and, where the circles overlap, in common among two or all
three of the comparisons. The Venn diagram was created using an online Venn Diagram
Generator (www.pangloss.com/seidel/Protocols/venn.cgi).
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6.8 Differentially expressed genes: primary annotation, gene
ontology and relevance to psychiatric illness

This section describes the genes that were differentially expressed between the
affected individuals who carry the chromosome 4p-linked haplotype and the
unaffected married-in controls (AD versus MIC); those that were differentially

expressed between the unaffected individuals who carry the chromosome 4p-linked

haplotype and the married-in controls (UD versus MIC) and those that were

differentially expressed in both comparisons (see Figure 6.19). At this preliminary

stage, the results of the differential expression analysis between the affected
individuals who do not carry the linked haplotype and the married-in controls (AxD
versus MIC) were ignored - except for where they overlap with the other two

comparisons (see Figure 6.19) - due to the potential bias incurred by growing and

harvesting all of the AxD lymphoblastoid cell lines in one batch, which resulted in
the inability to distinguish between batch (experimental) effects and the desired

biological effects. The existence of a batch effect was brought to light when eight of
the 13 samples that were grown as part of the same batch (Batch C) clustered

together in the clustering analysis of the full -48,000 probe, raw dataset (section

6.5.3, Figure 6.10). These eight samples were eight of the ten AxD samples included
in the study. The substantially larger number of probes that survived the fold-change
filter (Figure 6.18) and were then found to be significant (Figure 6.19) between the
AxD and MIC samples compared to the other two comparisons further supported the
existence of confounding batch effects, as many of the additional genes were

probably due wholly to differences in batch effects. The fact that there was little to

no difference in the proportion of probes emerging as significant due to batch effects

(7.1% in the AxD versus MIC comparison and 5.4% or 7.1% in the other two

comparisons, Table 6.4) suggested that fitting batch into the ANOVA model would
not solve the problem of eliminating the confounding due to batch effects. This was

because it was not possible to distinguish between the batch (Batch C) and the

biological group (AxD) and come up with an accurate estimate of confounding.

Before the presentation of the results, a brief description of how the genes were

annotated and assessed for relevance to psychiatric illness is provided.
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Annotation for the genes targeted by the significant probes was obtained using the
lumiHumanV2 1.2 annotation package and by manually searching the NCBI Entrez
CoreNucleotide (www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide) and Gene

(www.ncbi.nlm.nih.gov/sites/entrez?db=gene) databases for the official gene symbol,

gene name, map, Entrez genelD and relevant functional information from the Entrez

Summary, the GeneRIF (Gene Reference Into Function) and/or the gene product's
conserved protein domains, for which descriptions were obtained from the PFAM
website ((Finn, Mistry et al. 2006); http://pfam.sanger.ac.uk).

Each gene and its chromosomal location (cytogenetic band position) was queried for

previous genetic evidence of putative involvement in BP and RMD, which are the

primary diagnoses in the F22 family, and in SCZ, which shares clinical and genetic
similarities with BP (Konradi 2005). To do this, I inspected a number of recent

reviews for the most up-to-date candidate genes and loci (McGuffin 2004; Craddock,
O'Donovan et al. 2005; Craddock and Forty 2006; Levinson 2006; Ross, Margolis et

al. 2006; Farmer, Elkin et al. 2007; Harvey, Belleau et al. 2007; Kato 2007; Serretti
and Mandelli 2008) and queried the Polygenic Signalling Pathways website

(www.polygenicpathways.co.uk), which is based on reviews (Carter 2006; Carter

2007) and is regularly updated. It is important to note that this search was only as

comprehensive as the selected reviews and the Polygenic Pathway website that were

searched; a general literature search of each gene and its locus was not performed. In

addition, a number of recent expression studies of BP and SCZ were inspected in
search for genes identified as differentially expressed in this study. The genes with

previous genetic evidence of putative involvement in BP, RMD and/or SCZ are

singled out and discussed in the text.

Finally, a formal gene ontology (GO) analysis was performed, using the web-based
GOTreeMachine (GOTM) ((Zhang, Schmoyer et al. 2004);

http://bioinfo.vanderbilt.edu/gotm), to determine if the lists of significantly

differentially expressed genes were enriched for particular GO categories relating to
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molecular function (the action characteristic of a gene product), biological process (a

phenomenon marked by changes that lead to a particular result, mediated by one or

more gene products) or cell components (where the gene product acts). GO

(www.geneontology.org) is a common, controlled vocabulary for describing the roles
of genes and gene products in different species. The GO categories are organised in a

hierarchical structure and are held within a directed acyclic graph (DAG). Using

GOTM, the list of available Entrez IDs, of differentially expressed genes was

compared to the list of genes found to be significantly expressed above background
level in the lymphoblastoid cell lines used in this study (see section 6.6.3). GOTM

reports only the GO enrichments that were statistically significant (E<0.01), as

determined by the hypergeometric test.
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6.8.1 Differential expression between the affected individuals
carrying the chromosome 4p-linked haplotype and the
married-in controls (AD versus MIC)

Of the 224 probes that passed the pre-processing filters and were tested for
differential expression in the AD sample, 59 were significantly different (ANOVA Fs

P<0.05, Table 6.6). The 59 probes represented 56 unique genes, or transcripts, 37 of
which were under-expressed and 19 were over-expressed in the AD sample relative
to the MIC sample. These 56 putative risk genes, or transcripts, mapped to 47 loci,
36 of which fall within reported - albeit broad (>10Mb) - linkage regions for BP,
RMD and/or SCZ. One such gene, acyl-coenzyme A oxidase 3 (ACOX3), was found
to map to the chromosome 4pl5-pl6 region that showed linkage to major affective
disorder in family F22. ACOX3 expression was increased ~1.3-fold in the AD sample

(Fs P=0.048). It was not found differentially expressed in either the UD or AxD

samples (Table 6.6).

Two genes, GSTM1 and HLA-DRB1, were listed in the Polygenic Signalling

Pathways website because they show evidence of association to SCZ (Sasaki,
Matsushita et al. 1999; Haider, Zahid et al. 2000; Harada, Tachikawa et al. 2001;

Pae, Yu et al. 2004). Both of these genes also map to regions previously found linked
to SCZ - lpl3 and 6p21, respectively. In this study, the expression of GSTM1

(glutathione S-transferase Ml) was significantly reduced in the AD sample at an

approximately 2-fold level, which was corroborated by two probes tagging the gene

(1.9-fold, P=0.0010; 2.0-fold, P=0.0013). GSTM1 was not differentially expressed in
either the UD or AxD samples. The HLA-DRB1 (class II major histocompatibility

complex, DR beta 1) gene was over-expressed 8.6-fold (P=0.0021), showing the

greatest fold-increase in the AD sample. It was also significantly over-expressed in
the UD sample (4.5-fold, P=0.044). The gene showing the greatest decrease in

expression (2.5-fold, P=0.033) in the AD sample was a gene predicted to be similar
to the chromosome 6p21-located HLA class II histocompatibility antigen, DRB1-9
beta chain precursor (LOC649143) gene, which has a discontinued NCBI record. A

BLAST search of the NCBI transcript reference sequences database

(www.ncbi.nlm.nih.gov), using the nucleotide sequence of LOC649143 as the query,
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identified the predicted gene HLA-DRB5 as the top hit, aligning with 100% identity

(not shown).

The HLA-DRB1 gene was also previously found to be significantly under-expressed
in the blood and brain of individuals with SCZ (Glatt, Everall et al. 2005). The other

genes that showed evidence of differential expression in previous microarray studies
of BP or SCZ are CNN3 (calponin 3, acidic), PFN2 (profilin 2), DBN1 (drebrin 1)
and SRI (sorcin) (Kakiuchi, Iwamoto et al. 2003; Glatt, Everall et al. 2005; Matigian,
Windus et al. 2007), as summarised in Table 6.7.

A manual examination of the Entrez gene information (Table 6.6), which was

compiled from the Entrez gene summary, the GeneRIFs and/or the conserved protein
domain information of each of the 56 differentially expressed genes, revealed
common biological themes, or ontologies, in the observed or predicted functions of
the genes, including immune response, apoptosis, oxidation, signalling, actin-binding
and association with the cytoskeleton. When I performed a formal GO analysis of
these genes, comparing them against those genes, of the 15,543 significantly

expressed in the cell lines, with Entrez IDs, 21 GO terms (13 biological processes,

Table 6.8; 8 molecular functions, Table 6.9) were identified as overrepresented in the
list at the default hypergeometric test P-value threshold of 0.01. The most

significantly enriched biological process, with 14 genes, was "organismal

physiological process" (P=0.000051, expected 4.42 genes), which was related

(directly and indirectly, see directed acyclic graph (DAG) in Figure 6.20) to five
other significantly enriched categories, including immune system process

(P=0.0040), chemotaxis (P=0.0044) and muscle contraction (P=0.0030) (Table 6.8).
The most significantly enriched category for molecular function was "actin binding"

(P=0.0012, expected <1 gene), with five genes, followed by "glutathione transferase

activity" and "receptor activity", each with a P-value of 0.0020 (Table 6.9 and Figure

6.21).
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0.033(0.16)
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GENERIF:SuppressesMEKK1mediatedapoptosisandfunctionsasanegativeregulatorofMEKK1;intheKoreanpopulation,GSTM1 polymorphismmayconfersusceptibilitytothedevelopmentofschizophreniabutnottotardivedyskinesia;anassociationofGSTM1 withParkinson'sdiseasesupportsthehypothesisthatGSTM1playsaroleinprotectingastrocytesagainsttoxicdopamineoxidative metabolismbypreventinqtoxicone-electronreductionofaminochrome.

MolF:glutathionetransferaseactivity

PLAC8

placenta-specific8[015;onzin]

0.032(016)
19

.

-

FF(•)

4q2122ep

NM016619

840253

51316

PHF16

PHDfingerprotein16,transcriptvariant1 [JADE3I

0.0028(0.075)
1.7

-

•

-

XP11.3BPSCZ

NM_014735

4780762

9767

SUMMARY:ThisgeneispartofageneclusteronchromosomeXp11.23.Theencodedproteincontainsazincfingermotifoftenfound
intranscriptionalrequlators,however,itsexactfunctionisnotknown

MYH10

myosin,heavychain10,non-muscle[NMMHCB]
0.043(017)
1.7

-

FF(-)

-

17p13BPSCZ

NM_005964

2320753

4628

GENERIF:downregulationofmyosinll-B,themajormyosinisoforminneurons,isabletoincreaseAbetadeposition,concomitantly alteringthesubcellularlocalizationofbeta-amyloidprecursorprotein(APP);inleukocytes,theactivityofnon-musclemyosinIIis essentialforcellmigration,anditisnotessentialfortumorcellmigration,myosinll-Bresidesinacomplexwithp21-activatedkinase1 (PAK1)andatypicalproteinkinaseC(PKC)zeta(aPKCzeta)andtheinteractionbetweentheseproteinsisEGF-dependent.
MolF:cytoskeletalproteinbinding,actin binding

RIUBP2

RIMSbindingprotein2(RBP2;RIM-BP2|
0013(011)
1.7

-

-

-

12q24.33BP'R"0-scz
NM_015347

2470154

23504

CD:FN3(Fibronectintype3domain),involvedinanumberofimportantfunctions:e.g.woundhealing;celladhesion;blood coagulation;celldifferentiationandmigration;maintenanceofthecellularcytoskeleton,andtumourmetastasis.SH3(Srchomology3 domains),performeitheranassemblyorregulatoryrole.

CD163L1

CD163molecule-like1(M160.CD163B]
0.0070(010)
16

-

FF(-)

NS(-)

12p13.3

NM_174941

2490605

283316
SUMMARY:Thisgeneencodesamemberofthescavengerreceptorcysteine-rich(SRCR)superfamily.Membersofthisfamilyare secretedormembrane-anchoredproteinsmainlyfoundincellsassociatedwiththeimmunesystem.TheSRCRfamilyisdefinedbya 100-110aminoacidSRCRdomain,whichmaymediateproteinproteininteractionandliqandbindinq.

MolF:receptoractivity

SORT1

sortilin1[NT3;Gp95]

0.010(010)
16

-

-

FF(•)

1p21J-p13.1scz
NM_002959

6900341

6272

SUMMARY:Thisgeneencodesaproteinthatisamulti-ligandtype-1receptorwithsimilaritytotheyeastcarboxypeptidaseYsorting receptorVps10protein.Theencodedprotein,atrans-Golginetwork(TGN)transmembraneprotein,bindsanumberofunrelatedligands thatparticipateinawiderangeofcellularprocesses;however,itlacksthetypicalfeaturesofasignallingreceptorGENERIF:The lysosomaltraffickingofsphinqolipidactivatorproteins(SAPs)ismediatedbysortilin.
BioP:organismalphysiologicalprocess. MolF:peptidebinding,receptoractivity

PFN2

profilin2|PFL]

0.030(015)
16

-

NS(-)

-

3q25.1-q25.2

NM_053024

7160753

5217

SUMMARY:Theproteinencodedbythisgeneisaubiquitousactinmonomer-bindingproteinbelongingtotheprofilinfamilyItis thoughttoregulateactinpolymerizationinresponsetoextracellularsignals.GENERIF:ThesefindingsraisethepossibilitythatRgl3 mediatesinteractionbetweenRas/Rap-familyproteinsandPFN2,animportantactivatorofactinpolymerization.
BioP:actinfilament-basedprocess, actincytoskeletonorganizationand biogenesis,MolF:cytoskeletalprotein bindinq,actinbindinq

MGST2

microsomalglutathioneS-transferase2[GST2; MGST-II]

0030(015)
16

-

FF(-)

FF(-)

4q28.3BP

NM_002413

6270537

4256

SUMMARY:TheMAPEG(MembraneAssociatedProteinsinEicosanoidandGlutathionemetabolism)familyconsistsofsixhuman proteins,severalofwhichareinvolvedintheproductionofleukotrienesandprostaglandinE,importantmediatorsofinflammation.This geneencodesaproteinwhichcatalyzestheconjugationofleukotrieneA4andreducedglutathionetoproduceleukotrieneC4.
BioP:cell-cellsignaling,organismal physiologicalprocess,immunesystem process;MolF:glutathionetransferase activity

KCNMB1

potassiumlargeconductancecalcium-activated channel,subfamilyM,betamember1[SLO- BETA,hslo-beta;K(VCA)beta]

0.013(P11)
1.6

-

-

NS(-)

5q34ePscz

NM_004137

6960441

3779

SUMMARY:MaxiKchannelsarelargeconductance,voltageandcalcium-sensitivepotassiumchannelswhicharefundamentaltothe controlofsmoothmuscletoneandneuronalexcitability.GENERIF:Transientmembranecurrentisgeneratedbyamechanismrelated
tothedeactivation,andlevelofprioractivation,ofgliomaBKchannels;betalsubunitsfacilitategatingofBKchannelsbyacting throughtheCa2+,butnottheMg2+,activatingmechanisms.

BioP:cell-cellsignaling,transmissionof nerveimpulse,organismalphysiological process,musclecontraction,smooth musclecontraction;MolF:auxiliary transportproteinactivity,channel regulatoractivity

CDH2

cadherin2,type1,N-cadherin(neuronal)(CDHN, NCAD,CD325;CDw325]

0.0028(0.075)
1.5

-

FF(•)

NS(-)

18q112BP

NM_001792

4780376

1000

SUMMARY:Thisgeneisaclassicalcadherinfromthecadherinsuperfamily.Theencodedproteinisacalciumdependentcell-cell adhesionglycoproteinTheproteinfunctionsduringgastrulationandisrequiredforestablishmentofleft-rightasymmetry.Atcertain centralnervoussystemsynapses,presynaptictopostsynapticadhesionismediatedatleastinpartbythisgeneproductGENERIF: abnormalactivationofglycogensynthasekinase3betacanreduceneuronalviabilityandsynapticplasticityviamodulatingPresenilin 1/N-cadherin/beta-catenininteractionandthushaveimportantimplicationsinthepathophysiologyofAlzheimerdisease,N-cadherin signaltransductionupregulatesBcl-2;Ep-CAMcrosssignalingwithN-cadherininvolvesPi3K,resultingintheabrogationofthe cadherinadhesioncomplexesinepithelialcells.

FHL2

fourandahalfUMdomains2(DRAL,AAG11; SUM3|

0.0010(0.072)
1.5

-

-

-

2q12-q14BP-scz
NM_001450

7650441

2274

SUMMARY:LIMproteinscontainahighlyconserveddoublezincfingermotifcalledtheUMdomain.LIMdomainsarefoundinmany keyregulatorsofdevelopmentalpathwaysGENERIF:FunctionalanalysisdemonstratedthattheFHL2mutationaffectedthebindingto titin/connectin;FHL2playsanimportantroleinosteoblastdifferentiationandboneformation;FHL2interactionmaybeinvolvedin transcriptionalregulationandplayasignificantroleincancercellgrowth.

MolF:receptorbinding

Table6.6.TheprobesthatshowsignificantdifferentialexpressionbetweentheADandMICindividuals.Continuedonthenextpage.
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DAAM1

dishevelledassociatedactivatorof morphogenesis1

0.015(0.11)
1.5

-

-

14q23.1BPS"

NM_014992

3460019

23002

SUMMARY:Functionsofthecellcortex,includingmotility,adhesion,andcytokinesis,aremediatedbythereorganizationoftheactin cytoskeletonandrecentevidencesuggestsarolefortheForminhomology(FH)proteinsintheseprocesses.Theproteinencodedby thisgenecontainsFHdomainsandbelongstoanovelFHproteinsubfamilyimplicatedincellpolarity.Wnt/Fzsignalingactivatesthe smallGTPaseRho,akeyregulatorofcytoskeletonarchitecture,tocontrolcellpolarityandmovementduringdevelopment.Activation requiresDvl-Rhocomplexformation,anassemblymediatedbythisgeneproduct,whichisthoughttofunctionasascaffolding protein.GENERIF:ourdataindicatethatDAAM1communicateswithRhoGTPases,CIP4andSrcintheregulationofthesignalling pathwaysthatco-ordinatethedynamicsoftheactinfilamentsystem;DAAM1wasshowntobindtotheSH3domainofCIP4invivo; resultsreportthatProfilinlisaneffectordownstreamofDaamlrequiredforcytoskeletalchangesduringgastrulation.
BioP:actinfilament-basedprocess, actincytoskeletonorganizationand biogenesis;MolF:cytoskeletalprotein binding,actinbinding

OAS2

2-5-oligoadenylatesynthetase2.69/71kDa
0.035p.16)
1.5

FF(-)

FF(-)

12q24.2BPr"dscz
NM_001032731

450327

4939

SUMMARY:Thisgeneencodesamemberofthe2-5Asynthetasefamily,essentialproteinsinvolvedintheinnateimmuneresponseto viralinfection.TheencodedproteinisinducedbyinterferonsandusesATPin2-specificnucleotidyltransferreactionstosynthesize 2',5-oligoadenylates(2-5As).ThesemoleculesactivatelatentRNaseL,whichresultsinviralRNAdegradationandtheinhibitionofviral replication.GeneclusteronChromosome12.

BioP:organismalphysiologicalprocess, immunesystemprocess

DBN1

drebrin1

0.029(0.15)
1.5

-

-

5-

5<I35Jbpscz

NM080881

5820358

1627

SUMMARY:Theproteinencodedbythisgeneisacytoplasmicactin-bindingproteinthoughttoplayaroleintheprocessofneuronal growth.Itisamemberofthedrebrinfamilyofproteinsthataredevelopmental^regulatedinthebrainAdecreaseintheamountofthis proteininthebrainhasbeenimplicatedasapossiblecontributingfactorinthepathogenesisofmemorydisturbanceinAlzheimer's disease.GENERIF:DecreasedlevelsofdrebrininfrontalandtemporalcortexfrompatientswithDSandAD;reduceddrebrincould causelossofspineplasticityinDSandmaybeamarkerforneurodegenerativedisorders;roleofdrebrinE2intheformationof branchingprocessesandfurtherindicatethatduringcellmigration;theproteincontributestoretractionofthecellbodyandthetailbut nottolamellipodiaformation.

BioP:cell-cellsignaling,transmissionof nerveimpulse,actinfilament-based process,actincytoskeletonorganization andbiogenesis,organismalphysiological process,MolF:cytoskeletalprotein binding,actinbinding

CD86

CD06molecule[B70,B7-2;LAB72;CD28LG2)
0.025p15)
14

-

-

FF(•)

3q21

NM _175862

10215

942

SUMMARY:Thisgeneencodesatype1membraneproteinthatisamemberoftheimmunoglobulinsuperfamily.Thisproteinis expressedbyantigen-presentingcells,anditistheligandfortwoproteinsatthecellsurfaceofTcells.CD28antigenandcytotoxicT- lymphocyte-associatedprotein4.BindingofthisproteinwithCD28antigenisacostimulatorysignalforactivationoftheT-cell.Binding ofthisproteinwithcytotoxicT-lymphocyte-associatedprotein4negativelyregulatesT-cellactivationanddiminishestheimmune response.GENERIF:Immaturedendriticcellsengulfedapoptoticandnecroticneutrophils,resultinginup-regulationofCD83andclass
IImajorhistocompatibilitycomplexmolecules,butdown-regulationofCD40,CD80.andCD86;evidenceofpossibleroleinasthma pathogenesis,coronaryarterydisease,ulcerativecolitis.

BioP:cell-cellsignaling,lymphocyte differentiation,organismalphysiological process,immunesystemprocess. MolF:receptoractivity

PLD1

phospholipaseD1.phosphatidylcholine-specific
0.041p.17)
1.4

-

FF(-)

FF(-)

3q26

NM_002662

5570386

5337

SUMMARYPhosphatidylcholine(PC)-specificphospholipasesD(PIDs)catalyzethehydrolysisofPCtoproducephosphatidicacid andcholine.ArangeofagonistsactingthroughGprotein-coupledreceptorsandreceptortyrosinekinasesstimulatethishydrolysis. PC-specificPLDactivityhasbeenimplicatedinnumerouscellularpathways,includingsignaltransduction,membranetrafficking,and theregulationofmitosis.GENERIF:endogenousPLD1isacriticalfactorintheorganizationoftheactin-basedcytoskeleton,with regardtocelladhesionandmigration;demonstrationoftheinvolvementofPLDIandPLD2anditsenzymaticactivitytoward chemokinesinthekeyjjhysiologicprocessofleukocytemigration.

BioP:locomotorybehavior,taxis, chemotaxis,responsetoexternal stimulus

F2R

coagulationfactorII(thrombin)receptor[TR, HTR;CF2R;PAR1|

0.0042(0.095)
1.4

-

-

FF(-)

5q13

NM_001992

6860494

2149

SUMMARYCoagulationfactorIIreceptorisa7-transmembranereceptorinvolvedintheregulationofthromboticresponse.Proteolytic cleavageleadstotheactivationofthereceptorF2RisaG-proteincoupledreceptorfamilymember.GENERIF:PlateletPAR-1/PAR-4 stimulationcausesrapidAktphosphorylationdownstreamofPLC,whereaswithcontinuousstimulation,ADPandPI3Karerequiredfor maintainingAktphosphorylation;datasuggestthatactivatedproteinCregulatescalciumconcentrationinhumanbrainendothelium andinhumanumbilicalveinendothelialcellsbybindingtoendothelialproteinCreceptorandsignalingviaproteaseactivatedreceptor-
1,PAR-1signaling,alongwiththrombin,hasaroleinup-regulatingthesynthesisofTFPI-2viaaMAPK/COX-2-dependentpathway.

BioP:organismalphysiologicalprocess, responsetoexternalstimulus;MolF: peptidebinding,receptorbinding, receptoractivity

CMBL

carboxymethylenebutenolidasehomolog (Pseudomonas)

0.010p10)
1.4

-

-

FF(•)

5p152BP-scz

NM _138809

110408

134147
CD:COG0412;Dienelactonehydrolaseandrelatedenzymes(Secondarymetabolitesbiosynthesis,transport,andcatabolism]

SLC05A1

solutecarrierorganicaniontransporterfamily, member5A1[OATP-J;OATP5A1;OATPRP4, SLC21A15]

0.0057P10)
1.4

-

-

*

8q13.3BP

NM_030958

4730609

81796

DOCK10

dedicatorofcytokinesis10,dopaminereceptor interactingprotein2|ZIZ3;DRIP2]
0.038p16)
1.4

-

-

FF(-)

2q36.2ep

NM_014689

1980605

55619

CD:PH(Pleckstrinhomologydomain).ThePHdomainoccursinawiderangeofproteinsinvolvedinintracellularsignalingoras constituentsofthecytoskeleton.

MolF:receptoractivity

LEF1

lymphoidenhancer-bindingfactor1 [TCF1ALPHA]

0.024p15)
1.4

-

FF(-)

-

4q23q25BP

NMJ316269

270102

51176

SUMMARY:Lymphoidenhancer-bindingfactor-1(LEF1)isa48-kDnuclearproteinthatisexpressedinpre-BandTcells.Itbindstoa functionallyimportantsiteintheT-cellreceptor-alpha(TCFJA)enhancerandconfersmaximalenhanceractivity.LEF1belongstoa familyofregulatoryproteinsthatsharehomologywithhighmobilitygroupprotein-1(HMG1).GENERIF:InvolvementofLEF1proteinin thewinglesstypeprotein(WNT)signalingpathwaynotonlyregulatesTcelldevelopment,butalsoperipheralTcelldifferentiation
KCTD10

potassiumchanneltetramerisationdomain containing10

0.0082p.10)
1.4

-

FF(•)

-

12q24.11BPR"°-8"
NMJI31954

6450050

83892

GADD46A

growtharrestandDNA-damage-inducible,alpha [DDIT1,GADD45]

0.015p11)
1.4

-

FF(•)

FF(•)

1p31-2-p31.1BPscz
NM_001924

3140239

1647

SUMMARY:Thisgeneisamemberofagroupofgeneswhosetranscriptlevelsareincreasedfollowingstressfulgrowtharrest conditionsandtreatmentwithDNA-damagingagents.Theproteinencodedbythisgenerespondstoenvironmentalstressesby mediatingactivationofthep38/JNKpathwayviaMTK1/MEKK4kinase.TheDMAdamage-inducedtranscriptionofthisgeneis mediatedbybothp53-dependentand-independentmechanisms.GENERIF:Gadd45aisinvolvedintheinductionofapoptosis, inhibitinqmicrotubulestabilityandinducinqBimtranslocationtomitochondria

LOC113386

similartoenvelopeprotein

0.039p.17)
1.4

-

NS(-)

-

19q1343

NM_138781

6280397

113386
ThisrecordwasdiscontinuedThisrecordrepresentsexpressedrepetitiveelementsandisoutofscopeforEntrezGene.

PHLDA3

pleckstrinhomology-likedomain,familyA, member3[TIH1J

0.0058p.10)
14

-

FF(-)

-

1q31s"

NM_012396

4010010

23612

CD:PH(Pleckstrinhomologydomain).ThePHdomainoccursinawiderangeofproteinsinvolvedinintracellularsignalingoras constituentsofthecytoskeleton.

ZFHX3

zincfingerhomeobox3;AT-bindingtranscription factor1IATBT;ATBF1]

0.036P.16)
1.4

-

FF(■)

FF(•)

16q22.3^23.1BP
NM006885

1710088

463

GENERIF:ATBF1cansuppresstheIL-6-mediatedcellularresponsebyactingtogetherwithPIAS3;playsroleinmultiplecancers.
CD86

CD06molecule[B70;B7-2;LAB72;CD20LG2]
0.0078p.10)
1.4

-

FF(-)

3q21

NM_175862

4200156

942

SUMMARY:Thisgeneencodesatype1membraneproteinthatisamemberoftheimmunoglobulinsuperfamily.Thisproteinis expressedbyantigen-presentingcells,anditistheligandfortwoproteinsatthecellsurfaceofTcells,CD28antigenandcytotoxicT- lymphocyte-associatedprotein4.BindingofthisproteinwithCD28antigenisacostimulatorysignalforactivationoftheT-cell.Binding ofthisproteinwithcytotoxicT-lymphocyte-associatedprotein4negativelyregulatesT-cellactivationanddiminishestheimmune response.GENERIF:Immaturedendriticcellsengulfedapoptoticandnecroticneutrophils,resultinginup-regulationofCD83andclass
IImajorhistocompatibilitycomplexmolecules,butdown-regulationofCD40,CD80,andCD86;evidenceofpossibleroleinasthma pathogenesis,coronaryarterydisease,ulcerativecolitis

BioP:cell-cellsignaling,lymphocyte differentiation,organismalphysiological process,immunesystemprocess; MolF:receptoractivity
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Table6.6.TheprobesthatshowsignificantdifferentialexpressionbetweentheADandMICindividuals.Continuedonthenextpage.
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PLXNB2

plexinB2[MM1.PLEXB2]

0.026(015)
14

-

FF(-)

-

22q1J33erscz
NM_012401

1170113

23654

SUMMARY:MembersoftheBclassofplexins,suchasPLXNB2,aretransmembranereceptorsthatparticipateinaxonguidanceand cellmigrationinresponsetosemaphoresGENERIF:PLXNB2associatesdirectlywithtwomembersofarecentlyidentifiedfamilyof Dblhomology/pleckstrinhomologycontainingguaninenucleotideexchangefactorsforRho,PDZ-RhoGEF,andLeukemia-associated RhoGEF(LARG)

MolF:receptoractivity

C10otf11

chromosome10openreadingframe11
0.015(P11)
1.4

.

FF(-)

NS(-)

10q22.2-«|22.3bp-scz
NM032024

4920112

83938

HSPA8

heatshock70kDaprotein8|LAP1;HSC54, HSC70;HSC71;HSP71;HSP73;NIP71, HSPA10]

0.0053(010)
1.4

FF(-)

FF(+)

11q24.1

NMJ53201

1690189

3312

SUMMARY:Theproductencodedbythisgenebelongstotheheatshockprotein70familywhichcontainsbothheat-inducibleand constitutivelyexpressedmembers.Thelatterarecalledheat-shockcognateproteins.Thisgeneencodesaheat-shockcognate protein.ThisproteinbindstonascentpolypeptidestofacilitatecorrectfoldingItalsofunctionsasanATPaseinthedisassemblyof clathrin-coatedvesiclesduringtransportofmembranecomponentsthroughthecellGENERIF:Importantfunctionsofrecentlyactivated dendriticcellsarethuscriticallymodulatedbythenewlydiscoveredHSPA8-EWI-2interaction;widespreadaccumulationofHsc70and Hsp70mayoccurinbrainswithMultipleSystemAtrophy(MSA),andthatHsc70andHsp70maybeassociatedwiththepathogenesis
ofMSA

SHROOM3

shroomfamilymember3[SHRM;APXL3; ShrmL]

0029(015)
1.4

-

-

NS(-)

4q21.1BP

NM_020859

3060719

57619

CD:PDZ_signalingPDZdomainsarefoundindiversesignalingproteins.ASD1andASD2(Apx/Shroomdomains).Thisregionisfound
intheactin-bindingproteinShroomwhichmediatesapicalcontrictioninepithelialcellsandisrequiredforneuraltubeclosure.ASD1 hasbeenimplicateddirectlyinF-actinbindinq

EMR1

egf-likemodulecontaining,mucin-like,hormone receptor-like1[TM7LN3]

0025(015)
1.3

-

-

•

19p13.3

NM_001974

610039

2015

SUMMARY:ThisgeneencodesaproteinthathasacomainresemblingseventransmembraneGprotein-coupledhormonereceptors (7TMreceptors)atitsC-terminus.TheN-terminusoftheencodedproteinhassixEGF-likemodules,separatedfromthe transmembranesegmentsbyaserine/threonine-richdomain,afeaturereminiscentofmucin-like,single-span,integralmembrane glycoproteinswithadhesivepropertiesCD:EGF_CA(Calcium-bindingEGF-likedomain).Itispresentinalargenumberofmembrane- boundandextracellular(mostlyanimal)proteins

MolF:receptoractivity

IP04

importin4[Imp4]

0.012(0.11)
1.3

-

FF(-)

-

14q12BPscz

NM_024658

3780762

79711

GENERIF:DemonstratedthatvitaminDreceptor(VDR)hastwonuclearimpoitsystems:ligand-dependent&ligand-independent pathways,&thatimportin4fulfillstheligand-independentnucleartransportthroughtheinteractionwiththeaminoterminusofVDR
SRI

sorcin[SCN]

0046(018)
1.3

-

FF(-)

FF(+)

7q2,lBP.SCZ

NM_003130

7200168

6717

GENERIF:relationshipbetweensolubleresistance-relatedcalcium-bindingprotein(sorcin)geneandmultidrugresistancegene(mdr1), andtheirsignificanceinclinicaldrugresistanceandprognosisofacutemyeloidleukemia(AML);sorcinplaysanimportantroleinthe emergenceofMDRinleukemiacellsviaregulatingcellapoptosispathways.

BioP:cell-cellsignaling,transmissionof nerveimpulse,organismalphysiological process,musclecontraction;MolF: auxiliarytransportproteinactivity, channelregulatoractivity,receptor binding

ARHGAP10

RhoGTPaseactivatingprotein10[GRAF2,PS- GAP]

0.023(P15)
1.3

FF(-)

-

4q3123BPSCZ

NM_024605

2370706

79658

CD:PH_oligophrenin(OligophreninPleckstrinhomologydomain)OligophreniniscomposedofaPHdomain,arhoGAPdomainanda prolinerichregion.ThePHdomainoccursinawiderangeofproteinsinvolvedinintracellularsignalingorasconstituentsofthe cytoskeleton.CloselyrelatedproteinshaveaC-terminalSH3domain.SH3(Srchomology3domains),performeitheranassemblyor regulatoryrole

LOC401233

similartoHIVTATspecificfactor1;cofactor requiredforTatactivationofHIV-1transcription
0041(017)
1.3

+

FF(+)

FF(+)

6p252scz

NM_001013680
7330520

401233

ACOX3

acyl-CoenzymeAoxidase3,pristanoyl
0048(018)
1.3

♦

FF(+)

FF(-)

4p15.3BPSCZ

NM_003501

7650575

8310

SUMMARY:Acyl-CoenzymeAoxidase3alsoknowaspristanoyl-CoAoxidase(ACOX3)isinvolvedinthedesaturationof2-methyl branchedfattyacidsinperoxisomes.Unliketherathomolog,thehumangeneisexpressedinverylowamountsinliversuchthatits mRNAwasundetectablebyroutineNorthern-blotanaysisoritsproductbyimmunoblottingorbyenzymeactivitymeasurements. However,thehumancDNAencodinga700aminoacidproteinwithaperoxisomaltargetingC-terminaltripeptideS-K-Lwasisolated andisthoughttobeexpressedunderspecialconditionssuchasspecificdevelopmentalstagesorinatissuespecificmannerin tissuesthathavenotyetbeenexamined

LOC650298

similarto40SribosomalproteinS26
0.016(012)
14

♦

FF(+)

FF(+)

18

XM_939387

2030477

650298
Thisrecordwasdiscontinued

LOC644191

similarto40SribosomalproteinS26
0.024(0.15)
14

+

NS(+)

FF(+)

17q21.31BP8CZ
XM_930072

1990494

644191

LOC644928

hCG2033311

0.011(011)
1.4

♦

♦

NS(+)

1p322scz

NM_001093732

620577

644928
SUMMARY:ThisgenehascharacteristicsofapseudogenederivedfromtheRPS26gene.However,thereisstillanopenreadingframe thatcouldproduceaproteinofthesameornearlythesamesizeasthatoftheRPS26gene,sothisgeneisbeingcalledprotein- codinqfornow

TOX

thymocyteselection-associatedhighmobility groupbox[TOX1)

0.033(016)
1.5

♦

+

FF(+)

8q12.1BP

NM_014729

1710307

9760

SUMMARY:Somehigh-mobilitygroup(HMG)boxprcteins(e.g.,LEF1)containasingleHMGboxmotifandbindDNAinasequence- specificmanner,whileothermembersofthisfamily(e.g.,HMG1)havemultipleHMGboxesandbindDNAinasequence-independent butstructure-dependentmanner.AllHMGboxproteinsareabletoinduceasharpbendinDNATOXcontainsasingleHMGboxmotif. GENERIF:expressionoftheHMGboxproteinTOXissufficienttoinducechangesincoreceptorgeneexpressionassociatedwithbeta- selection,includingCD8genedemethylation

ZBED2

zincfinger,BED-typecontaining2

0047(018)
1.5

♦

FF(+)

FF(+)

3q13.13scz

NM_024508

7510091

79413

CD:ZnF_BED(BEDzincfinger)DNA-bindingdomainfoundinoneormorecopiesincellularregulatoryfactorsandtransposasesfrom plants,animalsandfungi.

RPS26L

RPS26L40SribosomalproteinS26-Ike(RPS26)
0.0089(0.10)
1.5

♦

♦

NS(+)

13q32JBPscz

NR_002225

4280341

400156

NCR3

naturalcytotoxicitytriggeringreceptor3(1C7; CD337;LY117,NKp30]

0.024(0.15)
15

♦

NS(+)

♦

6p21.3scz

NMJ47130

5890471

259197

GENERIF:CD59isphysicallyassociatedwithNKp46andNKp30andactivatehumannkcell-mediatedcytotoxicity.
BioP:organismalphysiologicalprocess, responsetoexternalstimulus;MolF: receptoractivity

LU02

UMdomainonly2(rhombotin-like1)]TTG2; RBTN2;RHOM2,RBTNL11

0029(015)
1.6

♦

NS(+)

NS(+)

11p13BPR"DSCZ
NM_005574

7560441

4005

SUMMARY:LM02encodesacysteine-rich,twoLIM-domainproteinthatisrequiredforyolksacerythropoiesis.TheLM02proteinhas acentralandcrucialroleinhematopoieticdevelopmentandishighlyconservedTheLM02transcriptionstartsiteislocated approximately25kbdownstreamfromthe11p13T-celltranslocationcluster(11p13ttc),whereanumberT-cellacutelymphoblastic leukemia-specifictranslocationsoccur.GENERIF:BothLM02andLM04interactedstronglytoLDB1,whichwasrequiredfortheir localizationtothenucleus.

ARHGAP25

RhoGTPaseactivatingprotein25

0.0098(010)
1.7

+

NS(+)

FF(+)

2p14BP

NM_014882

3840019

9938

CD:PH(Pleckstrinhomologydomain).ThePHdomainoccursinawiderangeofproteinsinvolvedinintracellularsignalingoras constituentsofthecytoskeleton

TRB@

Tcellreceptorbetalocus[TRB;TCRB]
0034(016)
1.7

♦

♦

NS(+)

7q34

NG001333

670041

6957

SUMMARY:Tcellreceptorsrecognizeforeignantigenswhichhavebeenprocessedassmallpeptidesandboundtomajor histocompatibilitycomplex(MHC)moleculesatthesurfaceofantigenpresentingcells(APC).Chromosomalabnormalitiesinvolvingthe
BioP:organismalphysiologicalprocess, immunesystemprocess,MolF:peptide binding,receptorbinding,receptor activity

T-cellreceptorbetalocushavebeenassociatedwith"-celllymphomas.

Table6.6.TheprobesthatshowsignificantdifferentialexpressionbetweentheADandMICindividuals.Continuedonthenextpage.
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UDvs MIC
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Map

Accession Numbei
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EntrezID
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AICDA

activation-inducedcytidinedeaminase[AID; ARP2;CDA2;HIGM2]

0.012(011)
1.7

+

NS(+)

NS(+)

12p13

NM_020661

5960392

57379

GENERIF:controlofTcell-dependentimmuneresponsesmaybemodulated,viaAID,bysignalsthatactivateproteinkinaseA,Aid andperhapssomeofitsfamilymembersmayhaverolesinepigeneticreprogramming;AIDplaysacrucialroleintheinductionofDNA breakageduringimmunoglobulinclassswitchrecombination.

BioP:lymphocytedifferentiation, organismalphysiologicalprocess, mmunesystemprocess

CMTM3

CKLF-likeMARVELtransmembranedomain containing3[BNAS2;CKLFSF3]
0.0092(010)
1.9

+

+

NS(+)

16q21q22.1BP

NMJ81555

7380239

123920
SUMMARY:Thisgenebelongstothechemokine-likefactorgenesuperfamily,anovelfamilythatissimilartothechemokineandthe transmembrane4superfamiliesofsignalingmolecules.Thisgeneisoneofseveralchemokine-likefactorgeneslocatedinaclusteron chromosome16.GENERIF:CMTM3/CKLFSF3isanevolutionarilyconservedgenethatmayhaveimportantrolesinthemale reproductivesystemandimmunesystem.

BioP:locomotorybehavior,taxis, chemotaxis,responsetoexternal stimulus,MolF:receptorbinding

TOX

thymocyteselection-associatedhighmobility groupbo*[TOX1]

00030(0.075)
20

+

♦

NS(+)

8q12.1BP

NM_014729

5260463

9760

SUMMARY:Somehigh-mobilitygroup(HMG)boxproteins(e.g.,LEF1)containasingleHMGboxmotifandbindDNAinasequence- specificmanner,whileothermembersofthisfamily(e.g.,HMG1)havemultipleHMGboxesandbindDNAinasequence-independent butstructure-dependentmanner.AllHMGboxproteinsareabletoinduceasharpbendinDNA.TOXcontainsasingleHMGboxmotif GENERIF:expressionoftheHMGboxproteinTOXissufficienttoinducechangesincoreceptorgeneexpressionassociatedwithbeta selection,includinqCD8qenedemethylation

CKLF

chemokine-likefactor,transcriptvariant3[C32; CKLF1;CKLF2;CKLF3;CKLF4;UCK-1; HSPC224]

0.018(013)
20

+

♦

+

16q21BP

NM_016326

2000551

51192

SUMMARY:TheproductofthisgeneisacytokineCytokinesaresmallproteinsthathaveanessentialroleintheimmuneand inflammatoryresponses.Thisgeneisoneofseveralchemokine-likefactorgeneslocatedinaclusteronchromosome16.Theprotein encodedbythisgeneisapotentchemoattractantforneutrophils,monocytesandlymphocytes.Italsocanstimulatetheproliferationof skeletalmusclecellsThisproteinmayplayimportantrolesininflammationandintheregenerationofskeletalmuscle
BioP:organismalphysiologicalprocess, immunesystemprocess,locomotory behavior,taxis,chemotaxis,responseto externalstimulus;MolF:receptorbinding

KLF2

Kruppel-likefactor2(lung)[LKLF]

0.034(016)
20

+

+

NS(+)

19p1313-p13.11
NM_016270

5290537

10365

GENERIF:Atorvastatin-mediatedHO-1upregulation,anditsassociatedantioxidanteffect,areKLF2-dependent;KLF2regulatesIL-2 promoteractivityintheearlieststagesofTcellactivation;apromoterelementactivatedbyaPDkinase-dependentchromatin- remodelingpathwayinducesKLF2,findingsdemonstratethatdifferentflowpatternsdifferentiallyregulatetheexpressionofKLF2and thatKLF2hasananti-apoptoticeffect

BANK1

B-cellscaffoldproteinwithankyrinrepeats1 IBANK]

0.000068(0.015)
20

+

+

+

4q24BP

NM_017935

1710279

55024

GENERIF:FunctionalvariantsintheB-cellgeneBANK1areassociatedwithsystemiclupuserythematosus

LOC649923

similartoIggamma-2chainCregion
0.0090(010)
43

+

+

NS(+)

14

XM939003

650411

649923
Thisrecordwasdiscontinued

HLA-DRB1902
majorhistocompatibilitycomplex,classII.DR beta1[DRB1.HLADRB1;HLA-DR1B,HLA- DRB1*|

0.0021(0.075)
86

+

♦

NS(+)

6p21.3scz

NM_002124

7330093

3123

SUMMARY:HLA-DRB1belongstotheHLAclassIIbetachainparalogs.TheclassIImoleculeisaheterodimerconsistingofanalpha (DRA)andabetachain(DRB),bothanchoredinthemembrane.Itplaysacentralroleintheimmunesystembypresentingpeptides derivedfromextracellularproteinsClassIImoleculesareexpressedinantigenpresentingcells(APC:Blymphocytes,dendriticcells, macrophages).HundredsofDRBIalleleshavebeendescribedandtypingforthesepolymorphismsisroutinelydoneforbonemarrow andkidneytransplantation.DRB1isexpressedatalevelfivetimeshigherthanitsparalogsDRB3,DRB4andDRB5.DRB1ispresent
inallindividualsAllelicvariantsofDRB1arelinkedwitheithernoneoroneofthegenesDRB3,DRB4andDRB5.Thereare4related pseudogenes:DRB2,DRB6,DRB7,DRB8andDRB9

BioP:organismalphysiologicalprocess, immunesystemprocess

Table6.6.TheprobesthatshowsignificantdifferentialexpressionbetweentheADandMICindividuals.ForeachllluminaHuman-6version2 BeadChipprobefoundtobesignificantlydifferentiallyexpressed(FsP-value<0.05),thefollowinginformationisshown:theofficialsymbol,genename alongwithotheraliases,theANOVAFsP-valueandfalsediscoveryrate(FDR)value;thedegreeanddirectionofthefold-change('-'/blue=under; '+'/red=over-expressed)inthecurrentcomparison(ADversusMIC);thedirectionoffold-change(+/-)intheothertwocomparisons(UDversusMIC andAxDversusMIC),orwhetherthatparticularprobefailedtosurvivethefold-changefilter(FF)orifitsurvivedthefold-changefilterandwasnot significant(NS;FsP>0.05),alongwiththedirectionofchangeittendedtowards('-'=<1-fold;'+'=>1-fold);thechromosomalposition(Map);the targetedgene'sNCBIaccessionnumber,thellluminaprobeID,EntrezGenelD(EntrezID),Entrez-basedgeneinformationand,whererelevant,the enrichedgeneontology(GO)categoriesfoundasaresultoftheGOTreeMachineanalysis.ItisalsoindicatedintheSymbolandMapcolumns whethercandidategeneassociationorlinkagetoaparticularlocus,respectively,tobipolardisorder(BP),recurrentmajordepression(RMD)and/or schizophrenia(SCZ)haspreviouslybeenshown.Theprobesarelistedinorderoffold-change,fromthemostunder-expressedtothemostover- expressedintheADsample.
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Gene

ADvsMIC (current)
UDvs MIC

AxDvs MIC

Effectintheotherstudy
Sampleintheotherstudy
Reference

C.NN3

-2.2

-

FF(-)

up14-foldinSCZ(brain:PMDLPFC)
brainPMDLPFC:19SCZ,27control
Glatt,Everalletal.(2005)

PFN2

-1.6

NS(-)

-

up1.7-to9.6-foldinBP(blood:LCLs)
LCLsfrom3discordantMZtwinpairs
Matigian,Windusetal.(2007)

DBA/7

-1.5

-

-

down1.7-to3.0-foldinBP(blood:LCLs)
LCLsfrom2discordantMZtwinpairs and1healthyMZtwinpair

Kakiuchi,Iwamotoetal.(2003)

SRI

-1.4

FF(-)

FF(+)

up1.2-foldinSCZ(brain:PMDLPFC)
brainPMDLPFC:19SCZ,27control
Glatt,Everalletal.(2005)

HLA-DRB1

+8.6

+

NS(+)

down~1.2-foldinSCZ(brain:PMDLPFC); down~13-foldinSCZ(blood:PBC)
brainPMDLPFC:19SCZ,27control; bloodPBC:30SCZ,24control

Glatt,Everalletal.(2005)

Table6.7.GenesdifferentiallyexpressedbetweentheADandMICindividualsintheliterature.Thistablesummarisesthegenesfound differentiallyexpressedintheADsampleinthisstudywithpreviousevidenceofdifferentialyexpressioninothermicroarraystudiesofBPorSCZ. Shownarethedirectionanddegreeofthefold-change('-'/blue=under;'+'/red=over-expressed)inthecurrentcomparison(ADversusMIC);the directionoffold-change(+/-)intheothertwocomparisons(UDversusMICandAxDversusMIC);thedirectionandsizeoftheeffectinthepublished microarraystudy;thesampleusedintheotherstudyandthereferencefortheotherstudy.Additionalabbreviations:LCL,lymphoblastoidcellline;PM DLPFC,post-mortemdorsolateralprefrontalcortex;PBC,peripheralbloodcells;MZ,monozygotic.
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GOTM-Biological Process P-value E Gene FC

organismal physiological process 0.000051 14.42 SRI - 1.3
F2R _ 1.4

CD86 1.4
DBN1 - 1.5
OAS2 - 1.5
KCNMB1 - 1.6
MGST2 - 1.6

The biological processes, occurring at the level of the organism, pertinent to the function of the organism. SORT1 1.6
CNN3 - 2.2
NCR3 1.5

TRB@
AICDA

+ 1.7
1.7

CKLF 2.0
HLA-DRB1 8.6

smooth muscle contraction 0.00076 10.04 KCNMB1 - 1.6
A process whereby force is generated within smooth muscle tissue, resulting in a change in muscle geometry.
Force generation involves a chemo-mechanical energy conversion step. The chemo-mechanical energy conversion
step is carried out by the actinAnyosin complex activity, which generates force through ATP hydrolysis. Smooth
muscle differs from striated muscle in the much higher actinAnyosin ratio, the absence of conspicuous sarcomeres
and the ability to contract to a much smaller fraction of its resting length.

CIMN3 - 2.2

.ictin cytoskeleton organization and biogenesis 0.0021 10.55 DBN1 1.5

A process that is carried out at the cellular level which results in the formation, arrangement of constituent parts, or
disassembly of cytoskeletal structures comprising actin filaments and their associated proteins.

DAAM1 " 1.5
PFN2 - 1.6
CNN3 - 2.2

actin filament-based process 0.0030 10.61 DBN1 - 1.5

Any cellular process that depends upon or alters the actin cytoskeleton, that part of the cytoskeleton comprising
actin filaments and their associated proteins.

DAAM1 r- 1,5
PFN2 - 1.6
CNN3 - 2.2

muscle contraction 0.0030 10.29 SRI - 1.3

A process whereby force is generated within muscle tissue, resulting in a change in muscle geometry. Force
generation involves a chemo-mechanical energy conversion step. The chemo-mechanical energy conversion step is
carried out by the actinAnyosin complex activity, which generates force through ATP hydrolysis.

KCNMB1 1.6

CNN3 - 2.2

immune system piocess 0.0040 12.07 CD86 1.4
OAS2 - 1.5
MGST2 - 1.6

Any process involved in the development or functioning of the immune system, an organismal system for calibrated TRB@ + 1.7
responses to potential internal or invasive threats. AICDA + 1.7

CKLF 2.0
HLA-DRB1 + 8.6

call-cell signaling 0.0043 11.09 SRI " 1.3
CD86 -• 1.4

Any process that mediates the transfer of information from one cell to another.
DBN1 - 1.5
KCNMB1 - 1.6
MGST2 - 1.6

taxis 0.0044 |0.34 PLD1 1.4

The directed movement of a motile cell or organism in response to an external stimulus.
CM IMS + 1.9
CKLF 2.0

chemotaxis 0.0044 [ 0.34 PLD1 1.4

The directed movement of a motile cell or organism, or the directed growth of a cell guided by a specific chemical
concentration gradient. Movement may be towards a higher concentration (positive chemotaxis) or towards a lower
concentration (negative chemotaxis).

CMTM3 + 1.9

CKLF + 2.0

locomotory behavior 0.0048 10.35 PLD1 - 1.4

The specific movement from place to place of an organism in response to external or internal stimuli. Locomotion of a
whole organism in a manner dependent upon some combination of that organism's internal state and external
conditions.

CMTM3 + 1.9

CKLF 2.0

response to external stimulus 0.0052 11.14 F2R - 1.4
PLD1 - 1.4

A change in state or activity of a cell or an organism (in terms of movement, secretion, enzyme production, gene NCR3 1.5
expression, etc.) as a resuit of an external stimulus. CMTM3 + 1.9

CKLF + 2.0

lymphocyte differentiation 0.0077 |□. 13 CD86 1.4
AICDA + 1.7

transmission of nerve impulse 0.0099 10.45 SRI - 1.3
The sequential electrochemical polarization and depolarization that travels across the membrane of a nerve cell DBN1 - 1.5
(neuron) in response to stimulation. KCNMB1 - 1.6

Table 6.8. The GO biological process categories that show significant enrichment
the genes found differentially expressed between the AD and MIC individuals. T
legend is on the next page.
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Table 6.8. The GO biological process categories that show significant enrichment in
the genes found differentially expressed between the AD and MIC individuals. For
each biological process found significantly enriched, the following information is shown: the
official GO names (in bold) with their GO definitions (www.amigo.geneontology.org) directly
beneath them, the GOTM-produced hypergeometric P-value, the number of genes expected
(E) in this GO (estimated by GOTM), the genes making up the category, along with the
direction of differential expression in the AD sample relative to the MIC sample ('-'/blue =
under; '+'/red = over-expressed) and the fold-change in expression in the AD sample relative
to the MIC sample.
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GOTM-Molecular Function P-value E Gene FC
actin binding 0.0012 10.81 DBN1 " 1.5

DAAM1 1.5

Interacting selectively with monomeric or multimeric forms of actin, including actin filaments.
PFN2 is 1.6
MYH10 1.7
CNN3 - 2.2

glutathione transferase activity 0.0020 10.07 MGST2 - 1.6

Catalysis of the reaction: R-X + glutathione = H-X + R-S-glutathione. R may be an aliphatic, aromatic or heterocyclic
group; X may be a sulfate, nitrite or halide group.

GSTM1 ■ 2.0

receptor activity 0.0020 )2.92 EMR1

T

1.3
PLXNB2 1.4
DOCK10 1.4

Combining with an extracellular or intracellular messenger to initiate a change in cell activity.

F2R "

W:
1.4

CD86 1.4
SORT1 - 1.6
CD163L1 - 1.6
NGR3 + 1.5

TRB@ + 1.7

channel regulator activity 0.0039 J 0.09 SRI -

'

1.3
KCNMB1 1.6

receptor binding 0.0039 11.53 SRI 1.3
F2R 1.4

Interacting selectively with one or more specific sites on a receptor molecule, a macromolecule that undergoes
combination with a hormone, neurotransmitter, drug or intracellular messenger to initiate a change in cell function.

FHL2

TRB@
CMTM3

+

+

1.5
1.7
1.9

CKLF -L 2.0

peptide binding 0.0051 10.35 F2R 1.4

Interacting selectively with peptides, any of a group of organic compounds comprising two or more amino acids SORT1 1.6
linked by peptide bonds. TRB@ + 1.7

auxiliary transpoit protein activity 0.0053 |0.11 SRI 1.3

Facilitates transport across one or more biological membranes but do not themselves participate directly in transport.
These proteins always function in conjunction with one or more established transport systems. They may provide a
function connected with energy coupling to transport, play a structural role in complex formation, serve a biogenic
or stability function or function in regulation.

KCNMB1 - 1.6

cytoskeletal protein binding 0.0069 11.22 DBN1 - 1.5
DAAM1 1.5
PFN2 - 1.6
MYH10 - 1.7
CNN3 2.2

Table 6.9. The GO molecular function categories that show significant enrichment in
the genes found differentially expressed between the AD and MIC individuals. For
each molecular function found significantly enriched, the following information is shown: the
official GO names (in bold) with their GO definitions (www.amigo.geneontology.org) directly
beneath them, the GOTM-produced hypergeometric P-value, the number of genes expected
(E) in this GO (estimated by GOTM), the genes making up the category, along with the
direction of differential expression in the AD sample relative to the MIC sample ('-'/blue =
under; '+'/red = over-expressed) and the fold-change in expression in the AD sample relative
to the MIC sample.
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Figure6.20.DAGofsignificantly-enrichedbiologicalprocessesintheADversusMICcomparison.Thelegendonthenextpage.
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~Figure6.20.DAGofsignificantly-enrichedbiologicalprocessesintheADversusMICcomparison.Adirectedacyclicgraph(DAG)showingthe
■§hierarchicalstructureofthesignificantly-enrichedGOcategoriesinthebiologicalprocessontology.Thesignificantcategoriesareinred,withtheir «correspondingGOTM-producedhypergeometricP-valueinbold,bluetextbeside/beneaththem.TheDAGwasgeneratedbytheGOTManalysis on(http://bioinfo.vanderbilt.edu/gotm).
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Figure 6.21. DAG of significantly-enriched molecular functions in the AD versus MIC
comparison. A directed acyclic graph (DAG) showing the hierarchical structure of the
significantly-enriched GO categories in the molecular function ontology. The significant
categories are in red, with their corresponding GOTM-produced hypergeometric P-value in
bold, blue text beside/beneath them. The DAG was generated by the GOTM analysis
(http://bioinfo.vanderbilt.edu/gotm).
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6.8.2 Differential expression between the unaffected individuals
carrying the chromosome 4p linked haplotype and the
married-in controls (UD versus MIC)

Of the 252 probes that passed the pre-processing filters and were tested for
differential expression in the UD sample, 71 were significantly different (ANOVA Fs

P<0.05, Table 6.10). The 71 probes represented 69 unique genes, or transcripts, 49 of
which were under-expressed and 20 were over-expressed in the UD sample relative
to the MIC sample. These 69 putative risk genes, or transcripts, mapped to 53 loci,
40 of which fall within reported linkage regions for BP, RMD and/or SCZ. One gene,

cluster ofdifferentiation 38 (CD38), was found to map to the chromosome 4pl5-pl6

linkage region. CD38 expression was reduced ~1.6-fold in the UD sample (Fs

P=0.044). It was also found to be significantly differentially expressed, but in the

opposite direction, in the AxD sample (Table 6.10).

The HLA-DRB1 gene, which shows evidence of association with SCZ, was found to

be significantly over-expressed again, this time, 4.5-fold in the UD sample relative to

the MIC sample (P=0.044). It was the gene showing the greatest fold-increase in

expression in the UD sample. A predicted transcript, chromosome 20 open reading

frame 103 (C20orfl03), whose product is predicted to carry a lysosome associated
membrane glycoprotein (LAMP) domain, showed the greatest fold-decrease in

expression (2.2-fold, .P=0.020) in the UD sample (Table 6.10). The Known gene

showing the greatest decrease in expression was the calponin 3 (acidic, CNN3) gene,

which was reduced 2.1-fold in the UD sample (P=0.023). As shown in the last

section, HLA-DRB1 and CNN3 have been previously identified as differentially

expressed in another microarray study of BP and/or SCZ (Glatt, Everall et al. 2005),
as has DBN1, which is reduced 1.6-fold (P=0.0099) in the UD sample in this study.
The other genes that showed evidence of differential expression in previous

microarray studies of BP or SCZ are ALOX5AP (arachidonate 5-lipoxygenase-

activating protein), MAN2A1 (mannosidase, alpha, class 2A, member 1), ALDH2

(ialdehyde dehydrogenase 2 family (mitochondrial), nuclear gene encoding
mitochondrial protein) and MBNL3 (muscleblind-like 3 isoform G; muscleblind-like
3 (Drosophila)), as summarised in Table 6.11.
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A manual examination of the Entrez gene information (Table 6.12), as done above,
revealed common ontologies in the observed or predicted functions of the 69

differentially expressed genes, including immune and inflammation response,

oxidative stress, signalling, cytokine and chemokine activity and chromatin structure.

Again, a formal GO analysis was performed to determine if any of these, or other,

ontologies were significantly over-represented among the genes found differentially

expressed between the UD and MIC samples. The GOTM analysis identified 25

significantly enriched GO terms (hypergeometric f<0.01), 12 of which represented

biological processes (Table 6.12, Figure 6.22), eight represented molecular functions

(Table 6.13, Figure 6.23) and five represented cellular components (Table 6.14,

Figure 6.24). The most significantly enriched category for the biological process

ontology was "smooth muscle contraction", with two genes (P=0.0012, «1 gene

expected). "Receptor activity" was the most significantly enriched molecular

function, with 11 genes (P=0.00043, 3.41 genes expected). The "chromatin" category

was the most significantly enriched cellular component, with five genes (jP=0.00048,
<1 gene expected).
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GeneSymbol

GeneNome[Otheisymbols]
P-value(FDR)
FC

UDvsMIC (cutre111)

ADvs MIC

AxDvs MIC

Map

Accession Number

ProbeID

Entiez ID

EntrezGeneSummary

EnrichedGOcategories(BioP, MolF.CelQ

C20o/f103

chromosome20openreadingframe103
□020(013)
22

-

NS(-)

FF(-)

20p12

NMJ012261

4540010

24141

CD:Lamp(Lysosome-associatedmembraneglycoprotein).Lampsareintegralmembraneproteins,specifictolysosomes,andwhose exactbiologicalfunctionisnotyetclear.

CeIC:intrinsictomembrane,integral
tomembrane

CNN3

calponin3,acidic

0.023(013)
2.1

•

-

FF(-)

1p22-p21scz

NM_001839

130753

1266

SUMMARY:CNN3isassociatedwiththecytoskeletonbutisnotinvolvedincontraction.GENERIF:ResultssuggestaroleofCNN3in theregulationofbonemorphogeneticprotein-dependentcellularresponses.CD:CH(Calponinhomologydomain).TheCHdomainis foundinbothcytoskeletalproteinsandsiqnaltransductionproteins.

BioP:organismalphysiological process,smoothmusclecontraction

ALOX5AP

arachidonate5-lipoxygenase-activating protein[FLAP]

0.037(015)
u

-

NS(-)

FF(-)

13q12BP

NM_001629

4180411

241

SUMMARY:Thisgeneencodesaproteinwhich,with5-lipoxygenase,isrequiredforleukotrienesynthesis.Leukotrienesare arachidonicacidmetaboliteswhichhavebeenimplicatedinvarioustypesofinflammatoryresponses,includingasthma,arthritisand psoriasis.Proteinlocalizestotheplasmamembrane.Inhibitorsofitsfunctionimpedetranslocationof5-lipoxygenasefromthe cytoplasmtothecellmembraneandinhibit5-lipoxygenaseactivation.GENERIF:ALOX5APassociatedwithmyocardialinfarctionand stroke.

BioP:organismalphysiological process;CeIC:intrinsictomembrane, integraltomembrane

PLAC8

placenta-specific8[C15;onzin]
0.033(0.15)
1.8

-

-

FF(-)

4q21.228P

NM016619

840253

51316

HIST2H2AA3

histonecluster2,H2aa3[H2A;H2A2; H2A/0;H2A/q;H2AFO;H2a-615; HIST2H2AA]

0.032(0.15)
1.8

NS(-)

FF(-)

1q212scz

NM_003516

1030039

8337

SUMMARY:Histonesarebasicnuclearproteinsthatareresponsibleforthenucleosomestructureofthechromosomalfiberin eukaryotes.Twomoleculesofeachofthefourcorehistones(H2A,H2B,H3,andH4)formanoctamer,aroundwhichapproximately 146bpofDNAiswrappedinrepeatingunits,callednucleosomes.Thelinkerhistone.H1,interactswithlinkerDNAbetween nucleosomesandfunctionsinthecompactionofchromatinintohigherorderstructures.Clusteronchromosome1.
BioP:chromatinassemblyor disassembly,chromatinassembly, nucleosomeassembly;CeIC: chromosomalpart,chromatin, nucleosome

HIST2H2AC

histonecluster2,H2ac[H2A;H2A/q; H2AFQ;H2A-GL101]

0.039(016)
1.8

-

NS(-)

FF(+)

1q21-q23BPSCZ

NM_003517

5860075

8338

SUMMARY:Histonesarebasicnuclearproteinsthatareresponsibleforthenucleosomestructureofthechromosomalfiberin eukaryotes.Twomoleculesofeachofthefourcorehistones(H2A,H2B,H3,andH4)formanoctamer,aroundwhichapproximately 146bpofDNAiswrappedinrepeatingunits,callednucleosomes.Thelinkerhistone,H1,interactswithlinkerDNAbetween nucleosomesandfunctionsinthecompactionofchromatinintohigherorderstructures.Clusteronchromosome1.
BioP:chromatinassemblyor disassembly,chromatinassembly, nucleosomeassembly;CeIC: chromosomalpart,chromatin, nucleosome

HIST1H2BK

histonecluster1,H2bk[H2B/S;H2BFT; H2BFAiii]

0.043(016)
1.7

Ipfe;
NS(-)

FF(+)

6p21.33scz

NM_080593

4730632

85236

SUMMARY:Histonesarebasicnuclearproteinsthatareresponsibleforthenucleosomestructureofthechromosomalfiberin eukaryotes.Twomoleculesofeachofthefourcorehistones(H2A,H2B,H3,andH4)formanoctamer,aroundwhichapproximately 146bpofDNAiswrappedinrepeatingunits,callednucleosomes.Thelinkerhistone,H1,interactswithlinkerDNAbetween nucleosomesandfunctionsinthecompactionofchromatinintohigherorderstructures.Clusteronchromosome6.
BioP:chromatinassemblyor disassembly,chromatinassembly, nucleosomeassembly;CeIC: chromosomalpart,chromatin, nucleosome

TIMD4

T-cellimmunoglobulinandmucindomain containinq4

0.044(0.16)
1.7

-

NS(-)

5q33.3epscz

NMJ38379

5560369

91937

GENERIF:TheresultsdemonstratethatStaphylococcusaureusderivedStaphylococcalenterotoxinBpromotestheTIM4production
inhumandendriticcells.

CeIC:intrinsictomembrane,integral

LOC26O10

viralDNApolymerase-transactivated protein6[DNAPTP6]

0.010(0.11)
1.7

-

NS(-)

FF(-)

2q33.1BP'RIID

NM_015535

5810709

26010

ITM2B

integralmembraneprotein2B[BRI;FBD; ABRI;BRI2;E25B;E3-16;BRICD2B]
0.029(0.15)
1.7

-

NS(-)

FF(+)

13q14.3BPscz

NMJJ21999

2760358

9445

GENERIF:early-onsetdementiaislinkedtospecificmutationsintheBRI2;expressionofwild-typeBritishorDanishmutantsofBRI2,
inmouseneuroblastomaN2acellsthatdonotexpressendogenousBRI2,induceselongationofneurites,whichsuggestsarolefor thisproteinindifferentiationofneuronalcells;WhileaphysiologicalroleofBRIinbrainremainstobedetermined,thebehaviorofBRI indiversebrainlesionsappearstobesomewhatanaloqoustothatofamyloidprecursorprotein.

BioP:organismalphysiological process;CeIC:intrinsictomembrane, integraltomembrane

DBN1

drebrin1

0.0099(011)
1.6

|

-

5q35JePSCZ

NM_080881

5820358

1627

SUMMARY:Theproteinencodedbythisgeneisacytoplasmicactin-bindingproteinthoughttoplayaroleintheprocessofneuronal growth.Itisamemberofthedrebrinfamilyofproteinsthataredevelopmental^regulatedinthebrain.Adecreaseintheamountofthis proteininthebrainhasbeenimplicatedasapossiblecontributingfactorinthepathogenesisofmemorydisturbanceinAlzheimer's disease.GENERIF:DecreasedlevelsofdrebrininfrontalandtemporalcortexfrompatientswithDSandAD;reduceddrebrincould causelossofspineplasticityinDSandmaybeamarkerforneurodegenerativedisorders;roleofdrebrinE2intheformationof branchingprocessesandfurtherindicatethatduringcellmigration;theproteincontributestoretractionofthecellbodyandthetailbut nottolamellipodiaformation.

BioP:organismalphysiological process

SORT1

sortilin1[NT3;Gp95]

0.0014(0087)
1.6

-

-

FF(-)

1p21.3-p13.1scz

NM_002959

6900341

6272

SUMMARY:Thisgeneencodesaproteinthatisamulti-ligandtype-1receptorwithsimilaritytotheyeastcarboxypeptidaseYsorting receptorVps10protein.Theencodedprotein,atrans-Golginetwork(TGN)transmembraneprotein,bindsanumberofunrelatedligands thatparticipateinawiderangeofcellularprocesses;however,itlacksthetypicalfeaturesofasignallingreceptor.GENERIF:The lysosomaltraffickingofsphingolipidactivatorproteins(SAPs)ismediatedbysortilin.
BioP:organismalphysiological process,MolF:peptidebinding,signal transduceractivity,receptoractivity, CeIC:intrinsictomembrane,integral

tomembrane

PHF16

PHDfingerprotein16.transcriptvariant1 |JADE3|

0.0012(0087)
1.6

-

-

Xp11.3SPSCZ

NMJD14735

4780762

9767

SUMMARY:ThisgeneispartofageneclusteronchromosomeXp11.23.Theencodedproteincontainsazincfingermotifoftenfound
intranscriptionalrequlators,however,itsexactfunctionisnotknown.

CD38

CD38molecule[T10]

0.044(0.16)
1.6

%

NS(-)

+

4p15BPscz

NM_001775

2070332

952

SUMMARY:CD38isanovelmultifunctionalectoenzymewidelyexpressedincellsandtissuesespeciallyinleukocytes.CD38also functionsincelladhesion,signaltransductionandcalciumsignaling.GENERIF:CD38sensesextracellularNADreleasein infection/inflammation&producescADPR.Thisregulatescalciumsignaling&chemotaxisinmonocytes,neutrophilsanddendritic cells;regulationofCD38expressionthroughp38andJNKMAPKsinvolvesNF-kappaBandAP-1activation,andERKandandp38 MAPKsalsoregulateexpressionposttranscriptionallythroughmessagestability;resultsrevealthatCD38hasakeyrolein neuropeptiderelease,therebycriticallyregulatingmaternalandsocialbehaviours,andmaybeanelementinneurodevelopmental disorders.

MolF:signaltransduceractivity, receptoractivity;CeIC:intrinsicto membrane,integraltomembrane

DAAM1

dishevelledassociatedactivatorof morphogenesis1

0.0066(010)
1.6

-

-

14q23.1BPscz

NM_014992

3460019

23002

SUMMARY:Functionsofthecellcortex,includingmotility,adhesion,andcytokinesis,aremediatedbythereorganizationoftheactin cytoskeletonandrecentevidencesuggestsarolefortheForminhomology(FH)proteinsintheseprocesses.Theproteinencodedby thisgenecontainsFHdomainsandbelongstoanovelFHproteinsubfamilyimplicatedincellpolarity.Wnt/Fzsignalingactivatesthe smallGTPaseRho,akeyregulatorofcytoskeletonarchitecture,tocontrolcellpolarityandmovementduringdevelopment.Activation requiresDvl-Rhocomplexformation,anassemblymediatedbythisgeneproduct,whichisthoughttofunctionasascaffolding protein.GENERIF:ourdataindicatethatDAAM1communicateswithRhoGTPases,CIP4andSrcintheregulationofthesignalling pathwaysthatco-ordinatethedynamicsoftheactinfilamentsystem;DAAM1wasshowntobindtotheSH3domainofCIP4invivo; resultsreportthatProfilinlisaneffectordownstreamofDaamlrequiredforcytoskeletalchangesduringgastrulation.
RIMBP2

RIMSbindingprotein2[RBP2;RIM-BP2]
0.0037(0.094)
1.5

-

-

12q24.33BPR*DSCZ
NM_015347

2470154

23504

CD:FN3(Fibronectintype3domain),involvedinanumberofimportantfunctions:e.g..woundhealing;celladhesion;blood coagulation;celldifferentiationandmigration;maintenanceofthecellularcytoskeleton;andtumourmetastasis.SH3(Srchomology3 domains),performeitheranassemblyorrequlatoryrole.

RRAGD

Ras-relatedGTPbindingD[RAGD]
0.038(0.16)
1.5

-

FF(-)

FF(+)

6q15-q16BP-scz

NM_021244

5570685

58528

SUMMARY:RRAGDisamonomelicguaninenucleotide-bindingprotein,orGprotein.BybindingGTPorGDP,smallGproteinsact
asmolecularswitchesinnumerouscellprocessesandsignalingpathways.

Table6.10.TheprobesthatshowsignificantdifferentialexpressionbetweentheUDandMICindividuals.Continuedonthenextpage.
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MAN2A1

mannosidase,alpha,class2A,member1 [MANA2;MANII;GOLIM7|

0.0042(0094)
1.5

-

FF(-)

FF(+)

5q21-«j22sc?

NM_002372

5340392

4124

SUMMARY:Thisgeneencodesaproteinwhichisamemberoffamily38oftheglycosylhydrolases.TheproteinislocatedintheGolgi andcatalyzesthefinalhydrolyticstepintheasparagine-linkedoligosaccharide(N-glycan)maturationpathway.GENERIF:Thisarticle discribesexperimentsinwhichtheMAN2A1homologueinmousewasdeleted,resultinginasystemicautoimmunediseaseinthe micewhichissimilartohumansystemiclupuserythematosus.

CeIC:intrinsictomembrane,integral
tomembrane

COQ2

coenzyme02homolog,prenyltransferase (yeasl)[CU540J

0030(0.15)
1.5

-

FF(-)

FF(-)

4q21.23BP

NM_015697

4810411

27235

SUMMARY:CoQ(ubiquinone)seivesasaredoxcarrierinthemitochondrialrespiratorychainandisalipid-solubleantioxidantCOQ2,
orparahydroxybenzoate-polyprenyltransferase(EC2.5.1.39).catalyzesoneofthefinalreactionsinthebiosynthesisofCoQ,the prenylationofparahydroxybenzoatewithanall-transpolyprenylgroup.GENERIF:statinintolerancewhichismanifestedprimarily throuqhmusclesymptomsisassociatedwithqenomicvanationinCOQ2.

CeIC:intrinsictomembrane,integral
tomembrane

GHR

growthhormonereceptor[GHBP]
0.037(0.16)
1.5

-

NS(-)

5p13-p12

NM_000163

3940615

2690

SUMMARY:Thisgeneencodesaproteinthatisatransmembranereceptorforgrowthhormone.Bindingofgrowthhormonetothe receptorleadstoreceptordimerizationandtheactivationofanintra-andintercellularsignaltransductionpathwayleadingtogrowth. MutationsinthisgenehavebeenassociatedwithLaronsyndrome(LS),alsoknownasthegrowthhormoneinsensitivitysyndrome (GHIS),adisordercharacterizedbyshortstature.GENERIF:Growthhormonereceptor(GHR)signalingeventsrequiretheinvolvement ofthecommoncytokinereceptorgamma-chain;findingsshowthatIQandabnormalitiesinthebrainofpatientswithLSdifferwith variousmoleculardefectsoftheGH-receptor.Themostseverementaldeficitsandbrainpathologyoccurredinpatientswith3.5.6 exondeletionCD:FN3(Fibronectintype3domain),involvedinanumberofimportantfunctions:e.g.,woundhealing;celladhesion; bloodcoagulation;celldifferentiationandmigration,maintenanceofthecellularcytoskeleton;andtumourmetastasis.
MolF:signaltransduceractivity, receptoractivity;CeIC:intrinsicto membrane,integraltomembrane

NCOA1

nuclearreceptorcoactivator1[SRC1, KAT13A;NCoA-1;RIP160.F-SRC-11
0.0027(0009)
1.4

"

FF(-)

FF(+)

2p23BP

NM_147223

6760121

8648

SUMMARY:Theproteinencodedbythisgeneactsasatranscriptionalcoactivatorforsteroidandnuclearhormonereceptors.Itisa memberofthep16Q/steroidreceptorcoactivator(SRC)familyandlikeotherfamilymembershashistoneacetyltransferaseactivityand containsanuclearlocalizationsignal,aswellasbHLHandPASdomains.Theproductofthisgenebindsnuclearreceptorsdirectly andstimulatesthetranscriptionalactivitiesinahormone-dependentfashion.GENERIF:Datashowthatsteroidreceptorcoactivator-1 (SRC-1)enhancedligand-independentactivationoftheARbyIL-6tothesamemagnitudeasthatobtainedvialigand-dependent activation,andthatactivationrequiredMAPK

BioP:positiveregulationof nucleobaseVnucleosideVnucleotide andnucleicacidmetabolism,positive regulationoftranscription,MolF: receptorbinding,steroidhormone receptorbinding,androgenreceptor binding,signaltransduceractivity, receptoractivity

MSL3L1

male-specificlethal3-like1(Drosophila)
0017(012)
14

-

FF(-)

FF(+)

Xp223

NM_006800

4210100

10943

SUMMARY:Thisgeneencodesanuclearproteinandhassimilaritytodrosophilamale-specificlethal-3geneThedrosophilaprotein playsacriticalroleinadosage-compensationpathway,whichequalizesX-linkedgeneexpressioninmalesandfemales.Thusthis encodedproteinisthoughttoplayasimilarfunctioninchromatinremodelingandtranscriptionalregulation.Thisgenehasbeenfound
to undergoXinactivation.GENERIF:AmultisubunithumanhistoneacetylasecomplexthatcontainshomologsoftheDrosophilaMSL proteinsMOF,MSL1(hampinA),MSL2,andMSL3wasdescribedThiscomplexisresponsibleforhistoneH4lysine-16acetylationof allcellularchromosomes.

BioP:chromatinassemblyor disassembly;CeIC:chromosomal part,chromatin

SLC2A8

solutecarrierfamily2,(facilitatedglucose transporter)member8(GLUTB;GLUTX1]
0.0059(0.10)
1.4

-

FF(-)

FF()

9q33.3BP

NM_014580

1090669

29988

GENERIF:TherecruitmentofGLUT8totheendocyticmachineryoccursviadirectinteractionofthedileucinemotifwithbeta2-adaptin, andthatendocytosismightbethemainsiteatwhichGLUT8islikelytoberegulated.
BioP:responsetodrug,CeIC: intrinsictomembrane,integralto membrane

CD86

CD06molecule[B70;B7-2;LAB72; CD28LG2]

0.0022(0.009)
1.4

-

-

FF(•)

3q21

NM _175862

10215

942

SUMMARY:ThisgeneencodesatypeImembraneproteinthatisamemberoftheimmunoglobulinsuperfamily.Thisproteinis expressedbyantigen-presentingcells,anditistheligandfortwoproteinsatthecellsurfaceofTcells,CD28antigenandcytotoxicT- lymphocyte-associatedprotein4BindingofthisproteinwithCD28antigenisacostimulatorysignalforactivationoftheT-cell.Binding ofthisproteinwithcytotoxicT-lymphocyte-associatedprotein4negativelyregulatesT-cellactivationanddiminishestheimmune response.GENERIF:Immaturedendriticcellsengulfedapoptoticandnecroticneutrophils,resultinginup-regulationofCD83andclass
II majorhistocompatibilitycomplexmolecules,butdown-regulationofCD40,CD80,andCD86;evidenceofpossibleroleinasthma pathogenesis,coronaryarterydisease,ulcerativecolitis.

BioP:positiveregulationof nucleobaseVnucleosideVnucleotide andnucleicacidmetabolism,positive regulationoftranscription,organismal physiologicalprocess.MolF:signal transduceractivity,receptoractivity; CeIC:intrinsictomembrane,integral
tomembrane

HEY1

hairy/enhancer-of-splitrelatedwithYRPW motif1[CHF2;OAF1;HERP2;HESR1; HRT-1)

0.044(0.16)
14

•

FF(-)

FF(-)

8«|21bp

NM_012258

3990646

23462

SUMMARY:Thisgeneencodesanuclearproteinbelongingtothehairyandenhancerofsplit-related(HESR)familyofbasichelix-loop- helix(bHLH)-typetranscriptionalrepressors.ExpressionofthisgeneisinducedbytheNotchandc-Junsignaltransductionpathways Twosimilarandredundantgenesinmousearerequiredforembryoniccardiovasculardevelopment,andarealsoimplicatedin neurogenesisandsomitogenesis

SHROOM3

shroomfamilymember3[SHRM,APXL3, ShrmL]

0.0071(010)
1.4

-

NS()

4q21.1BP

NM_020859

3060719

57619

CD:PDZ_signaling.PDZdomainsarefoundindiversesignalingproteins.ASD1andASD2(Apx/Shroomdomains).Thisregionisfound
intheactin-bindingproteinShroomwhichmediatesapicalcontrictioninepithelialcellsandisrequiredforneuraltubeclosure.ASD1 hasbeenimplicateddirectlyinF-actinbindinq.

LOC653610

HomosapienssimilartoHistoneH2A.0 (H2A/o)(H2A2)(H2a-615)

0.033(0.15)
1.4

-

FF(-)

FF(-)

1q21.2s"

XM_928387

5670544
653610
Thisrecordwasdiscontinued.

KCNMB1

potassiumlargeconductancecalcium- activatedchannel,subfamilyM,beta member1(SLO-BETA;hslo-beta; K(VCA)beta]

0.021(0.13)
14

•

•

NS()

5q34ee.scz

NM_004137

6960441

3779

SUMMARY:MaxiKchannelsarelargeconductance,voltageandcalcium-sensitivepotassiumchannelswhicharefundamentaltothe controlofsmoothmuscletoneandneuronalexcitability.GENERIF:Transientmembranecurrentisgeneratedbyamechanismrelated
tothedeactivation,andlevelofprioractivation,ofgliomaBKchannels;betalsubunitsfacilitategatingofBKchannelsbyacting throughtheCa2+,butnottheMq2+,activatingmechanisms

BioP:organismalphysiological process,smoothmusclecontraction; CeIC:intrinsictomembrane,integral
tomembrane

MFGE8

milkfatglobule-EGFfactor8protein [BA45;EDIL1]

0.012(0.12)
1.4

-

NS()

FF(-)

15q25R"D

NM_005928

1260100

4240

GENERIF:LactadherinisexpressedinnormalandatherosclerotichumanarteriesCD:EGF_CA(Calcium-bindingEGF-likedomain).It
ispresentinalargenumberofmembrane-boundandextracellular(mostlyanimal)proteins

SLC05A1

solutecarrierorganicaniontransporter family,member5A1[OATP-J;OATP5A1, 0ATPRP4,SLC21A15I

00045(0.094)
1.4

-

*

8q13.3BP

NM_030958

4730609

81796

CeIC:intrinsictomembrane,integral
tomembrane

FAIM

Fasapoptoticinhibitorymolecule[FAIM1|
0024(0.13)
1.4

-

FF(-)

FF(-)

3q22.3

NM_001033030
4670114

55179

GENERIF:ExpressionofthelongformofFasapoptoticinhibitorymolecule(FAIML)resultsintheprotectionofneuronsfromthe cytotoxicactionsofdeathligands.

MBNL3

muscleblind-like3isoformG;muscleblind-
like3(Drosophila)[CHCR;MBLX;MBXL; MBLX39]

0.014(012)
1.4

-

FF(■)

X«J26Jbp

NW_927721

6980537

55796

GENERIF:resultssuggestthatCHCRisaninhibitorofmyogenesis

Table6.10.TheprobesthatshowsignificantdifferentialexpressionbetweentheUDandMICindividuals.Continuedonthenextpage.
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F2R

coagulationfactorII(thrombin)receptor [TR;HTR;CF2R,PARI]

000052(0087)
1.4

HSf

FF(-)

5q13

NM_001992

6860494

2149

SUMMARYCoagulationfactorIIreceptorisa7-transmembranereceptorinvolvedintheregulationofthromboticresponse.Proteolytic cleavageleadstotheactivationofthereceptor.F2RisaG-proteincoupledreceptorfamilymemberGENERIF:PlateletPAR-1/PAR4 stimulationcausesrapidAktphosphorylationdownstreamofPLC.whereaswithcontinuousstimulation.ADPandPI3Karerequiredfor maintainingAktphosphorylation;datasuggestthatactivatedproteinCregulatescalciumconcentrationinhumanbrainendothelium andinhumanumbilicalveinendothelialcellsbybindingtoendothelialproteinCreceptorandsignalingviaproteaseactivatedreceptor-
1;PAR-1signaling,alongwiththrombin,hasaroleinup-regulatingthesynthesisofTFPI-2viaaMAPK/COX-2-dependentpathway

BioP:organismalphysiological process;MolF:peptidebinding, receptorbinding,signaltransducer activity,receptoractivity;CeIC: intrinsictomembrane,integralto membrane

CASK

calcium/calmodulin-dependentserine proteinkinase(MAGUKfamily)[UIM2]
0.0020(0089)
14

III®[
FF(-)

FF(-)

Xp11.4BP-scz

NM_003688

2510070

8573

GENERIF:UpregulationofCASKproteinisassociatedwithtumorigenesisofesophagus,plasmamembraneCa2+pump4b/CIbindsto Ca2+/calmodulin-dependentmembrane-associatedkinaseCASKCD:PDZ_signaling.PDZdomainsarefoundindiversesignaling proteins.SH3(Srchomoloqy3domains),performeitheranassemblyorrequlatoryrole

ALDH2

aldehydedehydrogenase2family (mitochondrial),nucleargeneencoding mitochondrialprotein|ALDM,A_DHI; ALDH-E2|

0.015(012)
1.4

-

FF(-)

FF(•)

12q24.2BPB"°scz
NM_000690

270324

217

SUMMARY:Thisproteinbelongstothealdehydedehydrogenasefamilyofproteins.Aldehydedehydrogenaseisthesecondenzymeof themajoroxidativepathwayofalcoholmetabolism.Thisgeneencodesamitochondrialisoform,whichhasalowKmfor acetaldehydes,andislocalizedinmitochondrialmatrixGENERIF:TheALDH2genemayinteractwiththedopamineD2receptor (DRD2)geneinthedevelopmentofanxiety-depressivealcoholdependenceintheTaiwanHanChinesepopulation;theseresults indicatethatmitochondrialaldehydedehydrogenase2(ALDH2)functionsasaprotectoragainstoxidativestress,andthatALDH2 deficiencyisariskfactorforlate-onsetAlzheimer'sdisease;influenceonHDLcholesterollevel

EMR1

egf-likemodulecontaining,mucin-like, hormonereceptor-like1[TM7LN3]
0.0067(010)
1.4

-

-

19p13.3

NM_001974

610039

2015

SUMMARY:ThisgeneencodesaproteinthathasadomainresemblingseventransmembraneGprotein-coupledhormonereceptors (7TMreceptors)atitsC-terminus.TheN-terminusoftheencodedproteinhassixEGF-likemodules,separatedfromthe transmembranesegmentsbyaserine/lhreonine-richdomain,afeaturereminiscentofmucin-like,single-span,integralmembrane glycoproteinswithadhesivepropertiesCD:EGF_CA(Calcium-bindingEGF-likedomain).Itispresentinalargenumberofmembrane- boundandextracellular(mostlyanimal)proteins.

BioP:neuropeptidesignalingpathway. MolF:signaltransduceractivity, receptoractivity;CeIC:intrinsicto membrane,integraltomembrane

C20or143

chromosome20openreadingframe43 ICDA05;HSPC164,SHUJUN-3]
0.028(015)
1.4

-

FF(-)

20q13.31BP

NM_016407

4050537

51507

ILDR1

immunoglobulin-likedomaincortaining receptor1(ILDR1beta,ILDR1alpha]
0023(013)
14

-

NS()

FF(-)

3q13.33scz

NM_175924

4920497
286676

MolF:signaltransduceractivity, receptoractivity,CeIC:intrinsicto membrane,inteqraltomembrane

SLC16A10

solutecarrierfamily16,membe'10 (aromaticaminoacidtransporter)[TAT1, PR00813I

0.030(015)
1.3

-

NS(-)

FF(-)

6q21-q22BPscz

NM_018593

3870403
117247

SUMMARY:SLC16A10isamemberofafamilyofplasmamembraneaminoacidtransportersthatmediatetheNa(+)-independent transportofaromaticaminoacidsacrosstheplasmamembrane.

CeIC:intrinsictomembrane,integral
tomembrane

CMBL

carboxymethylenebutenolidasehomolog (Pseudomonas)

0015(012)
1.3

-

•

FF(-)

5p152ep.scz

NM_138809

110408

134147
CD:COG0412;Dienelactonehydrolaseandrelatedenzymes(Secondarymetabolitesbiosynthesis,transport,andcatabolism).

DOCK10

dedicatorofcytokinesis10;dopamine receptorinteractingprotein2[ZLZ3;DRIP2]
0.014(012)
1.3

-

*

FF(-)

2<,36Zbp

NM014689

1980605

55619

CD:PH(Pleckstrinhomologydomain).ThePHdomainoccursinawiderangeofproteinsinvolvedinintracellularsignalingoras constituentsofthecytoskeleton.

MolF:signaltransduceractivity, receptoractivity

BCYRN1

braincytoplasmicRNA1,Bc1analog (mouse)[BC200;BC200a]

0010(0.11)
1.3

-

FF(-)

2p21BP

NR001568

2450154

618

SUMMARY:Thisgene,whichencodesaneuralsmallnon-messengerRNA,isamemberofthefamilyofinterspersedrepetitiveDNA, anditsproductrepresentsanexampleofaprimatetissue-specificRNApolymeraseIIItranscriptItisbelievedthatthisgenewas retropositionallygeneratedandrecruitedintoafunctionregulatingdendriticproteinbiosynthesis.GENERIF:DendriticBC200was studiedinagingandinAlzheimerdisease;potentialofBC200expressiontoserveasamoleculartoolinthediagnosisand/or proqnosisofbreastcancer.

FHL2

fourandahalfLIMdomains2[DRAL; AAG11;SLIM3]

0014(012)
1.3

-

-

2q12-q14BPscz

NM_001450

7650441

2274

SUMMARY:UMproteinscontainahighlyconserveddoublezincfingermotifcalledtheUMdomainLIMdomainsarefoundinmany keyregulatorsofdevelopmentalpathways.GENERIF:FunctionalanalysisdemonstratedthattheFHL2mutationaffectedthebindingto titin/connectin;FHL2playsanimportantroleinosteoblastdifferentiationandboneformation;FHL2interactionmaybeinvolvedin transcriptionalregulationandplayasignificantroleincancercellgrowth.

BioP:positiveregulationof nucleobaseVnucleosideVnucleotide andnucleicacidmetabolism,positive regulationoftranscription,MolF: receptorbinding,steroidhormone receptorbinding,androgenreceptor binding

RSPH1

radialspokehead1homolog (Chlamydomonas),testisspecificA2 homolog(mouse)[TSA2;RSP44;TSGA2; RSPH10AI

0.0063(0.10)
1.3

-

FF(•)

FF(+)

21q22.3BP

NM_080860

3990670

89765

GENERIF:Radialspokeprotein44denotestherestrictedlocalizationoftheproteintotheradialspokesoftheaxonemesofboth spermandcilia.CD:MORN(MembraneOccupationandRecognitionNexus).Possibleplasmamembrane-bindingmotifin junctophilins,PIP-5-kinasesandproteinkinases.Thefunctionofthismotifisunknown.

Am

absentinmelanoma2[PYHIN4]
0044(0.16)
1.3

-

FF(-)

+

1q22BPSCZ

NM_004833

6040639

9447

SUMMARY:AIM2isamemberoftheIFI20X/IFI16family.Itplaysaputativeroleintumorigenicreversionandmaycontrolcell proliferationInterferon-qammainducesexpressionofAJM2GENERIF:AIM2associateswithtumorsuppressionactivity
BioP:organismalphysiological process

KIAA1450

cDNAFU25252fis,cloneSTM03814
0.0082(010)
1.3

.

FF(■)

FF(-)

4q32.1BP

AKD57981

60546

57600

Annotationcategory:notannotatedonreferenceassembly

MAP3K5

mitogen-activatedproteinkinasekinase kinase5[ASK1;MEKK5;MAF>KKK5]
0.0023(0089)
1.3

-

FF(•)

6q22.33BP'scz

NM_005923

5390494

4217

SUMMARY:Mitogen-activatedproteinkinase(MAPK)signalingcascadesincludeMAPKorextracellularsignal-regulatedkinase (ERK).MAPKkinase(MKKorMEK).andMAPKkinasekinase(MAPKKKorMEKK)MAPKXkinase/MEKKphosphorylatesand activatesitsdownstreamproteinkinase,MAPKkinase/MEK,whichinturnactivatesMAPKNorthernblotanalysisshowsthat MAPKKK5transcriptisabundantlyexpressedinhumanheartandpancreas.TheMAPKKK5proteinphosphorylatesandactivates MKK4(aliasesSERK1,MAPKK4)invitro,andactivatesc-JunN-terminalkinase(JNK)/stress-activatedproteinkinase(SAPK)during transientexpressioninCOSand293cells;MAPKKK5doesnotactivateMAPK/ERK.GENERIF:DatasuggestedthattheJNK/c-Jun signalingcascadeplaysacrucialroleinCd-inducedneuronalcellapoptosisandprovidesamolecularlinkagebetweenoxidativestress andneuronalapoptosis;GlutathioneS-transferaseP1-1attenuateTRAF2-enhancedapoptosissignal-regulatingkinase1(ASK1) (MAP3K5)autophosphorylation

MolF:signaltransduceractivity

CD86

CD86molecule[B70,B7-2,IAB72; CD28LG2|

0.017(012)
1.3

V

-

FF(■)

3q21

NM_175862

4200156

942

SUMMARY:Thisgeneencodesatype1membraneproteinthatisamemberoftheimmunoglobulinsuperfamily.Thisproteinis expressedbyantigen-presentingcells,anditistheligandfortwoproteinsatthecellsurfaceofTcells.CD28antigenandcytotoxicT- lymphocyte-associatedprotein4BindingofthisproteinwithCD28antigenisacostimulatorysignalforactivationoftheT-cellBinding ofthisproteinwithcytotoxicT-lymphocyte-associatedprotein4negativelyregulatesT-cellactivationanddiminishestheimmune response.GENERIF:Immaturedendriticcellsengulfedapoptoticandnecroticneutrophils,resultinginup-regulationofCD83andclass
II majorhistocompatibilitycomplexmolecules,butdown-regulationofCD40,CD80,andCD86;evidenceofpossibleroleinasthma pathogenesis,coronaryarterydisease,ulcerativecolitis.

BioP:positiveregulationof nucleobaseVnucleosideVnucleotide andnucleicacidmetabolism,positive regulationoftranscription,organismal physiologicalprocess;MolF:signal transduceractivity,receptoractivity; CeIC:intrinsictomembrane,integral
tomembrane
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Table6.10.TheprobesthatshowsignificantdifferentialexpressionbetweentheUDandMICindividuals.Continuedonthenextpage.
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F2R

coagulationfactorII(thrombin)receptor |TR;HTR;CF2R,PARI]

000052(0087)
14

-

-

FF(-)

5q13

NM_001992

6860494

2149

SUMMARY:CoagulationfactorIIreceptorisa7-transmembranereceptorinvolvedintheregulationofthromboticresponse.Proteolytic cleavageleadstotheactivationofthereceptor.F2RisaG-proteincoupledreceptorfamilymemberGENERIF:PlateletPAR-1/PAR-4 stimulationcausesrapidAktphosphorylationdownstreamofPLC.whereaswithcontinuousstimulation.ADPandPI3Karerequiredfor maintainingAktphosphorylation;datasuggestthatactivatedproteinCregulatescalciumconcentrationinhumanbrainendothelium andinhumanumbilicalveinendothelialcellsbybindingtoendothelialproteinCreceptorandsignalingviaproteaseactivatedreceptor-
1,PAR-1signaling,alongwiththrombin,hasaroleinup-regulatingthesynthesisofTFPI-2viaaMAPK/COX-2-dependentpathway

BioP:organismalphysiological process,MolF:peptidebinding, receptorbinding,signaltransducer activity,receptoractivity;C«IC: intrinsictomembrane,integralto membrane

CASK

calcium/calmodulin-dependentserine proteinkinase(MAGUKfamily)[UN2]
00028(0089)
1.4

-

FF(-)

FF(-)

Xp11.4BPSCZ

NM_003688

2510070

8573

GENERIF:UpregulationofCASKproteinisassociatedwithlumorigenesisofesophagus,plasmamembraneCa2+pump4b/CIbindsto Ca2+/calmodu!in-dependentmembrane-associatedkinaseCASKCD:PDZ_signalingPDZdomainsarefoundindiversesignaling proteinsSH3(Srchomoloqy3domains),performeitheranassemblyorrequlatoryrole

ALDH2

aldehydedehydrogenase2famly (mitochondrial),nucleargeneencoding mitochondrialprotein[ALDM;ACDHI; ALDH-E2]

0.015(012)
14

-

FF(-)

FF(-)

12q24.2BPR"Dscz
NM_000690

270324

217

SUMMARY:Thisproteinbelongstothealdehydedehydrogenasefamilyofproteins.Aldehydedehydrogenaseisthesecondenzymeol themajoroxidativepathwayofalcoholmetabolism.Thisgeneencodesamitochondrialisoform,whichhasalowKmfor acetaldehydes,andislocalizedinmitochondrialmatrixGENERIF:TheALDFI2genemayinteractwiththedopamineD2receptor (DRD2)geneinthedevelopmentofanxiety-depressivealcoholdependenceintheTaiwanHanChinesepopulation;theseresults indicatethatmitochondrialaldehydedehydrogenase2(ALDH2)functionsasaprotectoragainstoxidativestress,andthatALDH2
EMR1

egf-likemodulecontaining,mucin-like, hormonereceptor-like1[TM7LN3]
00067(010)
1.4

-

'

19p13.3

NM_001974

610039

2015

SUMMARY:ThisgeneencodesaproteinthathasadomainresemblingseventransmembraneGprotein-coupledhormonereceptors (7TMreceptors)atitsC-terminus.TheN-terminusoftheencodedproteinhassixEGF-likemodules,separatedfromthe transmembranesegmentsbyaserine/threonine-richdomain,afeaturereminiscentofmucin-like,single-span,integralmembrane glycoproteinswithadhesivepropertiesCD:EGFCA(Calcium-bindingEGF-likedomain).Itispresentinalargenumberofmembrane- boundandextracellular(mostlyanimal)proteins.

BioP:neuropeptidesignalingpathway, MolF:signaltransduceractivity, receptoractivity;CeIC:intrinsicto membrane,integraltomembrane

C20orf43

chromosome20openreadingframe43 ICDA05;HSPC164;SHUJUN-3|
0.028(015)
1.4

-

FF(-)

20q13.31BP

NM_016407

4050537

51507

ILDR1

immunoglobulin-likedomaincontaining receptor1[ILDR1beta;ILDR1alpha]
0023(013)
1.4

-

NS(-)

FF(-)

3q13.33scz

NM_175924

4920497
286676

MolF:signaltransduceractivity, receptoractivity,CeIC:intrinsicto membrane,inteqraltomembrane

SLC16A10

solutecarrierfamily16,member10 (aromaticaminoacidtransporter)|TAT1, PR00613]

0.030(0.15)
1.3

-

NS(-)

FF(-)

6q21-q22BPSCZ

NM_018593

3870403
117247

SUMMARY:SLC16A10isamemberofafamilyofplasmamembraneaminoacidtransportersthatmediatetheNa(+)-independent transportofaromaticaminoacidsacrosstheplasmamembrane.

CeIC:intrinsictomembrane,integral
tomembrane

CMBL

carboxymethylenebutenolidasehomolog (Pseudomonas)

0015(012)
1.3

-

-

FF(-)

5p15-2BP'scz

NM _138809

110408

134147
CD:COG0412;Dienelactonehydrolaseandrelatedenzymes(Secondarymetabolitesbiosynthesis,transport,andcatabolism]

DOCK10

dedicatorofcytokinesis10;dopamine receptorinteractingprotein2[ZZ3;DRIP2]
0.014(012)
1.3

-

-

FF(-)

2q362BP

NM_014689

1980605

55619

CD:PH(Pleckstrinhomologydomain).ThePHdomainoccursinawiderangeofproteinsinvolvedinintracellularsignalingoras constituentsofthecytoskeleton.

MolF:signaltransduceractivity, receptoractivity

BCYRN1

braincytoplasmicRNA1,Bc1analog (mouse)[BC200;BC200a]

0.010(011)
1.3

-

FF(-)

2p21BP

NR_001568

2450154

618

SUMMARY:Thisgene,whichencodesaneuralsmallnon-messengerRNA,isamemberofthefamilyofinterspersedrepetitiveDNA, anditsproductrepresentsanexampleofaprimatetissue-specificRNApolymeraseIIItranscriptItisbelievedthatthisgenewas retropositionallygeneratedandrecruitedintoafunctionregulatingdendriticproteinbiosynthesisGENERIF:DendriticBC200was studiedinagingandinAlzheimerdisease,potentialofBC200expressiontoserveasamoleculartoolinthediagnosisand/or proqnosisofbreastcancer

FHL2

fourandahalfLIMdomains2[ORAL; AAG11;SLIM3]

0.014(012)
1.3

*

2q12-q14BP-scz

NM_001450

7650441

2274

SUMMARY:UMproteinscontainahighlyconserveddoublezincfingermotifcalledtheLIMdomainLIMdomainsarefoundinmany keyregulatorsofdevelopmentalpathways.GENERIF:FunctionalanalysisdemonstratedthattheFHL2mutationaffectedthebindingto titin/connectin;FHL2playsanimportantroleinosteoblastdifferentiationandboneformation;FHL2interactionmaybeinvolvedin transcriptionalregulationandplayasignificantroleincancercellgrowth

BioP:positiveregulationof nucleobase\,nucleoside^nucleotide andnucleicacidmetabolism,positive regulationoftranscription;MolF: receptorbinding,steroidhormone receptorbinding,androgenreceptor

RSPH1

radialspokehead1homolog (Chlamydomonas),testisspecficA2 homolog(mouse)[TSA2;RSP44;TSGA2; RSPH10AI

0.0063(010)
1.3

"

FF(-)

FF(♦)

21q22.3BP

NM_080860

3990670

89765

GENERIF:Radialspokeprotein44denotestherestrictedlocalizationoftheproteintotheradialspokesoftheaxonemesofboth spermandcilia.CD:MORN(MembraneOccupationandRecognitionNexus).Possibleplasmamembrane-bindingmotifin junctophilins,PIP-5-kinasesandproteinkinases.Thefunctionofthismotifisunknown.

Aim

absentinmelanoma2(PYHIN4)
0044(016)
1.3

-

FF(-)

+

1q22BPSCZ

NMJM4833

6040639

9447

SUMMARY:AIM2isamemberoftheIFI20X/IFI16family.Itplaysaputativeroleintumorigenicreversionandmaycontrolcell proliferation.Interferon-qammainducesexpressionofAIM2GENERIF:AIM2associateswithtumorsuppressionactivity
BioP:organismalphysiological process

KIAA1450

cDNAFU26252fis,cloneSTMD3814
0.0082(010)
1.3

-

FF(-)

FF(■)

4q32.1BP

AMD57981

60546

57600

Annotationcategory:notannotatedonreferenceassembly

MAP3K5

mitogen-activatedproteinkinasekinase kinase5|ASK1,MEKK5;MAP<KK5]
0.0023(0089)
1.3

-

FF(-)

6q22.33BPSCZ

NM_005923

5390494

4217

SUMMARY:Mitogen-activatedproteinkinase(MAPK)signalingcascadesincludeMAPKorextracellularsignal-regulatedkinase (ERR).MAPKkinase(MKKorMEK),andMAPKkinasekinase(MAPKKKorMEKK)MAPKKkinase/MEKKphosphorylatesand activatesitsdownstreamproteinkinase,MAPKkinase/MEK,whichinturnactivatesMAPKNorthernblotanalysisshowsthat MAPKKK5transcriptisabundantlyexpressedinhumanheartandpancreas.TheMAPKKK5proteinphosphorylatesandactivates MKK4(aliasesSERK1,MAPKK4)invitro,andactivatesc-JunN-terminalkinase(JNK)/stress-activatedproteinkinase(SAPK)during transientexpressioninCOSand293cells;MAPKKkSdoesnotactivateMAPK/ERK.GENERIF:DatasuggestedthattheJNK/c-Jun signalingcascadeplaysacrucialroleinCd-inducedneuronalcellapoptosisandprovidesamolecularlinkagebetweenoxidativestress andneuronalapoptosis;GlutathioneS-transferaseP1-1attenuateTRAF2-enhancedapoptosissignal-regulatingkinase1(ASK1) (MAP3F5)autophosphorylation

MolF:signaltransduceractivity

CD96

CD86molecule[B70;B7-2;LAB72, CD28LG2]

0.017(012)
1.3

-

:|il

FF(-)

3q21

NM_175862

4200156

942

SUMMARY:Thisgeneencodesatype1membraneproteinthatisamemberoftheimmunoglobulinsuperfamily.Thisproteinis expressedbyantigen-presentingcells,anditistheligandfortwoproteinsatthecellsurfaceofTcells,CD28antigenandcytotoxicT- lymphocyte-associatedprotein4BindingofthisproteinwithCD28antigenisacostimulatorysignalforactivationoftheT-cellBinding ofthisproteinwithcytotoxicT-lymphocyte-associatedprotein4negativelyregulatesT-cellactivationanddiminishestheimmune response.GENERIF:Immaturedendriticcellsengulfedapoptoticandnecroticneutrophils,resultinginup-regulationofCD83andclass
IImajorhistocompatibilitycomplexmolecules,butdown-regulationofCD40,CD80,andCD86;evidenceofpossibleroleinasthma pathogenesis,coronaryarterydisease,ulcerativecolitis.

BioP:positiveregulationof nucleobase\,nucleosideVnucleotide andnucleicacidmetabolism,positive regulationoftranscription,organismal physiologicalprocess;MolF:signal transduceractivity,receptoractivity; CeIC:intrinsictomembrane,integral
tomembrane
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Table6.10.TheprobesthatshowsignificantdifferentialexpressionbetweentheUDandMICindividuals.Continuedonthenextpage.
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LOC653086

similartoRAN-bindingprotein2-like1 isoform2

0.013(012)
1.3

FF(+)

FF(-)

2q13

XM_930995

6860064
653086
Thisrecordwasdiscontinued.

CCL26

chemokine(C-Cmotif)ligand25[TECK; Ckb15;SCYA25]

0.024(013)
1.3

-

FF(-)

FF(+)

19p13.2

NM_148888

1400025

6370

SUMMARYThisgenebelongstothesubfamilyofsmallcytokineCCgenesCytokinesareafamilyofsecretedproteinsinvolvedin immunoregulatoryandinflammatoryprocessesThecytokineencodedbythisgenedisplayschemotacticactivityfordendriticcells, thymocytes,andactivatedmacrophagesbutisinactiveonperipheralbloodlymphocytesandneutrophilsTheproductofthisgene bindstochemokinereceptorCCR9

BloP:organismalphysiological process,locomotorybehavior,taxis, chemotaxis;MolF:receptorbinding, chemokineactivity,chemokine receptorbinding

BCAR3

breastcanceranti-estrogenresistance3 |NSP2;SH2D3B]

0.0079(010)
1.4

♦

NS(+)

NS(+)

1p22.1$cz

NM_003567

4010601

8412

SUMMARY:Breasttumorsareinitiallydependentonestrogensforgrowthandprogressionandcanbeinhibitedbyanti-estrogenssuch
astamoxifen.However,breastcancersprogresstobecomeanti-estrogenresistantBreastcanceranti-estrogenresistancegene3 wasidentifiedinthesearchforgenesinvolvedinthedevelopmentofestrogenresistance.Thegeneencodesacomponentof intracellularsignaltransductionthatcausesestrogen-independentproliferationinhumanbreastcancercells.Theproteincontainsa putativesrchomology2(SH2)domain,ahallmarkcfcellulartyrosinekinasesignalingmolecules,andispartlyhomologoustothecell divisioncycleproteinCDC48.CD:RasGEF(GuaninenucleotideexchangefactorforRas-likesmallGTPases).SmallGTP-binding proteinsoftheRassuperfamilyfunctionasmolecularswitchesinfundamentaleventssuchassignaltransduction,cytoskeleton dynamicsandintracellulartrafficking

BioP:responsetodrug

LOC644928

hCG2033311

0.017(012)
1.4

♦

+

NS(+)

1p32.2scz

NM_001093732
620577

644928

SUMMARY:ThisgenehascharacteristicsofapseudogenederivedfromtheRPS26gene.However,thereisstillanopenreading framethatcouldproduceaproteinofthesameornearlythesamesizeasthatoftheRPS26gene,sothisgeneisbeingcalledprotein-
RPS26L

RPS26L40SribosomalproteinS26-like |RPS26|

0.021(013)
1.4

+

♦

NS(+)

13«,32.3bpscz

NR_002225

4280341
400156

JARID1D

jumonji,ATrichinteractivedomain10 [HY;HYA;SMCY;KDM5D]

0.046(016)
1.5

♦

FF(+)

FF(-)

Yqll

NM_004653

6560452

8284

SUMMARY:Thisgeneencodesaproteincontainingzincfingerdomains.Ashortpeptidederivedfromthisproteinisaminor histocompatibilityantigenwhichcanleadtograftrejectionofmaledonorcellsinafemalerecipient.GENERIF:Studyshowsthat JARIDIdandMBLRoccupyhumanEnqrailed2qeneandrequlateitsexpressionandhistoneH3lysine4methylationlevels
TOX

thymocyteselection-associatechigh mobilitygroupbox[TOX1)

0.024(0.13)
1.5

♦

♦

FF(+)

8q12.1BP

NM_014729

1710307

9760

SUMMARY:Somehigh-mobilitygroup(HMG)boxproteins(e.g.,LEF1)containasingleHMGboxmotifandbindDNAinasequence specificmanner,whileothermembersofthisfamily(e.g.,HMG1)havemultipleHMGboxesandbindDNAinasequence-independent butstructure-dependentmanner.AllHMGboxproteinsareabletoinduceasharpbendinDNATOXcontainsasingleHMGboxmotif. GENERIF:expressionoftheHMGboxproteinTOXissufficienttoinducechangesincoreceptorgeneexpressionassociatedwithbeta- selection.includinqCD8qenedemethylation

CeIC:chromosomalpart,chromatin

DMKN

dermokine

0.041(016)
1.5

♦

FF(+)

FF(+)

19q13.12

NM_033317

2100020

93099

GENERIF:Dermokinegeneisexpressedinepithelialtissuesotherthantheskinandthisexpressionistranscriptionallyand posttranscriptionallycomplex.

EMR2

egf-likemodulecontaining,mucin-like, hormonereceptor-like2[CD312J
0034(015)
1.6

♦

NS(+)

♦

19p13.1

NM_013447

7320373

30817

SUMMARY:ThisgeneencodesamemberoftheclassBseven-spantransmembrane(TM7)receptorfamilyexpressedpredominantly
bycellsoftheimmunesystem.FamilymembersaracharacterizedbyanextendedextracellularregionwithavariablenumberofN- terminalepidermalgrowthfactor(EGF)-likedomainscoupledtoaTM7domainviaamucin-likespacerdomain.Thisgeneisclosely linkedtothegeneencodingegf-likemoleculecontainingmucin-likehormonereceptor3onchromosome19.GENERIF:EMR2may playaroleinthemigrationandadhesionofmyeloidcellsduringcelldifferentiation,maturation,andactivationCD:EGFCA(Calcium-
BioP:neuropeptidesignalingpathway. MolF:signaltransduceractivity, receptoractivity;CeIC:intrinsicto membrane,integraltomembrane

bindingEGF-likedomain).Itispresentinalargenumberofmembrane-boundandextracellular(mostlyanimal)proteins.
CBS

cystathionine-beta-synthase[HP4]
0.013(012)
1.6

trauijuriaas
FF(+)

FF(+)

21q22.3BP

NM_000071

5810164

875

SUMMARY:Theproteinencodedbythisgeneisinvolvedinthetranssudationpathway.Thefirststepofthispathway,from homocysteinetocystathionine,iscatalyzedbythisprotein.CBSdeficiencycancausehomocystinuriawhichaffectsmanyorgansand tissues,includingtheeyesandtheskeletal,vascularandcentralnervoussystemsGENERIF:over-expressionofCBSmaycausethe developmentalabnormalityincoqmtioninDown'ssyndrome. GENERIF:Atorvastatin-mediatedHO-1upregulation.anditsassociatedantioxidanteffect,areKLF2-dependent,KLF2regulatesIL-2 promoteractivityintheearlieststagesofTcellactivation;apromoterelementactivatedbyaPI3kinase-dependentchromatin- remodelingpathwayinducesKLF2;findingsdemonstratethatdifferentflowpatternsdifferentiallyregulatetheexpressionofKLF2and
Kruppel-likefactor2(lung)[LKL-]

1V

♦

♦

NS(+)

19p13.13-p13.11

NM_016270

5290537

10365
thatKLF2hasananti-apoptoticeffect

CREB5

cAMPresponsiveelementbindingprotein 5[CRE-BPA]

0.042(0.16)
1.9

+

NS(+•)

FF(-)

7p15.1scz

NM_182898

160132

9586

SUMMARY:TheproductofthisgenebelongstotheCRE(cAMPresponseelement)-bindingproteinfamily.Membersofthisfamily containzinc-fingerandbZIPDNA-bindingdomains.TheencodedproteinspecificallybindstoCREasahomodimeroraheterodimer withc-JunorCRE-BP1,andfunctionsasaCRE-dependenttrans-activator

BioP:positiveregulationof nucleobase\,nucleosideVnucleotide andnucleicacidmetabolism,positive requlationoftranscription

CMTM3

CKLF-likeMARVELtransmembrane domaincontaining3[BNAS2;CKLFSF3]
0.025(0.13)
20

♦

♦

NS(+)

16q21-«|22.1BP

NMJ81555

7380239
123920

SUMMARY:Thisgenebelongstothechemokine-likefactorgenesuperfamily,anovelfamilythatissimilartothechemokineandthe transmembrane4superfamiliesofsignalingmoleculesThisgeneisoneofseveralchemokine-likefactorgeneslocatedinaclusteron chromosome16GENERIF:CMTM3/CKLFSF3isarevolutionarilyconservedgenethatmayhaveimportantrolesinthemale reproductivesystemandimmunesystem.

BioP:locomotorybehavior,taxis, chemotaxis.MolF:receptorbinding, CeIC:intrinsictomembrane,integral
tomembrane

TRB@

Tcellreceptorbetalocus[TRB;TCRB|
000082(0.087)
20

♦

+

NS(+)

7q34

NG_001333

670041

6957

SUMMARY:Tcellreceptorsrecognizeforeignantigenswhichhavebeenprocessedassmallpeptidesandboundtomajor histocompatibilitycomplex(MHC)moleculesatthesurfaceofantigenpresentingcells(APC).Chromosomalabnormalitiesinvolvingthe T-cellreceptorbetalocushavebeenassociatedwithT-celllymphomas.

BioP:organismalphysiological process;MelF:peptidebinding, receptorbinding,signaltransducer activity,receptoractivity

HMX2

homeobox(H6family)2(H6L;Nkx5-2|
0.022(013)
2.0

+

NS(+)

NS(+)

10q252426.38''-scz
NM005519

5900551

3167

CD:HomeodomainDNA-bindingdomainsinvolvedirthetranscriptionalregulationofkeyeukaryoticdevelopmentalprocesses
ASCL1

achaete-scutecomplexhomolog1 (Drosophila)|ASH1;HASH1;MASH1]
0022(013)
20 -v™

♦

NS(+)

FF(+)

12q22-q23BPR"D
NM_004316

7560017

429

SUMMARY:Thisgeneencodesamemberofthebasichelix-loop-helix(8HLH)familyoftranscriptionfactorsTheproteinactivates transcriptionbybindingtotheEbox(5-CANNTG-3)DimerizationwithotherBHLHproteinsisrequiredforefficientDNAbindingThis proteinplaysaroleintheneuronalcommitmentanddifferentiationandinthegenerationofolfactoryandautonomicneurons.Itis highlyexpressedinmedullarythyroidcancerandsmallcelllungcancerandmaybeausefulmarkerforthesecancers.Thepresence ofaCAGrepealinthegenesuggeststhatitmayalsoplayaroleintumorformation.GENERIF:KnockdownofASH1geneinlung neoplasmcellsinvitrosuppressedgrowthbyincreasingapoptosis

HMX3

H6familyhomeobox3[Nkx5-1|
00010011)
22

♦

NS(+)

FF(+)

10I|26.13bp-scz

NT_030059

6560280

340784
CD:Homeodomain.DNA-bindingdomainsinvolvedirthetranscriptionalregulationofkeyeukaryoticdevelopmentalprocesses

Table6.10.TheprobesthatshowsignificantdifferentialexpressionbetweentheUDandMICindividuals.Continuedonthenextpage.
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CKLF

chemokine-likefactor,transcriptvariant3 [C32;CKLF1;CKLF2;CKLF3;CKLF4 UCK-1;HSPC224]

0038(0.16)
22

+

+

*

16q21BP

NM_016326

2000551

51192

SUMMARY:TheproductofthisgeneisacytokineCytokinesaresmallproteinsthathaveanessentialroleintheimmuneand inflammatoryresponses.Thisgeneisoneofseveralchemokine-likefactorgeneslocatedinaclusteronchromosome16.Theprotein encodedbythisgeneisapotentchemoattractantforneutrophils,monocytesandlymphocytes.Italsocanstimulatetheproliferation ofskeletalmusclecellsThisproteinmayplayimportantrolesininflammationandintheregenerationofskeletalmuscle.
BioP:organismalphysiological process,locomotorybehavior,taxis, chemotaxis,MolF:receptorbinding, chemokineactivity,chemokine receptorbinding;CeIC:intrinsicto membrane,integraltomembrane

TOX

thymocyteselection-associatedhigh mobilitygroupbox[TOX1]

0.0034(0094)
2.2

+

+

NS(+)

8q12.1BP

NM_014729

5260463

9760

SUMMARY:Somehigh-mobilitygroup(HMG)boxproteins(eg,LEF1)containasingleHMGboxmotifandbindDNAinasequence- specificmanner,whileothermembersofthisfamily(e.g.,HMG1)havemultipleHMGboxesandbindDNAinasequence-independent butstructure-dependentmanner.AllHMGboxproteinsareabletoinduceasharpbendinDNA.TOXcontainsasingleHMGboxmotif. GENERIF:expressionoftheHMGboxproteinTOXissufficienttoinducechangesincoreceptorgeneexpressionassociatedwithbeta- selection,includinqCD8qenedemethylation

CeIC:chromosomalpart,chromatin

BANK1

B-cellscafoldproteinwithankyrinrepeats
1IBANK]

0.0076(010)
24

■f

♦

-

4«|24bp

NM_017935

1710279

55024

GENERIF:FunctionalvariantsintheB-cellgeneBANK1areassociatedwithsystemiclupuserythematosus

LEPREL1

leprecan-like1[P3H2,Ml_AT4|
0044(016)
3.1

+

NS(+)

NS(+)

3q28

NM018192

70132

55214

LOC649923

similartoIggamma-2chainCregion
0033(015)
39

+

♦

NS(+)

14

XM939003

650411

649923
Thisrecordwasdiscontinued

HLA-DRB1**

majorhistocompatibilitycomplex,classII,
DRbeta1[DRB1;HLADRB1;HLA-DR1B. HLA-DRB1*]

0.044(016)
45

+

+

NS(+)

6p21Jscz

NM_002124

7330093

3123

SUMMARY:HLA-DRB1belongstotheHLAclassIIbetachainparalogs.TheclassIImoleculeisaheterodimerconsistingofanalpha (DRA)andabetachain(DRB),bothanchoredinthemembrane.Itplaysacentralroleintheimmunesystembypresentingpeptides derivedfromextracellularproteins.ClassIImoleculesareexpressedinantigenpresentingcells(APC:Blymphocytes,dendriticcells, macrophages)HundredsofDRB1alleleshavebeendescribedandtypingforthesepolymorphismsisroutinelydoneforbonemarrow andkidneytransplantation.DRB1isexpressedatalevelfivetimeshigherthanitsparalogsDRB3,DRB4andDRB5.DRB1ispresent
inallindividuals.AllelicvariantsofDRB1arelinkedwitheithernoneoroneofthegenesDRB3,DRB4andDRB5.Thereare4related pseudogenesDRB2,DRB6,DRB7,DRB8andDRB9

BioP:organismalphysiological process,CeIC:intrinsictomembrane, integraltomembrane

Table6.10.TheprobesthatshowsignificantdifferentialexpressionbetweentheUDandMICindividuals.ForeachllluminaFluman-6version2 BeadChipprobefoundtobesignificantlydifferentiallyexpressed(FsP-value<0.05),thefollowinginformationisshown:theofficialsymbol,genename alongwithotheraliases,theANOVAFsP-valueandfalsediscoveryrate(FDR)value;thedegreeanddirectionofthefold-change('-'/blue=under; '+'/red=over-expressed)inthecurrentcomparison(UDversusMIC);thedirectionoffold-change(+/-)intheothertwocomparisons(ADversusMIC andAxDversusMIC),orwhetherthatparticularprobefailedtosurvivethefold-changefilter(FF)orifitsurvivedthefold-changefilterandwasnot significant(NS;FsP>0.05),alongwiththedirectionofchangeittendedtowards('-'=<1-fold;'+'=>1-fold);thechromosomalposition(Map);the targetedgene'sNCBIaccessionnumber,thellluminaprobeID,EntrezGenelD(EntrezID),Entrez-basedgeneinformationand,whererelevant,the enrichedgeneontology(GO)categoriesfoundasaresultoftheGOTreeMachineanalysis.ItisalsoindicatedintheSymbolandMapcolumns whethercandidategeneassociationorlinkagetoaparticularlocus,respectively,tobipolardisorder(BP),recurrentmajordepression(RMD)and/or schizophrenia(SCZ)haspreviouslybeenshown.Theprobesarelistedinorderoffold-change,fromthemostunder-expressedtothemostover- expressedintheADsample.
ro
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UDvsMIC (current)
ADvs MIC

AxDvs MIC

Effectintheotherstudy
Sampleintheotherstudy
Reference

C.NN3

-2.1

-

FF(-)

up1.4-foldinSCZ(brain:PMDLPFC)
brainPMDLPFC:19SCZ,27control
Glatt,Everalletal.(2005)

ALOXSAP

-1.9

NS(-)

FF(-)

down1.6-to3.2-foldinBP

LCLsfrom2discordantMZtwinpairsand
1healthyMZtwinpair

Kakiuchi,Iwamotoetal.(2003)

DBN1

-1.6

-

-

down1.7-to3.0-foldinBP

LCLsfrom2discordantMZtwinpairsand
1healthyMZtwinpair

Kakiuchi,Iwamotoetal.(2003)

MANIA1

-1.5

FF(-)

FF(+)

down1.6-to4.7-foldinBP

LCLsfrom2discordantMZtwinpairsand
1healthyMZtwinpair

Kakiuchi,Iwamotoetal.(2003)

ALDH2

-1.4

FF(-)

FF(-)

down1.4-foldinLithium-treated neuroblastomacells

humanneuroblastomacelllines
Seelan,Khalyfaetal.(2007)

MBNL3

-1.4

FF(-)

-

down1.4-foldinLithiumtreated neuroblastomacells

humanneuroblastomacelllines
Seelan,Khalyfaetal.(2007)

HLA-DRB1

+4.5

+

NS(+)

down~1.2-foldinSCZ(brain:PMDLPFC); down~1.3-foldinSCZ(blood:PBC)
brainPMDLPFC:19SCZ,27control; bloodPBC:30SCZ,24control

Glatt,Everalletal.(2005)

Table6.11.GenesdifferentiallyexpressedbetweentheUDandMICindividualsintheliterature.Thistablesummarisesthegenesfound differentiallyexpressedintheUDsampleinthisstudywithpreviousevidenceofdifferentialyexpressioninothermicroarraystudiesofBPorSCZ. Shownarethedirectionanddegreeofthefold-change('-'/blue=under;'+'/red=over-expressed)inthecurrentcomparison(UDversusMIC);the directionoffold-change(+/-)intheothertwocomparisons(ADversusMICandAxDversusMIC);thedirectionandsizeoftheeffectinthepublished microarraystudy;thesampleusedintheotherstudyandthereferencefortheotherstudy.Additionalabbreviations:LCL,lymphoblastoidcellline;PM DLPFC,post-mortemdorsolateralprefrontalcortex;PBC,peripheralbloodcells;MZ,monozygotic.
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GOTM-Biological Process P-value E Symbol FC
smooth muscle contraction 0.0012 10.05
A process whereby force is generated within smooth muscle tissue, resulting in a change in
muscle geometry. Force generation involves a chemo-mechanical energy conversion step. The
chemo-mechanical energy conversion step is carried out by the actin/myosin complex activity,
which generates force through ATP hydrolysis. Smooth muscle differs from striated muscle in the
much higher actin/myosin ratio, the absence of conspicuous sarcomeres and the ability to
contract to a much smaller fraction of its resting length.

KCNMB1

CNN3

1.4

2.1

organismal physiological process 0.0025 15.55 CCL25
AIM2

" 1.3
1.3

F2R 1.4
KCNMB1 . 1.4
CD8B - 1.4
SORT1 1.6

The biological processes, occurring at the level of the organism, pertinent to the function of the organism.
DBN1 1.6
ITM2B - 1.7
ALOX5AP 1.9
CNN3 . 2.1

TRB@ + 2.0
CKLF 2.2
HLA-DRB1 + 4.5

chromatin assembly or disassembly 0.0036 10.63 MSL3L1
HIST1H2BK

1.4
1.7

The formation or destruction of chromatin structures. HIST2H2AC - 1.8
HIST2H2AA3 - 1.8

positive regulation of transcription 0.0050 10.70 FHL2
CD8B

1.3
14

Any process that activates or increases the frequency, rate or extent of transcription. NCOA1 - 1.4
CREB5 + 1.9

nucleosome assembly 0.0055 10.36
The aggregation, arrangement and bonding together of a nucleosome, the beadlike structural units of eukaryotic

HIST1H2BK
HIST2H2AC

1.7
1.8

chromatin composed of histones and DNA. HIST2H2AA3 - 1.8

positive regulation of nucleobase, nucleoside, nucleotide and nucleic n „„„ r, ,~
. . . .. 0.0057 0.72

acid metabolism

Any process that activates or increases the frequency, rate or extent of the chemical reactions and pathways

FHL2 - 1.3
CD8B
NCOA1

" 1.4
1.4

involving nucleobases, nucleosides, nucleotides and nucleic acids. CREB5 + 1.9
chromatin assembly 0.0073 10.40
The assembly of DNA, histone proteins, and cither associated proteins into chromatin structure, beginning with the
formation of the basic unit, the nucleosome, followed by organization of the nucleosomes into higher order
structures, ultimately giving rise to a complex organization of specific domains within the nucleus.

HIST1H2BK

HIST2H2AC

HIST2H2AA3

-

COCOM
response to drug 0.0077 10.13
A change in state or activity of a cell or an organism (in terms of movement, secretion, enzyme
production, gene expression, etc.) as a result of a drug stimulus. A drug is a substance used in
the diagnosis, treatment or prevention of a disease.

SLC2AB

BCAR3

14

1.4

taxis 0.0084 10.42
The directed movement of a motile cell or organism in response to an external stimulus.

CCL25
CMTM3 +

1.3
2.0

CKLF 2.2
chemotaxis 0.0084 |D.42
The directed movement of a motile cell or organism, or the directed growth of a cell guided by a

CCL25
CMTM3

1.3
2.0

specific chemical concentration gradient. Movement may be towards a higher concentration CKLF + 2.2

neuropeptide signaling pathway 0.0085 |0.14
The series of molecular signals generated as a consequence of a peptide neurotransmitter binding to a celi surface
receptor.

EMR1

EMR2 +

1.4

1.6

loconiotory behavior 0.0092 10.43
The specific movement from place to place of an organism in response to external or internal
stimuli. Locomotion of a whole organism in a manner dependent upon some combination of that
organism's internal state and external conditions.

CCL25

CMTM3

1.3

2.0

CKLF + 2.2

Table 6.12. The GO biological process categories that show significant enrichment in
the genes found differentially expressed between the UD and MIC individuals. The
legend is on the next page.
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Table 6.12. The GO biological process categories that show significant enrichment in
the genes found differentially expressed between the UD and MIC individuals. For
each biological process found significantly enriched, the following information is shown: the
official GO names (in bold) with their GO definitions (www.amigo.geneontology.org) directly
beneath them, the GOTM-produced hypergeometric P-value, the number of genes expected
(E) in this GO (estimated by GOTM), the genes making up the category, along with the
direction of differential expression in the UD sample relative to the MIC sample ('-'/blue =
under; '+'/red = over-expressed) and the fold-change in expression in the UD sample relative
to the MIC sample.
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Figure6.22.DAGofsignificantly-enrichedbiologicalprocessesintheUDversusMICcomparison.Thelegendinonthenextpage.



yFigure6.22.DAGofsignificantly-enrichedbiologicalprocessesintheUDversusMICcomparison.Adirectedacyclicgraph(DAG)showingthe
£shierarchicalstructureofthesignificantly-enrichedGOcategoriesinthebiologicalprocessontology.Thesignificantcategoriesareinred,withtheir ncorrespondingGOTM-producedhypergeometricP-valueinbold,bluetextbesidethem.TheDAGwasgeneratedbytheGOTManalysis on(http://bioinfo.vanderbilt.edu/gotm).
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GOTM-Molecular Function P-value E Symbol FC

receptor activity 0.00043 3 41 DOCK10

ILDR1

_ 1.3

1.4
EMR1 _ 1.4
F2R 1.4
CD86 1.4

Combining with an extracellular or intracellular messenger to initiate a change in cell activity.
NCOA1 1.4
GHR 1.5
CD38 - 1.6
SORT1 - 1.6
EMR2 + 1.6
TRB(5> + 2.0

receptor binding 0.0018 11.78 CCL25 " 1.3
FHL2 1.3
F2R - 1.4

Interacting selectively with one or more specific sites on a receptor molecule, a macromolecule that undergoes NCOA1 1.4
combination with a hormone, neurotransmitter, drug or intracellular messenger to initiate a change in cell function. CMTM3 + 2.0

TRB@
CKLF

+

+

2.0
2.2

signal transducer activity 0.0040 [5.15 MAP3K5

DOCK10

- 1.3
1.3

ILDR1 1.4
EMR1 - 1.4
F2R X 1.4

Mediates the transfer of a signal from the outside to the inside of a cell by means other than the introduction of the
signal molecule itself into the cell.

CD86 - 1.4
NCOA1 - 1.4
GHR _ 1.5
CD38 - 1.6

SORT1
1

" 1.6

EMR2 + 1.6

TRB@ + 2.0

androgen receptor binding 0.0065 [0.12
Interacting selectively with an androgen receptor.

FHL2
NCOA1

1.3
1.4

chemokine activity 0.0071 |0.13
The function of a family of chemotactic pro-inflammatory activation-inducible cytokines acting primarily upon
hemopoietic cells in immunoregulatory processes; all chemokines possess a number of conserved cysteine residues
involved in intramolecular disulfide bond formation.

CCL25

CKLF +

1.3

2.2

cheniokine receptor binding 0.0071 |Q. 13
Interacting selectively with any chemokine receptor.

CCL25
CKLF

1.3
2.2

peptide binding 0.0078 [0.41
Interacting selectively with peptides, any of a group of organic compounds comprising two or more amino acids linked

F2R
SORT1

" 1.4
1.6

by peptide bonds. TRB@ 2.0
steroid hormone receptor binding 0.0093 [0.15
Interacting selectively with a steroid hormone receptor.

FHL2
NCOA1

1.3
1.4

Table 6.13. The GO molecular function categories that show significant enrichment in
the genes found differentially expressed between the UD and MIC individuals. For
each molecular function found significantly enriched, the following information is shown: the
official GO names (in bold) with their GO definitions (www.amigo.geneontology.org) directly
beneath them, the GOTM-produced hypergeometric P-value, the number of genes expected
(E) in this GO (estimated by GOTM), the genes making up the category, along with the
direction of differential expression in the UD sample relative to the MIC sample ('-'/blue =
under; '+'/red = over-expressed) and the fold-change in expression in the UD sample relative
to the MIC sample
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P=0.0065

Figure 6.23. DAG of significantly-enriched molecular functions in the UD versus MIC
comparison. A directed acyclic graph (DAG) showing the hierarchical structure of the
significantly-enriched GO categories in the molecular function ontology. The significant
categories are in red, with their corresponding GOTM-produced hypergeometric P-value in
bold, blue text beside them.
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GOTM-Cellular Component P-value E Symbol FC

chromatin 0.00048] 0.66 MSL3L1
HIST1H2BK

- 1.4
1.7

The ordered and organized complex of DNA and protein that forms the chromosome.
HIST2H2AC S 1.8
HIST2H2AA3 - 1.8
TOX + 1.5

nucleosome 0.00251 0.28 HIST1H2BK - 1.7
A complex comprised of DNA wound around a multisubunit core and associated proteins, which forms the primary HIST2H2AC - 1.8
packing unit of DNA into higher order structures. HIST2H2AA3 - 1.8

integral to membrane 0.0073 ] 12.78 SLC16A10
ILDR1

- 1.3
1.4

EMR1 - 1.4
F2R - 1.4
SLC05A1 - 1.4

KCNMB1 - 1.4
CD86 1.4

SLC2A8 - 1.4
GHR s 1.5

Penetrating at least one phospholipid bilayer of a membrane. May also refer to the state of being buried in the bilayer
COQ2 . 1.5
MAN2A1 . 1.5

with no exposure outside the bilayer. When used to describe a protein, indicates that all or part of the peptide sequence
is embedded i

CD38 • 1.6

S0RT1 - 1.6
1TM2B " 1.7
TIMD4 " 1.7
ALOX5AP $' 1.9
C20orf103 - 2.2

EMR2 + 1.6
CMTM3 + 2.0
CKLF * 2.2
HLA-DRB1 + 4.5

intiinsic to memhiane 0.0074112.80 SLC16A10
ILDR1 :

1.3
1.4

EMR1 1.4

F2R - 1.4
SLC05A1 - 1.4
KCNMB1 ■ 1.4
CD86 || 1.4
SLC2A8 ■ 1.4

GHR 1.5

Located in a membrane such that some covalently attached poition of the gene product, for example part of a peptide
COQ2
MAN2A1
CD38

1.5
1.5
1.6

sequence or some other covalently attached moiety such as a GPI anchor, spans or is embedded in one or both leaflets
of the membrane.

-

SORT1 - 1.6
ITM2B • 1.7
TIMD4 * 1.7
ALOX5AP 1.9
C20orf103 - 2.2
EMR2 + 1.6
CMTM3 + 2.0
CKLF 2.2
HLA-DRB1 + 4.5

chromosomal part 0.0077] 1.24 MSL3L1 - 1.4
HIST1H2BK - 1.7

Any constituent part of a chromosome, a structure composed of a very long molecule of DNA and associated proteins HIST2H2AC „ 1.8
(e.g. histones) that carries hereditary information. HIST2H2AA3 - 1.8

TOX + 1.5

Table 6.14. The GO cellular component categories that show significant enrichment in
the genes found differentially expressed between the UD and MIC individuals. For
each cellular component found significantly enriched, the following information is shown: the
official GO names (in bold) with their GO definitions (www.amigo.geneontology.org) directly
beneath them, the GOTM-produced hypergeometric P-value, the number of genes expected
(E) in this GO (estimated by GOTM), the genes making up the category, along with the
direction of differential expression in the UD sample relative to the MIC sample ('-'/blue =
under; '+'/red = over-expressed) and the fold-change in expression in the UD sample relative
to the MIC sample.
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Figure 6.24. DAG of significantly-enriched cellular components in the UD versus MIC
comparison. A directed acyclic graph (DAG) showing the hierarchical structure of the
significantly-enriched GO categories in the cellular component ontology. The significant
categories are in red, with their corresponding GOTM-produced hypergeometric P-value in
bold, blue text beside them.
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6.8.3 Genes differentially expressed in more than one biological
group

In addition to identifying the genes that were differentially expressed in the AD

sample and in the UD sample, it was important to examine where these lists of

differentially expressed genes, and their ontologies, overlapped (Figure 6.25). This
could offer clues as to which genes or ontologies were related to affection status and
which to carrying the chromosome 4p-linked haplotype. For example, the genes

found to be differentially expressed in both the AD and the UD samples (Figure 6.25,

A) may be influenced by the presence of the chromosome 4p-linked haplotype (DH),
as both the AD and UD individuals carry the DH. The genes emerging as

differentially expressed in the AD and the AxD samples (Figure 6.25, B) may be

general susceptibility genes that function independent of the chromosome 4p locus.

Chapter 6 265



Figure 6.25. Venn diagram of the three tests of differential expression performed,
focusing on where the genes overlap. The three pair-wise comparisons performed are
shown (AD vs MIC, green circle; AxD vs MIC, blue circle; UD vs MIC, pink circle). Where the
results of the comparisons overlap is indicated by letters A-D and the number of probes
identified as significantly differentially expressed in those comparisons is shown in
parentheses. "A" represents the genes differentially expressed between the AD and MIC
samples and between the UD and MIC samples, but not between the AxD and MIC samples.
"B" represents the genes differentially expressed between the AD and MIC samples and
between the AxD and MIC samples, but not between the UD and MIC samples. "C"
represents the genes differentially expressed between the AxD and MIC samples and
between the UD and MIC samples, but not between the AD and MIC samples. Finally, "D"
represents the genes differentially expressed in all three comparisons.
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Tables 6.6 and 6.10, where the probes identified as significantly differentially

expressed are listed, also indicate the state of that probe in the other two

comparisons. The overlaps with the genes identified in the comparison of the AxD
and MIC samples were included because these overlapping results are more likely to

be due to biological group, rather than technical batch bias, although the extent of
their differential expression (i.e. size of fold-change) that was observed in this study

may be confounded.

6.8.3.1 Genes differentially expressed in the AD and the UD samples

The 19 genes identified as differentially expressed in both the AD and the UD

samples (Figure 6.25, A) may be influenced by the presence of the DH. The gene

showing the greatest increase in both the AD and the UD samples was HLA-DRB1,
with almost a two-fold increase in the AD sample relative to the UD sample (8.6-fold
versus 4.5-fold, respectively) (Table 6.15). The CNN3 gene showed the greatest

reduction (~2-fold) in expression in both comparisons. In terms of the gene

ontologies that were identified as being overrepresented in the AD (Tables 6.8 and

6.9) and in the UD (Tables 6.12, 6.13 and 6.14) samples, five categories in the

biological process ontology and three in the molecular function ontology were found
in common between the two lists of ontologies (Table 6.16).

It was of interest then to see if the genes emerging as significantly differentially

expressed in more than one comparison (A-D in Figure 6.25) were themselves

significantly enriched for any GO terms. Again, the list of genes showing significant

expression above background was used as the reference set (as described above).
Table 6.17 shows the GO categories that emerged as statistically significantly
enriched (GOTM hypergeometric P<0.01) in these lists of genes that were found

differentially expressed in multiple comparisons.
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Gene Symbol AD vs MIC UD vs MIC

CNN3 - 2.2 - 2.1

PLAC8 - 1.9 - 1.8

SORT1 - 1.6 - 1.6

KCNMB1 - 1.6 - 1.4

CD86 - 1.4 - 1.4

F2R - 1.4 - 1.4

CMBL - 1.4 - 1.3

DOCK10 - 1.4 - 1.3

CD86 - 1.4 - 1.3

SHROOM3 - 1.4 - 1.4

LOC644Q28 + 1.4 + 1.4

JOX + 1.5 + 1.5

RPS26L + 1.5 + 1.4

TRB@ + 1.7 + 2.0

CMTM3 + 1.9 + 2.0

JOX + 2.0 + 2.2

KLF2 + 2.0 + 1.7

LOC649923 + 4.3 + 3.9

HLA-DRB1 + 8.6 + 4.5

Table 6.15. The probes identified as differentially expressed in both the AD and the UD
samples. The gene symbol for each gene found to be differentially expressed in the AD and
the UD samples, but not the AxD sample, is shown. For each gene, the direction and extent
(in terms of fold-change) of differential expression in the AD and the UD samples relative to
the MIC sample ('-'/blue = under; '+'/red = over-expressed) is shown. This table represents
the genes in overlap 'A' of the Venn Diagram shown in Figure 6.25.
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Biological Process Molecular Function

organismal physiological process
smooth muscle contraction

peptide binding
receptor binding

locomotory behavior receptor activity
taxis
chemotaxis

Table 6.16. The gene ontologies found significantly enriched in both the AD and the
UD samples. The names of the relevant GO categories are shown.
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BiologicalProcess

Genes

P-value

Molecular Function

Genes

P-value

Cellulai Component

Genes

P-value

organismalphysiological process

CNN3,F2R,HLA- DRB1,KCNMB1. SORT1,TRB@,CD86
0.000051

peptidebinding
F2R,SORT1,TRB@
0.00015

none

smoothmusclecontraction
CNN3,KCNMB1

0000057
peptidereceptor activity

F2R,SORT1

0.0012

A

musclecontraction

CNN3,KCNMB1

0.0029
peptidereceptor activity,G-protein coupled

F2R,SORT1

0.0012

physiologicalresponseto stimulus

F2R,HLA-DRB1

0.0084
receptoractivity

F2R,DOCK10, SORT1,TRB@, CD86

0.0013

immuneresponse

HLA-DRB1,TRB@, CD86

0.0095
signaltransducer activity

F2R,DOCK10, SORT1,TRB@, CD86

0.0080

B

none

actinbinding

MYH10,PFN2

0.0072
actin cytoskeleton

MYH10,PFN2
0.0066

inductionofapoptosisby extracellularsignals

MAP3K5,CD38

0.00021
signaltransducer activity

GHR,EMR2, MAP3K5,CD38

0.00056
none

inductionofapoptosis
MAP3K5,CD38

0.0039
receptoractivity

GHR,EMR2,CD38

0.0030

C

inductionofprogrammedcell death

MAP3K5,CD38

0.0039

positiveregulationof apoptosis

MAP3K5,CD38

0.0051

positiveregulationof programmedcelldeath
MAP3K5,CD38

0.0051

D

actincytoskeleton organizationandbiogenesis
DBN1,DAAM1

0.0040
actinbinding

DBN1,DAAM1

0.0072
none

actinfilament-basedprocess
DBN1,DAAM1

0.0048

Table6.17.GOcategoriessignificantlyenrichedingenesthatemergeinmultiplecomparisons.Foreachoverlap(A:ADandUD;B:ADand AxD;C:UDandAxD;D:AD,UDandAxD),thebiologicalprocess,molecularfunctionsand/orcellularcomponentsthatemergedassignificant,along withthegenesthatmadeupthatGOtermandthehypergeometricP-valuesoftheenrichedGOterm,isshown.
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When comparing the GO categories that were in common between the AD and UD

comparisons (Table 6.16) to the GO categories that emerged as significantly enriched
in the genes differentially expressed in both the AD and the UD samples (Table 6.17,

A), the GO categories were, for the most part, identical or directly related to each
other in terms of the GO hierarchy, as illustrated in the directed acyclic graphs (e.g.

Figure 6.20). This is not surprising, as it was the shared genes (Table 6.15) that most

influenced the significance in the original, individual GOTM results (see Tables 6.8,

6.9, 6.12, 6.13 and 6.14). "Immune response" is, however, the one biological process

that was significantly enriched in the shared genes (Table 6.17), having only been

significantly enriched in the genes differentially expressed in the AD sample (Table

6.8) and not in those differentially expressed in the UD sample (Table 6.12).

6.8.3.2 Genes differentially expressed in the AD and the AxD samples

The 10 genes emerging as differentially expressed in the AD and the AxD samples

may be general susceptibility genes functioning independent of the chromosome 4p
locus (Figure 6.25, B; Table 6.18). The GOTM analysis of these genes resulted in no

biological process being identified and only a single molecular function, "actin

binding" as well as the cellular component "actin cytoskeleton" as significantly
enriched (Table 6.17, B).

6.8.3.3 Genes differentially expressed in the UD and the AxD samples

It is less clear to speculate as to what the nine genes that were differentially

expressed in the UD and the AxD samples represent (Figure 6.25, C; Table 6.19).
The GOTM analysis revealed five GO categories related to apoptosis as significantly
enriched (Table 6.17, C). It is worth noting that it is only in this list of genes that
there is a discrepancy in the direction of fold-change: Both CD38 and AIM2 are

down-regulated in the UD sample and up-regulated in the AxD sample (Table 6.19).
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Gene

Symbol
AD vs MIC AxD vs MIC

MYH10 - 1.7 - 1.7

PFN2 - 1.6 - 2.1

LEF1 - 1.4 - 1.4

KCTD10 - 1.4 - 1.5

LOC113386 - 1.4 - 1.4

PHLDA3 - 1.4 - 1.6

PDCNB2 - 1.4 - 16

IP04 - 1.3 - 1.4

ARHGAP10 - 1.3 - 1.4

NCR3 + 1.5 + 1.9

Table 6.18. The probes identified as differentially expressed in both the AD and the
AxD samples. The gene symbol for each gene found to be differentially expressed in the AD
and the AxD samples is shown. For each gene, the direction and extent (in terms of fold-
change) of differential expression in the AD and the AxD relative to the MIC sample ('-'/blue
= under; '+'/red = over-expressed) is shown. The estimates of fold-change in the AxD
sample are in italics to emphasise that they may be affected by confounding. This table
represents the genes in section 'B' of the Venn Diagram shown in Figure 6.25.

Gene

Symbol
UD vsMIC AxD vs MIC

TIMD4 -1.7 - 1.7

CD38 -1.6 + 1.9

GHR - 1.5 - 1.7

MBNL3 -1.4 - 1.6

C20orf43 -1.4 - 1.4

BCYRN1 - 1.3 - 1.4

AIM2 - 1.3 + 1.7

MAP3K5 - 1.3 - 1.4

EMR2 + 1.6 + 1.5

Table 6.19. The probes identified as differentially expressed in both the UD and the
AxD samples. The gene symbol for each gene found to be differentially expressed in the
UD and the AxD samples is shown. For each gene, the direction and extent (in terms of fold-
change) of differential expression in the UD and the AxD relative to the MIC sample ('-'/blue
= under; '+'/red = over-expressed) is shown. The estimates of fold-change in the AxD
sample are in italics to emphasise that they may be affected by confounding. This table
represents the genes in section 'C' of the Venn Diagram shown in Figure 6.25.
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6.8.3.4 Genes differentially expressed in the AD, the UD and the AxD

samples

Nine genes were differentially expressed in all three samples relative to the MICs

(Figure 6.25, D; Table 6.20). It is unclear how to interpret these genes. They may

represent general susceptibility genes present in all three samples, against which the
UD sample is protected by other genetic or environmental factors. The GOTM

analysis identified actin- and cytoskeleton-related GO processes and functions as

enriched (Table 6.17, D), as was observed in the genes differentially expressed in the
AD and AxD sample (Table 6.17, B), but with different genes contributing to the
enrichment of these terms.

Gene

Symbol
AD vs MIC IJD vs MIC AxD vs MIC

DBN1 - 1.5 - 1.6 - 1.8

PHF16 - 1.7 - 1.6 - 1.8

DAAM1 - 1.5 - 1.6 - 1.5

RMBP2 - 1.7 - 1.5 - 1.9

SLC05A1 - 1.4 - 1.4 - 1.4

EMR1 - 1.3 - 1.4 - 1.4

FHL2 - 1.5 - 1.3 - 1.8

CKLF~~ + 2.0 + 2.2 + 2.0

BANK1 + 2.0 + 2.4 + 1.7

Table 6.20. The probes identified as differentially expressed in the AD, the UD and
AxD samples. The gene symbol for each gene found to be differentially expressed in the
AD, the UD and the AxD samples is shown. For each gene, the direction and extent (in
terms of fold-change) of differential expression in the three samples relative to the MIC
sample ('-'/blue = under; '+7red = over-expressed) is shown. The estimates of fold-change in
the AxD sample are in italics to emphasise that they may be affected by confounding. This
table represents the genes in section 'D' of the Venn Diagram shown in Figure 6.25.
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6.9 Pooling RNA samples

This section describes the results of the small pooling experiment that was performed

alongside the microarray study of BP and RMD. As stated at the beginning of this

chapter (see section 6.2.2), in addition to the four groups of individuals differing on

the basis of affection and chromosome 4p-linked haplotype status, a fifth group

consisting entirely of technical replicates of the same pool of the 10 MIC samples
was created - first, to serve as a quality control measure to determine the

reproducibility of the BeadChips and second, to compare to the average of the 10

independent MIC samples.

In microarray experiments, RNA samples are often pooled out of necessity to reduce

costs, to compensate for insufficient RNA or to reduce the effects of biological
variation between individual samples through biological averaging (Kendziorski,

Irizarry et al. 2005). In this experiment, RNA availability was not a concern, as

lymphoblastoid cell lines provide a limitless supply of RNA. Pooling can result in an

irreversible loss of information, as it is impossible to identify outliers or misclassified

samples (Kendziorski, Irizarry et al. 2005). Misclassification can be due to human or

technical error, or due to the fact that the diagnosis of psychiatric illnesses, such as

bipolar disorder, still relies almost entirely on clinical observation, resulting in an

increased risk of misclassification. Indeed misclassification of MIC 10 was

discovered during the course of the study. MIC 10 was initially classified as a

married-in control, but was later realised to be a biological member of the family,
who had married her first cousin, another biological member of the family.

A small pooling experiment was performed with the MIC samples to examine to

what extent biological averaging and the reduction of biological variation holds with
these MIC samples, and to determine whether pooling could be applied in future or

follow-up experiments to increase power and reduce experimental costs.
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Figure 6.26 shows how well each MICpool replicate correlates with the average of
all of the MICs. There is a high (sometimes perfect) correlation between each of the

MICpool samples and the average of the MIC samples (Pearson's r2>0.99;
Spearman's p>0.92). One way in which to test biological averaging is to see if
Jensen's inequality applies to this dataset. Jensen's inequality is a mathematical law
which states that the average of log transformed values (average of MIC samples)
will always be less than or equal to the log of the average of the untransformed
values (MICpools) (Kendziorski, Irizarry et al. 2005). Considering the 15,543 lumi-
vst-rsn adjusted probe intensities only, it was determined that for each MICpool

compared to the average of the MIC samples, only ~50 of the probes satisfied
Jensen's inequality and therefore show evidence of biological averaging. Those that
did not conform to Jensen's inequality could have been affected by sample outliers or

the amount of RNA contributing to each pool, despite QC measures.

Based on the high correlation estimates resulting between each of the MICpool

samples and the average of the MIC samples (Pearson's r2>0.99; Spearman's

p>0.92), the two are comparable, suggesting that pooling does result in biological

averaging, for the most part. It also appears that the misclassification of sample
MIC 10 did not impact the pool, although a comparison between the MICpool

samples and the average of the MIC samples, excluding MIC 10, should be

performed to verify that observation. The major problem with this pool of RNAs is
that it is a complete pool, containing all of the individual samples, prohibiting the
execution a test of differential expression because there is no estimate of variability
for the MICpool sample. Thus, in this experiment, in which the expression data of
individual MIC samples is available, there is no way to assess the power of the pool
in detecting differential expression, while comparing it to the results of the tests of
differential expression using the average of the MIC samples. The appropriate
execution of pooling would involve creating multiple independent pools of RNA

(Kendziorski, Irizarry et al. 2005).
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6.10 Discussion

This chapter describes the experimental preparation and the results obtained from the

preliminary analysis of a genome-wide expression study, using lymphoblastoid cell
lines (LCLs) derived from members of the large Scottish family (F22), multiply-
affected with bipolar disorder (BP) and recurrent major depression (RMD), and using
the powerful new Illumina BeadArray™ expression platform.

The samples included in the experiment were selected on the basis of their affection
status (affected with BP/RMD or unaffected) and their chromosome 4p-linked

haplotype (DH) status (affection-DH status) and on the availability and quality of the

samples. This resulted in the inclusion of 42 samples from four biological groups:

affected with the DH (AD), affected without the DH (AxD), unaffected with the DH

(UD) and healthy married-in controls (MICs). The aim of the study was to determine
which genes were differentially expressed on the basis of affection and DH status,

comparing each of the three groups, AD, AxD and UD, to the MIC group, which
served as a suitable and stable reference sample, being related to the individuals in
the other groups, but assumed to lack the genetic susceptibility to psychiatric illness

potentially shared by the affected and/or DH-carrying members of F22. At this stage

in the analysis, the genes that were found to be differentially expressed in the AxD

sample, relative to the MIC sample, were ignored, due to the possible batch effects,

except where they overlapped with the genes emerging from the other two

comparisons, as discussed later in this section. Otherwise, the differentially

expressed genes were evaluated in terms of their prior genetic linkage, particularly
the chromosome 4pl5-pl6 linkage region, and/or association evidence in BP, RMD
and/or SCZ and in terms of previous evidence differential expression in other

microarray studies of BP and SCZ. Finally, their functional significance was

evaluated based on gene ontology (GO), and the ontologies' relevance to psychiatric
illness was evaluated.
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The comparison between the AD and MIC samples identified 56 differentially

expressed genes, 37 of which were under-expressed and 19 were overexpressed in
the AD sample. The 56 putative risk genes, or transcripts, mapped to 47 loci, 36 of
which fall within reported linkage regions for BP, RMD and/or SCZ. It is difficult to

assess how noteworthy this is, however, as regions of linkage to these illnesses, each
of which typically extends to greater than 10Mb in length and can contain hundreds
of genes, are scattered through the genome (see, for example, Serretti and Mandelli

(2008)). Of the 56 genes, one gene (ACOX3) was found to map to the chromosome

4p linkage region, two genes (GSTM1 and HLA-DRB1) have been shown to be
associated with SCZ and five genes (HLA-DRB1, CNN3, PFN2, DBN1 and SRI) have
been identified as differentially expressed in other microarray studies of BP or SCZ.

Acyl-coenzyme A oxidase 3 (.ACOX3) maps to the candidate linkage region
chromosome 4pl5-pl6, to which linkage to affective disorder was observed in the
F22 family. In this study, it was found to be increased 1.3-fold in the AD sample.
ACOX3 is involved in fatty acid metabolism, the impairment of which has been

implicated in bipolar disorder, depression and schizophrenia (Horrobin and Bennett

1999; Bennett and Horrobin 2000). Initial expression studies on in humans
concluded that ACOX3 is expressed very weakly in the human liver, below the limits
of detection of standard procedures, such as Northern blotting, suggesting that it may

only be expressed under certain conditions, or developmental stages, or in tissues not

yet examined in humans (Vanhooren, Marynen et al. 1997). In a more recent study of

prostate cancer, ACOX3 was found to be expressed at significant levels in all cell
lines tested and significantly over-expressed in tumour tissues (Zha, Ferdinandusse et

al. 2005). In the study described in this chapter, ACOX3 was expressed at significant
levels in all four biological groups. Currently, there is no evidence of association of
ACOX3 to BP or SCZ. ACOX3 falls within Region A (see Figure 4.1) of the
chromosome 4p linkage region, thus, it has yet to be tested for association in the
Scottish population. Region A has been genotyped, however, and the data awaits

analysis.
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Glutathione S-transferase Ml (GSTM1) was found to be significantly reduced (~2-

fold) in the AD sample, a result that was supported by two different probes for
GSTM1. GSTM1 encodes a cytoplasmic enzyme involved in the detoxification of

electrophilic compounds, such as therapeutic drugs, carcinogens, environmental
toxins and products of oxidative stress, by conjugation with glutathione (GSH). GSH
is the major antioxidant in the brain, protecting it against oxidative damage. Its

deficiency has been observed in the cerebrospinal fluid and prefrontal cortex in
individuals with schizophrenia (Do, Trabesinger et al. 2000) and in cognitive

impairment in rats (Cabungcal, Preissmann et al. 2007) and age-dependent

neurodegeneration in mice (Aoyama, Suh et al. 2006). Also in pharmacological
studies in rats, therapeutically relevant concentrations of lithium and valproate, the
two main treatments of bipolar disorder, increased levels of GSH, suggesting that it

may play a role in the neuroprotective effects of mood stabilisers (Cui, Shao et al.

2007). A significant decrease in the expression of antioxidant genes, primarily GST

genes, although not GSTM1, has been observed in the hippocampus of individuals
with BP (Benes, Matzilevich et al. 2006). The expression of GSTM1 has also been
shown to increase in rat neuronal cells by chronic treatment with these mood
stabilisers (Wang, Shao et al. 2004; Shao, Cui et al. 2008). In terms of the genetic
evidence supporting the involvement of GSTM1 in psychiatric illness, a deletion

polymorphism in GSTM1 has been found to be associated with schizophrenia, with
the incidence of the deletion being higher in affected individuals (Harada, Tachikawa
et al. 2001; Pae, Yu et al. 2004). Taken together, this evidence provides strong

support for the "glutathione hypothesis" in psychiatric illness. Interestingly, another
GST gene, microsomal glutathione S-transferase 2 (MGST2), was also found to be

significantly reduced (~1.6-fold) in the AD sample. MGST2 is a member of the
MAPEG (Membrane Associated Proteins in Eicosanoid and Glutathione metabolism)

family, and is involved in the production of important mediators of inflammation

(Jakobsson, Morgenstern et al. 2000). Indeed, the GO analysis revealed its
involvement in the immune system process. MGST2, along with GSTM1, also has

glutathione transferase activity, suggesting that it may also play a role in the
detoxification of toxins produced as a result of oxidative stress (Jakobsson,

Morgenstern et al. 2000). GSTM1 is located on chromosome 1 p 13, which shows
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linkage to SCZ (www.polygenicpathways.co.uk), while MGST2 maps to

chromosome 4q28, which shows linkage to BP (www.polygenicpathways.co.uk).

The class II major histocompatibility complex, DR beta 1 (HLA-DRB 1) was the most

differentially expressed gene in the study, showing an 8.6-fold increase in the AD

sample and a 4.5-fold increase in the UD sample. It plays a central role in the
immune system by modulating immune responses against foreign antigens (Wright,

Nimgaonkar et al. 2001), and its relevance to psychiatric illness, particular SCZ, has
been highlighted by the inverse correlation between rheumatoid arthritis, a common

inflammatory disorder that has shown repeated association to HLA-DRB1 alleles

(O'Dell, Nepom et al. 1998), and SCZ (Gorwood, Pouchot et al. 2004). Additionally,
the HLA locus on chromosome 6p21 locus has been repeatedly linked to psychiatric
illness and several association studies have tested the relevance of the HLA-DRB1

gene to SCZ. Significant association has been observed at this locus in a number of

populations (Arinami, Otsuka et al. 1998; Sasaki, Matsushita et al. 1999; Haider,
Zahid et al. 2000; Wright, Nimgaonkar et al. 2001). Finally, HLA-DRBI was also
identified as a biomarker for SCZ in a microarray study comparing unrelated cases

and controls, using both post mortem brain (dorsolateral prefrontal cortex, DLPFC)

samples and peripheral blood cells (PBCs) (Glatt, Everall et al. 2005). Its expression
was reduced approximately 1.2-fold in both the brain and blood samples of the SCZ
individuals.

The HLA-DRB1 gene is an attractive candidate for psychiatric illness given its
central role in immune response and the growing body of evidence linking

psychiatric illness and the immune system (Horrobin and Bennett 1999; Harvey,
Belleau et al. 2007; Dantzer, O'Connor et al. 2008). Indeed, the GO analysis
identified the immune system process category as a significantly enriched biological

process, as discussed below. It is also of interest that the gene showing the greatest

fold-reduction in expression in the AD sample was another HLA gene, HLA-DRB5,
whose function is currently unknown.
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The comparison of the UD and MIC samples identified 69 differentially expressed

genes, 49 of which were under-expressed and 20 were over-expressed in the UD

sample relative to the MIC sample. These 69 putative risk genes mapped to 53 loci,
40 of which fall within reported linkage regions for BP, RMD and/or SCZ. Of the 69

genes, one gene (CD38) was found to map to the chromosome 4p linkage region,
another gene (HLA-DRB1) has been shown to be associated to SCZ and seven genes

(.HLA-DRB1, CNN3, DBN1, ALOX5AP, MAN2A1, ALDH2 and MBNL3) have been
identified as differentially expressed in other microarray studies of BP or SCZ.

The cluster ofdifferentiation 38 (CD38) gene was found to map to the chromosome

4pl5-pl6 linkage region. In this study, it was found to be reduced 1.6-fold in the UD

sample. It was also found to be significantly over-expressed 1.9-fold in the AxD

sample. The CD38 gene encodes a novel ectoenzyme found to be widely expressed
in cells and tissues, especially leukocytes. It is involved in cell adhesion, signal
transduction and calcium signalling. It has also been implicated in inflammation

response, due to its high expression in the immune system, and in memory and
Alzheimer's Disease, due to its cellular distribution in purkinje cells and

neurofibrillary tangles (Deaglio, Mehta et al. 2001). Recently, CD38 was shown to

play a role in social behaviour by regulating oxytocin secretion (Jin, Liu et al. 2007).

Oxytocin is a neuropeptide released from hypothalamic neurons that plays a role in
the regulation of affiliative behaviours, such as mating, bond-formation, parenting

behaviour, social recognition and separation anxiety, and therefore has been

implicated in psychiatric illness that can be marked by deficits in social cognition
and social functioning, such as schizophrenia (Bartz and Mclnnes 2007). Diminished

plasma oxytocin has been observed in SCZ patients (Goldman, Marlow-O'Connor et

al. 2008) and an increase oxytocin-containing neurons has been observed in brains of
BP and RMD patients (Vawter, Freed et al. 2000; Rajkowska 2002). Currently, there
is no evidence of association of CD38 to BP or SCZ. Association of CD38 to

psychiatric illness in the Scottish population has not yet been tested, as it falls within

Region C (see Figure 4.1) of the chromosome 4p linkage region. Region C has been

genotyped, however, and the data awaits analysis.
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As noted earlier, the expression of HLA-DRB1 was found to be increased 4.5-fold in
the UD sample and 8.9-fold in the AD sample relative to the MIC sample. This ~2-
fold difference in over-expression in the two chromosome 4p-linked haplotype (DH)
carrier samples suggests that HLA-DRB1 may play a role in, or serve as a marker for,

differentiating the affected DH carriers from the unaffected DH carriers. Since the
HLA-DRB1 gene is involved in immune response, it may be the case that the illness
in the DH carriers activates a stronger immune response than the unaffected DH-
carrier. It would be worthwhile formally testing the HLA-DRB1 gene to see if it is

significantly differentially expressed between the AD and UD samples. As a side

note, the HLA-DRB1 gene was over-expressed 4.4-fold in the AxD sample relative to

the MIC sample, showing a trend towards significance when formally tested

(P=0.079, not listed in tables).

In trying to assess the possible functional relevance of the genes identified as

differentially expressed in this study, I also inspected the results of recently

published microarray studies of BP and SCZ. As mentioned above, the HLA-DRBl

gene was identified as a biomarker for SCZ in an independent microarray study,
which compared unrelated cases and controls (Glatt, Everall et al. 2005). Eight other

differentially expressed genes from this study of the F22 family (CNN3, ALOX5AP,

PFN2, DBN1, MAN2A1, ALDH2, MBNL3 and SRI) have also shown evidence of
differential expression in BP or SCZ in other microarray studies.

Glatt and colleagues (2005) performed a multi-stage microarray study, in which they

compared post-mortem brain samples of unrelated SCZ individuals and unrelated
controls and bloods samples from a different cohort of unrelated SCZ individuals and
controls. As described above, HLA-DRBl was differentially expressed in both the
blood and brain samples. The genes CNN3 and SRI were also identified as

differentially expressed in the study by Glatt and colleagues (2005). Both were over-

expressed 1.4-fold and 1.2-fold, respectively, in post-mortem brain samples of SCZ

individuals, but not in the blood samples. In this study of the F22 individuals, CNN3
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and SRI were both under-expressed: ~2-fold in both the AD and the UD samples and
1.3-fold in the AD sample, respectively. CNN3 (calponin 3, acidic) is an actin-

binding protein that is associated with the cytoskeleton. It has been suggested to be
involved in bone morphogenesis (Haag and Aigner 2007) and in neuronal plasticity
after traumatic brain injury (Natale, Ahmed et al. 2003). SRI, the soluble resistance-
related calcium-binding protein (sorcin) gene, has been shown to be involved in

multi-drug resistance in leukaemia cells (Zhou, Xu et al. 2006). All three of these

differentially expressed genes identified in the study by Glatt and colleagues were

altered in the direction opposite to that observed in this study. There are many

explanations for this, including false-positive results, changes in the lymphoblastoid
cells due to harvesting or true biological occurrences, reflecting what is actually

occurring in the blood relative to the brain in response to illness.

Four differentially expressed genes were also identified in expression studies using

lymphoblastoid cells from two to three pairs of MZ twins discordant for BP. Three of
these genes, ALOX5AP, MAN2A1 and DBN1, were comparably reduced in this and
the published study (Kakiuchi, Iwamoto et al. 2003). ALOX5AP was under-expressed
1.9-fold in the UD sample in this study and 1.6- to 3.2-fold in the co-twins discordant
for BP. ALOX5AP (arachidonate 5-lipoxygenase-activatingprotein), like the MGST2

gene described above, is a member of the MAPEG family and is involved in the

production of important mediators of inflammation (Jakobsson, Morgenstern et al.

2000). MAN2A1 was under-expressed 1.5-fold in the UD sample and 1.6- to 4.7-fold
in the co-twins. MAN2A1 (mannosidase, alpha, class 2A, member 1), located in the

Golgi apparatus and involved in protein glycosylation, has been shown to result in a

systemic autoimmune disease similar to human systemic lupus erythematosus in
knock-out mouse models (Chui, Sellakumar et al. 2001). Finally, DBN1 was under-

expressed ~1.5-fold in both the AD and UD samples and 1.7- to 3.0-fold in the co-

twins discordant for BP. DBNI (drebrin 1) is a dendritic spine protein shown to be
reduced in the brains of patients with Alzheimer's disease or Down syndrome (Shim
and Lubec 2002). The fourth gene, PFN2 (profilin 2), was reduced 1.6-fold in the
AD sample and 2.1-fold in the AxD sample, while it was found to be over-expressed
from 1.7- to 9.6-fold in the discordant twin pairs (Matigian, Windus et al. 2007).
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Like CNN3 (described above), PFN2 is an actin-binding protein associated with actin

cytoskeleton organisation and biogenesis, as determined by the GO analysis.

Finally, in a genome-wide expression study comparing lithium-treated human
neuroblastoma cell lines to those left untreated, the two differentially expressed

genes, ALDH2 and MBNL3, were reduced 1.4-fold in the lithium-treated
neuroblastoma cells (Seelan, Khalyfa et al. 2008). In the study described in this

thesis, these two genes were under-expressed 1.4- and 1.5-fold, respectively, in the
UD sample. It is notable that these two genes, whose expression is reduced in the
unaffected DH-carriers, are also reduced in the human neuroblastoma cells treated

with the mood stabiliser, lithium. This may suggest that these genes play a role in

protecting the DH-carriers from developing the disease, although MBNL3 was also
observed to be under-expressed 1.6-fold in the AxD sample. ALDH2 (aldehyde

dehydrogenase 2 family (mitochondrial)) is involved in the metabolism of alcohol
and has been suggested to play a role in alcohol dependence in Chinese, Korean and
White American individuals (Luczak, Wall et al. 2004). MBNL3 (muscleblind-like 3

(Drosophila)) has been shown to regulate alternative splicing of pre-mRNAs that are

misregulated in the multisystemic disorder, myotonic dystrophy (Ho, Charlet et al.

2004).

Thus, in summary, at the gene level, several putative candidates were identified as

worthy of further investigation, including a few genes that have been previously

reported to show differential expression in patients with BP or SCZ. However, as

mentioned above, arguably of more interest and relevance in such a large-scale study
that generates a huge volume of data, are the functional classes, or gene ontologies

(GOs), represented by differentially expressed genes. Thus, GO analysis was

performed in this study to determine which, if any, biological processes, molecular
functions or cellular components were overrepresented among the differentially

expressed genes in the AD and in the UD samples and in those genes that overlapped
between the three samples relative to the MIC sample. This allows a more

straightforward interpretation of the data and facilitates comparison with other
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microarray studies of BP, RMD or SCZ, where differences in experimental set-up

and microarray platform would preclude the direct comparison of gene probes.

The GO analyses performed in this study identified several gene ontologies with
relevance to psychiatric illness and that have been identified in other microarrays

studies, including those using post-mortem brain samples. These GO terms included

glutathione transferase activity, immune response, chemokine activity, cell-cell

signalling, positive regulation of transcription, cytoskeleton organisation and

biogenesis and programmed cell death.

Previously, I described the existing evidence supporting the role of glutathione

(GSH) in psychiatric illness, particularly schizophrenia, in which a deficiency of
GSH has been observed. As the major antioxidant in the brain, GSH is responsible
for combating oxidative stress and cell toxicity (Shao, Cui et al. 2008). It is

hypothesised that a reduction in GSH would lead to an increase in oxidative stress

and cellular toxicity in the brain, which could result in DNA damage and the

potentiation of apoptosis. DNA damage has been found to be significantly associated
with BP (Andreazza, Frey et al. 2007), while an increase in pro-apoptotic genes in

bipolar disorder has been observed (Benes, Matzilevich et al. 2006). Both glutathione
transferase activity and apoptosis came up as significantly enriched in this study.
Glutathione transferase activity was enriched in the genes that were differentially

expressed in the AD sample, while apoptosis was enriched in the genes that were

differentially expressed in both the UD and AxD samples relative to the MIC

samples. Most of these apoptosis-related genes were under-expressed in the UD

sample (15/18) and in the AxD sample (13/18).

The other ontology that emerged as significantly enriched in this study and that has a

growing body of evidence linking it to psychiatric illness, particular affective

disorders, was immune system process (Kupka, Breunis et al. 2002; Dantzer,
O'Connor et al. 2008). A recent study in rats described how the induction of a
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inflammatory immune response lead to depressive-like behaviour and increase in

cytokines in the brain (Tonelli, Holmes et al. 2008). Cytokines and chemokines are

proteins produced in response to an immune response that regulate the nature of the

response. In this study of the F22 family, genes significantly enriched for immune

response and chemokine activity were identified. Furthermore, evidence for the
involvement of the immune system in psychiatric illness is emerging from other

types of genetic studies as well. In one of the first published whole genome

association studies of schizophrenia (Lencz, Morgan et al. 2007), the most significant
SNP implicated a cytokine receptor gene locus, containing genes CSF2RA (colony

stimulatingfactor, receptor 2 alpha) and IL3RA (interleukin 3 receptor alpha).

The differentially expressed genes that were found in common among the three

subgroups were of interest because they permit speculation about affection status and
chromosome 4p-haplotype carrier status separately. The similarity in fold-change
difference observed among the genes differentially expressed in both the AD and the
UD samples relative to the MIC sample is striking. Not only is the direction of

change the same (over- versus under-expressed) in both samples, but the magnitude
of the differential expression is almost identical, with the exception of the HLA-
DRB1 gene. The GO terms enriched in the genes that were differentially expressed
in the AD and in the UD samples, such immune response, may indicate an effect of

carrying the chromosome 4p-linked haplotype (DH) - that the carriers may in some

way show a disruption in the immune system. Actin-related ontologies were the only

categories enriched in the genes that were differentially expressed in the AD and in
the AxD samples. This is suggestive of a disruption in actin-related processes in
affected individuals in general. That it comes up again in the analysis of the genes

that were differentially expressed in all three samples (AD, UD and AxD) may

suggest that it is a general susceptibility factor, but that the background of the UD

individuals protects them from progressing to affected status. Finally, as described

above, the genes that were differentially expressed in both the UD and the AxD

samples were enriched for apoptosis-related ontologies. It is less clear how to

interpret these results both because of the potential confounding of the AxD sample
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and because the lack of differential expression of these genes in the AD sample may

be due to power constraints.

While several relevant candidate genes, including ones replicating previous

microarray studies, emerged in this study, none of the 'traditional' candidate genes

for BP, RMD or SCZ - i.e. those making up the neurotransmitter systems, such as

the dopamine and glutatmate receptors - were identified. This is an observation that
has been made before (Glatt, Everall et al. 2005). Similarly, nor were any of the
candidate genes with the greatest evidence of association in other studies. Table 6.21

(top) contains a list of these candidates genes with prior evidence of association,

compiled from one of the most recent published reviews of the genetics of BP

(Serretti and Mandelli 2008). While all of these genes were represented on the
Illumina Human-6 V2 BeadChip, 25 of the 42 genes were not significantly expressed
above background (Filter 1). Of those 17 genes that did survive Filter 1, only two

survived the >1.3-fold-change criteria for differential expression (Filter 2), and only
in the AxD sample. These two genes (PLCG1 and TNF) were found significantly

differentially expressed in the AxD sample, but given the confounding batch effect, it
is unclear whether these results are valid. Additionally, it was of interest to assess the
outcome of the genes that mapped to the chromosome 4p 15-p 16 linkage region. Only
those genes that showed evidence of association in the previous chapters were

examined at this stage. Eight of the eleven genes examined failed the first filter, as

they were not sufficiently expressed in the lymphoblastoid cell lines of the F22
individuals. Of the three that survived Filter 1, two failed Filter 2. The one

gene/transcript (K1AA0746) that survived Filter 1 and Filter 2 (but only for the AxD

sample) was significantly differentially expressed in the AxD samples.
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Gene Filter 1 Filter 2 (P-value)
From Serretti & Mandelli (2008t

ACE
ARNTL V FF
BDNF y FF
CHRNA7
COMT y FF
DAO
DAOA
DDC
DISC1
DRD1
DRD2
DRD3 y FF
DRD4 y FF
DTNBP1 y FF
GA8RA1
GABRA3
GABRA5
GRIN2B
GSK3B y FF
HTR1A
HTR2A
HTR2C
HTR7
IMPA2 y FF
MAOA
MTHFR y FF
wcAm
NRG1
PER3 y FF
PLCG1 y AxD (0.0058)
RGS4
SLC6A3
SLC6A4 y FF
SYBL1 y FF
TCF4 y FF
TH
TNF y AxD (0.0015)
TPH1
TPH2
TRPM2
WFS1 y FF
XBP1 y FF
Chromosome 4p15-16 association candidates
CCKAR
DKFZp761B107
GPR78
GPR125
HS3ST1 y FF
KIAA0746 y AxD (0.030)
LGI2
MIST y FF
PPARGC1A
RBPSUH
SLC34A2

Table 6.21. Candidate genes for BP. The legend is on the next page.
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Table 6.21. Candidate genes for BP. This table lists the current main candidate genes for
BP based on the recent review by Serretti & Mandelli (2008) (top) and the chromosome
4p15-p16 candidate genes identified in or near regions of association as described in
Chapters 3, 4 and 5 (bottom). In the second column a tick indicates those genes that were
expressed in the lymphoblastoid cell lines in this study (Filter 1). For those that survived
Filter 1, the third column describes their outcome in the fold-change filter (Filter 2);
otherwise, column 3 is left blank. 'FF' indicates that they failed to meet the fold-change filter.
If they survived, the biological group(s) for which they survived Filter 2 and the ANOVA P-
value are shown.
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There were several strengths and weakness in this study. A major strength of this

study was that related individuals were used, which, compared to unrelated

individuals, should represent a reduction in the natural variability in gene expression
observed among individuals (Cheung, Conlin et al. 2003), which, in turn, would
increase the power of the study. In addition, the numbers of individuals used in this

study was larger than is typical from a multiplex family (e.g. (Vawter, Ferran et al.

2004).

The biotin-labelled cRNA samples that were hybridised to the BeadArrays were of

high quality, each being prepared from pure and intact RNA (median RIN=9.9,

range: 8.6-10) that was extracted from LCLs grown and harvested following

carefully standardised protocols. Subsequent quality control measures (see section

6.3), including those built-in to the Illumina BeadArray™ system, supported the high

quality of the samples and further indicated that the array experiment - biotin

labelling and the hybridisation to the BeadChips - was successful, producing high

quality data points for analysis. Also, the pre-processing steps applied to the data
before testing for differential expression appeared to be appropriate for the data, as

assessed by the technical replicates included on the BeadChips.

The first limitation of this study was the use of blood-derived cell lines, rather than
brain samples. Studies using post-mortem brain samples are susceptible to various

potential confounding factors, including the undefined effects of prescription and
recreational drug use, the cause of death and the time to post-mortem processing

(Lipska, Deep-Soboslay et al. 2006). However, since the purpose of the study was to

investigate the differential expression patterns in members of the F22 family, use of
brain samples was not an option. Use of blood-derived cell lines, such a

lymphoblastoid cell lines, however, is a relevant, as well as relatively easily
accessible alternative. Evidence for a close connection between the central nervous

system and the immune system through lymphocytes is ever-increasing. For

example, altered lymphocyte function has been observed in neuropsychiatric

disorders, such as schizophrenia, depression and Alzheimer's Disease; neuroactive
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proteins and processes are expressed in lymphocytes and similar hormonal effects
occur on nervous system processes and lymphocyte physiology (Gladkevich,
Kauffman et al. 2004). The findings from the study described in this chapter could be

interpreted as providing additional support for this connection given the number of

differentially expressed genes that are implicated in the immune system process.

Lymphoblastoid cell lines are, however, sensitive to the environment under which

they are grown and harvested, sometimes resulting in unpredictable and random
chromosomal aberrations (Jeon, Shim et al. 2007). Critically, lymphoblastoid cell
lines also do not express all genes, especially those expressed in the brain (Sullivan,
Fan et al. 2006).

The main source of technical error and a potential source of bias was that, while the
LCLs for the AD, UD and MIC samples were grown randomly, as part of two

batches by different people, all of the AxD samples were grown as part of one batch

(by myself). This resulted in the inability to distinguish between expression
differences due to biology or to batch effects, the latter of which have been shown to

lead to bias in cell growth (Truckenmiller, Vawter et al. 2002). The existence of a

batch effect was brought to light when eight of the 13 samples that were grown as

part of the same batch (Batch C) clustered together in the clustering analysis of the
full -48,000 probe, raw dataset. These eight samples were eight of the ten AxD

samples included in the study. Consequently, the data from the AxD samples could
not be interpreted accurately. The results of the test of differential expression
between the AxD and MIC samples were therefore discounted, except where they

overlapped with the genes found differentially expressed between the AD and MIC

samples and/or between the UD and MIC samples. In the future, in order to be able
to study the expression of the AxD samples, a selection of cell lines from all four

biological groups should be grown and harvested again as part of the same batch and

hybridised to additional BeadChips. The new expression values of these samples
should then replace the original values and the batch effects re-assessed and
accounted for.
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Several other comparisons could have been performed, including combining all
affected individuals (AD and AxD) and testing them against all unaffected
individuals (UD and MIC), or all individuals carrying the DH against all those not

carrying it. However, the study was initially restricted to the three comparisons
because combining groups could increase the genetic heterogeneity within the

sample, thus offsetting the power gained by increasing the sample size. Furthermore,

study of the genes that were common or different between the three comparisons
allows inference about the comparisons that were not performed, as described above.

It would also be of interest to compare the groups of individuals with BP with those
with RMD. However, beyond the multiple testing concern, splitting the group into
these categories and comparing would decrease the power. An exploratory analysis,

however, might be warranted.

Although only pair-wise comparisons were performed, the ANOVA function in the
BioConductor package MAANOVA was still used to enable the inclusion of random
effects (i.e. batch) and covariates (i.e. sex) in the model. The ANOVA Fs statistic
was used as the test statistic because it made no prior assumptions about the
distribution of variance, estimating it from the information available across all of the

probes in the dataset. However, a potential source of error with such a statistic is that
it is dependent on the starting dataset. Therefore, had a different filtering method
been applied, such as, for example, testing for differential expression with the full
dataset and then filtering on fold change, which has been used by others, the variance
would have been estimated using several thousand more probes (i.e. the full 15,543

probes found to be expressed in the cell lines), possibly leading to a different
variance distribution, a different result for the test statistic and, most crucially, a

different list of differentially expressed genes. The issue of how selection criteria and

filtering methods impact the differential expression testing methods and the resulting

gene list has been recently addressed with regard to the significance of microarrays

(SAM) algorithm (Larsson, Wahlestedt, Timmons 2005), concluding that caution
needs to be taken when interpreting the results of analytical methods that depend on
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the structure of the dataset, such as the Fs statistic, and that it would be worthwhile,

in the future, to reanalyse the data using different selection criteria to determine the
effect to the final gene list.

In conclusion, while this study produced some interesting findings, it is far from

complete. Additional work needs to be done to validate the findings and gain a better

understanding of the results. First, any genes that are declared worthy of further

investigation need to be validated by lab-based methods in the both the RNA samples
used on the array and on other RNA samples from the same cell lines from the same

and different cultures of that cell line. Second, further bioinformatics analysis should
be performed, including a pathway analysis to identify the pathways represented by
the differentially expressed genes identified in this study. This will facilitate in

determining how the differentially expressed genes and their ontologies are related to

psychiatric illness.
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Discussion

Chapter 7 294



7 Discussion

The basis of the work presented in this thesis was the large, multi-generational
Scottish family (F22), multiply-affected with major affective disorder, which shows

genome-wide significance of linkage at the chromosome 4p locus (Blackwood, He et

al. 1996; Le Hellard, Lee et al. 2007). Studies performed by independent groups have
also supported the involvement of the chromosome 4p region in BP, SCZ and
SCAFF (as summarised in Table 1.1). Access to samples from the members of the
F22 family and three other families (F59, (Blackwood, He et al. 1996); F50,

(Asherson, Mant et al. 1998); F48, (Detera-Wadleigh, Badner et al. 1999)) enabled a

high-resolution haplotype analysis of the region and identified a chromosome 4p-
linked haplotype, which segregated with disease status, in each of the four families.

Alignment of the overlapping haplotypes delineated the original, F22-based 20Mb

region and dissected it into four subregions (A-D, Figure 1.3). Regions B and D
showed linkage in three of the four families, prioritising them for the further analysis.

Thus, the aim of this PhD was to add to the existing body of knowledge of the

genetic factors underlying BP (and SCZ), using, as well as seeking convergence

between, multiple genomic approaches that had as their starting point the large
Scottish family (F22).

7.1 Summary of findings

7.1.1 Chapter 3

Chapter 3 described the association analysis of the chromosome 4p (Region B)-
located functional candidate gene, GPR78, for BP and SCZ in a population-based
Scottish sample. The single-marker analysis identified one SNP, rsl282, to be

significantly associated with SCZ in the female subgroup (best corrected P=0.01 7,

recessive model). This result was reiterated by the multi-locus logistic regression

analysis, where only SNP rsl282 was significant (in the SCZ females). The

haplotype analysis identified several nominally significant haplotypes (P<0.05), all
but one of which included SNP rsl282, adding further credence to its significance.
Two of these haplotypes remained significant (P<0.05) after permutation correction
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in the BP female sample. The results of this study warrant replication in an

independent sample - a task that is already underway.

7.1.2 Chapter 4

Chapter 4 described the association analysis of the two chromosome 4p-linked

priority regions, Regions B and D, for BP and SCZ in a population-based Scottish

sample. Thirteen sub-regions - four in Region B (B1-B4) and nine in Region D (Dl-

D9) - were associated with BP and/or SCZ in a population-based Scottish cohort.
Four (Bl, B4, D2 and D7) of these 13 regions were supported by significant single
SNPs and/or at least one global haplotype (Nyholt-corrected thresholds: Region B

P<0.0005, Region D P<0.0003) that remained significant after permutation-based
correction for multiple testing, as did a number of the corresponding individual

haplotypes (best permuted P=0.004, D2). No Known/RefSeq genes mapped to any of
these four regions, but the genes KIAA0746, PPARGC1A, MIST and HS3ST1 mapped

17, 25, 239 and 577kb away, respectively. Also, multiple gene predictions mapped to

these regions. The nine secondary regions of association, which were supported by

haplotypes that met the Nyholt-corrected thresholds at the individual haplotype level

only, contained five genes, including GPR125, PPARGC1A and CCKAR and the

hypothetical genes DKFZp761B107 and KIAA0746.

7.1.3 Chapter 5

Chapter 5 described a first attempt at the replication of the Chapter 4 findings in an

independent, population-based German sample from Bonn, Germany. In order to

select regions for the replication study, the significance criteria were relaxed to a

general threshold of P<0.01 (rather than the more stringent Nyholt-corrected

thresholds) to allow for heterogeneity between the German and Scottish samples.

Thirty-three associated regions - 11 in Region B and 22 in Region D - were

identified in the original, population-based Scottish sample, based on the relaxed

criteria, and subsequently tested in the German sample. Of these, three regions in

Region B and seven in Region D showed evidence of association in the German

study, at the Bonferroni-corrected threshold P<0.002. These regions overlapped with
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three (B1, B4 and D2) of the four sub-regions with single markers or haplotypes that
met the relevant region-wide Nyholt-corrected threshold at the single marker or

global haplotype level and that survived permutation-based correction in the original,
Scottish study. Other regions that showed evidence of association in the German

study included three regions (B3, D3 and D4) with haplotypes that met the Nyholt-
corrected thresholds at the individual haplotype level in the original, Scottish study.
The strongest association observed in the German study fell in the region that

overlapped with region D4. This region and another which overlapped with regions
B3 and B4 were supported by haplotypes that were significant at the global test level
in the German sample. While there was no evidence of "hard" replication (same

haplotype - same effect - same phenotype) for any of these regions, it can be
concluded there was evidence supporting local, or regional, replication. Four known
or predicted genes mapped to these regions: BC042433, PPARGCIA,

DKFZp761B107 and LGI2. These regions are currently being tested for replication in
another population-based Scottish sample.

7.1.4 Chapter 6

This chapter described the experimental preparation and the preliminary results
obtained from the preliminary analysis of a genome-wide expression study, using

lymphoblastoid cell lines (LCLs) derived from members of the large Scottish family

(F22), multiply-affected with BP and RMD. The F22 samples were classified and
tested on the basis of their affection and chromosome 4p-linked haplotype carrier
status relative to a sample of married-in control (MIC) family members. Fifty-six

differentially expressed genes/transcripts were identified in the affected individuals
who carried all or part of the chromosome 4p-linked haplotype (AD). Of the 56

genes, one gene (ACOX3) was found to map to the chromosome 4p linkage region,
two genes (GSTM1 and HLA-DRB1) have been shown to be associated with SCZ and
five genes (HLA-DRB1, CNN3, PFN2, DBN1 and SRI) have been identified as

differentially expressed in other microarray studies of BP or SCZ. Sixty-nine

differentially expressed genes/transcripts were identified in the unaffected
individuals who carried all or part of the chromosome 4p-linked haplotype (UD). Of
the 69 genes, one gene (CD38) was found to map to the chromosome 4p linkage
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region, one gene (HLA-DRB1) has been shown to be associated to SCZ and seven

genes (HLA-DRB1, CNN3, DBN1, ALOX5AP, MAN2A1, ALDH2 and MBNL3) have
been identified as differentially expressed in other microarray studies of BP or SCZ.
The gene ontology (GO) analyses identified several terms with relevance to

psychiatric illness and that have been identified in other microarrays studies,

including those using post-mortem brain samples. These GO terms included

glutathione transferase activity, immune response, chemokine activity, cell-cell

signalling, positive regulation of transcription, cytoskeleton organisation and

biogenesis, and programmed cell death. A critical next step will be to confirm the
differential expression observed by quantitative RT-PCR analysis.

7.2 Evidence for convergence from these and other studies

While the association and expression studies independently identified significant and

potentially functionally relevant results, convergent evidence from these two

approaches was sought in order to cross-validate and help prioritise the findings. At
first glance it could be concluded that there is no evidence for convergence of the
association-based and expression-based results - i.e. the genes implicated in the
association studies were not identified as differentially expressed in the expression

study and vice versa. This conclusion, however, would be premature, mainly because
most (8 out of 11) of the genes from the association studies were not expressed

significantly above background in the LCLs of the F22 family members and were

therefore not testable. For example, PPARGC1A, which is increasingly looking like
an interesting candidate for psychiatric illness, due to its predicted function and
differential expression in lithium-treated human neuroblastoma cells (Seelan,

Khalyfa et al. 2008), was implicated as a putative functional candidate gene in both
the Scottish association and German replication studies, but was not expressed in the
F22 LCLs. Similarly, chromosome 4p positional candidate genes, ACOX3 and CD38,
which were identified as differentially expressed in the AD and UD samples,

respectively, map to Regions A and C, respectively, which have yet to be tested for
association. Haplotype-tagging SNPs spanning Regions A and C have already been

genotyped in the same population-based Scottish sample, as described above, and the
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data awaits analysis. Confirmation of the microarray results and a significant
association implicating ACOX3 and/or CD38 would provide convergent functional
evidence for the putative involvement of the chromosome 4p-locus in BP and/or
scz.

In order to try and circumvent the restrictions resulting mainly from the paucity of
chromosome 4p positional candidate genes expressed in the F22 LCLs, indirect
evidence of functional convergence can be sought. Genes located in the chromosome

4p linkage region may interact with, or influence, the expression of genes at this and
other loci that show differential expression in the F22 family. The identification of

differentially expressed genes that are common to the AD and UD samples suggests

that the chromosome 4p-linked haplotype may be functionally relevant, supporting
the involvement of the chromosome 4p locus in influencing the expression of the
other genes. Bioinformatics-based analyses can help to test this possibility. In

particular, an important next step in the analysis of this genome-wide expression
dataset is a comprehensive pathway analysis, using the Ingenuity Pathway Analysis

(IPA) Software (www.ingenuity.com/products/pathways_analysis.html). IPA is a

powerful, manually-curated and regularly updated database and analysis system for

understanding how proteins work together to affect cellular changes. Pathway

analyses will include testing the differentially expressed genes and all of the genes in
the chromosome 4p linkage region with the aim of identifying common networks.

Another method for linking the genetic variation at the chromosome 4p locus, and
the rest of the genome, to the observed genome-wide expression in the F22 samples
would be to treat gene expression as a quantitative trait (QT) and perform linkage

analysis in order to map the chromosomal locus/loci (expression, or eQTLs) that
controls/control the level of expression (Morley, Molony et al. 2004; Schadt, Lamb
et al. 2005). Recently, another PhD student (Lorna Houlihan) genotyped the Illumina

Linkage IV Panel (www.illumina.com), consisting of more than 6000 SNPs, across

96 members of the F22 family to perform an updated linkage scan of the family.

Many of the individuals included in the microarray study were also included in the
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follow-up linkage study. The identification of an eQTL overlapping with the
chromosome 4p linkage peak would suggest the existence of regulatory elements in
that region and would provide further evidence for the involvement of the
chromosome 4p locus in psychiatric illness. Similarly, the identification of an eQTL

overlapping with a differentially expressed gene would implicate its possible

regulatory role.

7.3 Recent developments and directions for future work

7.3.1 Genome-wide association studies

Recent advances in the study of human complex disease, including the completion of
the International HapMap Project (www.hapmap.org) and the availability of fast and

affordable, high-throughput genotyping methods, have resulted in the widespread

implementation of genome-wide association studies (GWASs). Only recently (2007-

2008) have the results of the first GWASs in BP (The Wellcome Trust Case Control
Consortium 2007; Baum, Akula et al. 2008; Sklar, Smoller et al. 2008) and in SCZ

(Lencz, Morgan et al. 2007; Shifman, Johannesson et al. 2008) been released. None
of these WGASs reports a significant association with genes in Regions B and D of
the chromosome 4p linkage region, or with any of the differentially expressed genes.

This may be due to a number of reasons, including heterogeneity between the

samples, differences in SNP coverage, the tests performed and/or the more stringent

significance thresholds established in the GWASs to account for the genome-wide

coverage. SNPs in genes that map to Regions A and C (see Figure 1.3), however,
have come up as at least nominally significant in two of these GWASs. These
include Region A gene, SORCS2 (Baum, Akula et al. 2008), and Region C genes,

LDB2 (Baum, Akula et al. 2008) and KCNIP4 (Sklar, Smoller et al. 2008). SORCS2

(sortilin-related VPS10 domain containing receptor 2) was significant at the single-
marker level (best .P=0.000014), and, in the multi-locus analysis, when it was tested
in combination with the DGKH gene, it resulted in the study's most significant

finding (P=\ .2x10~8). SORCS2 is highly expressed in the developing brain. Region C

gene KCN1P4 was implicated based on a SNP that is located ~3kb 3' of its coding

region, which ranked 37th out of the >300K SNPs tested (P=0.00007). KCNIP4 (Kv
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channel interacting protein 4) is a voltage-gated potassium (Kv) channel-interacting

protein shown to interact with the Alzheimer's Disease gene presenilin. LDB2 (LIM
domain binding 2) was nominally significant (best P=0.0045) in the study by Baum,
Akula et al. (2008). Its function is still unknown. As mentioned previously, Regions
A and C have been genotyped on the population-based Scottish sample, and the data
awaits analysis.

7.3.2 Copy number variation analysis

In late 2006, a first generation map of the copy number variation (CNV) in the
human genome sequence was released (Redon, Ishikawa et al. 2006). Based on the
four geographically distinct Human HapMap samples, it was revealed that the

prevalence of CNVs, segments of DNA greater than one kilobase in length and

present at a variable copy number relative to the reference genome, was greater than

previously thought. It is estimated that they cover at least 12% of the genome, which
is more nucleotide content than that covered by the ~10 million SNPs in the genome,

underlining their importance in human natural variation and in common complex

disorders, including psychiatric disorders (Lee and Lupski 2006). One recent study
identified rare CNVs disrupting genes that are components of neurodevelopmental

pathways in patients with SCZ (Walsh, McClellan et al. 2008). Concerted efforts for
the high throughput identification of CNVs and determination of their association to

human disease are therefore crucial. One of the main methods for identifying CNVs

is DNA microarray comparative genomic hybridisation (array CGH) (Carter 2007),
which compares the relative fluorescent intensities of a case and reference sample
across thousands of probes derived from coding and non-coding features of the

genome. Additionally, since high throughput SNP genotyping has become

commonplace, computational models for detecting CNVs from SNP genotyping data
have also been developed (Baross, Delaney et al. 2007; Carter 2007; Colella, Yau et

al. 2007; Wang, Li et al. 2007). These methods involve mining the genotype intensity
data for consecutive SNPs with increases or reductions in intensity ratios, relative to

that observed for a copy number of two, and testing the likelihood of this occurrence.

Given this new application of SNP genotyping data, it would therefore be worthwhile

mining the existing SNP genotype intensity data for CNVs in the chromosome 4p
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linkage region, using packages, such as QuantiSNP (Colella, Yau et al. 2007) and
PennCNV (Wang, Li et al. 2007), which are tailored for the Illumina platform.

7.3.3 Pathway and other multi-locus approaches

Risk estimates from family studies and the miscellany of results from genetic

linkage, association and expression studies have led to the conclusion that BP and
SCZ are heritable complex disorders with a complex underlying architecture. The

genetic model is likely to be one of multiple common and rare variants, with variable

penetrances and effect sizes, working together to increase an individual's risk of
disease. Given this complex picture of genetic liability, much emphasis has been

placed on testing the interactions between, or joint effects of, genetic variants,

arguing that it may increase the power to detect the causative variants (Marchini,

Donnelly et al. 2005). A case in point is the genomic pathway approach applied by
Lesnick and colleagues in the study of Parkinson Disease (PD) (Lesnick,

Papapetropoulos et al. 2007). They examined the joint effects of common SNPs in

genes involved in the axon guidance candidate pathway and constructed models that

predicted PD susceptibility with great confidence (P<10" ). Indeed a genomic

pathway approach to BP and SCZ is highly relevant as indicated by the Polygenic

Pathways website (www.polygenicpathways.co.uk) and associated reviews (Carter

2006; Carter 2007), which places the miscellany of genes showing association to BP
and/or SCZ in pathways relevant to these disorders, such as the lithium-sensitive

phosphatidyl-inositol (PI) pathway for BP and the mitogen-activated protein kinase

(MAPK) signalling pathway for SCZ. With respect to the work presented in this

thesis, a genomic pathway approach applied to the findings of the pathway analysis
of the differentially expressed genes and the chromosome 4p positional candidate

genes is something to look forward to in the future.

A more immediate analysis of the multiple susceptibility and protective haplotypes
identified in the association studies performed across the chromosome 4p linkage

region would be to perform a combinatorial analysis of these haplotypes, as done for
the NPAS3 gene (Pickard, Christoforou et al. 2008) and for the top 10 gene findings
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in one of the GWASs of BP (Baum, Akula et al. 2008). In both studies, it was

revealed that the combined cumulative effects of the risk variants increased the risk

of disease, supporting a polygenic threshold model of transmission.

7.3.4 Resequencing

Convergent and replicated evidence for a putative functional variant coming from

association, CNV and/or genome-wide expression studies is only the first step

toward the identification of the causative variant(s) - the 'holy grail' of complex
human genetics, particularly psychiatric genetics. In order to achieve this, in-depth

resequencing of the candidate intervals and, ultimately of the genome, will be

required regardless of the variant's frequency, penetrance or effect size. Thus, with
the advent of affordable platforms for large-scale resequencing (Service 2006; Topol
and Frazer 2007), the future direction of this project may lie in the resequencing of
the chromosome 4p associated regions, of the validated differentially expressed

genes and possibly of the entire ~20Mb chromosome 4p linkage region.

7.4 Conclusion

Although much work remains to be done, the findings presented in this thesis have
contributed to our knowledge of the underlying genetic liability to BP in the F22

family and to BP and SCZ in the general population and have helped set the stage for

multiple exciting possibilities of future research for the project.
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Websites and Online Tools

AceView Acembly Program: www.ncbi.nlm.nih.gov/IEB/Research/Acembly

Agilent: www.chem.agilent.com

Applied Biosystems: www.appliedbiosystems.com
Beckman Coulter Counter: www.beckmancoulter.com

BioConductor: www.bioconductor.org

Cocaphase 2.4: www.mrc-bsu.cam.ac.uk/personal/frank/software/unphased
dbSNP: www.ncbi.nlm.nih.gov.SNP
ECACC: www.ecacc.org.uk
Gene Ontology: www.geneontology.org
Genetic Power Calculator: http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html
GOTM: http://bioinfo.vanderbilt.edu/gotm

Haploview: www.broad.mit.edu/mpg/haploview
Illumina: www.illumina.com

Illumina® TotalPrep™ RNA Amplification Master Mix Calculator:

www.ambion.com/techlib/append/mm_calcs/illumina_rna_totalprep_amp_calc.php
IQR outlier detection method:

wwwl.hollins.edu/faculty/clarkjm/Statl40/Outliers.htm
lumi: www.basic.northwestern.edu/projects/lumi
MAANOVA:

http://research.jax.org/faculty/churchill/software/Rmaanova/index.html
MATCH: www.gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi
NCBI: www.ncbi.nlm.nih.gov
PFAM: http://pfam.sanger.ac.uk

Polygenic Signalling Pathways: www.polygenicpathways.co.uk

Progeny: www.progenygenetics.com

pvclust: www.is.titech.ac.jp/~shimo/prog/pvclust
R: www.r-project.org
SISA: http://home.clara.net/sisa

SNPSpD: http://genepi.qimr.edu.au/general/daleN/SNPSpD/
The International HapMap Project: www.hapmap.org
UCSC Genome Browser: http://genome.ucsc.edu/
Venn Diagram Generator: www.pangloss.com/seidel/Protocols/venn.cgi
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Region B
Project n

siip id

(rs#)
Chi 4

Position
BLOCK Allele 1

Allele 2

<MA»
MAF

hwe p

Contiols
Genotyping
Success %

1 rs1282 8772332 1 C t 14.9 0.4664 99.1

2 rs2270270 8773449 1 c G 42.4 0.1562 98.8

3 rs4235272 8777453 2 G A 49.7 0.427 98.3

4 rs4391014 8780850 3 G A 9.0 0.4354 99.3

5 rs4696853 8783086 3 C A 27.4 0.0569 99.3

6 rs4696855 8789713 4 T C 25.9 0.0388 99.4

7 rs12498957 8792199 4 G A 36.7 0.4944 97

8 rs3322202 8796721 5 C T 45.7 0.0238 98.5

9 rs2241068 8797974 5 G C 31.2 0.5261 99

10 rs3756160 8810263 6 G C 41.7 0.2164 98.8

11 rs7436874 8843509 7 T C 35.7 0.0717 99

12 rs4696925 8921468 8 A G 21.5 0.5752 99.1

13 rs4102942 9319361 9 T C 30.1 0.7969 97

14 rs6858393 9460460 10 C T 32.6 0.4666 98.8

15 rs6448981 9491208 11 C G 29.3 0.6898 97

16 rs7655090 9516758 12 A G 30.5 0.9556 99.3

17 rs10033951 9530463 13 C T 29.6 0.5338 97.7

18 rs2867383 9538818 14 G A 30.5 0.762 98.3

19 rs4697693 9646743 15 A C 29.2 0.5144 97.7

20 rs6449097 9647617 15 C T 49.1 0.4225 99.6

21 rs4697695 9666733 16 G A 34.0 0.6947 98.7

22 rs874432 9671489 16 T A 23.0 0.7662 99

23 rs929577 10015771 17 G A 23.8 0.2135 99

24 rs2192095 10025056 17 C T 31.9 0.2907 98.6

25 rs6449438 10041946 17 C T 48.8 0.3921 99.3

26 rs4588453 10170387 18 T C 24.2 0.7299 98.2

27 rs4273464 10186227 18 G A 21.1 0.6231 99.5

28 rs4422413 10194267 18 T O 38.7 0.1653 98.8

29 rs1974584 10308744 19 T C 46.5 0.4715 98.3

30 rs2904113 10316535 19 T c 20.3 0.3247 98.5

31 rs1981636 10354308 20 A T 24.9 0.5936 99.3

32 rs6836007 10398467 21 G A 25.6 0.4069 99

33 rs4697775 10422688 21 A T 32.0 0.2987 99.2

34 rs4697777 10425913 22 C T 48.3 0.2471 98.8

35 rs11735451 10437824 22 A T 34.1 0.2888 98.5

36 rs4697780 10453888 23 G C 31.5 0.1697 98.6

37 rs4561924 10465340 24 T C 21.4 0.9966 99.6

38 rs4293777 10467822 24 G c 48.8 0.7521 98.7

39 rs4485814 10486150 25 t G 24.4 0.3101 98.9

40 rs6827023 10575918 26 A T 49.6 0.5736 99

41 rs7657338 10584919 26 G C 22.2 0.5445 98.7

42 rs4697655 10597166 26 A T 46.6 0.7399 98.7

43 rs6448288 10605854 27 C T 48.7 0.267 97.8

44 rs4697795 10613302 27 A T 45.3 0.9273 99.2

45 rs959190 10623624 28 a G 21.7 0.8349 98.7

46 rs959233 10653042 28 a G 47.1 0.7238 99.4

47 rs6845074 10667666 29 T C 19.3 0.9279 98.8

48 rs6815545 10680651 30 C T 31.4 0.6019 99.1

49 rs6815728 10694125 30 a G 12.4 0.9998 99.4

50 rs4697809 10698886 31 A G 32.0 0.7253 99.3

Table A1. Chromosome 4p Region B SNPs (Scottish). Continued on the next page.
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Chr4
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BLOCK Allele 1

Allele 2

|MA|
MAF

HWEP

Controls
Genotyping
Success %

51 rs1564737 10705377 32 G A 26.3 0.1905 99

52 rs2869770 10717777 32 A C 28.1 0.5143 99.3

53 rs2128866 10726779 33 G T 36.0 0.9818 99

54 rs1104843 10764301 33 A G 47.4 0.6811 98.9

55 rs4373155 10773682 34 T G 24.0 0.2272 99.6

56 rs6820330 10795137 34 A G 24.0 0.5868 99.1

57 rs4565073 10801119 34 C G 16.2 0.4809 99.3

58 rs1567108 10811366 35 C T 13.9 0.6511 99

59 rs2202592 10822346 35 A G 16.6 0.611 99.7

60 rs1506793 10871163 36 T C 24.8 0.9872 99

61 rs10034047 10878006 36 G T 12.1 0.7503 99.6

62 rs6448519 10888476 37 A C 11.5 0.3615 98.8

63 rs2870403 10907628 37 G c 42.8 0.8232 98.8

64 rs1876265 10913801 37 G T 17.5 0.1994 96.1

65 rs1399336 10930850 38 T G 47.2 0.8276 99.3

66 rs1506798 10937333 39 G A 47.4 0.2735 96.2

67 rs1355969 10956759 40 c G 12.4 0.0812 98.9

68 rs4697681 10972235 40 A G 30.0 0.6823 98.9

69 rs1003271 10975294 40 C T 48.0 0.9892 99.3

70 rs1355967 10978570 41 G T 46.0 0.8081 98.3

71 rs986378 10994244 42 A G 12.4 0.6613 99.8

72 rs12513322 10996110 42 t C 44.4 0.8397 99.1

73 rs6840284 11003474 42 T c 43.8 0.6651 98.8

74 rs782756 11017040 43 G A 34.4 0.1528 98.8

75 rs1399333 11020762 44 A G 20.3 0.4235 99.7

76 rs1534457 11028306 44 C G 43.7 0.8189 98.9

77 rs7666445 11052922 45 A G 30.9 0.8001 97.9

78 rs68288S5 11058552 45 C T 35.2 0.3806 98.8

79 rs1029867 11062276 46 G A 25.9 0.9311 97.8

80 rs765112 11087783 47 C T 40.7 0.6222 98.7

81 rs2191608 11099434 47 A G 11.0 0.8086 98.9

82 rs11731587 11140952 48 G A 29.4 0.6584 99.1

83 rs722212 11145958 48 C T 18.8 0.2269 98.8

84 rs1406076 11154587 49 c T 31.4 0.4777 99.4

85 rs4697689 11159801 49 c G 32.6 0.958 99

86 rs224463 11164920 50 G A 29.1 0.3317 98.8

87 rs2109600 11171502 51 A G 45.3 0.5675 99.3

88 rs7655727 11175840 52 A T 43.8 0.5646 99.1

89 rs224489 11183048 53 G T 12.6 0.1672 98.8

90 rs224484 11190829 53 T C 35.1 0.2283 98.8

91 rs224481 11192517 53 G A 45.2 0.8538 98

92 rs427942 11201685 54 T C 31.5 0.3268 98.6

93 rs224473 11210763 54 T C 32.8 0.7935 99.2

94 rs224470 11212837 55 A G 42.4 0.5774 99.1

95 rs4916646 11220613 55 G A 28.2 0.4809 98.9

96 rs1495152 11230350 56 A G 23.0 0.7909 99.1

97 rs2029798 11234344 56 C T 18.5 0.4348 99.4

98 rs2220888 11239765 56 C A 47.8 0.0745 98.8

99 rs4916638 11247511 57 A T 29.1 0.3448 98.7

100 rs1390096 11254487 57 G A 27.8 0.1402 98.6

Table A1. Chromosome 4p Region B SNPs (Scottish). Continued on the next page
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101 rs1495156 11264924 57 C T 46.7 0.9624 99.1

102 rs1495158 11268575 58 T G 23.2 0.3621 97.5

103 rs1994958 11277639 59 C A 18.1 0.2232 99

104 rs12641727 11282237 59 C G 49.1 0.256 98.8

105 rs7690835 11286480 60 O T 44.7 0.1264 94.3

106 rs1565932 11291990 60 A T 11.9 0.1279 98.4

107 rs956469 11297158 61 G T 45.6 0.4352 99

108 rs733936 11297462 61 T G 22.8 0.9251 99.2

109 rs756418 11298850 61 C A 12.5 0.3598 99.3

110 rs10049912 11322047 62 T c 43.3 0.5726 99

111 rs6448792 11342030 63 G A 27.5 0.4923 98.8

112 rs6448798 11375727 63 T C 33.1 0.2902 99.2

113 rs2215231 11385010 64 G C 36.3 0.3839 99

114 rs4552479 11521779 65 c T 22.1 0.0191 99.5

115 rs1489473 11576870 65 G A 9.1 0.1994 98.8

116 rs1387470 11592096 66 G T 26.3 0.0653 99.6

117 rs1811635 11610602 66 T C 31.6 0.6325 98.5

118 rs2171726 11673595 66 T c 35.7 0.5056 99.3

119 rs1387461 11727274 67 A G 47.1 0.7596 99

120 rs4834880 11753934 67 G A 34.1 0.0615 99.3

121 rs1530340 11763392 68 C T 46.6 0.3975 98.3

122 rs1442902 11789049 68 C G 13.6 0.5263 99.7

123 rs1025878 11824393 69 A G 16.3 0.709 99

124 rs717376 11830482 69 G A 37.1 0.0985 98.8

125 rs1471478 11959922 70 C T 41.1 0.5213 98.4

126 rs1982655 11963520 71 c T 48.7 0.0045 99.2

127 rs4626223 11966661 71 T c 40.0 0.2386 98.8

128 rs1031525 11982536 72 A G 37.1 0.4163 99

129 rs1454872 11991179 72 G T 21.5 0.2388 97.5

130 rs733796 11999866 72 T C 35.5 0.3834 98.9

131 rs1454883 12009005 72 C T 45.8 0.426 98.8

132 rs1531044 12080946 73 T C 37.9 0.8305 98.7

133 rs4421004 12151134 74 T A 47.5 0.2246 99

134 rs4356925 12204254 75 G T 20.0 0.8239 99.2

135 rs12511228 12288933 75 C T 14.1 0.6557 97.8

136 rs1481193 12339959 76 T C 15.1 0.0525 98.8

137 rs1481192 12344388 76 C T 38.9 0.4415 99.5

138 rs4834892 12356157 76 T C 39.3 0.0117 97.6

139 rs1545817 12378045 77 G T 40.5 0.0077 99.3

140 rs1481196 12389664 77 G A 33.5 0.5435 99.2

141 rs7677320 12417555 78 T c 33.5 0.5435 99.5

142 rs1402043 12430415 79 G A 35.6 0.6351 99.3

143 rs1356832 12441081 79 T C 13.5 0.1312 98.8

144 rs1983381 12464409 80 A T 44.2 0.7752 98.7

145 rs952299 12476536 80 C q 36.9 0.0121 99.3

146 rs939367 12477880 80 g c 47.2 0.3551 99.2

147 rs1520305 12495566 81 A T 23.3 0.1596 98.8

148 rs4834897 12545749 82 a g 34.8 0.5021 99.3

149 rs1072322 12566135 83 C T 40.6 0.5341 99.1

Table A1. Chromosome 4p Region B SNPs (Scottish). The Region B SNPs successfully
genotyped in Scottish study, including their project number, rs number, position on
chromosome 4 (NCBI Build 34), the block which they represent (based on the original
HapMap May04 construction), the SNP alleles, with Allele 2 listed as the minor allele (MA),
the minor allele frequency (MAF), the Hardy-Weinberg Equilibrium (HWE) P-value in the full
sample of controls and the genotype success rate for each SNP.
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Project #

SUP ID

<rs#)
Chi 4

Position
BLOCK Allele 1

Allele 2

<MA»
MAF

HWE P

Controls
Genotyping
Success °o

1 rs1159483 22044276 1 T C 47.9 0.5047 99.4

2 rs1818077 22045946 1 T c 40.8 0.9893 99.2

3 rs6448144 22067591 2 A G 30.5 0.2804 99.1

4 rs1039352 22072774 3 C G 9.6 0.0228 98.8

5 rs4697008 22078431 3 G A 21 0.0518 98.7

6 rs9002 22141050 4 C T 20 0.7772 98.1

7 rs4697297 22152611 5 T C 23.6 0.1608 99.3

8 rs6448154 22158491 5 A c 26.2 0.7491 98.7

9 rs1026656 22174140 6 G c 23.3 0.8808 99.1

10 rs1463000 22192349 7 T G 13.4 0.9741 98.6

11 rs2875040 22233236 8 C T 28.8 0.5523 99.4

12 rs1841823 22244640 9 C T 46.5 0.0782 98.8

13 rs4697016 22247013 9 A G 30.8 0.6334 97.4

14 rs6830414 22251754 10 T C 24.4 0.8323 99.3

15 rs4697018 22261093 11 A G 46.8 0.1882 99

16 rs1462987 22269718 11 G C 36.5 0.6986 98.8

17 rs2045812 22294777 12 A G 34.5 0.3407 98.7

18 rs1841829 22297189 12 T C 45 0.7931 99

19 rs1824864 22355942 13 A C 30.1 0.5138 98.9

20 rs1842098 22364743 13 G A 27.8 0.7847 98.3

21 rs2618937 22369047 13 C T 46 0.7101 98.8

22 rs2009731 22438624 14 G T 39.4 0.3694 98.6

23 rs7682224 22444637 14 T C 30.1 0.9767 98.9

24 rs6819056 22450733 15 A G 30 0.9482 99

25 rs1485829 22468293 15 T G 19.4 0.1262 99

26 rs1032147 22499639 15 A G 20.5 0.5828 98.8

27 rs358247 22537097 16 C G 19.6 0.189 99.3

28 rs370843 22554057 17 C T 17.8 0.2879 98.8

29 rs430976 22583330 18 T C 18.2 0.1931 99.3

30 rs412218 22594341 19 A C 26.6 0.518 99.9

31 rs4697351 22668977 20 C A 15.2 0.3649 99.3

32 rs2323700 22685572 20 T C 11.4 0.3373 99.4

33 rs2271006 22697807 21 A G 23.9 0.2936 99.3

34 rs4128915 22882602 21 A T 33.7 0.2917 98.8

35 rs7666309 22893004 22 G A 29.6 0.4655 96.9

36 rs6820719 22897770 23 G A 26.9 0.9589 99.1

37 rs11733138 22911544 23 G A 34.9 0.1134 99.3

38 rs6830403 22945389 24 C T 37.3 0.196 99.1

39 rs4697372 22994957 24 C T 49.9 0.1314 98.5

40 rs6448198 23009389 25 A C 20.8 0.6694 99

41 rs6817487 23202120 26 T c 14 0.9946 99.8

42 rs1034965 23230623 26 G A 23.6 0.0527 98.4

43 rs6857002 23236147 27 T G 25.3 0.3205 99.3

44 rs1468598 23245561 27 T G 50 0.0029 98.9

45 rs950949 23312590 28 A G 37.6 0.314 98.7

46 rs2875251 23317763 29 T C 23.7 0.0459 98.6

47 rs7662017 23323847 29 T c 39.2 0.5835 98.3

48 rs4697039 23342325 30 A G 41.7 0.7519 98.7

49 rs1511436 23347968 30 A G 13.8 0.9073 99.8

50 rs907316 23361027 30 T G 28.9 0.7188 99

Table A2. Chromosome 4p Region D SNPs (Scottish). Continued on the next page.
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51 rs1021400 23465778 31 A G 13 0.4746 99.4

52 rs871409 23471345 31 C G 35.4 0.8326 99.7

53 rs4697414 23475138 31 T C 16.9 0.7655 99.4

54 rs10517023 23483101 32 A C 29.6 0.4146 99.2

55 rs4697415 23485286 32 C T 38.5 0.5811 99.3

56 rs1491384 23497587 32 A G 32.5 0.587 98.3

57 rs1491380 23506141 33 A G 35.7 0.7236 99.1

58 rs1159937 23508128 34 T C 22.5 0.6282 98.6

59 rs1491379 23510640 35 T C 16.6 0.2727 98

60 rs10033353 23519188 35 G T 29.9 0.0052 98.5

61 rs2970882 23539224 36 T C 34.6 0.2664 99

62 rs768695 23549701 37 G A 46.2 0.9775 98.8

63 rs2932965 23556369 37 G A 26.2 0.485 99.3

64 rs7665116 23603894 38 T C 11.4 0.9558 98.9

65 rs7672915 23607375 39 T C 42.2 0.1923 96.1

66 rs6850464 23610365 39 A G 13.3 0.2157 98.6

67 rs4235308 23615295 39 T C 41.6 0.2162 98.2

68 rs4361373 23626558 40 T C 16.9 0.9483 98.5

69 rs2946385 23637206 40 G T 43.2 0.5251 98.8

70 rs2970869 23644252 41 C T 23.2 0.3165 99.1

71 rs7657071 23647357 41 C A 34.5 0.304 99.1

72 rs2946390 23651842 41 C T 31.1 0.3964 97.8

73 rs2946394 23658811 42 A G 49.7 0.9246 98.8

74 rs2946398 23661885 42 C T 40.8 0.1265 98.8

75 rs2946399 23664462 42 c T 12.2 0.8976 98.7

76 rs2946405 23676116 43 G A 29.8 0.5528 99.4

77 rs2875294 23694832 44 T C 38.2 0.0931 96.7

78 rs4484285 23696907 44 T A 27.1 0.7531 99.6

79 rs615604 23739651 44 C T 15.6 0.4642 98.7

80 rs614747 23747367 45 G A 26.1 0.2484 98.3

81 rs623570 23748852 45 C T 20.9 0.3962 99.7

82 rs765239 23756627 45 C G 15.2 0.5882 99.3

83 rs1811246 23773408 45 C T 15.7 0.7101 99

84 rs2324153 23778220 45 G T 49 0.2264 99.3

85 rs646314 23794207 46 T C 20.2 0.035 99.6

86 rs614457 23806308 46 G T 38.1 0.8179 98.6

87 rs647536 23811823 46 G A 34.1 0.6297 98.7

88 rs887522 23835193 46 T C 12.1 0.4455 99.2

89 rs2215492 23879170 47 C T 28.6 0.5344 98.8

90 rs929530 23884633 47 G T 19.2 0.0786 98.9

91 rs6812789 23837660 48 A T 28.6 0.5906 99

92 rs6823079 23937320 49 C T 15.3 0.4114 99.4

93 rs9684046 23963360 50 A C 18.8 0.3885 99.7

94 rs644S251 23981206 51 A C 41.4 0.0274 99.3

95 rs1355344 23991767 52 G c 43.3 0.2475 99.3

96 rs1010975 23998592 52 C G 39.5 0.0456 99.3

97 rs1912539 24006460 53 A G 38.3 0.9659 98.9

98 rs2324473 24017625 54 C G 49.4 0.5733 98.7

99 rs1511356 24023418 54 T C 42.7 0.7864 98.9

100 rs2063408 24025623 55 T A 13.7 0.8439 99.4

Table A2. Chromosome 4p Region D SNPs (Scottish). Continued on the next page.
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101 rs6448256 24034007 56 G C 44.7 0.6682 99

102 rs1533093 24040538 57 C T 14 0.4672 99.3

103 rs1511354 24053403 58 A G 35.6 0.4035 99.3

104 rs2136836 24059689 58 A C 31.9 0,2111 99.3

105 rs4484286 24062394 58 G A 14.2 0.287 99.5

106 rs6448258 24067867 59 T C 37.8 0.5083 99.1

107 rs10470809 24072383 59 G C 20.3 0.6014 98.9

108 rs9685879 24075144 59 T c 42 0.5453 98.7

109 rs4054037 24126206 60 T c 45.6 0.2105 99.3

110 rs3857106 24130549 61 A c 20.2 0.6658 99.1

111 rs2007816 24133011 61 G c 37.5 0.3996 99.2

112 rs11736361 24141696 61 C T 12.3 0.3561 99.2

113 rs6854638 24154782 62 C T 38 0.8079 97.8

114 rs4276269 24160907 62 A G 27.6 0.5392 98.3

115 rs744790 24167056 63 C T 9.9 0.066 99

116 rs11938561 24173070 63 A C 32.6 0.5083 99.2

117 rs6817993 24189569 64 C A 28.5 0.1561 99.5

118 rs6823107 24195668 65 T C 29.6 0.246 99.3

119 rs10025734 24205433 66 C G 12.9 0.8524 99.1

120 rs3311738 24221026 66 A G 42.7 0.5765 98.5

121 rs2048025 24227428 67 C T 43.6 0.8344 99.1

122 rs6831083 24234406 67 A G 43.6 0.4863 98.9

123 rs1567045 24263473 68 T C 21.6 0.5997 98.6

124 rs7697215 24265971 68 C T 23.7 0.5528 99.4

125 rs6448278 24272314 68 C T 33.8 0.9648 98.7

126 rs4434237 24343734 69 T C 31.2 0.9652 98.6

127 rs1395221 24377786 69 G T 40.6 0.0248 99.1

128 rs7677149 24392744 70 A G 37 0.0212 99

129 rs12504848 24397466 71 T C 36 0.2211 97.8

130 rs4323086 24418201 72 A G 38.4 0.1061 99.5

131 rs4351004 24427491 72 G A 24.6 0.3776 99.3

132 rs4697468 24433452 73 A G 48.6 0.2469 99.4

133 rs11728333 24435911 73 G A 18.8 0.7659 99.5

134 rs2215630 24470246 73 T C 25.1 0.0539 99

135 rs1476880 24487141 74 G T 41.1 0.685 99.3

136 rs12500612 24491841 74 G T 12.6 0.4393 99

137 rs6448303 24501271 74 C T 28.6 0.7628 98.8

138 rs1089065 24526326 75 G C 44.3 0.4745 98.7

139 rs2284659 24545680 76 G T 33.8 0.1758 99.1

140 rs800452 24568980 77 A G 37.4 0.6602 98.8

141 rs809608 24576953 77 T G 21.5 0.7945 98.8

142 rs1527353 24636638 77 G T 48.1 0.7643 99.1

143 rs1547578 24639867 78 G T 19.5 0.1236 99

144 rs7677838 24649846 79 T G 18.5 0.0432 99.2

145 rs4697075 24653466 79 C A 14.2 0.4008 99.3

146 rs4593117 24666111 79 C T 10.5 0.6057 98.8

147 rs1918328 24668914 80 T C 31.8 0.8667 99

148 rs12186333 24670657 80 T C 21.2 0.1988 99.8

149 rs1527359 24683089 80 G T 46.4 0.3854 99.3

150 rs2167955 24700558 81 G T 13.3 0.3863 98.8

Table A2. Chromosome 4p Region D (Scottish). Continued on the next page.

Appendix I 332



Region D
Project #
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Clu4

Position
BLOCK Allele 1

Allele 2

iMA)
MAF

hwe P

Controls
Genotyping
Success °o

151 rs4235320 24706790 82 A G 34.1 0.1679 99

152 rs764497 24732572 83 A T 26.5 0.4167 98.1

153 rs2098300 24745340 84 A G 38.3 0.4014 99.1

154 rs993620 24746453 84 C T 13.4 0.0423 99

155 rs6853990 24753002 85 T G 42.9 0.3893 99

156 rs4697S22 24759406 85 C T 35.7 0.7707 98.5

157 rs1000946 24764459 86 A G 48.4 0.0848 99.1

158 rs2110453 24765676 86 A G 30.9 0.4272 98.8

159 rs2324642 24770146 87 C T 17.9 0.2017 98.2

160 rs4428268 24779041 87 T G 24.2 0.6946 98.8

161 rs757637 24780700 88 A G 32 0.5765 99

162 rs736831 24783891 89 A G 39.6 0.9673 99.3

163 rs7676843 24787203 89 T C 39.9 0.7139 99.4

164 rs4235328 24791559 89 A G 27.1 0.9387 99.2

165 rs759241 24795517 89 G A 21.3 0.3283 98.9

166 rs6448326 24803716 90 T G 16.9 0.5266 99

167 rs759247 24808033 90 G T 36.9 0.2847 99.1

168 rs759244 24809206 91 T A 44.6 0.8017 98.9

169 rs2324654 24823534 92 C T 29.1 0.5098 98.8

170 rs730061 24828768 92 C G 26 0.2985 98.9

171 rs10939038 24865547 93 c T 46.5 0.7086 98.1

172 rs3756207 24884247 93 T C 18.9 0.2521 99.1

173 rs2055886 25069665 94 A C 44 0.3261 98.6

174 rs922054 25206287 95 T G 38.4 0.702 99

175 rs1996182 25208384 95 A G 46.9 0.187 98.4

176 rs3851436 25215761 96 G A 37.6 0.8252 98.8

177 rs2875417 25227495 97 G A 9.1 0.2103 99.4

178 rs6836883 25239927 98 C T 32.5 0.2772 99.1

179 rs4053860 25265285 98 A G 15.3 0.4114 99

180 rs4697585 25288604 99 T A 23.6 0.1456 99

181 rs4521338 25308440 99 A G 33 0.3096 98

182 rs1980239 25313124 100 T C 33.4 0.0218 97.3

183 rs6813987 25315953 100 C A 11.2 0.889 99.3

184 rs7689639 25326420 101 G A 14.5 0.5727 98.3

185 rs4286507 25333379 101 G A 12 0.5373 99.3

186 rs4697106 25338626 102 G T 26.5 0.5196 97.8

187 rs939352 25342196 102 G A 18 0.6702 99.3

188 rs939356 25366606 103 C A 29.5 0.2928 99.1

189 rs6448383 25373523 103 A G 7.9 0.232 99.3

190 rs7670749 25382979 104 T C 37.4 0.2571 99.2

191 rs11731195 25387407 104 A G 17.2 0.5944 99.1

192 rs6448388 25405449 105 G A 21.7 0.8787 99.1

193 rs2240997 25426008 106 G A 10.9 0.4349 99.3

194 rs6448390 25442547 107 G C 27 0.5335 98.4

195 rs868838 25456416 108 G T 13.2 0.206 99.3

196 rs4482752 25457771 108 C G 26.6 0.4299 98.9

197 rs4697604 25476813 109 A G 11.2 0.4218 99.2

198 rs6448394 25482988 110 A T 9.7 0.8834 99

199 rs6822770 25487615 111 T C 46.4 0.7494 98.6

200 rs4328902 25490052 111 C T 24.8 0.8012 99.2

Table A2. Chromosome 4p Region D (Scottish). Continued on the next page.
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Position
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Allele 2
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MAF
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Genotyping
Success %

201 rs6810985 25516410 112 A G 23.9 0.4496 98.9

202 rs4697619 25531774 112 G A 40.5 0.5775 98.9

203 rs6857125 25552820 113 A C 34.9 0.9821 99.3

204 rs959903 25560979 113 G A 25.7 0.4548 98.9

205 rs936232 25563953 114 G A 33.6 0.7791 99.3

206 rs6847559 25588193 114 T C 29.7 0.6118 99.3

207 rs6853938 25605345 115 A G 12.8 0.843 99.5

208 rs6831024 25614258 115 G T 48.6 0.9391 99.1

209 rs731284 25621984 116 C T 44.8 0.8539 98.8

210 rs1545606 25626144 117 G A 45.2 0.7666 99.3

211 rs7681279 25632760 118 C T 19.2 0.9208 99.3

212 rs2124649 25644708 118 G C 6.9 0.926 99.3

213 rs878552 25664038 118 T c 46.6 0.419 99.3

214 rs936234 25669992 118 A G 29.7 0.4925 99.2

215 rs4234986 25716076 119 G A 39 0.0858 99.2

216 rs936235 25721046 120 T C 23.4 0.2713 99.1

217 rs10006741 25727427 120 T c 42 0.0505 99.2

218 rs4406006 25742511 121 T c 38.8 0.3192 99.6

219 rs4533760 25746769 121 A T 48.8 0.9526 99.2

220 rs6840416 25751478 122 C T 15.3 0.0197 98.9

221 rs1398139 25753356 122 c T 16 0.0352 97.6

222 rs925472 25767059 123 G C 33.1 0.3446 99

223 rs1512104 25772193 123 G A 22.8 0.3639 99.4

224 rs1567649 25776885 124 G A 23.7 0.7184 99

225 rs6841055 25779229 125 A G 40.1 0.311 98.3

226 rs6832267 25784610 125 G T 43.7 0.1497 98.8

227 rs871384 25803389 126 A T 41.9 0.0537 98.8

228 rs4692346 25823468 126 G A 26.2 0.1687 99.4

229 rs932036 25841745 127 A T 29.8 0.1039 95.5

230 rs4692369 25842888 127 T C 30.1 0.1027 98.1

231 rs7668094 25877350 127 C T 46.2 0.0413 99.1

232 rs4692386 25883244 128 c T 40.7 0.504 99.3

233 rs7682322 25887656 129 c T 48.7 0.2123 98

234 rs907498 25890560 129 G A 17.3 0.8305 98.3

235 rs4692399 25901940 130 G A 9.2 0.1075 99.5

236 rs1581089 25906243 130 C T 41.1 0.4281 97.8

237 rs7697053 25914634 131 C T 43.3 0.5095 98.4

238 rs10939097 25918078 132 G A 37.3 0.5994 99.3

239 rs4525961 25937911 133 G A 46.7 0.8869 98.9

240 rs10017756 25948756 133 G A 34.9 0.6152 98.9

241 rs4552442 25956821 134 c T 21.5 0.2676 98.8

242 rs7662384 25961165 134 T c 45.9 0.2751 99

243 rs10050115 25968365 135 c G 38.3 0.4652 99.2

244 rs6852561 25971437 135 G c 5.2 0.4517 99.4

245 rs1983229 25985325 136 G T 20.2 0.8883 99.4

246 rs1006802 25988040 136 A G 28.6 0.7717 99.9

247 rs11942812 26024414 136 A T 43.9 0.3559 98.7

248 rs10939104 26065344 137 T c 45.8 0.4825 98.7

249 rs2788853 26215529 138 A G 21.2 0.8363 98.8

250 rs3109851 26224504 139 C T 42.8 0.7685 96.1

Table A2. Chromosome 4p Region D (Scottish). Continued on the next page.
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Allele 2
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MAF
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251 rs2854030 26232904 139 C T 25.7 0.9832 98.8

252 rs3822222 26241535 140 G A 10.1 0.7334 98.5

253 rs2130250 26255040 141 G T 35 0.1282 98.8

254 rs4571316 26259044 142 G C 30.9 0.4722 99.5

255 rs1565296 26282149 143 C T 20.3 0.8696 98.8

256 rs2014308 26324647 144 T C 16.7 0.0619 97.6

257 rs4692549 26336764 145 C T 42.7 0.6732 99.6

258 rs6448472 26536883 146 T G 26.4 0.1172 99.3

259 rs4428270 26544564 146 A C 38.4 0.9423 99.6

Table A2. Chromosome 4p Region D SNPs (Scottish). The Region D SNPs successfully
genotyped in Scottish study, including their project number, rs number, position on
chromosome 4 (NCBI Build 34), the block which they represent (based on the original
HapMap May04 construction), the SNP alleles, with Allele 2 listed as the minor allele (MA),
the minor allele frequency (MAF), the Hardy-Weinberg Equilibrium (HWE) P-value in the full
sample of controls and the genotype success rate for each SNP.
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Region 6
SNP Range Subgioup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Frequency
Control

Frequency
Effect Nyliolt

cluster

5-7 SCZF 5 6 7 Global 0.0090 N/A - Global N/A - Global

SCZMF 5 6 7 Global 0.0043 N/A- Global N/A - Global
SCZMF 5 6 7 1-1-2 0.0097 0.15 0.20 P

11-15 All F 11 12 13 14 15 2-1-2-1-2 0.00059 0.049 0.0040 N/A
All F 12 13 14 15 1-2-1-2 0.00081 0.050 0.0085 S
BP F 11 12 13 14 15 Global 0.0048 N/A - Global N/A - Global
BP F 11 12 13 14 15 1-1-2-1-2 0 0086 0.013 0.00 N/A
BP F 11 12 13 14 15 2-1-2-1-2 0.0015 0.048 0.0047 N/A
BP F 12 13 14 15 1-2-1-2 0.00062 0.059 0.0087 S
SCZF 15 1 0.0060 0.62 0.73 P

21-24 SCZF 21 22 23 24 Global 0.0075 N/A - Global N/A - Global
SCZF 21 22 23 24 1-2-2-1 0.00092 0.0067 0.068 P

48-58 All F 48 49 50 51 1-2-2-2 0.00080 0.022 0.00 N/A B1
All F 49 SO 51 2-2-2 0.00048 0.024 0.00 N/A

All M 48 49 50 51 52 Global 0.0054 N/A - Global N/A - Global
All M 48 49 50 51 52 1-1-1-2-1 0.00077 0.33 0.43 P
All M 48 49 50 51 52 1-1-1-2-2 0.0043 0.10 0.054 S
All M 49 50 51 52 Global 0.0016 N/A - Global N/A - Global
All M 49 50 51 52 1-1-2-1 0.00020 0.38 0.50 P
All M 49 50 51 52 1-1-2-2 0.0051

0.0082
0.12

N/A - Global
0.065 __s__

All M 49 50 51 52 53 Global N/A - Global
All M 49 50 51 52 53 1-1-2-1-1 0.0015 0.32 0.41 p
All M 49 50 51 52 53 1-1-2-2-2 0 0085 0.095 0.052 s
All M 50 51 52 Global 0.0033

0.0011
0.0045
0.0083

N/A - Global
0.42
0.12

N/A - Global

N/A - Global
0.52All M 50 51 52 1-2-1 III"

All M 50 51 52
_

1-2-2 0.067 s
All M 50 51 52 53 Global N/A - Global
All M 50 51 52 53 1-2-1-1 0.0037 0.35 0,43 p
All M 50 51 52 53 1-2-2-2 0.0048 0.098 0.052 s
All M 50 51 52 53 54 Global 0.0021 N/A - Global N/A - Global
All M 50 51 52 53 54 1-2-1-1-1 0.00096 0.33 0.42 p
All M 50 51 52 53 54 1-2-2-2-2 0.0081 0.094 0.052 s
All M 51 52 Global 0.0018

0.0014
N/A - Global

0.50
N/A - Global

0.60All M 51 52 2-1 p
All M 51 52 2-2 0.00056 0.23 0.14 BH
All M 51 52 53 Global 0.0038 N/A - Global N/A - Global
All M 51 52 53 2-1-1 0.0083

0.0011
0.43
0.14

0.50
0.082

p
sAll M 51 52 53 2-2-2

All M 51 52 53 54 Global 0.0016 N/A - Global N/A - Global
All M 51 52 53 54 2-1-1-1 0.0020 0.40 0.49 p
All M 51 52 53 54 2-2-2-2 0.0011

0.0033
0.14

N/A - Global
0,36

0.079
N/A - Global

0.44

S
.

p
All M 51 52 53 54 55 Global
All M 51 52 53 54 55 2-1-1-1-2 0.0061
All M 51 52 53 54 55 2-2-2-2-2 0.0018 0.14 0.079 s

All M 52 1 0.0011 0.66 0.75 p
All M 52 53 Global 0.0029 N/A - Global N/A- Global
All M 52 53 1-1 0.0079 0.43 0.49 p

All M 52 53 2-2 0.00076
0.0028

0.15
N/A - Global

0.083 sT~
All M 52 53 54 Global N/A - Global

0.49All M 52
_ §3 54 1-1-1 0.0025 0.40 p

All M 52 53 54 2-2-2 0.00069
0.0079

0.15
N/A - Global

0.087 s
All M 52 53 54 55 Global N/A - Global

0.086
N/A - Global

sAll M 52 53 54 55 2-2-2-2 0.0011 0.14
All M 52 53 54 55 56 Global 0.0064 N/A - Global

0.14All M 52 53 54 55 56 2-2-2-2-2 0.00066 0.080 s
All M 56 1 0.0031 0.73 0.80 p

All MF 48 49 50 51 52 Global 0.0072 N/A - Global N/A - Global
All MF 48 49 50 51 52 1-1-1-2-1 0,0016 0.33 0.40 p
All MF

All MF
49
49 SO 51

1
2-2-2

0.0079
0.00026

0.84
0.022

0.88
0.00

p

N/A
All MF 49 50 51 ' 52 Global 0.0054 N/A - Global N/A - Global
All MF 49 50 51 52 1-1-2-1 0.00031 0.38 0.46 I»pH
All MF 49 50 51 52 2-2-2-2 0.0053 0.0079 0.00 N/A
All MF 49 50 51 52 53 1-1-2-1-1 0.00057 0.32 0.39 P
All MF
All MF

52
54

1
1

0.0036
0.0059

0.66
0.47

0.72
0.53

P
P

Table A3. Region B: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region B
SNP Range Sukgioup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case
Frequency

Control
Frequency

Effect

BP M 48 49 50 51 52 Global 0.0018 N/A- Global N/A - Global
BP M 48 49 50 51 52 1-1-1-2-1 0.0063 0.32 0.43 P

BP M 48 49 50 51 52 1-1-1-2-2 0.00042 0.13 0.054 S
BP M 49 50 51 52 Global 0.0017 N/A - Global N/A - Global
BP M 49 50 51 52 1-1-2-1 0.00087 0.37 0.50 P
BP M 49 50 51 52 1-1-2-2 0.0016 0.14 0.066 s
BP M 49 50 51 52 53 Global 0.00068 N/A - Global N/A - Global
BP M 49 50 51 52 53 1-1-2-1-1 0.0081 0.33 0.41 p
BP M 49 50 51 52 53 1-1-2-2-2 0.0016 0.12 0.054 S
BP M 49 50 51 52 53 1-2-2-2-2 0.0091 0.065 0.027 s
BP M 50 51 52 Global 0.0053 N/A - Global N/A - Global
BP M 50 51 52 1-2-1 0.0028 0.40 0.52 p
BP M 50 51 52 1-2-2 0.0016 0.14 0.067 s
BP M 50 51 52 53 Global 0 00084 N/A - Global N/A - Global
BP M 50 51 52 53 1-2-2-2 0.00071 0.12 0.053 s
BP M 5U 51 52 53 2-2-2-2 0.0060 0.064 0.029 S
BP M 50 51 52 53 54 Global 0.00016 N/A - Global N/A - Global
BP M 50 51 52 53 54 1-2-1-1-1 0.0098 0.34 0.42 p
BP M 50 51 52 53 54 1-2-2-2-2 0.00059 0.12 0.054 s
BP tvl 50 51 52 53 54 2-2-2-2-2 0.0027 0.065 0.026 s
BP M 51 52 Global 0.0017 N/A - Global N/A - Global
BP M 51 52 2-1 0.0022 0.48 0.60 p
BP M 51 52 2-2 0.00034 0.25 0.14 s
BP M 51 52 53 Global 0.000073 N/A - Global N/A - Global
BP M 51 52 53 2-1-2 0.0050 0.048 0.11 p

BP M 51 52 53 2-2-2 0.000066 0.19 0.082 s
BP M 51 52 53 54 Global 0.00026 N/A - Global N/A - Global
BP M 51 52 53 54 2-2-2-2 0.000075 0.18 0.080 s
BP M 51 52 53 54 55 Global 0.00066 N/A - Global N/A - Global
BP M 51 52 53 54 55 2-1-2-2-1 0.0089 0.051 0.11 p

BP M 51 52 53 54 55 2-2-2-2-2 0.00014 0.18 0.080 s
BP M 52 1 0.00070 0.63 0.75 p
BP M 52

52
53 Global 0.0018 N/A - Global N/A - Global

BP M 53 2-2 0.00043 0.17 0.083 s
BP M 52 53 54 Global 0.0035 N/A - Global N/A - Global
BP M 52 53 54 1-1-1 0.0058 0,39 0.49 p
BP M 52 53 54

'

2-2-2 0.00051 0.17 0.087 s
BP M 52 53 54 55 Global 0 0012 N/A - Global N/A - Global
BP M 52 53 54 55 1-2-2-1 0.0074 0.059 0.12 p
BP M 52 53 54 55 2-2-2-2 0.00091 0,16 0.085 s
BP M 52 53 54 55 56 Global 0.0010 N/A - Global N/A - Global
BP M 52 53 54 55 56 1-2-2-1-1 0.0092 0.062 0.12 p
BP M 52 53 54 55 56 2-2-2-2-2 0.00019 0.17 0.079 s
BP M 53 54 55 Global 0.0093 N/A - Global N/A - Global
BP M 53 54 55 2-2-2 0.0041 0.31 0.22 s
BP tvl 53 54 55 56 Global 0.0021 N/A - Global N/A - Global
BP M 53 54 55 56 2-2-1-1 0,0095 0.062 0.12 p
BP M 53 54 55 56 2-2-2-2 0.00059 0.28 0.17 s
BP M 53 54 55 56 57 Global 0.0037 N/A-Global N/A-Global
BP M 53 54 55 56 57 2-2-2-2-1 0.00097 0.28 0.18 S
BP tvl 54 55 2-2 0.00090 0.36 0.25 S
BP M 54 55 56 Global 0.0082 N/A - Global N/A - Global
BP M 54 55 56 2-2-2 0.00056 0.29 0.19 s
BP M 54 55 56 57 2-2-2-1 0.00077 0.29 0.19 s
BP tvl 55 56 Global 0.0013 N/A - Global N/A - Global
BP M 55 56 2-2 0.00052 0.30 0.20 S

BP M 55 56 57 2-2-1 0.00059 0.30 0.20 S
BP M 56 1 0.00023 0.69 0.80 p
BP M 56 57 Global 0.0014 N/A - Global N/A - Global
BP M 56 57 2-1 0.00041 0.31 0.20 S
BP M 56 57 58 Global 0.0074 N/A - Global N/A - Global
BP M 56 57 58 2-1-1 0.0036 0.26 0.18 s
BP MF 49 1 0.0058 0.83 0.88 p
BP MF 49 SO 51 2-2-2 0.000065 0.030 0.00 N/A
BP MF 49 50 51 52 1-1-2-1 0.00085 0.37 0.46 p
BP MF 52 1 0.0097 0.66 0.72 p
BP MF 54 1 0.0054 0.46 0.53 p

Nyholt
cluster

48-58

(continued)
B1

Table A3. Region B: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region B
SNP Range Subgroup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Frequency
Control

Frequency
Effect Nylrolt

cluster

67-73 All M 69 70 71 Global 0.0022 N/A - Global N/A - Global

All M 69 70 71 1-2-2 0C053 0.14 0.081 S
All M 69 70 71 72 Global 0.0078 N/A - Global N/A - Global

All M 69 70 71 72 1-2-2-2 0.0051 0.14 0.080 s
All M 69 70 71 72 73 Global 0.0065 N/A - Global N/A - Global
All M 69 70 71 72 73 1-2-2-2-2 0.0057 0.14 0.082 s
All M 70 71 Global 0.0073 N/A - Global N/A - Global
BP M 69 70 71 Global 0.0015 N/A - Global N/A - Global
BP M 69 70 71 1-2-2 0.0017 0.16 0.081 s
BP M 69 70 71 72 Global 0.0038 N/A - Global N/A - Global
BP M 69 70 71 72 1-2^2-2 0.0014 0.16 0.080 s
BP M 70 71 Global 0.0028 N/A - Global N/A - Global
BP M 70 71 2-2 0.0041 0.16 0.086 s
BP M 70 71 72 Global 0.0095 N/A - Global N/A - Global
BP M 70 71 72 2-2-2 0.0035 0.16 0^086 s

SCZM 67 68 69 70 71 Global 0.0086 N/A - Global N/A-Global
SCZM 67 68 69 70 71 2-1-1-2-2 0.0077 0.089 0.045 s

75-79 SCZ MF 75 76 77 78 79 1-11-1-1 0.00046 0.074 0.032 s B2

SCZMF 76 77 78 79 1-1-1-1 0.00057 0.071 0.032 s
91-94 SCZ F 91 92 93 94 Global 0.0053 N/A - Global N/A - Global

106 All MF 106 1 0.0093 0.91 0.88 s
BP MF 10C 1 0.0088 0.92 0.88 s

108 SCZM 108 1 0.0030 0.31 0.23 s
SCZ MF 108 1 0.0094 0.28 0.23 s

113-117 SCZM 113 114 J15 116 117 Global 0.0070 N/A - Global N/A - Global
SCZM 113 114 115 116 117 1-1-2-1-2 0.0078 0.24 0.15 s
SCZ MF 113 114 115 116 Global 0.0044 N/A - Global N/A - Global

SCZ MF 113 114 115 116 1-1-2-1 0.0031 0.22 0.15 s
SCZ MF 113 114 115 116 117 Global 0.0012 N/A - Global N/A - Global
SCZ MF 113 114 115 116 117 1-1-2-1-2 0.0042 0.23 0.15 s

121-135 All F 122 123 124 125 126 Global 0.0035 N/A - Global N/A - Global B3 & B4
All F 122 123 124 125 126 1-1 -1-2-2 0.0082 0.042 0.10 p
All F 122 123 124 125 126 1-1-2-1-2 0.0033 0.069 0.14 p
All F 123 124 125 126 Global 0.0042 N/A - Global N/A - Global

All F 123 124 125 126 1-2-1-2 0.0057 0.D73 0.14 p
All F 123 124 125 126 127 Global 0.0059 N/A - Global N/A - Global
All F 124 125 126 Global 0.0092 N/A - Global N/A - Global
All F 124 125 126 2-1-2 0.0065 0.075 0.15 F1
All F 124 125 126 127 128 Global 0.0053 N/A - Global N/A- Global

All F 124 125 126 127 128 2-1-2-2-1 0.0034 0.061 0.13 p
All F 126 1 0.0055 0.57 0.48 s
All F 127 128 129 130 131 Global 0.0091 N/A - Global N/A - Global
All F 127 128 129 130 131 2-1-1-2-1 0.00071 0.39 0.50 p
All F 128 129 130 131 Global 0.0057 N/A - Global N/A - Global

All F 128 129 130 131 " 1-1-2-1 0.0018 0.48 0.57 p

All F 129 130 131 Global 0.0076 N/A - Global N/A - Global
All F 129 130 131 1-2-1 0.0014 0.48 0.58 p
All F 130 131 Global 0.0018 N/A - Global N/A - Global
All F 130 131 2-1 0.00055 0.48 0.59 p
All F 130 131 132 Global 0.0095 N/A - Global N/A - Global
All F 130 131 132 2-1-2 3 0047 0.21 0.29 p

All F 131 1 0.00095 0.48 0.59 p
All F 131 132 Global 0.0063 N/A - Global N/A - Global
All F 131 132 1-2 0.0063 0.21 0.28 p

All F 131 132 2-2 0.0038 0.40 0.31 S
All F "131 132 133 134 Global (70086 N/A - Global N/A - Global

All F 731 132 133 134 1-2-1-2 0.00079 0.00 0.031 N/A

All F 131 132 133 134 2-2-2-1 0.00019 0.21 0.11 s
All F 131 132 133 134 735 1-2-1-2-1 0.00068 0.00 0.033 N/A

All M 121 122 123 124 Global 0.0087 N/A - Global N/A - Global
All M

All M
All M

121
130
132

122
131

123
132

124
133 134

2-1-1-2
2-2-1-1-1
1

0.0044
0.00046

0.0076

0.089
0.038

0.44

0.046
0.00
0.36

s
N/A

s
All M 132 133 Global 0.0098 N/A - Global N/A - Global

Table A3. Region B: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region B
SNP Range Subgroup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case
Frequency

Control

Frequency
Effect Nyliolt

cluster

121-135 All M 132 133 1-2 0.0029 0.15 0.097 S B3 i B4

{continued) All MF 128 129 130 131 Global 0.0055 N/A - Global N/A - Global
Ail MF 128 129 130 131 1-1-2-2 0.0075 0.14 0.099 S
All MF 129 130

130
131 Global 0.0079 N/A - Global N/A - Global

All MF 129 131 1-2-2 0.0079 0.14 0.099 S
All MF 130 131 132 133 Global 0.0054 N/A - Global N/A - Global
AIIMF 130 131 132 133 134 2-1-2-1-2 0.00049 0.0042 0.020 N/A
All MF 131 132 133 Global 0.0061 N/A - Global N/A - Global
AIIMF 131 132 133 134 1-2-1-2 0.00035 0.0048 0.023 N/A
AIIMF 131 132 133 134 135 1-2-1-2-1 0.00013 0.0050 0.025 N/A
BP F 122 123 124 125 126 Global 0.00078 N/A - Global N/A - Global

BP F 122 123 124 125 126 1-1-1-2-2 0.0023 0.035 0.10 P
BP F 122 123 124 125 126 1-1-2-1-2 0.0012 0.059 0.14 P
BP F 123 124 125 126 Global 0.0014 N/A - Global N/A - Global
BP F 123 124 125 126 1-1-2-2 0.0037 0.036 0.10 P
BP F 123 , 124 125 126 1-2-1-2 0.0029 0.063 0.13 P
BP F 123 124 125 126 127 Global 0.0014 N/A - Global N/A - Global
BP F 123 124 125 126 127 1-1-2-2-2 0.0042 0.035 0.098 P
BP F 123 124 125 126 127 1-2-1-2-2 0.0056 0.064 0.13 P
BP F 124 125 126 Global 0.0019 N/A - Global N/A - Global
BP F 124 125 126 2-1-2 0.0023 0.061 0.15 P

BP F 124 125 126 127 Global 0.0035 N/A - Global N/A - Global
BP F 124 125 126 127 2-1-2-2 0.0018 0.059 0.14 P
BP F 124 125 126 127 128 Global 0.0014 N/A - Global N/A - Global
BP F 124 125 126 127 128 2-1-2-2-1 0.00083 0.048 0.13 P
BP F 125 126 Global 0.0019 N/A - Global N/A - Global
BP F 125 126 I 1-2 0.0016 0.18 0.26 P
BP F 125 126 2-1 0.0087 0.21 0.15 S
BP F 125 126 127 Global 0.0025 N/A - Global N/A - Global
BP F 125 126 127 1-2-2 0.0014 0.18 0.26 P
BP F 125 126 127 2-1-1 0.0081 0.16 0.094 s
BP F 125 126 127 128 Global 0,0099 N/A - Global N/A - Global
BP F 125 126 127 128 1-2-2-1 0.00075 0.16 0.26 p
BP F 125 126 127 128 129 1-2-2-1-1 0.00079 0.17 0.26 p
BP F 126 1 0.00027 0.61 0.48 s
BP F 126 127 Global 0.00084 N/A - Global N/A - Global
BP F 126 127 2-2 0.00025 0.40 0.52 p
BP F 126 127 128 Global 0.0044 N/A - Global N/A - Global
BP F 126 127 128 2-2-1 0.00018 0.38 0.50 p
BP F 126 127 128 129 Global 0.0073 N/A - Global N/A - Global
BP F 126 127 128 129 2-2-1-1 0.00015 0.37 0.50 p
BP F 126 127 128 129 130 Global 0.0059 N/A - Global N/A - Global
BP F 126 127 128 129 130 2-2-1-1-2 0.00020 0.38 0.50 p
BP F 127 128 129 130 131 Global 0.00086 N/A - Global N/A - Global
BP F 127 128 129 130 131 2-1-1-2-1 0.000033 0.35 0.50 p
BP F 127 128 129 130 131 2 1 1 2 2 0.0068 0.15 0.090 s
BP F 128 129 130 131 Global 0.00047 N/A - Global N/A - Global
BP F 128 129 130 131 1-1-2-1 0,000091 0.44 057 p
BP F 128 129 130 131 1-1-2-2 0.0064 0.15 0.089 s
BP F 128 129 130 131 132 Global 0.0017 N/A-Global N/A - Global
BP F 128 129 130 131 132 1-1-2-1-2 0.0035 0.18 0.27 p
BP F 129 130 131 Global 0.00056 N/A - Global N/A - Global
BP F 129 130 131 1-2-1 0.000069 0.44 0.58 p
BP F 129 130 131 1-2-2 0.0055 0.15 0.088 s
BP F 129 130 131 132 Global 0.0020 N/A - Global N/A - Global
BP F 129 130 131 132 1-2-1-2 0.0031 0.18 0.28 p

BP F 129 130 131 132 133 Global 0.00056 N/A - Global N/A - Global
BP F 129 130 131 132 133 1-2-1-1-1 0.0022 0.15 0.23 p
BP F 129 130 131 132 133 1-2-1-2-1 0.0015 0.032 0.080 p
BP F 129 130 131 132 133 1-2-2-1-2 0.0047 0.026 0.00 N/A
BP F 130 131 Global 0.00013 N/A-Global N/A - Global
BP F 130 131 2-1 0.000026 0.44 0.59 P
BP F 130 131 2-2 0.0061 0.15 0.086 s
BP F 130 131 132 Global 0.0011 N/A - Global N/A - Global
BP F 130 131 132 2-1-2 0.0014 0.19 0.29 p

Table A3. Region B: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region B

121-135

Subgroup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value
Case

Frequency
Control

Frequency
Effect

BP F 130 131 132 133 Global 0.00014 N/A- Global N/A - Global
BP F 130 131 132 133 1-2-2-2 0.0059 0.22 0.15 S
BP F 130 131 132 133 2-1-1-1 0.0022 0.15 0.23 P
BP F 130 131 132 133 2-1-2-1 0.00091 0.030 0.078 P
BP F 130 131 132 133 2-2-1-2 0.0075 0.022 0.00 N/A
BP F 130 131 132 133 134 Global 0.00033 N/A - Global N/A - Global
BP F 130 131 132 133 134 1-2-2-2-1 0.00096 0.15 0.072 S
BP F 130 131

131
132 133 134 2-1-1-1-1 0.0025 0.15 0.22 P

BP F 130 132 133 134 2-1-2-1-2 0.0082 0.00076 0.024 N/A
BP F 131 1 0.000039 0.44 0.59 P
BP F 131 132 Global 0.00054 N/A - Global N/A - Global
BP F 131 132 1-2 0.0021 0.19 0.28 P
BP F 131 132 2-2 0.00053 0.43 0,31 S
BP F 131 132 133 Global 0.00020 N/A - Global N/A - Global
BP F 131 132 133 1-1-1 0.0019 0.15 0.23 P
BP F 131 132 133 1-2-1 0.0011 0.031 0.077 P
BP F 131 132 133 2-2-2 0,00010 0.30 0.20 S
BP F 131 132 133 134 Global 0.00040 N/A - Global N/A - Global
BP F 131 132 133 134 1-1-1-1 0.0013 0.14 0.23 P
BP F 131 132 133 134 1-2-1-2 0.0032 0.00 0.031\ N/A
BP F 131 132 133 134 2-2-2-1 0.000014 0.24 0.11 S
BP F 131 132 133 134 135 Global 0.0028 N/A - Global N/A - Global
BP F 131 132 133 134 135 1-1-1-1-1 0.0014 0.14 0.23 p
BPF 131 132 133 134 135 1-2-1-2-1 0.0029 0.00030 0.033 N/A
BP F 131 132 133 134 135 2-2-2-1-1 0.0019 0.16 0.089 s
BP F 133 1 0.0042 0.39 0.49 P
BP M 123 124 125 2-2-1 0.00020 0.043 0.00 N/A
BP MF 128 129 130 131 Global 0.0026 N/A - Global N/A - Global
BP MF 128 129 130 131 1-1-2-1 0.0072 0.46 0.53 P
BP MF 128 129 130 131 1-1-2-2 0.0062 0.14 0.099 S
BP MF 129 130 131 Global 0.0025 N/A - Global N/A - Global
BP MF 129 130 131 1-2-2 0,0063 0.14 0.100 s
BP MF 130 131 132 133 Global 0.0028 N/A - Global N/A - Global
BP MF 130 131 132 133 2-1-2-1 0.0069 0.044 0.070 p
BP MF 131 1 0.0062 0.47 0.54 p
BP MF 131 132 133 Global 0.0040 N/A - Global N/A - Global
BP MF 131 132 133 1-2-1 0.0090 0.045 0.068 p
BP MF 131 132 133 2-2-2 0.0100 0.29 0.23 s
SCZF 123 124 Global 0.0081 N/A - Global N/A - Global
SCZF 123 124 125 Global 0.0084 N/A - Global N/A - Global
SCZF 123 124 125 126 Global 0.0028 N/A - Global N/A - Global
SCZF 123 124 125 126 127 Global 0.0024 N/A - Global N/A - Global
SCZM 132 133 Global 0.0087 N/A - Global N/A - Global
SCZM 132 133 1-2 0.0013 0.17 0.097 s
SCZMF 133 134 135 Global 0.00097 N/A - Global N/A - Global
SCZMF 133 134 135 1-1-2 0.0042 0.0042 0.022 N/A

SCZMF 133 134 135 1-2-1 0.0016 0.016 0.043 N/A

Nyliolt
c I liste i

B3 4 B4

Table A3. Region B: Haplotypes that met the relaxed significance threshold in the
Scottish sample. The legend is on the next page.
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Table A3. Region B: Haplotypes that met the relaxed significance threshold in the
Scottish sample. The haplotypes are laid out by row, and are described by the SNP
numbers that make them up. The size of the sliding-window haplotypes range from one SNP
(SNP1) to five SNPs (SNP5). The first column indicates the regions covered by the clusters
of overlapping SNPs and haplotypes. The second column identifies the diagnosis-gender
subgroup in which the significance was identified. Different subgroups supporting the same
region are separated by a thin black line. Thicker black lines separate the regions. To the
right of the haplotypes are the haplotype forms, indicating whether it is a global haplotype, a
single marker or a multi-SNP haplotype. '1' and '2' are the alleles at the locus and can be
found in Table 8.1. However, '1' and '2' do not correspond to Allelel and Allele2 in Table 8.1,
but the alphabetical order of the two alleles (e.g., C=1, while T=2 at one locus and A=1 and
C=2 at another). The next column lists the BasicAS (for single-markers) or relevant (global
versus individual) Cocaphase-generated P-value, followed by the case and control
frequencies and the direction of effect. 'S' refers to 'susceptibility', which occurs when the
frequency in the cases is greater than that in the controls, resulting in an OR>1 and thus an
increase in risk of susceptibility to illness; 'P' refers to 'protective', which occurs when the
frequency in the controls is greater than that in the cases, resulting in an OR<1 and thus a
decrease in risk of susceptibility to illness. The direction of effect (i.e. P vs. S) cannot be
confidently determined for rare haplotypes, as indicated by N/A. The final column indicates
the corresponding Nyholt-significant region, if applicable. Additional abbreviations: All, all
cases (BP and SCZ combined); BP, bipolar disorder; SCZ, schizophrenia; M, males; F,
females; 'N/A-Global', not applicable because case-control frequencies Font: Italics indicate
rare hapiotypes; BP associations are shown in red, SCZ in blue and the combined group of
BP and SCZ individuals (All) in violet. The SNPs that were selected for the replication study
in the German sample are in bold and highlighted in grey.
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Region D
SNP Range Subgroup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Frequency
Control

Frequency
Effect Nyhc.lt

clustei

10-19 All F 10 11 12 13 14 Global 0.0089 N/A - Global N/A - Global G D1
All F 10 11 12 13 14 2-1-1-1-2 0.0072 0.49 0.39 S
All F 10 11 12 13 14 2-1-2-2-2 0.0017 0.021 0.067 P
All F 13 14 15 16 17 Global 0.0053 N/A - Global N/A - Global G
All F 13 14 15 16 17 1-2-1-1-1 0.0046 0.071 0.13 P
All F 13 14 15 16 17 2-2-1-1-1 0.0093 0.019 0.052 P
All F 14 1b 16 2-1-1 0.00069 0.13 0.21 P
All F 14 15 16 17 Global 0.0063 N/A - Global N/A - Global G
All F 14 15 16 17 2-1-1-1 0.00011 0.090 0.18 P

All F 14 15 16 17 18 2-1-1-1-2 0.00019 0.080 0.17 P

BP F 14 15 16 17 Global 0.0043 N/A - Global N/A - Global G
BP F 14 15 16 17 1-2-2-2 0.0068 0.0000 0.025 Al/A
BP F 14 15 16 17 2-1-1-1 0.00074 0.084 0.19 P
BP F

'

14 15" 16 17 18 Global ' 0.0062 N/A- Global N/A - Global G
BPF 14 75 16 17 78 1-2-2-2-1 0.0054 0.0000 0.026 N/A
BP F 14 15 16 17 18 2-1-1-1-2 0.00075 0.070 0.17 P
BP F 16 17 Global 0.0082 N/A - Global N/A - Global G
BP F 16 17 1-1 0.0054 0.19 0.29 P
BPF 16 17 2-1 0.0073 0.49 0.38 S
BP M 15 16 17 18 Global 0.0072 N/A - Global N/A - Global G
BP M 15 16 17 18 2-2-1-1 0.00099 0.080 0.021 S
BP M 15 16 17 18 19 2-2-1-1-1 0.00070 0.078 0.021 s

26-36 All M 27 28 29 30 31 Global 0.0079 N/A - Global N/A - Global G
All M 27 28 29 30 31 1-1-1-1-2 0.0049 0.034 0.075 P
All M 27 28 29 30 31 1-1-2-2-1 0.0047 0.12 0.074 S
All M 28 29 30 31 32 Global' 0.0040 N/A - Global N/A - Global G
All M 28 29 30 31 32 1-1-1-2-2 0.0097 0.061 0.11 P
All M 28 29 30 31 32 1-2-2-1-2 0.0084 0.13 0.079 S
All M 31 32 Global 0.0073 N/A - Global N/A - Global G
BP M 30 1 0.0041 0.67 0.76 P
SCZF 32 33 34 35 36 Global 0.0095 N/A - Global N/A - Global G
SCZF 32 33 34 35 36 2-2-1-1-1 0.0030 0.18 0.083 S
SCZM 28 29 30 31 32 Global 0.0055 N/A - Global N/A - Global G
SCZ M 28 29 30 31 32 1-1 -1-2-2 0.0039 0.053 0.11 P

SCZMF 26 27 28 29 Global 0.0098 N/A - Global N/A - Global G
SCZ MF 26 27 28 29 1-1-1-1 0.0035 0.034 0.068 p
SCZ MF 28 29 30 31 32 Global 0.0061 N/A - Global N/A - Global G
SCZMF 28 29 30 31 32 1-1 -1-2-2 0.0027 0.050 0.097 P

38-39 SCZMF 38 39 Global 0.0034 N/A - Global N/A - Global G
SCZMF 38 39 2-1 0.00091 0.00000 0.012 N/A

46-58 All F 48 49 50 51 52 Global 0.00087 N/A - Global N/A - Global G D2
All F 48 49 50 51 52 1-1-2-1-2 0.00016 0.12 0.049 S
All F 49 50 51 52 Global 0.000030 N/A - Global N/A - Global G
All F 49 50 51 52 1-2-1-2 0.0000085 0.14 0.053 S ~
All F 49 50 51 52 53 Global 0.00054 N/A - Global N/A - Global G
aii r 49 50 51 52 53 1-2-1-2-2 0.000018 0.13 0.051 S
All F 50 51 52 Global 0,000019 N/A - Global N/A - Global G
All F 50 51 52 2-1-1 0.0024 0.43 0.53 P
All F 50 51 52 2-1-2 0.0000033 0.15 0.059 S
All F 50 51 52 53 Global 0.000050 N/A - Global N/A - Global G
All F 50 51 52 53 2-1-2-2 0.0000045 0.15 0.059 S
All F 50 51 52 53 54 Global 0.00034 N/A - Global N/A - Global G
All F 50 51 52 53 54 2-1-2-2-1 0.000013 0.14 0.057 S
All F 52 53 54 55 56 Global 0.0023 N/A - Global N/A - Global G
Ail F 52 53 54 55 56 2-2-1-1-1 0.00011 0.11 0.043 S
All F 53 54 55 56 Global 0.0035 N/A - Global N/A - Global G
All F 53 54 55 56 2-1-1-1 0.000045 0.18 0.091 S
All F 53 54 55 56 57 Global 0.0042 N/A - Global N/A - Global G
All F 53 54 55 56 57 2-1-1-1-2 0.000063 0.18 0.089 S
All F 54 55 56 Global 0.0060 N/A - Global N/A - Global G
All F 54 55 56 1-1-1 0.00014 0.18 0.091 S
All F 54 55 56 57 1-1-1-2 0.00019 0.17 0.088 S
All F 54 55 56 57 58 1-1-1-2-2 0.00051 0.16 0.085 S
All F 55 56 57 Global 0.0095 N/A - Global N/A - Global G
All F 55 56 57 1-1-2 0.00029 0.18 0.092 S
All F 55 56 57 58 1-1-2-2 0.00027 0.16 0.083 s

Table A4. Region D: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region D
SNP Rouge Sul>giou|> SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Fieguency
Control

Frequency
Effect Nyliolt

cluster

46-58 All F 56 57 Global 0.0045 N/A - Global N/A - Global G 02

{continued} All F'

All F
56
56

57
57 58

1-2
1-2-2

0.00060
0.00086

0.22
0.17

0.13
0.091

S
S

AIIM 46 47 4S 49 50 1-2-2-1-1 0.00043 0.00000 0.021 N/A
All MF 49 50 51 52 Global 0.0025 N/A - Global N/A - Global G
All MF 49 50 51 52 1-2-1-2 0.00063 0.12 0.075 S
All MF 49 50 51 52 53 1-2-1-2-2 0.00086 0.12 0.075 S
All MF 50 51 52 Global 0.0017 N/A - Global N/A - Global G
All MF 50 51 52 2-1-2 0.00042 0.13 0.083 S
All MF 50 51 52 53 Global 0.0046 N/A - Global N/A - Global G
All MF 50 51 52 53 2-1-2-2 0.00044 0.13 0.084 S
All MF 50 51 52 53 54 2-1-2-2-1 0.00082 0.13 0.082 S
BP F 48 49 50 51 52 Global 0.0033 N/A - Global N/A - Global G
BP F 48 49 50 51 52 1-1-2-1-2 0.00023 0.12 0.048 S
BP F 49 50 51 52 Global 0.00034 N/A - Global N/A - Global G
BP F 49 50 51 52 1-2-1-2 0.000021 0.14 0.052 S
BP F 49 50 51 52 53 Global 0.0017 N/A - Global N/A - Global G
BP F 49 50 51 52 53 1-2-1-2-2 0.000040 0.14 0.053 S
BP F 50 51 52 Global 0.00011 N/A - Global N/A - Global G
BP F 50 51 52 2-1-2 0.0000047 0.16 0.059 S
BP F 50 51 52 53 Global 0.00025 N/A - Global N/A - Global G
RP F 50 51 52 53 2-1-2-2 0.0000060 0.16 0.059 S
BP F 50 51 52 53 54 Global 0.0011 N/A - Global N/A - Global G
BP F 50 51 52 53 54 2-1-2-2-1 0.000015 0.15 0.057 S
BP MF 49 50 51 52 Global 0.0016 N/A - Global N/A - Global G
BP MF 49 50 51 52 1-2-1-2 0.00023 0.13 0.075 S
BP MF 49 50 51 52 53 1-2-1-2-2 0.00036 0.13 0.075 S
BP MF 50 51 52 Global 0.00030 N/A - Global N/A - Global G
BP MF 50 51 52 2-1-2 0.00012 0.15 0.083 S
BP MF 50 51 52 53 Global 0.0016 N/A - Global N/A - Global G
BP MF 50 51 52 53 2-1-2-2 0.00012 0.15 0.084 S
BP MF 50 51 52 53 54 2-1-2-2-1 0.00019 0.14 0.082 S
SCZF 49 50 51 52 Global 0.0032 N/A - Global N/A - Global G
SCZF 49 50 51 52 1-2-1-2 0.0012 0.13 0.055 S
SCZF 50 51 52 Global 0.0021 N/A - Global N/A - Global G
SCZF 50 51 52 2-1-1 0.0059 0.41 0.53 P
SCZF 50 51 52 2-1-2 0.0017 0.14 0.059 S
SCZF 50 51 52 53 Global 0.0040 N/A - Global N/A - Global G
SCZF 50 51 52 53 2-1-2-2 0.0022 0.14 0.059 S
SCZF 52 53 54 55 56 Global 0.0020 N/A - Global N/A - Global G
SCZF 52 53 54 55 56 2-2-1-1-1 0.00039 0.12 0.043 S
SCZF 53 54 55 56 Global 0.0026 N/A - Global N/A-Global G
SCZF 53 54 55 56 2-1-1-1 0.000032 0.21 0.091 S
SCZF 53 54 55 56 57 Global 0.0087 N/A - Global N/A - Global G
SCZF 53 54 55 56 57 2-1-1-1-2 0.00019 0.20 0.088 S
SCZF 54 55 56 Global 0.0055 N/A - Global N/A - Global G
SCZF 54 55 56 1-1-1 0.00019 0.21 0.091 S

59-64 All M 59 60 61 62 1-1-2-1 0.00060 0.10 0.034 S D3
All M 59 60 61 62 63 Global 0.0066 N/A - Global N/A - Global G

All M 59 60 61 62 63 1-1-2-1-2 0.00023 0.11 0.034 S

All M 62 1 0.0097 0.50 0.43 s
BP M 59 60 61 62 63 Global 0.0085 N/A- Global N/A - Global G
BP M 59 60 61 62 63 1-1-2-1-2 0.00088 0.11 0.031 S

BP M 62 1 0.0044 0.53 0.43 s
BP M 62 63 Global 0.0091 N/A - Global N/A - Global G
BP M 62 63 1-2 0.0025 0.54 0.43 S
BP M 62 63 64 Global 0.0076 N/A - Global N/A - Global G
SCZM 59 60 61 62 63 1-1-2-1-2 0.00092 0.11 0.039 S

84-88 BP M 84 85 86 87 88 Global 0.0015 N/A- Global N/A - Global G
BP M 84 85 86 87 88 1-2-2-2-2 0.0073 0.047 0.11 P
BP M 84 85 86 87 88 2-2-1-2-2 0.0017 0.11 0.042 S

Table A4. Region D: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region 0
SNP Rouge Subgiou|> SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Fieguency
Control

Frequency
Effect Nylrolt

clustei

97-102 All M 97 98 Global 0.0074 N/A - Global N/A - Global G

AIIM 97 98 2-1 0.6013 0.0000 0.012 N A

BP M 98 99 100 101 Global 0.0089 N/A - Global N/A - Global G
BP M 98 99 100 101 2-1-1-2 0,0018 0.063 0.015 S
BP M 98 99 100 101 102 Global 0.0058 N/A - Global N/A - Global G
BP M 98 99 100 101 102 2-1-1-2-1 0.0012 0.064 0.015 S
SCZ F 98 99 100 101 102 Globai 0.007E N/A - Global N/A - Global G

140 SCZ M 140 1 0.0067 0.56 0.65 P

142 All M 142 1 0.0063 0.48 0.56 P

146-154 All M 147 1 0.0039 0.35 0.28 S D4
All M 148 149 150 151 2-1-1-1 0.00080 0.40 0.50 P
All M
All M

148
149

149 150 151 152 2-1-1-1-1
1

0.00030
0.0057

0.36
0.50

0.46
0.57

P
P

All M 149 150 Global 0.0045 N/A - Global N/A - Global G
All M 149 150 1-1 0.0073 0.50 0.57 P

All M 149 150 2-1 0.00090 0.37 0.28 S
All M 149 150 151 Global 0,0090 N/A - Global N/A - Global G
All M 149 150 151 1-1-1 0.00089 0.40 0.50 P
All M 149 150 151 2-1-2 0.0057 0.20 0.15 S
All M 149 150 151 152 1-1-1-1 0.00032 0.35 0.46 P
BP F 150 151 152 153 154 2-2-1-2-2 0.00086 0.024 0.00000 N A
BP M 146 147 148 Global 0.0Q8Q N/A - Global N/A - Global G
BP M
BP M

146
147

147 148 1-2-2
1

0.0025
0.0042

0.62
0.37

0.72
0.28

P
S

BP M 149 150 151 152 Global 0.0078 N/A - Global N/A - Global G
BP M 149 150 151 152 1-1-1-1 0.0017 0.34 0.47 P

157-162 BP M 157 158 159 160 161 1-1-2-2-1 0.00090 0.077 0.023 S
SCZ F 159 160 161 Global 0.0066 N/A - Global N/A - Global G

SCZ M 159 160 161 162 2-2-1-2 0.00065 0.087 0.029 S

165-169 BPF 165 166 167 168 169 2-1-1-2-1 0.00044 0.00000 0.025 NA

170-174 All F 170 171 172 173 174 2-2-2-1-1 0.00042 0.0066 0.051 P
SCZ F 170 171 172 173 174 2-2-2 1-1 0.00038 0.00000 0.052 P
SCZ M 171 1 0.0062 0.60 0.54 S
SCZ M 171 172 Global 0.0093 N/A - Global N/A - Global G
SCZ M
SCZ M

171
171

172
172

1-2
2-2

0.0020
0.0092

0.42
0.40

0.33
0.48

S
P

SCZ MF 171 1 0.0092 0.60 0.52 s
176-181 All M 176 177 178 179 180 Global 0.00051 N/A - Global N/A - Global G

All M
All M
All M

177
180
181

178 179 180 2-1 -1-2
1
1

0.00077
0.0041

0.010

0.57
0.27
0.64

0.66
0.20
0.71

P
S
P

BP M 176 177 178 179 180 Global 0.0072 N/A - Global N/A - Global G
BP M 176 177 178 179 180 1-1-2-2-1 0.0064 0.053 0.011 S
SCZ M 176 177 178 179 180 Global 0.00033 N/A - Global N/A - Global G
SCZ M 177 178 179 180 Global 0.0064 N/A - Global N/A - Global G
SCZ M
SCZ M

177
178

178 179 180 2-1-1-2
1

0.0010
0.0085

0.56
0.63

0.66
0.70

P
P

SCZ M 179 180 Global 0,0098 N/A - Global N/A - Global G
SCZ M 179 180 1-2 0.0012 0.64 0.74 P
SCZ M
SCZ M

180
180 181

1
1-2

0.0055
0.0034

0.28
0.25

0.20
0.17

S
S

SCZ MF 177 178 179 180 Global 0.0093 N/A - Global N/A - Global G
SCZ MF 177 178 179 180 2-1 -1-2 0.0037 0.56 0.63 P

182-186 All MF 182 183 184 185 186 1-2-1-2-2 0.00079 0.017 0.00000 N A D5
BP M 184 1 0.0038 0.22 0.14 S
BPMF
BP MF

7 82
183

183
184

184
185

185
186

186 1-2-1-2-2
2-1-2-2

0.00014
0.00078

0.026
0.084

0.00000
0.036

NA
S

BP fvlF 184 1 0.0078 0.20 0.15 s

BP MF 184 185 186 1-2-2 0.00084 0.086 0.037 s

192-193 All F 192 193 Global 0.0076 N/A - Global N A - Global G

Table A4. Region D: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region D
SNP Rouge Subgioup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Frequency
Control

Frequency
Effect Nylin It

cluster

202-208 AIIM 202 20i 204 205 206 7-1-2-2-1 6.00085 0.0044 0.041 HA D6
BP M 202 203 204 205 206 1-7-2-2-1 0.00095 0.00000 0.041 N/A
SCZMF 202 203 204 205 206 2-1-1-1-1 0.00024 0.032 0.0023 N/A

SCZMF 203 204 205 206 1-1-1-1 0.00037 0,035 0.0050 N/A
SCZMF 203 204 205 206 207 1-1-1-1-1 0.00043 0.029 0.0045 N/A
SCZMF 204 205 206 1-1-1 0.00062 0.036 0.0050 N/A
SCZMF 204 205 206 207 1-1-1-1 0.00073 0.029 0.0036 N/A
SCZMF 204 205 206 207 208 1-1-1-1-2 0.00051 0.030 0.0036 N/A

211-212 All MF 211 1 0.0083 0.76 0.81 P
BP M 211 1 0.0074 0.72 0.80 P
SCZF 211 1 0.0094 0.73 0.82 P
SCZMF 211 1 0.0059 0.75 0.81 P
SCZMF 211 212 Global 0.0083 N/A - Global N/A-Global G
SCZMF 211 212 2-1 0.0078 0.11 0.069 S
SCZMF 211 212 1-2 0.0045 0.75 0.81 P
SCZMF 212 1 0.0061 0.11 0.069 s

213-219 All M 214 215 216 217 Global 0.0036 N/A - Global N/A - Global G D7
All M 214 215 216 217 1-2-2-1 0.0011 0.071 0.14 P
All M 214 215 216 217 218 Global 0.0045 N/A - Global N/A - Global G
All M 214 215 216 217 218 1-2-2-1-1 0.0020 0.021 0.062 P
AIIM 214 215 216 217 270 2-2-2-7-2 0.0077 0.018 0.0000 N/A
All MF 211 215 216 217 Global 0.0027 N/A Global N/A Global G
All MF 214 215 216 217 218 Global 0.0014 N/A - Global N/A - Global G
All MF 214 215 216 217 218 1-2-2-1 -1 0.0020 0.023 0.057 P
All MF 214 215 216 217 210 2-2-2-7-2 0.0021 0.015 0.0000 N/A
All MF 215 216 Global 0.0074 N/A - Global N/A - Global G
All MF 215 216 1-1 0.0019 0.12 0.071 S
All MF 215 216 217 218 Global 0.0033 N/A - Global N/A - Global G
All MF 215 216 217 218 1-1-1-1 0.0093 0.045 0.021 N/A
All MF 215 216 217 218 2-2-1-1 0,0065 0.028 0.057 P
SCZM 213 214 215 Global 0,0059 N/A - Global N/A - Global G
SCZM 213 214 215 216 217 Global 0.0050 N/A - Global N/A - Global G
SCZM 213 214 215 216 217 1-1-2-2-1 0.0071 0.015 0.051 P
SCZM 213 214 215 216 217 2-1-2-2-1 0.0045 0.040 0.087 P
SCZM 214 215 Global 0.0015 N/A - Global N/A - Global G
SCZM 214 215 1-2 0.0014 0.47 0.58 P
SCZM 214 215 216 Global 0.0046 N/A - Global N/A - Global G
SCZM 214 215 216 247-2 0.0052 0.054 0.015 S
SCZM 214 215 216 217 Global 0.00046 N/A - Global N/A - Global G
SCZM 214 215 216 217 1-2-2-1 0.00027 0.058 0.14 P
SCZM 214 215 216 217 218 Global 0.00018 N/A - Global N/A - Global G
SCZM 214 215 216 217 218 1-2-2-1-1 0.000079 0.0083 0.064 P
SCZM 215 216 217 218 219 Global 0.0053 N/A - Global N/A - Global G
SCZM 215 216 217 218 219 2-2-1-1-1 0.0011 0.019 0.071 P
SCZMF 214 215 Global 0.0025 N/A - Global N/A-Global G
SCZMF 214 215 1-2 0.00031 0.46 0.56 P
SCZMF 214 215 216 Global 0.0027 N/A - Global N/A - Global G
SCZMF 214 215 216 1-2-2 0.0033 0.36 0.42 P
SCZMF 214 215 216 217 Global 0.0011 N/A - Global N/A - Global G
SCZMF 214 215 216 217 1-1-1-1 0.0087 0.054 0.023 S
SCZMF 214 215 216 217 1-2-2-1 0.0049 0.068 0.11 P
SCZMF 214 215 216 217 218 Global 0.000070 N/A - Global N/A - Global G
SCZMF 214 215 216 217 218 1-2-2-1-1 0.00012 0.014 0.059 P
SCZMF 214 215 216 217 218 2-2-2-1-2 0.00072 0.021 0.00000 N/A
SCZMF 215 1 0.0060 0.46 0.39 S
SCZMF 215 216 Global 0.0033 N/A - Global N/A - Global G
SCZMF 215 216 1-1 0.0022 0.12 0.071 S
SCZMF 215 216 217 Global 0.0096 N/A - Global N/A - Global G
SCZ MF 215 216 217 1-1-1 0.0086 0.11 0.064 S
SCZMF 215 216 217 218 Global 0.0059 N/A - Global N/A - Global G
SCZMF 215 216 217 218 2-2-1-1 0.0013 0.020 0.061 P
SCZMF 215 216 217 218 219 Global 0.0060 N/A - Global N/A - Global G
SCZMF 215 216 217 218 219 2-2-1-1-1 0.0020 0.018 0.059 P

Table A4. Region D: Haplotypes that met the relaxed significance threshold in the
Scottish sample. Continued on the next page.
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Region D
SNP Rouge Subgroup SNP1 SNP2 SNP3 SNP4 SNP5 Haplotype P-value

Case

Freguency
Control

Fieguency
Effect Nyliolt

clustei

222-227 All F 224 225 226 227 1 -1 -2-2 0.00043 0.070 0.14 P

All MF 222 223 224 Global 0.0063 N/A - Global N/A - Global G
All MF 222 223 224 2 2-2 0.0012 0.45 0.38 S
All MF 224 1 0.0053 0.19 0.24 P
BP F 224 225 226 227 1-1-2-2 0.00092 0.067 0.14 P
BP MF 222 223 224 225 2-2-2-2 0.00087 0.032 0.0072 N/A
BP MF 111 223 224 225 116 2-2-2-2-7 0.00062 0.032 0.0071 N A

239-243 BP M 239 240 241 242 243 Global 0,0073i N/A - Global N/A - Global G D8
BPM 239 240 247 242 243 7-2-7-7-7 0.0013 0.0000 0.011 NA
BP M 239 240 241 242 243 1-2-1-2-2 0.00016 0.12 0.040 S
BP MF 239 240 241 242 243 1-2-1-2-2 0.00068 0.088 0.040 S

245-254 AIIF 250 257 252 253 2-2-7-7 0.00100 0.037 0.0031 N/A D9
All F 251 1 0.0087 0.70 0.77 P
All F 252 253 Global 0,0059 N/A - Global N/A - Global G
All F 252 253 7-1 0.0072 0.030 0.0032 N/A
All F 252 253 254 Global 0.0079 N/A - Global N/A - Global G
AIIF 252 253 254 7-7-2 0.0023 0.027 0.0031 N/A
SCZ F 245 246 247 248 249 1-1-2-1-1 0.00093 0.18 0.08 S
SCZ F 246 247 248 249 1-2-1-1 0.00073 0.18 0.08 S
SCZ F 249 250 257 252 253 7-2-2-7-7 0.00057 0.042 0.0037 N/A
SCZF 250 257 252 253 2-2-7-7 0.00014 0.049 0.0031 N/A
SCZ F 257 252 253 2-7-7 0.00037 0.049 0.0032 N/A
SCZF 252 253 254 Global 0.0023 N/A - Global N/A - Global G
SCZF 252 253 7-7 0.00028 0.048 0.0032 N/A
SCZF 252 253 Global 0.0024 N/A - Global N/A - Global G
SCZF 252 253 254 7-7-2 0.0073 0.037 0.0031 N/A

Table A4. Region D: Haplotypes that met the relaxed significance threshold in the
Scottish sample. The haplotypes are laid out by row, and are described by the SNP
numbers that make them up. The size of the sliding-window haplotypes range from one SNP
(SNP1) to five SNPs (SNP5). The first column indicates the regions covered by the clusters
of overlapping SNPs and haplotypes. The second column identifies the diagnosis-gender
subgroup in which the significance was identified. Different subgroups supporting the same
region are separated by a thin black line. Thicker black lines separate the regions. To the
right of the haplotypes are the haplotype forms, indicating whether it is a global haplotype, a
single marker or a multi-SNP haplotype. T and '2' are the alleles at the locus and can be
found in Table 8.1. However, '1' and '2' do not correspond to Allelel and Allele2 in Table 8.1,
but the alphabetical order of the two alleles (e.g., C=1, while T=2 at one locus and A=1 and
C=2 at another). The next column lists the BasicAS (for single-markers) or relevant (global
versus individual) Cocaphase-generated P-value, followed by the case and control
frequencies and the direction of effect. 'S' refers to 'susceptibility', which occurs when the
frequency in the cases is greater than that in the controls, resulting in an OR>1 and thus an
increase in risk of susceptibility to illness; 'P' refers to 'protective', which occurs when the
frequency in the controls is greater than that in the cases, resulting in an OR<1 and thus a
decrease in risk of susceptibility to illness. The direction of effect (i.e. P vs. S) cannot be
confidently determined for rare haplotypes, as indicated by N/A. The final column indicates
the corresponding Nyholt-significant region, if applicable. Additional abbreviations: All, all
cases (BP and SCZ combined); BP, bipolar disorder; SCZ, schizophrenia; M, males; F,
females; 'N/A-Global', not applicable because case-control frequencies Font: Italics indicate
rare haplotypes; BP associations are shown in red, SCZ in blue and the combined group of
BP and SCZ individuals (All) in violet. The SNPs that were selected for the replication study
in the German sample are in bold and highlighted in grey.

Appendix I 346



Region B
Pi oject #

SUP 10 <rs?|
Chromsom.il

Position
Allele 1

Allele 2

<MA»
MAF

HWE P

Conti ols
Genotyping
Success %

5 rs4696853 8641411 C A 25.2 0.49 98.6

6 rs4696855 8648040 T C 26.2 0.14 99.7

7 rs12498957 8650531 6 A 32.5 0.85 99.2

11 rs7436874 8701724 T C 34.7 0.47 98.9

12 rs4696925 8779683 A G 22.7 0.014 99.8

14 rs6858393 9318675 C T " 32.3 0.71 99.5

15 rs6448981 9349423 C G 29.1 0.11 99.4

21 rs4697695 9524948 G A 34.7 0.87 99.6

22 rs874432 9529704 T A 23.4 0.73 99.8

23 rs929577 9873986 G A 24.7 0.63 99.9

24 rs2192095 9883271 C T 30.6 0.51 99.8

49 rs6815728 10552340 A G 15.5 0.18 99.2
50 rs4697809 10557101 A G 38.1 0.35 99.7

51 rs1564737 10563592 G A 26.9 0.93 99.6

52 rs2869770 10575992 A C 31.9 0.15 99.4

53 rs2128866 10584994 G T 38.2 0.19 99.7

54 rs1104843 10622516 A G 49.6 0.96 99.7

56 rs6820330 10653352 A G 28.0 0.78 99.3

67 rs16878966' 10820309 A G 14.5 0.18 99.4

68 rs4697681 10830450 A G 29.8 0.60 99.5

69 rs1003271 10833509 C T 44.9 0.44 99.4

70 rs1355967 10836785 T G 49.9 0.88 99.7

71 rs986378 10852459 A G 14.8 0.89 99.6

72 rs12513322 10854325 T C 42.6 0.074 99.6

75 rs1399333 10878977 A G 20.3 0.18 99.7

76 rs1534457 10886521 C G 45.0 0.80 99.7

77 rs7666445 10911137 A G 29.7 0.016 99.7

78 rs6828885 10916767 C T 37.0 0.51 98.6

79 rs1029867 10920491 G A 27.1 0.43 99.4

91 rs224481 11050732 G A 46.7 0.12 99.6

92 rs427942 11059900 T C 30.9 0.79 99.5

93 rs224473 11068978 T C 30.8 0.19 99.4

94 rs224470 11071052 A G 43.1 0.45 99.6

106 rs1565932 11150205 A T 11.5 0.91 96.6

108 rs733936 11155677 T G 27.5 0.21 99.7

113 rs2215231 11243225 G C 35.5 0.051 99.7

114 rs4552479 11379994 C T 24.9 0.72 99.3

115 rs1489473 11435085 G A 11.6 0.41 99.7

116 rs1387470 11450311 G T 23.5 0.24 99.5

117 rs1811635 11468817 T
_

C 31.7 0.11 99.5

121 rs1530340 11621607 C T 48.6 0.91 99.2

122 rs1442902 11647264 C G 10.3 0.50 99.7

123 rs1025878 11682608 A G 16.5 0.50 99.4

124 rs717376 11688697 G A 38.4 0.18 99.3

125 rs1471478 11818137 c T 37.4 0.052 99.3

126 rs1982655 11821735 C T 46.9 0.065 99.5

127 rs4626223 11824876 T C 38.8 0.0021 99.4

128 rs1031525 11840751 A G 37.0 0.93 99.5

129 rs1454872 11849394 G T 23.3 0.49 99.9

130 rs733796 11858081 T C 37.2 0.97 99.8

131 rs1454883 11867220 T c 49.7 0.88 99.7

132 rs1531044 11939161 T c 44.6 0.99 99.7

133 rs4421004 12009349 T A 42.6 0.89 99.3

134 rs4356925 12062469 G T 16.4 0.81 99.6

Table A5. Chromosome 4p Region B SNPs (German). The Region B SNPs successfully
genotyped in German study, including their project number, rs number, position on
chromosome 4 (NCBI Build 36), the SNP alleles, with Allele 2 listed as the minor allele (MA),
the minor allele frequency (MAF), the Hardy-Weinberg Equilibrium (HWE) P-value in the full
sample of controls and the genotype success rate for each SNP. * replaced SNP rs1355969,
with r2=1.
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Region D
Project #

SUP ID (rs#>
Chionisom.il

Position
Allele 1

Allele 2

(MA)
MAF

HWE P

Controls
Genotyping
Success %

10 rs1463000 22050564 T G 13.4 0.40 100.0
11 rs2875040 22091451 C T 25.5 0.32 99.4

12 rs1841823 22102855 c T 40.8 0.55 99.7

13 rs4697016 22105228 A G 25.9 0.90 99.9

14 rs6830414 22109969 T C 18.4 0.89 99.9

15 rs4697018 22119308 G A 43.8 0.51 99.2

16 rs1462987 22127933 G C 32.7 0.58 99.5

17 rs2Q45312 22152992 A G 35.1 0.83 99.7
18 rs1841829 22155404 T C 44.8 0.93 99.0
19 rs1824864 22214157 A C 30.6 0.61 99.5

27 rs3S8247 22395312 C G 15.7 0.75 99.7

28 rs370843 22412272 c T 14.9 0.27 99.7

29 rs430976 22441545 T C 15.0 0.97 99.3
30 rs412218 22452556 A C 28.6 0.72 99.6

31 rs4697351 22527192 C A 15.9 0.45 99.8
32 rs2323700 22543787 T C 11.2 0.044 99.7

33 rs2271006 22556022 A G 25.9 0.51 99.8

34 rs4128915 22740817 A T 34.1 0.039 99.7

35 rs7666309 22751219 G A 29.4 0.82 99.2

36 rs6820719 22755985 G A 30.5 0.46 99.5
38 rs6830403 22803604 C T 45.1 0.64 99.4
39 rs4697372 22853172 T C 41.8 0.90 99.6
46 rs2875251 23175978 T C 22.4 0.074 99.4
47 rs7662017 23182062 T C 44.0 0.38 99.5

48 rs4697039 23200540 A G 42.0 0.68 99.6
49 rs1511436 23206183 A G 12.2 0.67 99.7

5U rs907316 23219242 T G 28.2 0.17 99.6

51 rs1021400 23323993 A G 14.4 0.37 99.8
52 rs871409 23329560 C G 36.5 0.20 99.8

53 rs4697414 23333353 T C 15.4 0.19 99.9
54 rs10517023 23341316 A C 28.0 0.78 99.4

55 rs4697415 23343501 C T 37.9 0.20 99.5
56 rs1491384 23355802 A G 32.4 0.29 99.6

59 rs1491379 23368855 T C 17.9 0.11 99.8
60 rs10033353 23377403 G T 31.2 0.30 95.8
61 rs2970882 23397439 T C 34.9 0.94 99.7

62 rs768695 23407916 G A 47.5 0.45 99.6
63 rs2932965 23414584 G A 21.7 0.70 99.7

84 rs2324153 23636435 T G 47.4 0.32 99.4
85 rs646314 23652422 T c 19.6 0.37 99.7

86 rs614457 23664523 G T 36.1 0.047 99.7

87 rs647536 23670038 G A 36.3 0.30 99.7
88 rs887522 23693408 T C 13.1 0.16 99.3

97 rs1912539 23864675 A G 39.2 0.85 99.6
98 rs2324473 23875840 C G 49.1 0.61 99,6

99 rs1511356 23881633 T C 42.3 0.21 99.4
100 rs2063408 23883838 T A 13.9 0.56 99.8
101 rs6448256 23892222 G C 44.4 0.44 99.6

102 rs1533093 23898753 C T 14.6 0.14 99.4
140 rs800452 24427195 A G 41.4 0.065 98.9
142 rs1527353 24494853 G T 49.4 0.88 99.5

146 rs1122594* 24524326 C T 11.0 0.10 99.6
147 rs1918328 24527129 T C 31.2 0.026 99.8

148 rs12186333 24528872 T C 20.4 0.28 99.7
149 rs1527359 24541304 G T 48.1 0.033 99.2
150 rs2167955 24558773 G T 15.9 0.71 99.7
151 rs4235320 24565005 A G 37.6 0.28 99.4
152 rs764497 24590787 A T 27.2 0.12 99.2

153 rs2098300 24603555 A G 38.0 0.46 99.7

Table A6. Chromosome 4p Region D SNPs (German). Continued on the next page.
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Region 0
Project #

SUP ID (rs«)
Chiomsom.il

Position
Allele 1

Allele 2

(MA)
MAF

HWE P

Controls
Genotyping
Success %

154 rs993620 24604668 C T 12.3 0.63 99.5

157 rs1000946 24622674 A G 47.6 0.31 99.7

158 rs2110453 24623891 A G 28.7 0.71 99.4

160 rs4428268 24637256 T G 21.6 0.65 99.7

161 rs757637 24638915 A G 27.6 0.96 99.9

162 rs736831 24642106 A G 45.3 0.46 99.7

165 rs759241 24653732 G A 22.6 0.95 99.7

166 rs6448326 24661931 T G 18.4 0.032 99.8

167 rs759247 24666248 G T 35.9 0.80 99.7

168 rs759244 24667421 T A 44.5 0.91 99.7

169 rs2324654 24681749 C T 30.7 0.59 99.4

170 rs730061 24686983 c G 25.1 0.064 99.7

171 rsi0939038 24723762 c T 44.1 0.23 99.4

172 rs3756207 24742462 T C 18.3 0.078 99.9

173 rs2055886 24927380 A C 43.3 0.58 99.0

174 rs922054 25064502 T G 37.8 0.23 99.3

176 rs3851436 25073976 G A 38.5 0.52 99.6

177 rs2875417 25085710 G A 13.0 0.45 99.7

178 rs6836883 25098142 C T 38.5 0.15 99.7

179 rs4053860 25123500 A
"

G 21.9 0.54 99.7

180 rs4697585 25146819 T A 26.4 0.38 99.6

181 rs4521338 25166655 A G 34.6 0.76 99.5

182 rs1980239 25171339 T C 31.2 0.29 99.7

183 rs6813987 25174168 C A 12.2 0.61 99.9

184 rs7689639 25184635 G A 16.7 0.49 98.3

185 rs4286507 25191594 G A 10.1 0.28 99.7

186 rs4697106 25196841 G T 31.6 0.075 99.6

192 rs6448388 25263664 G A 22.3 0.62 99.7

193 rs2240997 25284223 G A 11.4 0.15 99.8

202 rs4697619 25389989 G A 37.3 0.65 99.7

203 rs6857125 25411035 A C 32.3 0.44 99.3

204 rs959903 25419194 G A 27.3 0.71 99.6

205 rs936232 25422168 G A 37.8 0.78 99.7

206 rs6847559 25446408 T C 30.9 0.12 99.5

211 rs7681279 25490975 C T 20.8 0.51 99.6

212 rs2124649 25502923 G C 9.7 0.67 99.8

214 rs936234 25528207 A <5 31.2 0.44 99.8

216 rs936235 25579261 T C 21.4 0.34 99.5

217 rs10006741 25585642 T c 40.3 0.19 99.3

218 rs4406006 25600726 T c 41.7 0.53 99.7

222 rs925472 25625274 G c 31.8 0.79 99.4

223 rs1512104 25630408 G A 20.7 0.55 99.8

224 rs1567649 25635100 G A 18.6 0.83 99.3

226 rs6832267 25642825 O T 45.0 0.96 99.6

227 rs871384 25661604 A T 44.7 0.78 99.8

239 rs4525961 25796126 G A 46.3 0.92 99.0

240 rs10017756 25806971 G A 34.3 0.091 99.7

241 rs4552442 25815036 C T 24.0 0.74 99.6

242 rs7662384 25819380 T C 42.7 0.27 99.6

243 rs10050115 25826580 C G 39.9 0.79 99.6

251 rs2854030 26091119 c T 30.2 0.31 99.7

252 rs3822222 26099750 G A 14.5 0.89 99.7

253 rs2130250 26113255 G T 36.1 0.68 99.8

Table A6. Chromosome 4p Region D SNPs (German). The Region D SNPs successfully
genotyped in German study, including their project number, rs number, position on
chromosome 4 (NCBI Build 36), the SNP alleles, with Allele 2 listed as the minor allele (MA),
the minor allele frequency (MAF), the Hardy-Weinberg Equilibrium (HWE) P-value in the full
sample of controls and the genotype success rate for each SNP. * renamed from rs4593117.

Appendix I 349



Appendix II

Joint analysis of the chromosome 4p candidate
region for bipolar disorder and schizophrenia using

both the Scottish and German datasets

Appendix II 350



A2 Joint analysis of the chromosome 4p candidate region for
bipolar disorder and schizophrenia using both the
Scottish and German datasets

A2.1 Introduction

This chapter was appended to the thesis subsequent to the oral examination, upon the
recommendation of the Examiners. It describes the joint analysis of the SNP
association data, using both the Scottish (Chapter 4) and German (Chapter 5)

samples, for the chromosome 4p candidate region for bipolar disorder (BP) and

schizophrenia (SCZ).

A2.1.1 Background and motivation

In Chapter 4, the results of the original association analysis of the chromosome 4p
candidate regions (Regions B and D) in a population-based Scottish sample of
unrelated cases and controls (described in section 2.1.1.2) were presented. Based on

these results, a subset of SNPs was selected, as described in section 5.3, for

replication in an independent, population-based German sample (described in section

2.1.1.3). The results of the replication analysis in the German sample were presented
in Chapter 5. While associations were observed in the replication study, none of them
met the criteria for "hard" replication, where the association in the replication study
was with the same allele/haplotype, with the same phenotype and conferring the
same effect (susceptibility versus protective) as in the original study (Sillanpaa and
Auranen 2004; Clarke, Carter et al. 2007). "Hard" replication is the "gold-standard"
for replication, but is contingent on many factors, including sample size (Campbell
and Rudan 2002). Thus, the joint analysis of the two datasets would be expected to

increase the power to detect association, due to the increase in sample size, and

possibly resolve the differences observed between the two studies.
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A2.2 Sample and power

The sample used in this analysis consisted of both the Scottish and German sample

sets, resulting in 768 BP, 782 SCZ and 855 control individuals (Table A2.1). This

joint sample provides greater than 95% power to detect a multiplicative heterozygote
relative risk of 1.4, given a risk allele frequency of 0.40, a Type I error rate (a) of
0.002 and a population prevalence (PP) of one per cent. For a risk allele frequency of
0.10, this sample size provided over 90% to detect a multiplicative heterozygote
relative risk of 1.6 (a=0.002 and PP=1%). A Type I error rate of 0.002 was assumed,

using a straightforward Bonferroni correction (i.e. 0.05/33=0.002) to account for the
33 regions taken forward from Chapter 4 for replication (see section A2.4 below).

BP SCZ Controls
Total

M F Total M F Total M F U Total

Scottish 160 208 368 276 110 386 237 218 3 458 1212

German 184 216 400 169 227 396 204 193 397 1193
Total 344 424 768 445 337 782 441 411 3 855 2405

Table A2.1. Joint sample demographics for the chromosome 4p candidate region.
Breakdown of the numbers of individuals with bipolar disorder (BP) and schizophrenia (SCZ)
and unaffected controls and their gender (M, male; F, female; U, unknown) from the Scottish
and German samples. The total numbers of BP, SCZ and controls available for the joint
analysis are underlined.

A2.3 SNPs suitable for joint analysis

A total of 172 SNPs were selected for replication in the German sample, with the aim
of covering the 33 potentially significant regions identified in the original, Scottish-
based association study (see section 5.3 for details). One of these SNPs, rsl355969

(Region B SNP 67) was replaced by rsl6878966 because it was predicted by the
Illumina® Assay Design Tool (ADT, www.illumina.com) to have a low likelihood of

genotyping successfully within this selection of SNPs. While SNP rsl6878966 is a

perfect replacement (r2=l) for rsl355969, according to the HapMap CEU sample
data, neither can be included in the joint analysis. Another SNP, rs4593117 (Region
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D SNP 146), was renamed rsl 122594 in the later version of HapMap (Phase II
Release 21a, January 2007). Furthermore, five SNPs (Region B SNPs 13 and 135
and Region D SNPs 159, 215 and 225) were removed due to genotype failure (see
section 5.4 for details of genotyping and quality control), while one SNP from

Region D (SNP 250) failed HWE (due to homozygote excess) in the sample of
German controls, and therefore was excluded from further analysis in the German
and joint sample analysis. Thus, 165 SNPs - 53 in Region B and 112 in Region D -

were in common between the Scottish and German datasets and suitable for the joint

analysis.

A2.4 Data preparation and quality control

As described previously (see sections 4.1.4 and 5.4), Stewart Morris (SM) had
ensured that the alleles called for each genotype were on the same relative strand -

i.e. the forward/plus strand relative to the latest release of the human genome

sequence at NCBI - for both the Scottish and German datasets, thus allowing me to

merge the two datasets in a straightforward manner, using the 'Merge Files > Add
Cases' function in SPSS®'.

Again, I examined the markers for deviations from Hardy-Weinberg Equilibrium

(E1WE) in the joint sample of control individuals, using the standard x lest of

independence, as implemented in BasicAS. One SNP (Region B SNP 126) failed to

meet HWE in the full sample of control individuals at the default Haploview HW P-
value threshold of 0.001 (HW P=0.00089) and, therefore, was excluded. The

remaining 164 SNPs met HWE (minimum HW P=0.0032). Tables A2.2 (Region B)
and A2.3 (Region D) list the 164 SNPs suitable for the joint single-marker analysis,

including their original project number (as in Chapter 4), rs number, alleles and
minor allele frequency and HW P-value in the full sample of control individuals.
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Region B SNP ID
Allele 1

Allele 2
MAF

HWE P

Pioject# (rs#) (MA) Contiols
5 rs4696853 C A 26.4 0.32
6 rs4696855 T C 26.0 0.011

7 rs12498957 G A 34.8 0.66
11 rs7436874 T C 35.2 0.41
12 rs4696925 A G 22.1 0.034
14 rs6858393 C T 32.5 0.43
15 rs6448981 C G 29.2 0.16
21 rs4697695 G A 34.3 0.86
22 rs874432 T A 23.2 0.99
23 rs929577 G A 24.2 0.58
24 rs2192095 C T 31.3 0.75
49 rs6815728 A G 13.8 0.29
50 rs4697809 A G 34.9 0.59
51 rs1564737 G A 26.6 0.31
52 rs2869770 A C 299 0.15
53 rs2128866 G T 37.0 0.36
54 rs1104843 A G 48.4 0.73
56 rs6820330 A G 25.9 0.61
68 rs4697681 A G 29.9 0.51

69 rs1003271 c
~

T 46.6 0.63
70 rs1355967 G T 47.9 0.90
71 rs986378 A G 13.5 0.66
72 rs12513322 T C 43.5 0.29
75 rs1399333 A

~

G 20.3 0.13
76 rs1534457 C G 44.3 1.00
77 rs7666445 A G 30.4 0.069
78 rs6828885 C T 36.0 0.86
79 rs1029867 G A 26.5 0.54
91 rs224481 G A 45.9 0.36
92 rs427942 T C 31.3 0.59

93 rs224473 T C 31.9 0.29
94 rs224470 A G 42.7 0.36

106 rs1565932 A T 11.7 0.23
108 rs733936 T G 25.0 0.44

113 rs2215231 G C 35.9 0.49
114 rs4552479 C T 23.4 0.054

115 rs1489473 G A 10.3 0.13
116 rs 1387470 G T 25.0 0.029
117 rs1811635 T C 31.6 0.45
121 rs 1530340 C T 47.5 0.58
122 rs 1442902 C G 12.1 0.85
123 rs 1025878 A G 16.4 0.85
124 rs717376 G A 37.7 0.78
125 rs 1471478 C T 39.4 0.39
127 rs4626223 T C 39.4 0.0032
128 rs 1031525 A G 37.1 0.60
129 rs 1454872 G T 22.4 0.18
130 rs733796 T C 36.3 0.50
131 rs1454883 C T 47.9 0.46
132 rs1531044 T C 41.0 0.99
133 rs4421004 T A 45.2 0.39
134 rs4356925 G T 18.3 0.93

Table A2.2. Chromosome 4p Region B SNPs (Joint). The Region B SNPs suitable for the
joint analysis, including their project number, rs number, SNP alleles, with Allele 2 listed as
the minor allele (MA) and the minor allele frequency (MAF) and Hardy-Weinberg Equilibrium
(HWE) P-value for the full sample of controls.
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Region D
Project #

SNP ID

(rs#)
Allele 1

Allele 2

(MA)
MAF

HWE P
Controls

Region D
Project #

SNP ID

(rs#)
Allele 1

Allele 2

(MA)
MAF

HWE P
Controls

10 rs1463000 T G 13.4 0.58 151 rs4235320 A G 35.8 0.088
11 rs287504Q C T 27.3 0.29 152 rs764497 A T 26.8 0.10
12 rs1841823 C T 43 9 0.43 153 rs2Q98300 A G 38.2 0.27
13 rs4697016 A G 28.5 0.60 154 rs99362Q C T 12.9 0.23
14 rs6830414 T C 21.6 0.92 157 rs1Q0Q946 A G 48.1 0.051
15 rs4697Q18 G A 48 8 0.80 158 rs2110453 A G 29 8 0.72
16 rs1462987 G C 34.8 0.90 160 rs4428268 T G 23.0 0.98
17 rs2045812 A G 34.8 0.40 161 rs757637 A G 29.9 0.65
18 rs 1841829 T C 44.9 0.80 162 rs736831 A G 42.3 0 66
19 rs1824864 A C 30.3 0.41 165 rs759241 G A 21.9 0.46
27 rs358247 C G 17.8 0.25 166 rs6448326 T G 17.6 0.050
28 rs370843 C T 16.4 0.14 167 rs759247 G T 36.5 0.54
29 rs430976 T C 16.7 0.35 168 rs759244 T A 44.5 0.91
30 rs412218 A C 27.5 0.82 169 rs2324654 C T 29 9 0.40
31 rs4697351 C A 15.5 0.24 170 rs730061 C G 25.6 0.63
32 rs2323700 T C 11.3 0.51 171 rs 10939038 c T 45.4 0.27
33 rs227l006 A G 24.8 0.77 172 rs3756207 T C 18.6 0.74
34 rs4128915 A T 33.9 0.51 173 rs2055886 A C 43.7 0.27
35 rs7666309 G A 29.5 0.49 174 rs922064 T G 38.1 0.28
36 rs6820719 G A 28.6 0.54 176 rs3851436 G A 38.0 0.54
38 rs68304Q3 C T 40.9 0.16 177 rs2875417 G A 10.9 0.77
39 rs4697372 T C 46.2 0.41 178 rs6836883 C T 35.3 0.89
46 rs2875251 T c 23.1 0.0072 179 rs4Q5386Q A G 18.4 0.80
47 rs7662017 T c 41.4 0.29 180 rs4697585 T A 24.9 0.092
48 rs4697039 A G 41.9 0.96 181 rs4521338 A G 33.8 0.34
49 rs1511436 A G 13.1 0.86 182 rs198Q239 T C 32.4 0.33
50 rs907316 T G 28.6 0.50 183 rs6813987 C A 11.7 0.64
51 rs 1021400 A G 13.6 0.26 184 rs7689639 G A 15.5 0.93
52 rs871409 C G 35.9 0.47 185 rs4286507 G A 11.1 0.23
53 rs4697414 T C 16.2 0.29 186 rs4697106 G T 28.9 0.10
54 rs10517023 A C 28.9 0.67 192 rs6448388 G A 22.0 0.82
55 rs4697415 C T 38.2 0.64 193 rs224Q997 G A 11.1 0.12
56 rs1491384 A G 32.4 0.75 202 rs4697619 G A 39.0 0.49
59 rs1491379 T C 17.2 0.057 203 rs6857125 A C 33.7 0.61
60 rs10033353 G T 30.5 0.19 204 rs9599Q3 G A 26.5 0.42
61 rs2970882 T C 34.7 0.45 205 rs936232 G A 35.5 0.96
62 rs768695 G A 46.8 0.61 206 rs6847559 T C 30.3 0.15
63 rs2932965 G A 24.1 0.39 211 rs7681279 C T 19 9 0.71
84 rs2324153 T G 49 3 0.11 212 rs2124649 G C 8.2 0.75
85 rs646314 T C 19.9 0.030 214 rs936234 A G 30.4 0.97
86 rs614457 G T 37.2 0.24 216 rs936235 T C 22.5 0.83
87 rs647536 G A 35.1 0.28 217 rs10006741 T C 41.2 0.58
88 rs887522 T C 12.6 0.66 218 rs4406006 T C 40.2 0.24
97 rs1912539 A G 38.7 0.87 222 rs925472 G C 32.5 0.61
98 rs2324473 C G 49.3 0.95 223 rs1512104 G A 21.8 0.75
99 rs1511356 T C 42.5 0.50 224 rs 1567649 G A 21.3 0.76
100 rs2063408 T A 13.8 0.59 226 rs6832267 G T 44.3 0.28
101 rs6448256 G C 44.6 0.83 227 rs871384 A T 43.2 0.12
102 rs1533093 C T 14.3 0.62 239 rs4525961 G A 46.6 0.87
140 rs800452 A G 39.3 0.12 240 rs 10017756 G A 34.6 0.44
142 rs1527353 G T 48.7 0.91 241 rs4552442 C T 22.7 0.60
146 rs4593117 C T 10.7 0.13 242 rs7662384 T C 44.4 0.94
147 rs 1918328 T C 31.5 0.17 243 rs10050115 C G 39.1 0.48
148 rs12186333 T C 20.8 0.094 251 rs2854030 c T 27.8 0.50
149 rs 1527359 G T 47.2 0.40 252 rs3822222 G A 12.2 0.85
150 rs2167955 G r 14.5 0.41 253 rs2130250 G T 35.6 0.17

Table A2.3. Chromosome 4p Region D SNPs (Joint). The Region D SNPs suitable for the
joint analysis, including their project number, rs number, SNP alleles, with Allele 2 listed as
the minor allele (MA) and the minor allele frequency (MAF) and Hardy-Weinberg Equilibrium
(HWE) P-value for the full sample of controls.
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A2.5 Significance threshold and multiple testing correction

A straightforward Bonferroni adjustment was made to account for the 33 non-

overlapping regions of association tested from replication in this study. Any SNP that
met the corrected significance threshold, P=0.002, was declared significant in this

joint analysis. No other adjustments or corrections were made, as any of the tests

performed within these 33 associated regions were performed to test the region as a

whole. A Bonferroni correction of 33 could be considered conservative, as the 33

regions are unlikely to be completely independent with respect to LD.

A2.6 Joint association analysis (single marker only)

For this joint analysis, only single-marker analysis was performed. Briefly, as in the

previous single-marker analyses (Chapters 3, 4 and 5), differences in allele and

genotype frequencies between cases and controls were tested using the standard %

test of independence, as implemented in BasicAS. Also, as before, the analyses were

performed on the BP and SCZ samples separately and combined, and on these

samples separated on the basis of gender. The results of the joint analysis are

presented separately for Regions B and D, focusing on the significant results

emerging from the joint analysis of the Scottish and German datasets and comparing
them to the results of the independent Scottish and German datasets.

A2.6.1 Region B

Three SNPs (52, 54 and 131) met the Bonferroni-corrected threshold of P<0.0()2 in
the joint single-marker allele analysis (Table A2.4, top). Of those, however, only
SNP 54, which emerged as significant in both the BP individuals (Joint P-value (Pjnt)
= 0.0012) and in the combined sample of BP and SCZ individuals (Pjnt=0.00079) in
the joint analysis, showed a stronger association in the joint analysis compared to

each of the individual analyses (Figure A2.1). Since the association in the combined
BP and SCZ sample is greater than that in the BP sample, it is likely that there is
evidence of association in the same direction in the sample of SCZ individuals, but
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RegionBSNP Project#(rs#)
Diagnosis

Sex

Allelel(%)
Allele2(%)

P-value (H2)

OR2/1
(95%CI)

Genotype 11(%)

Genotype 12(%)

Genotype 22{%)

Total

P-value (X22)

OR22/11
(95%CI)

52(rs2869770)
Controls

M

626(72)

248(28)

0.0013

1.4 (1.1-1.8)
222(51)

182(42)

33(7)

437

0.0033

2.3 (1.4-3.7)

BP

M

439(64)

247(36)

145(42)

149(44)

49(14)

343

54(rs1104843)
Controls

MF

878(52)

824(48)

0.0012

1.3 (1.1-1.4)
229(27)

420(49)

202(24)

851

0.0053

1.6 (1.2-2.1)

BP

MF

698(46)

824(54)

160(21)

378(50)

223(29)

761

ALL

MF

1430(46)
1644(54)
0.00079

1.2 (1.1-1.4)
323(21)

784(51)

430(28)
1537

0.0022

1.5 (1.2-1.9)

131(rs1454883)
Controls

F

442(54)

376(46)

0.0017

1.4 (1.1-1.7)
118(29)

206(50)

85(21)

409

0.0069

1.9 (1.3-2.7)

BP

F

389(46)

451(54)

91(22)

207(49)

122(29)

420

RegionDSNP Project#(rs#)
Diagnosis

Sex

Allelel(%)
Allele2(%)

P-value (xi2)

OR2/1
(95%CI)

Genotype 11(%)

Genotype 12(%)

Genotype 22(%)

Total

P-value (X22)

OR22/11
(95%CI)

211(rs7681279)
Controls

M

706(80)

172(20)

0.00044

1.5 (1.2-1.9)
286(65)

134(31)

19(4)

439

0.0027

2.3 (1.2-42)

BP

M

500(73)

186(27)

185(54)

130(38)

28(8)

343

TableA2.4.AlleleandgenotypeanalysisofsignificantSNPsfromRegionsB(top)andD(bottom)inthejointScottishandGermansample. ListedforeachofthesignificantSNPsistheprojectnumberandSNPrsidentifier,thediagnosis-gendersub-groupinwhichthesignificancewas observed,withabreakdowninthenumbersandfrequenciesoftheallelesandgenotypesforeachgroup.Allele1and2correspondtotheallelesshown
inTablesA2.2andA2.3.TheP-valuesforthetestofthealleles(xi2)andgenotypes(X22)andthecorrespondingoddsratios(OR)and95%confidence intervals(CI)fortheallelesandhomozygousgenotypesareshown.
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Region B SNP 54 (rsl 104843) falls within one of the four Nyholt-significant

clusters, B1 (SNPs 48-57) (Appendix Table A3, Table 5.2), which consisted of

haplotypes that met the relevant region-wide Nyholt corrected threshold and survived

permutation-based correction in the original Scottish study (Chapter 4). As

previously described, no gene falls within the associated Region Bl, but the MIST

gene lies approximately 239kb telomeric of the associated region (Table 4.5). Thus,
the non-coding SNP, 54, was subjected to basic bioinformatics analyses in order to

assess its potential role as a regulatory SNP. It was not found to be conserved across

species, as determined by examination of the Vertebrate Multiz Alignments and
Conservation and PhastCons Conservation (28 species) (March 2006) track and the

cross-species sequence alignments on UCSC (http://genome.ucsc.edu/cgi-

bin/hgGateway), nor was it predicted to create or abolish a TRANSFAC predicted

transcription factor binding site, as determined by the MATCHIM program (Kel,

Gossling et al. 2003).

SNPs 52 and 131 showed their strongest association in the original Scottish study

(PScot= 0.00070 and 0.000039, respectively), with SNP 131 being one of only three
SNPs in the original study to meet the region-wide (Nyholt) significance threshold

imposed in Chapter 4 (see section 4.3). These SNPs, however, failed to show any

association fP»0.05) in the independent German sample (Figure A2.1), suggesting
that the significant P-values observed in the joint analysis were due to the strong

association in the Scottish sample.

The two other SNPs that had met the Nyholt-corrected region-wide significance
criteria in the original Scottish study (Region B P<0.0005), SNPs 56 and 126,
showed no evidence of association in the German study, which was echoed in the

joint analysis for SNP 56 (Figure A2.1). SNP 126 was not included in the joint

analysis because it failed to meet HWE when the two samples were combined (see
section A2.4). No SNPs from Region B met the significance threshold, P<0.002, in
the independent German sample.
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A2.6.1 Region D

Only one SNP (211) met the Bonferroni-corrected threshold of P<0.002 in the joint

single-marker allele analysis (Pjnt= 0.00044; Table A2.4, bottom). The association in
the joint analysis was greater than in either of the individual analyses (Figure A2.1).

Region D SNP 211 (rs7681279) falls within the significant region covered by SNPs
211-212 (Table 5.2, Appendix Table A4). SNP 211 does not fall within any Known,

RefSeq or UCSC predicted gene, according to the latest UCSC Browser version

(March 2006) (http://genome.ucsc.edu). It was not found to be conserved across

species, as determined by examination of the Vertebrate Multiz Alignments and
Conservation and PhastCons Conservation (28 species) (March 2006) track and the

cross-species sequence alignments on UCSC (http://genome.ucsc.edu/cgi-

bin/hgGateway), nor was it predicted to create or abolish a TRANSFAC predicted

transcription factor binding site, as determined by the MATCH1 M program (Kel,

Gossling et al. 2003). However, it does fall within the spliced EST, DA598685,
identified in synoviocytes from rheumatoid arthritis patients

(http://www.ncbi.nlm.nih.gov/entrez).

No SNPs from Region D emerged as significant in the original Scottish sample at the

region-wide Nyholt corrected threshold P<0.0003. Two SNPs (149 and 157) met the
Bonferonni-corrected threshold P<0.002 in the German analysis, but this was not

supported in the original Scottish study, resulting in a non-significant result in the

joint analysis (Figure A2.1). SNP 149 did show a trend towards significance in the
Scottish sample (Pscot=0.026), but in the opposite direction.
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A2.7 Discussion

In this appendix chapter, I describe the results of the joint analysis of the SNP
association data in the combined Scottish and German sample. A total of 165 SNPs,

spanning the 33 associated regions brought forward for replication from the original
Scottish study, were tested in the joint analysis. While four SNPs met the Bonferroni-
corrected threshold (P<0.002), only two of these SNPs (Region B SNP 54 and

Region D SNP 211) showed a stronger association in the joint analysis relative to

either of the individual Scottish or German analysis, suggesting that these two SNPs

may be relevant in both samples.

The significance of Region B SNP 54 again highlights the Nyholt-significant cluster

Bl, which was supported with haplotype associations in the independent German

study, as described in Chapter 5. As described previously, no Known gene maps to

this region.

The significance of Region D SNP 211 implicated the associated region covered by
SNPs 211-212. This region was not found to be significant in the independent
German sample, nor was it one of the 13 Nyholt-significant regions from the original
Scottish study. Thus, the joint analysis identified a region that the analysis of the

independent German sample did not. This region does not overlap with any Known
or RefSeq genes, but does overlap with a spliced EST, DA598685, identified in

synoviocytes from rheumatoid arthritis patients (www.ncbi.nlm.nih.gov/entrez). No
other information is currently available for this EST.

The joint analysis of the Scottish and German datasets was performed with the aim
of increasing the power to detect association, due to the increase in sample size, and,

thus, possibly resolve the confusing results produced by the analyses of the Scottish
and German samples independently. While combining datasets increases the sample
size and, theoretically, the power to detect association, it can also increase the

heterogeneity in the sample due to ascertainment differences and possibly true
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genetic differences between the two populations, thus reducing power. Another

problem with merging datasets is the exacerbation of the problems caused by

genotyping error. Genotyping error has been shown to decrease power (Pompanon,
Bonin et al. 2005). Also, differential genotyping error rates between cases and
controls within one study can lead to an increased Type I error rate (Moskvina,
Craddock et al. 2006). When merging datasets produced at different sites and at

different times, these genotyping errors may be compounded, confounding results

depending on the type of genotyping error that exists in the dataset and the bias it

imposes (Pompanon, Bonin et al. 2005). Thus, it is crucial that any single-marker
associations observed in this study is further replicated and validated by independent

genotyping methods in this and other samples.
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Association analysis of the chromosome 4p-located
G protein-coupled receptor 78 (GPR78) gene in bipolar
affective disorder and schizophrenia
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The orphan G protein-coupled receptor 78 (GPR78) gene lies within a region of chromosome
4p where we have previously shown linkage to bipolar affective disorder (BPAD) in a large
Scottish family. GPR78 was screened for single-nucleotide polymorphisms (SNPs) and a
linkage disequilibrium map was constructed. Six tagging SNPs were selected and tested for
association on a sample of 377 BPAD, 392 schizophrenia (SCZ) and 470 control individuals.
Using standard statistics and a backwards logistic regression approach to adjust for the
effect of sex, SNP rs1282, located approximately 3kb upstream of the coding region, was
identified as a potentially important variant in SCZ (x2 P=0.044; LRT P= 0.065). When the
analysis was restricted to females, the strength of association increased to an uncorrected
allele P-value of 0.015 (odds ratios (OR) = 1.688, 95% confidence intervals (CI): 1.104-2.581) and
uncorrected genotype P-value of 0.015 (OR = 5.991, 95% CI: 1.545-23.232). Under the recessive
model, the genotype P-value improved further to 0.005 (OR = 5.618, 95% CI: 1.460-21.617) and
remained significant after correcting for multiple testing (P= 0.017). No single-marker
association was detected in the SCZ males, in the BPAD individuals or with any other SNP.
Haplotype analysis of the case-control samples revealed several global and individual
haplotypes, with P-values <0.05, all but one of which contained SNP rs1282. After correcting
for multiple testing, two haplotypes remained significant in both the female BPAD individuals
(P= 0.038 and 0.032) and in the full sample of affected female individuals (P= 0.044 and 0.033).
Our results provide preliminary evidence for the involvement of GPR78 in susceptibility to
BPAD and SCZ in the Scottish population.
Molecular Psychiatry (2006) 11, 384-394. doi:10.1038/sj.mp.4001786; published online 3 January 2006
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Introduction

Bipolar affective disorder (BPAD) and schizophrenia
(SCZ) are severe and debilitating mental illnesses,
each of which affects approximately 1% of the
population. Family, twin and adoption studies have
supported a strong genetic component to the suscept¬
ibility of BPAD and SCZ, but have also indicated that
the inheritance patterns are complex.1 Several linkage
regions reaching genome-wide significance have been
reported.2,3 Previously, we described a genome-wide
linkage study in a large Scottish family (F22)
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segregating major affective disorder.4 Two-point link¬
age analysis gave a maximum logarithm of odds
(LOD) score of 4.1 to a region on chromosome 4p. A
recent follow-up study of this family, in which five
additional affected F22 individuals were identified
and several additional microsatellite and single-
nucleotide polymorphism (SNP) markers were incor¬
porated, resulted in a maximum LOD score of 4.4.5
Analysis of a small Scottish family also showed
positive linkage to the region (F59, LOD = 0.9).5 A
number of other groups have found evidence of
linkage of BPAD and/or SCZ to this 4p region as
well. Asherson et al.8 reported linkage in a schizoaf¬
fective family (F50, LOD = 2.0); Ewald et al.7 reported
linkage in BPAD families (LOD = 2.0); Detera-Wadle-
igh et al.8 investigated families with major mental
illness, and their largest family (F48) generated an
LOD of 3.2; Williams et al.3 found increased sharing
in SCZ sibpairs (LOD = 1.7); Lerer et al.w found a
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non-parametric LOD score of 2.2 in families with SCZ
and schizoaffective disorder; and Als et alfound
excess haplotype sharing (best P-value, P= 0.00007)
in families with BPAD and SCZ.

Microsatellite haplotype analysis revealed that the
linkage regions identified in the three families, F48,
F50 and F59, overlap and dissect the significant F22
linkage region into four subregions (A-D), which can
be prioritised on the basis of strongest linkage
evidence and/or ancestral origin.5 Inspection of a
BAC clone contig of the F22-linked region revealed
several positional candidate genes in region B,12
including the orphan G protein-coupled receptor 78
(GPR78). We selected GPR78 for a case—control
association study because of its location in the 4p-
linked region and its predicted function as a G
protein-coupled receptor (GPCR). The GPCR family
is the most abundant member of the cell surface
receptor families, recognising and transducing mes¬
sages from sources as diverse as light, calcium,
odorants and small molecules, and is well positioned
to mediate subtle changes in cellular function.
Several members of this family have already been
implicated in the pathophysiology of psychiatric
illness.13-15

GPR78 was identified by virtue of its homology to
orphan GPR26, which was identified in human and
rat.16,17 Rat GPR26 encodes a 317-amino-acid protein
distantly related to the serotonin 5-HT5a and gastrin-
releasing hormone BB2 receptors.17 The GPR78 gene
is approximately 6.5 kb long, encodes a 363-amino-
acid protein and has three exons, which give rise to
the classic seven transmembrane domain (TMD)
receptor structure of GPCRs, with an extracellular N-
terminus and an intracellular C terminus (Figure 1).
GPR78 shares highest sequence identity with GPR26

~100aa

M ^A ^A ^A ^A A

III i I I in
12345 67 8 910 1112 1314-22 23

~1kb

Figure 1 The GPR78 gene. The seven TMDs (black boxes)
and extracellular N-terminal (NH2) and intracellular C-
terminal (COOH) domains arise from the three exons

(numbered 1-3; white boxes). The black bars beneath the
exons show the regions screened for polymorphisms using
DNA from the linked families. The positions of the 23 SNPs
identified are indicated by the arrows. The numbering of the
SNPs corresponds to Table 1. The 'AOD' SNPs are not
shown here.

(49% overall and 56% in the TMD regions). They
have a similar intron-exon structure and a similar
protein structure with a short amino-terminus, no
asparagine-linked extracellular glycosylation site and
cationic arginine and lysine residues in TMD 6 and 7,
respectively.16 Their overall structural homology
suggests that they may encode receptors that bind to
a common endogenous ligand, although no ligand has
been identified for either of the two GPCRs16'17 and
nothing is known about their physiological role.

GPR78 mRNA is expressed in the pituitary and the
placenta,16 consistent with a potential role in the
functioning of the hypothalamic-pituitary-adrenal
(HPA) axis and in pregnancy. The HPA axis is
involved in hormone and stress regulation,18 and its
dysregulation has been implicated in major affective
disorder19'20 and SCZ.21 The prenatal period is a
critical time for the development of systems such as
the HPA axis, and there is evidence that maternal
stress increases the likelihood of abnormal HPA

functioning and abnormal responses to stress in the
mature offspring.22 Other prenatal insults transmitted
via the mother, such as maternal infection or

malnutrition, have also been implicated in the
pathogenesis of psychiatric illness.23 However, little
is understood about the role of the prenatal environ¬
ment and the involvement of the HPA axis in the

pathogenesis of psychiatric illness.
The map location and putative function of GPR78

combine to make it a good candidate gene for
psychiatric illness. We have tested this hypothesis
via a threestep process: First, we screened GPR78 for
SNPs from the 4p-linked families; second, we
constructed a custom linkage disequilibrium (LD)
map of the region and selected haplotype-tagging SNP
(htSNPs) that best represented the variation in the
region; and third, we performed a case-control
association study in a sample of 377 BPAD, 392 SCZ
and 470 control individuals.

Materials and methods

This study was approved by the Multicentre Research
Ethics Committee for Scotland and written informed
consent was obtained from all participants.

Association sample
Individuals suffering from BPAD or SCZ were
recruited from in-patient and outpatient services at
the Royal Edinburgh and other Scottish psychiatric
hospitals. All were screened using the semistructured
Schedule for Affective Disorder and Schizophrenia-
Lifetime version (SADS-L)24 interview schedule by
psychiatrists experienced in its use. This generated
information that allowed diagnosis by both Diagnostic
and Statistical Manual of Mental Disorders (4th
Edition) (DSM-IV)25 and International Classification
of Diseases (10th Revision) (ICD-10)26 criteria for
BPAD or SCZ. All diagnoses were reviewed indepen¬
dently by two experienced psychiatrists and a con¬
sensus diagnosis was reached where necessary.

Molecular Psychiatry



GPR78, schizophrenia and bipolar disorder
SL Underwood et al

Control subjects were drawn from the same popula¬
tion in South East and South Central Scotland. The
majority (391) were recruited through the Scottish
National Blood Transfusion service. Although the
blood donors were not screened by interview for
personal or family history of psychiatric illness,
donors are only allowed to donate blood if they are
not currently on medication and have no chronic
illness. The remaining controls (79) were recruited
from the local population or from hospital staff. These
controls were briefly screened by interview to exclude
anyone currently on medication or with a history of
treatment for psychiatric illness.

Power calculations
A priori power calculations, following the methods
described in Risch,27 showed that for the attainable
sample size of 395 cases and 395 controls, we would
have 80% power (Type 1 error = 5 x 10~5) to detect an
association of an allele that shows a heterozygote
relative risk (multiplicative model) of 1.6 and has a
control allele frequency is 0.40. When the control
allele frequency is 0.10, the heterozygote relative risk
of the allele would have to be at least 2 before we

would have 80% power to detect an association.

SNP discovery and genotyping

SNP discovery. SNPs were identified from 46
individuals drawn from four families (F48, F50, F59
and F22) that show linkage to chromosome 4p. This
provided 38 control chromosomes and four 'linked
chromosomes'.5 Each family contributed one 'linked
chromosome', which represents the haplotype shared
by all the individuals that contributed to the linkage
signal in that family.

Primers were designed to cover the coding regions,
the splice sites and approximately 1.2 kb of the 5'UTR
and 500 bp of the 3'UTR of GPR78, using the Primer 3
primer design program (http://www.broad.mit.edu/
cgi-bin/primer/primer3_www.cgi).28 The STS sequen¬
ces have been submitted to Genbank (Accession num¬
bers: BV678010-BV678017). PCR conditions were

optimised on control DNA. PCR was performed in
total volume of 15^1 with 20 ng DNA, 1 x reaction
buffer with 1.5 mM MgCl2 (Perkin-Elmer), 100 /zM of
each dNTP (Sigma), 0.5 U Taq DNA polymerase
(Sigma) and 0.33/zM of each primer (Invitrogen).
PCR cycling was carried out on a PTC-225 thermal
cycler (MJ Research). PCR cycling conditions con¬
sisted of denaturation at 93°C for 1 min, followed by
10 cycles of 93°C for 20 s, 65°C for 30 s, minus 1°C/
cycle and 72°C for 1 min, followed by 30 cycles of
93°C for 20 s, 55°C for 30 s and 72°C for lmin and a

final extension of 72°C for 10 min. Three microlitres
of the PCR product was resolved on a 2% agarose gel
and DNA concentration was estimated with 250 and
500 ng of Ready Load™ PhiXl74 RF DNA/Haelll
fragments (Invitrogen).

DNA sequencing was performed using BigDye®
Terminator v3.1 Cycle Sequencing Kit according to

the manufacturer's protocols. Sequencing reactions
were analysed using an ABI PRISM® 3730 Genetic
Analyser as per the manufacturer's instructions.
Sequence chromatograms were aligned using the
phredPhrap software and visualised with the Consed
program29 (http ://bozeman. mbt.Washington, edu/in-
dex.html). SNPs were identified and genotypes noted
by visual inspection of the sequence traces. All SNPs
were identified from high-quality sequence reads.
Genotypes were scored blind to phenotype by two
individual investigators and then checked for Men-
delian segregation.

Genotyping. The SNPs identified from the SNP
discovery population were genotyped at the Sanger
Institute by the MASSARRAY™ primer extension
method (Sequenom®). Three additional SNPs
(rsll736084, rsl282 and rs3756179) were supplied
by Applied Biosystems as 'Assay on Demand' (AOD).
Each of the commercial SNPs had a frequency greater
than 0.10 in Caucasians and was genotyped by the
Genetics Core of the Wellcome Trust Clinical
Research Facility by the Taqman® method as per the
manufacturer's instructions. The tagging SNPs
selected for the association analysis were also
genotyped by the Genetics Core of the Wellcome
Trust Clinical Research Facility by the Taqman®
method as per the manufacturer's instructions.

Statistical analysis
The standard x2-test of independence was used to
examine all successfully genotyped biallelic markers
for deviations from Hardy—Weinberg equilibrium
(HWE). An HW significance threshold of P= 0.004
(adjusted from 0.05 for the 14 successfully genotyped
markers) was selected to account for testing multiple
markers. Pairwise LD measure, r2, was calculated by
downloading the relevant genotype data into Haplo-
view30 (http://www.haploview.org). r2 ranges from 0
(linkage equilibrium) to 1 (perfect LD). It measures the
statistical correlation, squared, between two loci.
r2 = 1 if exactly two of the four possible haplotypes
are present, which occurs only when the allele
frequencies at the two loci are identical.31 While a
high r2 can be obtained only if the allele frequencies
are similar, too low a value of r2 can result in
insufficient power to detect an association at a marker
locus assumed to be linked to the disease locus, due
to the inverse relationship between r2 and sample
size.32 The LD blocks were constructed by examining
the r2 between all pairs of markers, using an
intermediate threshold of ^>0.65. Tagging SNPs
from each block were selected to represent haplotypes
within the blocks with frequencies greater than 5%.

Linkage to chromosome 4p has been shown in
families affected with BPAD and/or SCZ. Thus, we
deemed it necessary to test the hypotheses that GPR78
may be involved in the pathogenesis of BPAD, SCZ or
both BPAD and SCZ, in which all affected individuals
were grouped together, as it has been previously
suggested that the two psychiatric illnesses may share
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susceptibility loci.33,34 Similarly, owing to evidence of
differences between males and females in the mani¬
festation of psychiatric illness35 and from findings of
sex-specific association in the analysis of other
candidate genes,15,36 analysis was also carried out on
samples separated on the basis of gender.

Differences in allele and genotype frequencies
between cases and controls were evaluated with the
X2-test of independence (with 1 and 2 degrees of
freedom, respectively). Fisher's exact test, as imple¬
mented in SISA (http://home.clara.net/sisa/), was
used when appropriate, for sparse contingency tables.
Significance was initially declared at a nominal P-
value of 0.05. The significance of the odds ratios
(ORs) was determined using a z-statistic.37

Using SPSS (Release 12.0.0, September 2003), a
backwards elimination logistic regression approach
(as described in Cordell and Clayton38) was applied to
test the significance of adjacent and non-adjacent
marker genotypes, working individually or jointly, in
predicting the diagnosis of each patient, while
adjusting for the confounding effects of gender caused
by differences in ascertainment. The patient diagnosis
was declared as the dichotomous dependent variable
(1 = affected, 0 = unaffected) and sex and the geno¬
types of the SNPs were declared as the independent
variables. Sex was set as a categorical variable
(l=male, 0 = female), whereas the genotypes were
tested as linear, which assumes that the logarithm of
the OR for the heterozygotes is midway between that
for the two homozygotes. The SPSS Backward Wald
procedure fits all of the independent variables into
the model and then removes the insignificant vari¬
ables one-by-one based on the probability of Wald test
statistic (removal P>0.10). As each individual must
be genotyped successfully on all markers in order to
be included in the logistic regression analysis in
SPSS, the final model identified from the backward
Wald analysis was subsequently refitted using the
most complete set of data available for the variables in
that model, in order to utilise all of the available
power. Only interactions between the variables emer¬
ging as significant from the backward analysis were
tested, in order to avoid overfitting and to control
multiple testing. As no prior knowledge of the
interactions in GPCRs and their implication in
psychiatric illness exists, there was no basis for
selecting particular interactions to test and the sample
size was insufficient to test all possible interactions.
The significance of the model as a whole was assessed
by the value of the log ratio statistic produced when
the significant variables were included in the model.

Haplotype frequency estimation and comparison
was carried out using the statistical analysis program
COCAPHASE 2.4 3 39 (http://portal.litbio.org/Regis-
tered/Option/unphased.html). This software uses
the EM algorithm to estimate the haplotype frequen¬
cies of unphased genotype data and standard uncon¬
ditional logistic regression analysis, applying the
likelihood ratio test under a log-linear model, to
compare haplotype frequencies between cases and

controls. In order to avoid misleading results caused
by rare haplotypes, all haplotypes with a frequency
less than or equal to 5% in both the cases and the
controls were declared as rare and clumped together
for the test of the null hypothesis, using the command
line option '—rare 0.05'. P-values for both global and
individual tests of haplotype frequencies were deter¬
mined. The global test P-value assesses the signifi¬
cance of the overall difference in the distribution of

haplotype frequencies between cases and controls.
The P-value from the individual test represents the
significance of the difference in frequency of an
individual haplotype between cases and controls. A
sliding-window approach was used to test all possible
haplotypes of lengths two to six.

In order to account for the multiple SNPs and
haplotypes tested, permutation analysis (1000 or
10 000 permutations) was performed also using
Cocaphase. Cocaphase reassigns the diagnosis labels
(case versus control) of the individuals. All of the
markers within the specified window size are then
tested and the most significant P-value is stored.
Based on the distribution of the most significant P-
values resulting from each test of the permuted data, a
significance level is provided for the P-value of
interest.

Bioinformatics analysis
Bioinformatics analysis was performed firstly to
assess the functional significance of the non-synon¬
ymous SNPs identified. Amino-acid sequence con¬
servation among other GPCRs and between species
was investigated by querying the NCBI non-genomic
sequences using the BLAST algorithm40 (http://
www.ncbi.nlm.nih.gov/BLAST/) and the GPR78 pro¬
tein sequence (NP_543009) as the query. The program
SIFT41 (http://www.blocks.fhcrc.org/sift/SIFT.html)
was then used to determine the probability that the
observed amino-acid substitution is tolerated. The
DAS-TM filter algorithm42 (http://wooster.bip.bha-
m.ac.uk/DAS.html) was applied to determine if the
SNP in question alters the predicted TMD structure.
The PROSITE43 (http://us.expasy.org/prosite/) data¬
base of protein families and domains was searched to
determine whether the alternative amino acids in the
protein creates or abolishes a particular functional
motif. Finally, NetPhos Version 2.044 (http://
www.cbs.dtu.dk/services/NetPhos/), which uses a
neural network-based method for predicting potential
phosphorylation sites at serine, threonine or tyrosine
residues in protein sequences, was applied, where
appropriate, to predict whether a particular site is
likely to be phosphorylated and if the substitution
alters that process.

To assess the significance of any non-coding SNPs,
cross-species conservation was examined using the
'Human/Chimp/Mouse/Rat/Chicken Multiz45 Align¬
ments & PhyloHMM46 Cons' track on the UCSC
Genome Browser.47 The Multiz alignments were
based on the human July 2003 (hgl6), chimpanzee
November 2003 (panTrol), mouse February 2003
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(mm3), rat June 2003 (rn3) and chicken February 2004
(galGal2) assemblies.48 The MATCH™ program49
(http://www.gene-regulation.com/cgi-bin/pub/pro-
grams/match/bin/match.cgi), which is connected to
the TRANSFAC® database,50 was used to determine if
the non-coding SNPs located in putative regulatory
regions create or destroy any predicted transcription
factor binding sites. Two sequences (50 bp) containing
the alternate alleles for the SNP of interest were

submitted. Beyond the default settings, MATCH was
set to search only the vertebrate matrix groups and to
minimise the false-positive matches.

Results

SNP discovery
The coding region, splice sites and putative regula¬
tory regions of the positional and functional candi¬
date gene GPR78 were screened for SNPs using DNA
from the 4p-linked family members. Twenty-three
SNPs were identifed (Figure 1), 18 of which had been
previously described in dbSNP (www.ncbi.nlm.nih.
gov.SNP/) (dbSNP build 121). The five SNPs identi¬
fied in-house have since been submitted to dbSNP
(see Table 1). One SNP (SNP 4, ihl65) was dropped

immediately from the study on account of its low
minor allele frequency (MAF <3%).

LD map construction and tagging SNP selection
In addition to the 22 SNPs discovered from the family
panel, three commercial, 'AOD' SNPs were selected to
cover further upstream and downstream of the coding
region, with AOD SNPs rsll736084 and rsl282
almost 8.8 and 3.0 kb, respectively, upstream from
the start codon and SNP rs3756179 approximately
3.6 kb downstream from terminating codon (Table 1).
These 25 SNPs were genotyped in 89 control
individuals. Of the 25 SNPs, only 14 amplified
successfully, produced substantial (>70%) genotype
data and were polymorphic. Of those 14 SNPs, nine
met HW (P> 0.004) and had a minor allele frequency
greater than 3%, making them suitable for the
construction of an LD map (Table 1, in italics). One
of the reasons that so many SNP assays were
problematic was because the GPR78 gene region is
repetitive in parts (data not shown), making it
difficult to construct primers to genotype specific
SNPs reliably.

The purpose of constructing the custom haplotype
map of GPR78 was to select the set of htSNPs that best
represented the haplotypic variation in the GPR78

Table 1 The SNPs genotyped in the 95 control individuals

SNP number corresponding to Figure 1 SNP ID Distance (bp) HW P-value MAF (CTL) Tagging SNP no.

AOD rsll736084 0.943 0.302 snpl
AOD rsl282 5811 0.487 0.186 snp2
1 rs6447884 2337
2 rs4385041 111 0.409 0.401
3 ihl62 (rsl7844775) 28 0.000 0.143

5 rs4235270 279
6 ih33 (rsl7844776) 229 0.379 0.372
7 ih32 (rsl7844777) 114 0.000 0.448
8 ih31 (rsl7844778) 456 0.215 0.451 snp3
9 rs9991820 777 0.002 0.380
10 rsl0000720 6
11 rs3115388 4535
12 rs3115387 56
13 rs9685931 338 0.517 0.128 snp4
14 rs9683448 132 0.000 0.160
15 rsl0938724 51
16 rs9799380 35
17 rs9799717 22
18 rs9799807 19 0.084 0.122
19 rs9799720 66 0.068 0.087 snp5
20 rs9799809 68 0.000 0.040
21 rs9799721 20
22 ih38 (rsl7844781) 41 0.080 0.024
23 rs9799378 237
AOD rs3756179 2991 0.580 0.300 snp6

Numbering of SNPs corresponds to Figure 1. AOD refers to the 'Assay On Demand' SNPs selected to cover regions further
upstream and downstream of the gene. dbSNP Accession numbers (rs*) are included (dbSNP build 121). For those identified
in-house, an 'ih' number and the recently assigned 'rs' number (dbSNP build 123) are included. The distance (in base pairs)
between each consecutive SNP, the HW test P-value and the minor allele frequency (MAF) of the SNPs in the control sample
are provided. SNPs that were included in the LD analysis are bold.
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Figure 2 LD map constructed using Haploview.44 SNPs
included in the analysis are at the top of the figure. Blocks
are outlined by black bars. The values within boxes are the
measures of r2 between pairs of markers. Blocks were
constructed based on r2 > 0.65 threshold. The shading was
provided by Haploview, with darker boxes representing
higher H-values. SNPs selected to tag haplotypes are marked
by an asterisk.

region in the Scottish sample under study, while
minimising the genotyping requirements. Using the
genotype data from the unaffected individuals, r2 was
calculated and used to determine the LD block
boundaries. Figure 2 shows the results of the LD
map construction. A threshold of i2 > 0.65 revealed six
LD blocks. The following six tagging SNPs were
selected to represent all haplotypes, with a frequency
greater than 5%, in each block: rsll736084 (snpl),
rsl282 (snp2), ih31 (snp3), rs9685931 (snp4),
rs9799720 (snp5) and rs3756179 (snp6), resulting in
an average of one SNP per 3.13 kb (Table 1).

Association analysis
The six htSNPs were genotyped in a case-control
sample of 377 individuals with BPAD (163 males, 214
females), 392 individuals with SCZ (280 males, 112
females) and 470 unrelated controls (244 males, 223
females, three unknowns). All six markers met HWE
in the cases, as well as in the controls, at the adjusted
HW threshold of 0.004 (lowest P = 0.048, in the
controls; Supplementary Information, Table Si). The
genotype success rates were rsl!736084 (98.5%);
rsl282 (99.1%); ih31 (94.3%); rs9685931 (97.1%);
rs9799720 (97.6%) and rs3756179 (98.5%), resulting
in an average success rate of 97.5%.

Marginally significant allelic association was detec¬
ted between rsl282 (snp2) and SCZ (P= 0.044), with
the patients more frequently carrying the T allele than

the controls (OR= 1.300, 95% confidence interval
(CI): 1.006-1.679) (Table 2). Only a trend toward
significance [P< 0.10) was detected between snp2 and
SCZ at the genotype level. When restricting the allele
and genotype frequency analysis to the female
patients, a stronger association was detected between
snp2 and SCZ (allele P-0.015; genotype P= 0.015),
with the female SCZ individuals more frequently
carrying the T allele (OR= 1.688, 95% CI: 1.104-
2.581) and the TT genotype (ORTt/cc = 5.991, 95% CI:
1.545-23.232; ORcT/Cc = 1.272, 95% CI: 0.752-2.152)
(Table 2). A weaker association was detected in the
analysis of all affected females (allele P= 0.035;
genotype P= 0.054), reflecting a similar trend in the
allele and genotype frequencies of the BPAD females
as in those of the SCZ females (Supplementary
Information, Table Si). SNP rsl282 is located almost
3kb upstream of the methionine start codon. No
single-marker association was detected with any other
SNP, in the males or in the individuals with BPAD
(Supplementary Information, Table Si). The back¬
wards logistic regression approach, where genotypes
were declared as the independent variables and the
model was adjusted for the effects of sex, confirmed
the findings of the single-marker analysis. It identi¬
fied SNP rsl282 as the only SNP to survive the
variable selection and only in the SCZ model (Wald
P= 0.066, LRT P= 0.065). Likewise, when the analysis
was restricted to the females, only SNP rsl282
emerged as significant (Wald and LRT P= 0.020).

Pairwise comparison of the ORs of the rsl282
(snp2) genotypes suggested that the OR of genotype
TT was significantly different from that of CC when
CC was set as the reference genotype, that is, OR= 1
(z-test P= 0.005) and from that of CT when CT was set
as the reference genotype (z-test P= 0.015). However,
the OR of CT was not significantly different from that
of CC (z-test P= 0.185). This suggested a recessive
mode of inheritance (TT versus CC + CT), which,
when tested using the x2-test, revealed a stronger
association between SNP rsl282 and the SCZ females
(P= 0.005, OR= 5.618, 95% CI: 1.460-21.617).

Haplotype frequencies were estimated and com¬
pared between cases and controls using uncondi¬
tional logistic regression, as implemented in
Cocaphase.39 All possible haplotypes were tested for
association using a sliding-window approach, for
which the haplotypes that were estimated to be rare
(frequency <5%) in both the cases and the controls
were clumped together in the test of the global null
hypothesis. Many haplotypes at the global and
individual level were found to be significant at the
nominal significance level of 0.05, in all groups
tested. Of the significant haplotypes, all but one
contained SNP rsl282, with the T allele always
conferring an increase in the risk of being affected
(OR> 1) and the C allele a decrease in the risk of being
affected (ORcl) (Supplementary Information, Tables
S2 and S3).

In order to account for testing multiple SNPs
and haplotypes, permutation analysis of 10 000
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Table2AlleleandgenotypeanalysisofSNPrs!282inallsubgroups SNPrs1282

Allele1(%)
Allele2(%)
P-value(xi)

OR

r/c195%CI)

11(%)

12(%)

22(%)

P-value(xIJ

ORtt/cc(95%CI)

C

T

CC

CT

TT

Allindividuals BPAD

614(83.2)

124

(16.8)

0.263

1.163
(0.892-1.516)
258(69.9)

98(26.6)

13(3.5)

0.424

1.693
(0.731-3.923)

SCZ

638(81.6)

144

(18.4)

0.044

1.300
(1.006-1.679)
264(67.5)
110(28.1)
17(4.4)

0.099

2.164
(0.974-4.804)

Allcases

1252(82.4)

268

(17.6)

0.067

1.233
(0.985-1.543)
522(68.7)
208(27.4)
30(3.9)

0.142

1.931
(0.932—1.002)

Controls

789(85.2)

137

(14.8)

336(72.6)
117(25.3)
10(2.1)

Male
BPAD

265(83.3)

53

(16.7)

0.876

1.031
(0.704-1.510)
111(69.8)

43(27.0)

5(3.1)

0.989

1.088
(0.337-3.512)

SCZ

462(82.5)

98

(17.5)

0.592

1.093
(0.789-1.515)
191(68.2)

80(28.6)

9(3.2)

0.862

1.138
(0.415-3.121)

Allcases

727(82.8)

151

(17.2)

0.656

1.070
(0.794-1.444)
302(68.8)
123(28.0)
14(3.2)

0.905

1.119
(0.443-2.827)

Controls

402(83.8)

78

(16.2)

169(70.4)

64(26.7)

7(2.9)

Female BPAD

349(83.1)

71

(16.9)

0.152

1.314

(0.903-1.911)
147(70.0)

55(26.2)

8(3.8)

0.229

2.975
(0.775-11.424)

SCZ

176(79.3)

46

(20.7)

0.015

1.688
(1.104-2.581)
73(65.8)

30(27.0)

8(7.2)

0.015

5.991
(1.545-23.232)

Allcases

525(81.8)

117

(18.2)

0.035

1.439
(1.025-2.021)
220(68.5)

85(26.5)

16(5.0)

0.054

3.976
(1.140-13.871)

Controls

381(86.6)

59

(13.4)

164(74.5)

53(24.1)

3(1.4)

Columnsincludethecountsoftheallelesandgenotypeswithpercentagesinparentheses.Significanceassessedwiththex2-testofindependence,anddeclaredata nominalP-valueof0.05(boldandunderlined).ORsand95%CIsareshownrelativetotheCalleleandtheCCgenotype.AlleleandgenotypefrequenciesforallSNPs arelocatedinTableSioftheSupplementaryInformation.
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Table 3 Summary of significant haplotypes identified with Cocaphase after permutation analysis

1 rsll736084 (C/T) T T
2 rsl282 (CAT) C C
3 ih31 (A/C) C c
4 rs9685931 (A/G) G G
5 rs9799720 (C/G) C
6 rs3756179 (C/T)

All affected (F)
Global test P-value (permuted P-value, s.e.) 0.015 (0.044, 0.002) 0.017 (0.033, 0.002)
Individual test P-value (permuted P-value, s.e.) 0.003 (0.048, 0.002) 0.004 (0.070, 0.003)
OR (95% CI) 0.547 (0.367-0.815) 0.562 (0.375-0.842)
Haplotype frequency - case 0.105 0.105

Haplotype frequency - control 0.180 0.180

BPAD (F)
Global test P-value (permuted P-value, s.e.) 0.013 (0.038, 0.002) 0.016 (0.032, 0.002)
Individual test P-value (permuted P-value, s.e.) 0.004 (0.066, 0.002) 0.005 (0.101, 0.003)
OR (95% CI) 0.496 (0.313-0.785) 0.514 (0.323-0.818)
Haplotype frequency - case 0.096 0.096

Haplotype frequency - control 0.180 0.180

The six SNPs and the haplotypes are shown at the top, with the nominally significant SNP rsl282 in bold across. The results
of the analysis of the female BPAD and SCZ individuals (all affected (F)) and of the female BPAD individuals (BPAD (F)) are
shown under the haplotypes. Both global and individual test P-values are shown, along with their corresponding permuted
P-values, ORs with 95% CIs and frequencies in the cases and in the controls. All haplotypes achieving nominal significance
(P<0.05) in the study are shown in Table S2 and S3 of the Supplementary Information.
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permutations was performed to correct the single
markers and haplotypes that reached the nominal
significance level. In the analysis of the SCZ females,
SNP rsl282 only remained significant under the
recessive model (P = 0.017). No haplotype tested by
either the global or individual test maintained its
significance after permutation analysis. However, the
global test P-values of two related haplotypes
remained significant in both the BPAD females and
all affected females. These haplotypes were the four-
SNP haplotype, rsll736084-rsl282-ih31-rs9685931
(snpl-4) (P = 0.038 and 0.044, respectively) and the
five-SNP haplotype, rsll736084-rsl282-ih31-
rs9685931—rs9799720 (snpl-5) (P= 0.032 and 0.033,
respectively). The individual test P-value of the four-
SNP (snpl-4) haplotype, TCCG, also remained sig¬
nificant after permutation analysis [P= 0.048,
R = 0.547, 95% CI: 0.367-0.815) (Table 3).

Bioinformatics analysis
Two SNPs, ih31 and rs9685931, both of which are
in the significant four- and five-SNP haplotypes,
change the amino-acid sequence of the GPR78
protein. SNP ih31 occurs in the first exon and
changes amino acid 201 from an arginine to a serine,
R201S. It occurs in the intracellular loop just
after TMD V (Figure 1). It changes a charged residue
to an uncharged residue in a string of charged
residues. In the linked families, the minor allele,
C, was observed on nine of the 38 control chromo¬
somes (frequency = 0.237) and on the F50-linked
chromosome. The arginine residue does not appear

to be conserved among GPCRs or across species as
other residues (aspartic acid, phenylalanine and
valine) were found in that position, and SIFT41
analysis indicated that the serine residue is tolerated.
Furthermore, SNP ih31 was not predicted to alter the
TMD structure nor to create or abolish a PROSITE-

predicted protein motif, and NetPhos44 did not
predict the serine variant to be phosphorylated (data
not shown).

SNP rs9685931 occurs in the third exon and

changes amino acid 342 from an arginine to a
histidine, R342H. It occurs in the intracellular C-
terminal of GPR78. The variant A allele was obser¬
ved on four of 38 control chromosomes (freque¬
ncy^.105) and only the linked chromsome of F22.
The C-terminal is highly divergent, making it difficult
to align with other sequences. Subsequent bioinfor-
matic analysis showed that the SNP allele does not
alter the predicted TMD structure, but it does abolish
a PROSITE-predicted protein kinase C phosphoryla¬
tion site.

The other three SNPs from the significant haplo¬
types, including SNP rsl282, which is located in a
putative regulatory region, were assessed by investi¬
gating cross-species conservation at these sites, using
the Multiz and PhyloHMM track on the UCSC
Genome Browser. None of the SNPs were located in
or near conserved blocks of DNA (data not shown).
When the MATCH™ program was used to search the
alternate 50b sequences centred about SNP rsl282,
no transcription factor binding sites were predicted
for either of the two alleles.

Molecular Psychiatry



GPR78, schizophrenia and bipolar disorder
SL Underwood ef al

Discussion

This is the first study reporting polymorphism
screening, LD mapping and association analysis of
the orphan GPR78 gene in relation to major psychia¬
tric illness. Our single-marker analysis identified one
SNP to be significantly associated with SCZ in the
females (corrected P= 0.017). Also, two haplotypes,
both of which contain the significant SNP, were found
to be significantly associated with BPAD (P= 0.038
and 0.032) and with both BPAD and SCZ (P = 0.044
and 0.033). These associations were only detected in
the females.

At the time that this work was initiated, the
International HapMap project51 was very much in its
infancy, and coverage of the GPR78 gene consisted of
two SNPs. Therefore, it was necessary to screen the
gene for polymorphisms. This resulted in the identi¬
fication of 23 SNPs, five of which had yet to be
described in dbSNP (build 121). The nine SNPs
suitable for LD analysis were distributed from the
5'UTR to exon 1 region and from exon 3 to the 3'UTR.
Few SNPs were identified in the intervening intronic
regions and exon 2 (Figure 1), and those that were
failed to meet the inclusion criteria. As a result, LD in
this intervening region has not been definitively
characterised. A fully comprehensive screen of
GPR78 would need to include SNPs between the six
LD blocks observed. The current release of the
HapMap project (Release no. 16c.1, June 2005) shows
that there are nine SNPs genotyped in the same region
covered by the nine SNPs used for the LD analysis in
our study (Chr4: 8766521-8785280, UCSC Genome
Browser Release, July 2003). Only two of these SNPs
are the same (rsl282 and rs9685931), making it
difficult to compare directly the relative quality of
coverage in the region. However, inspection of the
location and LD patterns of these nine HapMap SNPs
reveals that the same intervening region between
exons 1 and 3 is still sparsely covered, offering no
additional SNPs for improvement of the LD charac¬
terisation in that region.

The single-marker analysis of the case-control
sample revealed an association between SNP rsl282
(snp2) and the females with SCZ (uncorrected allele
P= 0.015, uncorrected genotype P= 0.015). The T
allele conferred an OR of 1.688 (95% CI: 1.104-
2.581) and the TT genotype an OR of 5.991 (95% CI:
1.545-23.232) (Table 2). Assuming a recessive mode
of inheritance, the significance of rsl282 increased
[P= 0.005, ORtt = 5.618, 95% CI: 1.460-21.617) and
remained significant after permutation testing
[P= 0.017). The importance of SNP rsl282 is also
emphasised by the fact that all but one of the
haplotypes that reached nominal significance con¬
tained it. Also, its state, allele T versus allele C,
dictated the direction of the OR associated with the

haplotype; that is, the T allele always acted as a
susceptibility variant (OR>l), whereas the C allele
acted as a protective variant (OR<l). Furthermore,
the backward logistic regression analysis also identi¬

fied SNP rsl282 as the only significant factor in the
SCZ females.

SNP rsl282 is located approximately 3 kb upstream
of the GPR78 start site, placing it in a putative
regulatory region. However, bioinformatics analysis
found that it was not in a conserved sequence block,
nor did it alter any predicted transcription factor
binding site. This suggests that SNP rsl282 is not
itself functional, but instead may be in strong LD with
a causative variant.

The sliding-window haplotype analysis identified
two global haplotypes that remained significant
(P<0.05) after permutation analysis (10 000 permuta¬
tions) in the sample of BPAD females and in the
sample of all affected females. These haplotypes span
the length of the gene and include SNP rsl282. They
include the two non-synomous coding SNPs, ih31
and rs9685931, identified from the polymorphism
screening process. Bioinformatics analysis does not
predict that ih31 will affect the function of the protein
in any way. However, rs9685931 was found to abolish
a PROSITE-predicted protein kinase C phosphoryla¬
tion site. PROSITE tends to overpredict protein motifs
and therefore this cannot be assumed to be a

functional motif. However, the intracellular position
of the variant is consistent with an effect on

intracellular signalling. Intracellular signalling cas¬
cades, such as cAMP, have been implicated in the
pathophysiology of BPAD.13 No association was
detected with this SNP alone, arguing against
rs9685931 itself being the causative variant, although
it may be the case that the power gained in testing
haplotypes instead of single markers52,53 revealed this
underlying association. Alternatively, a nearby SNP
in strong LD with rs9685931 or a SNP working in
conjunction with rs9685931 may be the causative
variant.

The associations identified in this case-control

study were all detected in the female individuals.
A female-specific association between BPAD and/or
SCZ has been previously observed in both GPR5015
and CREBl.3B However, we cannot definitively
say that there is no effect in males because the 95%
CIs of the ORs in the male groups overlap with those
of the ORs in the female samples where the
significance was observed, indicating that there is
no significant difference between their respective
ORs. Alternatively, it is possible that the association
detected in the females is a false-positive. Therefore,
replication studies in other, larger cohorts is
warranted.

As ORs and 95% CIs are estimated using the sample
from which the statistical significance of the associa¬
tions was observed, it is likely that they are biased.54
This means that, given the observed genotypic OR of
5.991 (95% CI: 1.545-23.232) for the TT genotype of
SNP rsl282, the next study that is designed with the
aim of replicating this should select a sample size that
has the power to detect an OR of less than 1.5, as this
is the upwardly biased lower bound of the 95% CI.
This value is in keeping with the genotypic ORs of the
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complex disease susceptibility genes that have been
identified to date.55

GPR78 was selected as a candidate gene for
psychiatric illness by virtue of its genomic location
in a region of confirmed linkage and its putative
function. Expressed in the pituitary and the pla¬
centa,16 GPR78 may play a role in the functioning of
the HPA axis and during pregnancy. The HPA axis is
involved in stress regulation,18 and there is evidence
of its dysfunction being associated with BPAD19 and
SCZ.21 The expression of GPR78 in the placenta also
links GPR78 to the functioning of the HPA axis, as it
has been shown that prenatal stress, resulting in the
release of maternal hormones, can lead to the
dysregulation of the HPA axis in the developing
fetus.22

In summary, SNP rsl282 was found to be signifi¬
cantly associated in females with SCZ, under a
recessive model. Two haplotypes spanning the length
of the gene and including potentially functionally
significant variants were also found to be significantly
associated with both BPAD and all affected females in
a Scottish sample. Our results implicate GPR78 in the
pathophysiology of these devastating disorders.
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Association analysis of the chromosome 4p15-p16
candidate region for bipolar disorder and schizophrenia
A Christoforou1'4, S Le Hellard1'4'5, PA Thomson1, SW Morris1, A Tenesa2, BS Pickard1, NR Wray1'6,
WJ Muir1'3, DH Blackwood1,3, DJ Porteous1 and KL Evans1
1 Medical Genetics Section, Molecular Medicine Centre, Western General Hospital, University of Edinburgh, Edinburgh, UK;
2MRC Human Genetics Unit, Western General Hospital, Edinburgh, UK and3Division of Psychiatry, University of Edinburgh,
Royal Edinburgh Hospital, Edinburgh, UK

Several independent linkage studies have identified chromosome 4p15-p16 as a putative
region of susceptibility for bipolar disorder (BP), schizophrenia (SCZ) and related phenotypes.
Previously, we identified two subregions (B and D) of the 4p15-p16 region that are shared by
three of four 4p-linked families examined. Here, we describe a large-scale association analysis
of regions B and D (3.8 and 4.5 Mb, respectively). We selected 408 haplotype-tagging single
nucleotide polymorphisms (SNPs) on a block-by-block basis from the International HapMap
project and tested them in 368 BP, 386 SCZ and 458 control individuals. Nominal significance
thresholds were determined using principal component analysis as implemented in the
program SNPSpD. In region B, overlapping SNPs and haplotypes met the region-wide
threshold (P^0.0005) at the global and individual haplotype test level and clustered in two
regions. In region D, no individual SNPs were nominally significant, but multiple global and
individual haplotypes were associated with BP and/or SCZ (region-wide threshold, 0.0003).
These overlapping haplotypes fell into two regions. Within each of these four clusters, at least
one globally significant haplotype withstood permutation testing (Pgp<0.05). Five predicted
genes were found within these associated regions, while Known/RefSeq genes, including
KIAA0746and PPARGC1A, mapped nearby. There were also nine other clusters within regions
B and D with nominally significant haplotypes, but only at the individual haplotype level.
KIAA0746, PPARGC1A, GPR125, CCKAR and DKFZp761B107 overlapped with these regions.
This study has identified significant associations between BP and SCZ within the chromosome
4p linkage region, resulting in candidate regions worthy of further investigation.
Molecular Psychiatry (2007) 12,1011-1025; doi:10.1038/sj.mp.4002003; published online 24 April 2007

Keywords: bipolar disorder; schizophrenia; chromosome 4p; association study; haplotype analysis

Introduction

Bipolar disorder (BP) (MIM 125480) and schizophre¬
nia (SCZ) (MIM 181500) are major psychiatric
disorders, each of which affects 1% of the world
population. In recent surveys, the World Health
Organization has identified BP and SCZ as the sixth
and ninth leading causes of disability worldwide,
respectively.1 BP and SCZ are major burdens for
patients, their families and society and incur large
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economic costs. Family, twin and adoption studies
have shown that susceptibility to both illnesses is
likely to involve interaction between a substantial
genetic component and environmental factors. Pro¬
gress towards identifying these genetic elements is
now being made, including, for example, the neur-
egulin (NRGl)2,3 and disrupted in schizophrenia 1
(DISCI)4 genes in susceptibility to SCZ and BP.

Previously, we described a large Scottish family
that showed significant linkage of BP and recurrent
major depression (MIM 125480) to chromosome
4pl5—pl6 (log of odds (LOD) =4.1).5 Further support
for this result came from variance component analy¬
sis, which found significant evidence for a quantita¬
tive trait locus in the region (LOD = 3.7).6 Recently, we
reported a follow-up, which strengthened the original
linkage result (LOD = 4.4).7 A number of independent
groups have also provided support for the involve¬
ment of this candidate region in susceptibility to
major mental illness (as previously reviewed in Le
Hellard et al.7). These findings include linkage to
major mental illness in a large family from the USA
(one of 22 studied) (F48, LOD = 3.24)" and excess
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haplotype sharing in families from the Faroe Islands
with BP and SCZ (best P-value, P= 0.00007).9 This
region of chromosome 4p has also been highlighted
by a balanced translocation t(4;13) (pl6.1;q21.31)
discovered in a patient with SCZ.10

Recently, we refined the 20-Mb candidate region on
4pl5-pl6 by defining the linked haplotypes in family
F22 and in three other families (F48,8 F5011 and F595)
that also show linkage to this region.7 This delineated
two subregions (B and D) of 3.8 and 4.5 Mb,
respectively, that both showed linkage in three of
the four 4p-linked families studied (Figure 1, adapted
with kind permission from Le Hellard et al.7). In
addition, we have recently described preliminary
evidence for association in GPR78, a functional
candidate gene that maps to region B.12

As the regions identified by linkage analysis are still
relatively large, we chose to combine studies of
extended pedigrees with a population-based approach.
Our strategy is based on the hypothesis that genes that
are implicated by mutations with large effects and
strong genotype-phenotype correlations in pedigrees
with multiple affected cases may also harbor variants

that predispose to the disease in the general popula¬
tion. Genome-wide linkage analyses of families with
multiple affected cases have already identified candi¬
date regions where association studies have subse¬
quently led to the identification of genes involved in
susceptibility to a number of complex disorders. These
include the complement factor H gene13-15 and
LOC38771516 in age-related macular degeneration as
well as the NRGl2 and DISCI17,18 genes in SCZ.
Therefore, in line with the strategy of first linkage
and then association, we screened our candidate
regions, B and D, for association with BP and SCZ in
a Scottish case—control sample. To carry out a compre¬
hensive survey, we selected single nucleotide poly¬
morphisms (SNPs) from the International HapMap
Project19 (http://www.hapmap.org/). A linkage disequi-
libium (LD) map of the two regions was constructed,
using the data from the CEPH trios, and haplotype-
tagging SNPs (htSNPs) were selected on the basis of
their ability to differentiate common haplotypes (fre¬
quency >10%). Here, we report significant associa¬
tions with BP and/or SCZ in the chromosome 4pl5-
pl6 candidate region.

F22 F59 F50 F48

Figure 1 The overlap between the linked regions that segregate with illness in the four families. The sizes (in Mb) refer to
the genomic distances between the points marked by the horizontal lines. Regions A-D indicate subregions of the F22
linkage region that show linkage in at least one other family. The illnesses observed in the families are indicated on the figure
as follows: 'AFD', BP and recurrent major depressive disorder; 'SCZAFF', schizoaffective disorder and SCZ and 'SCZAFD',
BP, recurrent major depressive disorder, SCZ and others. (Adapted with kind permission from Le Hellard et al.7).
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Materials and methods

This study was approved by the Multicentre Research
Ethics Committee for Scotland and written informed
consent was obtained from all participants.

Association sample
Individuals with BP or SCZ were recruited from

inpatient and outpatient services at the Royal Edin¬
burgh Hospital and other Scottish psychiatric hospi¬
tals. Patients were screened by experienced
psychiatrists using the semistructured interview: the
Schedule for Affective Disorder and Schizophrenia -
Lifetime version (SADS-L).20 Based on the information
gathered from the interview and on case-note review,
diagnoses were reached by consensus between the two
experienced psychiatrists (DHB and WJM) and made
according to the Diagnostic and Statistical Manual of
Mental Disorders (4th edn) (DSM-IV).21

Control subjects were drawn from the same popula¬
tion in South East and South Central Scotland. The
majority (~80%) was recruited through the Scottish
national blood transfusion service, which only ac¬
cepts donors that are not currently on medication and
have no chronic illness. The remaining controls were
recruited from the local population or from hospital
staff. Each of the additional controls was briefly
screened by interview to exclude anyone currently
on medication or with a history of treatment for
psychiatric illness. Both the cases and the controls
were sampled from the general Scottish population,
98% of which is of (self-reported) white background
(89.9% 'white Scottish', 7.5% 'other white British',
1% 'white Irish' and 1.6% 'any other white back¬
ground')22 (http://www.scotland.gov.uk/Publications/
2004/02/18876/32917).

Selection of markers
SNP genotype data for the 30 CEPH trios (Utah
residents with ancestry from northern and western
Europe) (CEU) were downloaded in overlapping
segments of approximately 1 Mb from HapMap Release
7 (May 2004) (http://www.hapmap.org). The data were
subsequently uploaded into Haploview v 2.5 (http://
www.broad.mit.edu/mpg/haploview/index.php)23 to
construct LD maps for the regions. Pair-wise compar¬
isons of markers more than 500 kb apart were ignored
(Haploview default). Only markers with a minor
allele frequency (MAF) greater than or equal to 0.10,
a Hardy-Weinberg (HW) P-value greater than 0.001
(Haploview default) and a genotyping success rate of
0.75 or better (Haploview default) were included in
the LD analysis. The haplotype blocks were defined
using the solid spine of LD approach, which creates
blocks only when the first and last SNPs are in strong
LD (I D I > 0.80) with all of the intermediate SNPs.23
Then, for haplotypes with a frequency of at least 0.01,
adjacent haplotype blocks with a Hedrick's multi-
allelic HI (MAD')24 greater than or equal to 0.95 were
merged manually. This process was repeated until the
MAD' between any two adjacent blocks was less than

0.95. Finally, using Haploview's internal tagging
program, htSNPs were selected on a block-by-block
basis to represent haplotypes of frequencies greater
than or equal to 0.10. Individual SNPs (singletons)
that fell between blocks were also included in the set
of htSNPs. However, the LD between them and
adjacent blocks was not determined.

In a previous study,18 we compared the LD map and
haplotype frequencies between our samples and the
HapMap CEPH trios for a region on chromosome 1.
Those results indicated that the two populations have
similar LD structure and haplotype frequencies. Also,
in a study of the consistency of the tagging SNP
approach in multiple samples, Ke et al.25 observed a
high level of consistency between the tagging SNPs
selected in their UK sample and the US CEPH samples.
The results of these two studies validate our use of
HapMap data to select htSNPs for our population.

Genotyping
Genotyping was performed by Illumina Inc. (San
Diego, CA, USA), using the high-throughput Bead-
Array platform technology. A total of 421 SNPs were
submitted for genotyping. Four hundred and eight of
these SNPs were successfully genotyped at an average
locus success rate of 99% (range: 94.3-99.9%) in a
total of 1212 individuals (93% sample success rate).

Statistical analysis
Regions B and D were analyzed separately as they are
independent linkage regions, possibly representing
two different susceptibility loci, with three families of
Celtic origin showing linkage to B and three with
broader ancestry showing linkage to D.7

The standard yf test of independence was used to
examine all markers for deviations from HW equili¬
brium in the control sample. The Haploview23 default
HW significance threshold of P= 0.001 was selected
as a cutoff to balance the possibility of multiple
testing artifacts against the occurrence of methodolo¬
gical problems or structural abnormalities.

Single-marker analysis
Differences in single-marker allele and genotype
frequencies between cases and controls were evalu¬
ated with the x2 test of independence (with 1 and 2
degrees of freedom, respectively). The level at which
individual markers were declared nominally signifi¬
cant was determined using SNPSpD26 (http://genepi.
qimr.edu.au/general/daleN/SNPSpD/) on the full
sample of cases and controls. SNPSpD performs a
simple multiple testing correction procedure for SNPs
in LD with each other, determining the effective
number of independent markers (M„ff)26,27 in the
entire set. Then, using the estimate of the M„ff
(Mef£Li28), the program provides the Sidak-corrected29
significance threshold required to keep the Type I
error rate at 5%. We determined thresholds both for
each region separately (region-wide thresholds) and
for regions B and D together (experiment-wide thresh-
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old). The adjusted significance thresholds are referred
to as 'Nyholt-corrected' thresholds.

Nyholt's multiple testing correction has been
shown to provide a good approximation to permuta¬
tion-based corrections, which are the 'gold standard'
for multiple, correlated tests.26 To help assess whether
this was the case in our study, the markers that met
the Nyholt-corrected threshold at either the relevant
region- or experiment-wide significance level were
subsequently corrected by permutation analysis
(10 000 shuffles), using the statistical analysis pro¬
gram Cocaphase 2.43 30 (unphased suite of programs:
http://www.mrc-bsu.cam.ac.uk/personal/frank/software/
unphased/). The permutation analysis provides a
P-value that is adjusted at the 'region-wise' or
'experiment-wise' significance level31 for the most
significant single-marker P-value observed for a set of
markers. This corrects for the multiple markers tested
in the particular region of interest. Individual markers
that met the Nyholt-corrected threshold, but were not
the most significant, were subjected to the permuta¬
tion analysis once the SNP(s) with better nominal
P-values were removed from the data set (as carried
out, for example, in the Holm 'step-down' proce¬
dure32). Although the Cocaphase permutation option
does not provide the threshold at which the Type I
error rate would be maintained at 0.05, a significant
permutation-corrected P-value (Pp^0.05) supports
using the Nyholt-corrected thresholds for our data set.

Haplotype analysis
Haplotype frequency estimation and comparison was
carried out using the program Cocaphase 2.43.30 Using
a sliding-window approach, haplotypes of lengths 2-5
were tested. P-values for both global and individual
tests of haplotype frequencies were calculated. The
global test P-value (Pg) determines the significance of
the overall difference in the distribution of haplotype
frequencies between cases and controls. To avoid
misleading results caused by multiple rare haplotypes
in the global test of the null hypothesis,33 haplotypes
with a frequency less than or equal to 5% in both the
cases and the controls were designated rare and
clumped together into one haplotype. The P-value
from the individual test (P;) represents the signifi¬
cance of the difference in case versus control

frequency of an individual haplotype when compared
with all the other possible haplotypes in that window.

Haplotypes were declared nominally significant if
they met the region-wide Nyholt-corrected thresholds
determined in the single-marker analysis for regions B
or D (as carried out in Fallin et al.34 and Greenwood
et al.35). Since the Nyholt-corrected thresholds were
determined by accounting for the correlation between
single markers, it is unclear how accurately these
apply to sliding-window haplotype analysis, which
also involves many highly correlated tests. Therefore,
a subset of haplotype P-values were also corrected by
permutation analysis (1000 shuffles) at the region-
wide level using Cocaphase 2.43.30 The haplotypes
that were corrected were those with nominally

significant global P-values and their corresponding
haplotypes (only for lengths ^ three SNPs) with
nominally significant individual P-values. P-values
(Pgp or Pip) that met the 0.05 threshold after permuta¬
tion correction were declared significant. Not all
haplotypes could be corrected because of the intensive
computational requirements of the permutation-based
analysis. Also, only the most significant haplotype of a
particular sliding-window length tested in a sample of
cases and controls could be corrected.

All tests were performed on the BP and SCZ
samples separately and combined (All), and on these
samples separated on the basis of gender (male (M)
and female (F)). P-values were not further adjusted for
these additional hypothesis-based tests (see Discus¬
sion). Odds ratios (ORs) and 95% confidence inter¬
vals (CIs) were estimated for the single markers and
haplotypes that met the relevant region-wide Nyholt-
corrected thresholds.

Delineating the associated regions
Each of the individual haplotypes that met the region-
wide Nyholt-significant threshold was followed along
the sliding windows in both the 5' and 3' directions,
using the output from the single-marker and haplo¬
type analyses, to determine how far each haplotype
extended while Pj<0.01. The htSNPs that covered the
extended haplotypes were then matched up with
their corresponding block. Finally, in order to keep
the blocks intact, the original LD maps were con¬
sulted to determine how far each block extended on

the basis of the SNPs available in HapMap Release 7
(May 2004). The regions spanned by the blocks
containing the clusters of extended haplotypes were
defined as the associated regions.

Gene identification
The genomic region spanning the associated region
was queried in UCSC (browser version May 2004) for
(i) Known genes (June 2005) based on protein data
from UniProt (SWISS-PROT and TrEMBL) and mRNA
data from RefSeq and GenBank; (ii) NCBI RefSeq
genes from the NCBI mRNA reference sequence
collection and (iii) main prediction class AceView
genes that do not correspond to Known or RefSeq
genes. AceView genes are constructed from mRNA,
expressed sequence tag (EST) and genomic evidence
using the Acembly program (http://www.ncbi.nlm.
nih.gov/IEB/Research/Acembly)36 and are categorized
into a prediction class of either main or putative
genes. Main prediction class genes must encode a
putative protein with a coding sequence of at least
100 amino acids or they must be supported by at
least one identical EST or mRNA clone and match
at least eight bases on either side exactly to the
genome. For sequences that do not meet either of
the above criteria to be included as main class
predictions, they must either be identified with an
NCBI RefSeq or OMIM number or they must encode a
protein with significant BlastP homology (E < 10~3) to
a cDNA-supported nematode AceView protein.
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If no Known or RefSeq genes were mapped to the
associated region, the closest Known/RefSeq gene,
telomeric or centromeric of the region and the
intervening distance, was noted.

Results

Selection of htSNPs
SNP genotype data was downloaded from a version of
HapMap Data Release 7 (May 2004) for the regions B
and D on chromosome 4pl5-pl6, covering 3.8 and
4.5 Mb, respectively. Details of the SNP coverage are
presented in Table 1. A total of 1370 SNPs with a
MAF^O.IO were available for the two regions and,
using Haploview v2.5, a total of 235 LD blocks were
defined in the two regions (region B: 85 and region D:
150). htSNPs were selected on a block-by-block basis to
represent the genetic variation present in the common
haplotypes (^ 10%). In total, 421 htSNPs were selected,
resulting in an average density of 1 SNP per 20 kb and
approximately 2 (range: 1-5) SNPs per block.

Association analysis
A total of 408 of the 421 htSNPs (149 in 83 blocks in
region B, 259 in 146 blocks in region D) were
successfully genotyped in 368 BP individuals (160
males, 208 females), 386 SCZ individuals (276 males,
110 females) and 458 controls (237 males, 218
females, three unknown). Thirteen SNPs were ex¬
cluded because of assay design or genotyping failure.
All of the remaining 408 markers met HW equilibrium
in the controls at the default Haploview HW P-value
threshold of 0.001 (HW P-value 0.0016) and had an

average genotyping success rate of 99%. The SNPs
used in the association study, including their project
number, rs number, position on chromosome 4 (NCBI
Bid 34), the block that they represent, their alleles and
control HW P-values are shown in the supporting
online material (SOM) Supplementary Table 1 (region
B) and Supplementary Table 2 (region D).

Nyholt-corrected threshold
Correction for multiple testing is not straightforward
in this study, as we have tested multiple, highly
correlated SNPs and overlapping or nested haplo¬
types. Therefore, we applied Nyholt's spectral decom¬
position method, as implemented in SNPSpD, to
determine an appropriate nominal significance level

based on the overall correlation between the SNPs in
the full sample of cases and controls. Of the 149
htSNPs spanning region B, 108 were estimated to be
independent, resulting in a region-wide Nyholt-cor¬
rected threshold of 0.0005. For region D, of the 259
htSNPs successfully genotyped, 191 were estimated to
be independent, resulting in a region-wide threshold
of P^ 0.0003. Of the 408 SNPs in both regions, 295
were estimated to be independent, resulting in an
experiment-wide threshold of P<0.0002.

Region B
The distribution of single-marker allele (^?) P-values
along region B is shown in Figure 2: 5.7% of the
P-values are less than or equal to 0.05 and 1.6% are less
than or equal to 0.01, suggesting that there is no overall
inflation of type I error in the data set. Three SNPs (56,
126 and 131) met the region-wide Nyholt-corrected
threshold of P< 0.0005 in the analysis of allele
frequencies (Table 2). They point to two separate,
apparently sex-specific regions. However, none of the
three SNPs are predicted to be functionally significant
(see SOM Bioinformatics). The sliding-window haplo-
type analysis identified a total of 36 haplotypes that met
either the region-wide (15 haplotypes; P< 0.0005) or
experiment-wide (21 haplotypes; P^ 0.0002) Nyholt-
corrected threshold at the global and/or individual
haplotype test level (SOM Supplementary Table 3).
These haplotypes cluster in four distinct regions (B-l—
B-4), two of which (B-l and B-4) encompass the two
regions identified in the single-marker analysis. B-l and
B-4 also contain haplotypes with nominally significant
global P-values as well as nominally significant in¬
dividual P-values (Figure 3, Table 3). They are described
in more detail below. B-2 and B-3 each consist of a

single haplotype with a significant individual P-value
(Pi = 0.00046 and 0.00020, respectively) and are further
described in the SOM (SOM Results and Discussion
and SOM Supplementary Tables 3 and 4, top). In
addition, we identified haplotypes that overlap with B-
1 and B-4 in other subgroups of the study cohort,
including the full sample of BP cases and the full
sample of affected individuals (SOM Supplementary
Table 3). They had nominally significant individual, but
not global, P-values (range Pi = 0.000065-0.00049).

Association to cluster B-l was seen in BP males. B-l

spans from SNP 48 to 57 and contains the significant
SNP 56 (rs6820330) (P= 0.00023), which remained

Table 1 Details of block-based SNP coverage for regions B and D on chromosome 4pl5-pl6

Chromosome 4 Coordinates covered Available Blocksa Average block htSNPs" htSNP
SNPs size (kb) density

Region (NCBI Bld34) (size, Mb) (HapMap (Singletons) (Excluding singletons (Singletons) (kb/SNP)
May 2004) (range))

B 8769508-12567891 (3.8) 544 85 (18) 27 (34 (1-137)) 154 (18) 25
D 22034705-26549096 (4.5) 826 150 (40) 22 (29 (1-191)) 267 (40) 17
Total (8.3) 1370 235 (58) 24 (31 (1-191)) 421 (58) 20

Abbreviations: Mb, megabase; SNP, single nucleotide polymorphism; ht, haplotype tagging.
includes singletons, which are SNPs that fell between blocks in Release 7 (May 2004) of the HapMap project.
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Figure 2 Region B: distribution of single-marker allele P-values. The P-values are plotted against the position of the SNP
tested along chromosome 4 (NCBI Bid. 34) and represents the results of the entire sample and the sample separated by
diagnosis: BP (black circles), SCZ (gray squares) and all cases (All, white diamonds). Four thresholds are indicated with
dashed horizontal lines, starting from the top down: P= 0.0002 (experiment-wide Nyholt-corrected threshold), P= 0.0005
(region-wide Nyholt-corrected threshold), P=0.01 and P=0.05.

significant after permutation analysis (Pp = 0.036)
(Table 3, top). The G allele at SNP 56 conferred an
increase in OR of 1.8 (95% CI: 1.3-2.6), and the
genotypic analysis revealed that either one or two
copies of allele G at SNP 56 significantly increase the
OR for BP in males to the same extent (OR= 1.7, 95%
CI: 1.1—2.7; OR=3.9, 95% CI: 1.6—9.6, respectively),
suggesting a dominant pattern of inheritance.
However, the significance under the dominant model
did not improve (Pdom = 0.0013 versus genotype,
P= 0.0011, Table 2).

Three haplotypes within B-l had global P-values
that met the region-wide Nyholt-corrected threshold
(P^ 0.0005) in the BP males, the most significant of
which was the 3-SNP haplotype from SNP 51 to 53
(Pg = 0.000073) (Table 3, top). It remained significant
after permutation correction (Pgp = 0.012). The 3-SNP
individual haplotype, G-C-T (SNP 51-53) had the
most significant individual P-value (P = 0.000066)
and it showed a trend towards significance after
permutation correction (Pip = 0.060). Aligning the
local overlapping individual haplotypes that met the
region-wide threshold and that also conferred an
increase in susceptibility to BP in the males (max¬
imum OR = 2.8, 95% CI: 1.7-4.4; overall 95% CI:
1.2-4.4) identified an underlying 7-SNP extended
haplotype (G-C-T-G-T-G-C, SNP 51-57, not tested).

The region of association for B-l - delineated by
following each of the significant individual haplotypes
in both directions along the sliding windows (while

P^O.Ol) — was 202 kb. No Known/RefSeq genes or
AceView-predicted genes overlapped with cluster B-l
(UCSC May 2004 Browser). The nearest gene, mast cell
immunoreceptor signal transducer [MIST), is located
239kb telomeric of B-l (Table 4, top).

Association to cluster B-4 was identified in BP
females. B-4 spans from SNP 126 to 134 and
contains SNPs 126 (rsl982655) and 131 (rsl454883),
which met the region-wide Nyholt-corrected
threshold (P= 0.00027 and 0.000039, respectively)
(Table 3, bottom). Both SNPs remained significant
after permutation analysis at the region-wide level
[Pp- 0.038 and 0.0066, respectively). For SNP 126, the
C allele conferred an increase in risk (OR = 3.0; 95% CI:
1.7—5.5) and the genotype analysis revealed that risk for
BP in females only increases with two copies of allele C
(OR = 3.0, 95% CI: 1.7-5.5), suggesting a recessive
pattern of inheritance, which is further supported by
a stronger association (Prec = 0.00010 versus P= 0.00027,
Table 2). For SNP 131, which was the only individual
marker that met the experiment-wide Nyholt-corrected
threshold (P^0.0002) and which also remained sig¬
nificant after permutation analysis at that experiment-
wide level (Pp = 0.016), the T allele conferred an
increase in risk (OR=3.2; 95% CI: 1.8-5.7). Genotype
analysis supported a codominant mode of inheritance
for SNP 131 (genotype P= 0.00019, Table 2).

Six haplotypes within B-4 had global P-values that
met the region-wide Nyholt-corrected threshold
(Table 3, bottom). The most significant of these
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was the 2-SNP haplotype from SNP 130 to 131
(Pg = 0.00013) in the BP females, which remained
significant after permutation analysis at the region-
wide level (Pgp = 0.016). The 4-SNP individual haplo¬
type, T-T-T-G (SNP 131-134) had the most significant
individual P-value (P; = 0.000014, not corrected;
OR = 3.4, 95%CI: 2.1-5.6). Aligning the local over¬
lapping individual haplotypes that met the region-
wide threshold revealed two underlying haplotypes:
T-T-A-G-T-C (SNP 126—131, not tested) and T-T-T-G
(SNP 131-134). The individual overlapping haplo¬
types that make up the first of these, which have a 'C'
allele at SNP 131, all confer a decrease in suscept¬
ibility to, or a protective effect against, BP in females
(minimum OR = 0.6, 95%CI: 0.4-0.7; overall 95%CI:
0.4-0.8). Whereas, the haplotypes making up the
latter, which carry a 'T' allele at SNP 131, all confer an
increase in susceptibility to BP in females (maximum
OR = 3.4, 95 % CI: 2.1-5.6; overall 95% CI: 1.5-5.6).

The individual haplotype T-T-T-G (SNP 131-134)
met the region- and experiment-wide Nyholt thresh¬
olds in the full sample of affected females
(P, = 0.00019), but was less significant than in the BP
females (Pi = 0.000014) (SOM Supplementary Table 3).
The region of nominal significance (Pi^O.Ol) for the
individual haplotypes in the BP females stretched
over 603 kb. Again, current annotation of this region
fails to identify Known or RefSeq genes, but there are
two main class Aceview gene predictions, one of
which falls between the two significant individual
SNPs, 126 and 131. Heparan sulfate (glucosamine)
3-O-sulfotransferase 1 (HS3ST1) is the nearest known
gene, located 577 kb telomeric of B-4 (Table 4, top).

Region D
The distribution of single-marker allele (yi) P-values
for region D is shown in Figure 4: 5.5% of the P-values
are less than or equal to 0.05 and 1.0% are less than or
equal to 0.01, suggesting that there is no overall
inflation of Type I error in the data set. No individual
markers were nominally significant at P<0.0003.
However, the sliding-window haplotype analysis
identified 35 haplotypes that met either the region-
(10 haplotypes; P^0.0003) or experiment-wide (25
haplotypes; P< 0.0002) Nyholt-corrected threshold at
the global and/or individual haplotype test level
(SOM Supplementary Table 5). These haplotypes fall
into nine nonoverlapping regions (D-l-D-9), only two
of which (D-2 and D-7) contained haplotypes with
nominally significant global P-values (Figure 5, Table
5). They are described in more detail below. The other
regions, five of which overlap with known genes
(SOM Supplementary Table 4, bottom), consist of one
or two haplotypes with only significant individual
P-values (range P; = 0.00011-0.00030). They are de¬
scribed further in the SOM (SOM Results and
Discussion and SOM Supplementary Tables 4 and 5).

Cluster D-2 spans from SNP 48 to 58, with the
strongest associations emerging in the full sample of all
affected females at both the global (SNP 50-52,
Pg = 0.000019) and individual (T-A-G, SNP 50-52,
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Figure 3 Region B: single markers and global and individual haplotypes making up clusters B-l and B-4. The P-values of
the significant markers and haplotypes (P^ 0.0005) in region B are plotted against the SNP project number.

Pi = 0.0000033, OR =3.2, 95% CI: 2.0-5.1) levels (Table
5, top). Both the 3-SNP global and 3-SNP individual
haplotypes remained significant after permutation-
based correction (Pgp = 0.0080 and Pip = 0.0040, respec¬
tively). Aligning all the local overlapping individual
haplotypes that met the region-wide Nyholt-corrected
threshold, and which confer an increase to suscept¬
ibility to BP or SCZ in women (maximum OR=3.2,
95% CI: 2.0-5.1; overall 95% CI range: 1.4-5.1),
revealed an underlying 11-SNP haplotype (A-A-T-A-
G-T-A-C-A-G-T, SNP 48—58, not tested).

The two 3-SNP global and individual haplotypes
described above were also the most significant in the
sample of BP females (Pg = 0.00011 and P; = 0.0000047,
respectively) and in the full sample of BP individuals
(Pg = 0.00030 and Pi = 0.00012, respectively). Signifi¬
cance was maintained after permutation-based correc¬
tion in the sample of BP females (Pgp = 0.033 and
Pip = 0.0080, respectively), but not in the full sample of
BP individuals (Pgp = 0.075 and Pip = 0.16, respectively).
However, three haplotypes, spanning SNPs 53-57 along
the 11-SNP underlying haplotype described above, had
nominally significant individual, but not global, P-
values in the SCZ females and in the full sample of
affected females (P<0.0003). One of these haplotypes
(T-A-C-A, SNP 53-56) showed a stronger association in
the SCZ females (P, = 0.000032) than in the full sample
of affected females (Pi = 0.000045) (SOM Supplementary
Table 5). The 201 kb region of association contains one
main AceView-predicted gene. The nearest known gene

to D-2 is the peroxisome proliferator-activated receptor
gamma coactivator 1 alpha (PPARGClA) gene, located
just 25 kb telomeric of D-2 (Table 4, bottom).

Cluster D-7 spans from SNP 214-218 (Table 5, bottom).
The most significant global P-value was seen in the full
sample of SCZ individuals with a 5-SNP haplotype
extending from SNP 214 to 218 (Pg = 0.000070), which
remained significant after permutation analysis
(Pgp = 0.033). The same haplotype was also nominally
significant in the SCZ males (Pg = 0.00018) and it showed
a trend towards significance after permutation correction
(Pgp = 0.088). The most significant individual haplotype
was the 5-SNP haplotype, A-G-T-C-C, in the SCZ males
(uncorrected P; = 0.000079, OR=0.1, 95% CI: 0.0-0.3).
The 121 kb-associated region contains two main class
Aceview gene predictions. The nearest known gene to
this associated region is the hypothetical gene
KIAA0746, which is located just 17 kb telomeric of the
region (Table 4, bottom).

Discussion

We have performed an association study across the
two priority regions that together span 8.3 Mb of the
20Mb chromosome 4pl5-pl6 linkage region for BP
and related phenotypes. This is the first report of an
association study across these two candidate regions
and we have identified a total of 13 subregions - four
in region B and nine in region D - that are associated
with BP and/or SCZ in our Scottish cohort. Four of
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Table3RegionBclusterssupportedbysignificantglobalhaplotypes SNPno.48495051525354555657CasefrequencyControlfrequencyP,(Pip,s.e.jPs(Pgp,s.e.)OR(95%CI)Blockno.30303132323333343434 B-l

BPM

CA

A

G

C

0.13

0.05

0.00042

0.0018

3.2(1.9-5.6)

BPM

50

51

52

53

54

NA-global

NA-global

NS

0.00016(0.059,0.007)
NA—global

BPM

G

C

0.25

0.14

0.00034

0.0017

2.2(1.5-3.2)

BPM

G

c

T

0.19

0.08

0.000066(0.060,0.008)
0.000073(0.012,0.003)
2.6(1.6-4.1)

BPM

G

c

T

G

0.18

0.08

0.000075

0.00026(0.048,0.007)
2.8(1.7-4.4)

BPM

G

c

T

G

T

0.18

0.08

0.00014

0.0006558

2.7(1.7-4.4)

BPM

c

T

0.17

0.08

0.00043

0.0018

2.4(1.5-3.8)

BPM

c

T

G

T

G

0.17

0.08

0.00019

0.0010

2.5(1.6-4.1)

BPM

G

0.31

0.20

NA-SM

0.00023(0.036,0.002)
1.8(1.3-2.6)

BPM

C,

C0.31

0.20

0.00041

0.0014

1.7(1.2-2.4)

SNPno.
126127
128

129

130

131

132

133

134

Casefrequency
Controlfrequency
P,(Pip,s.e.)

Pg(P^,s.e.)

OR(95%CI)

Blockno.
7171

72

72

72

72

73

74

75

B-4

BPF

T

0.39

0.52

NA-SM

0.00027(0.038,0.002)
0.6(0.5-0.8)

BPF

T

T

0.40

0.52

0.00025

0.0008407

0.6(0.5-0.8)

BPF

T

T

A

0.38

0.50

0.00018

0.0044

0.6(0.4-0.8)

BPF

T

T

A

G

0.37

0.50

0.00015

0.0073

0.6(0.4-0.8)

BPF

T

T

A

G

T

0.38

0.50

0.00020

0.0059

0.6(0.4-0.8)

BPF

T

A

G

T

C

0.35

0.50

0.000033

0.0008618

0.6(0.4-0.7)

BPF

A

G

T

C

0.44

0.57

0.000091

0.00047"

0.6(0.4-0.8)

BPF

G

T

c

0.44

0.58

0.000069

0.00056

0.6(0.4-0.8)

BPF

T

c

0.44

0.59

0.000026(0.012,0.001)
0.00013(0.016,0.001)
0.6(0.4-0.7)

BPF

130

131

132

133

NA-global

NA-global

NS

0.00014(0.028,0.002)
NA-global

BPF

130

131

132

133134

NA-global

NA-global

NS

0.00033(0.069,0.008)
NA—global

BPF

T

0.56

0.41

NA-SM

0.000039(0.0066,0.001)
1.8(1.3-2.3)

BPF

T

T

T

0.30

0.20

0.00010"

0.00020(0.028,0.002)
2.4(1.5-3.6)

BPF

T

T

TG

0.24

0.11

0.000014

0.00040"

3.4(2.1-5.6)

Abbreviations:BP,bipolardisorder;CI,confidenceinterval;F,females;M,males;Pg,globalhaplotypetestP-value;Pgp,permutedPg;P,individualhaplotypetestP- value;Pip,permutedP;NA—global,notapplicablebecausecase-controlfrequenciesandORsdonotapplytoglobalhaplotypes;NA—SM,notapplicablebecausethe alleleP-valueofasinglemarkeristhesameattheglobalandindividuallevel;NS,nocorrespondingindividualhaplotypesweresignificantattheregion-widelevel;OR, oddsratio;SNP,singlenucleotidepolymorphism. BoldvaluesindicatehaplotypesthatweresignificantatthegloballevelandtheirPg-value;boldandunderlinedvalueshighlightthesignificantsinglemarkersandtheir P-value. aThishaplotypeP-valuewasnotcorrectedbyCocaphasebecauseitwasnotthemostsignificantintheparticularsliding-windowsizeandsubgrouptested.
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these 13 regions are supported by significant SNPs
and/or at least one global haplotype that remained
significant after permutation-based correction for
multiple testing, as did a number of the correspond¬
ing individual haplotypes (Pp<0.05).

Regions of association supported by significant
common individual haplotypes (frequency > 5%),
but not significant global haplotype P-values, were
also considered because such haplotypes have pre¬
viously been shown to represent true associations.37
Similarly, regions defined by significant rare indivi¬
dual haplotypes were considered because the associa¬
tion of rare variants, including haplotypes, has
previously led to the identification of susceptibility
loci for complex diseases.38,39 These associated re¬
gions and the genes that they contain are further
discussed in the SOM Results and Discussion.

To facilitate further studies, we delineated the
region of association identified by the four clusters
containing the globally significant haplotypes de¬
scribed above. No Known or RefSeq genes were
identified in the 1.1 Mb of genomic DNA covered by
the four regions of association (B-l, B-4, D-2 and D-7).
However, there are five predicted genes in these
regions. Four of the five are weak candidates, while
the fifth predicted gene, LOC389203, (found in
associated region D-7) is an interesting candidate,
encoding a 105-amino-acid protein. It is defined by
153 cDNA clones and shows significant cross-species
homology (not shown).

The known genes KIAA0746, PPARGClA, MIST and
HS3ST1 map 17, 25, 239 and 577 kb, respectively, from
a region of association, suggesting the possibility that
the functional variant is disrupting a regulatory
element located in noncoding sequence, as has been
seen in Hirschsprung disease,40 cardiac repolarization41
and age-related macular degeneration,42 for example.
As regulatory regions are known to exist as far as 1 Mb
up- or downstream of the transcription unit,43 any of
the four associated regions may contain a putative
regulatory element. Indeed, there are numerous con¬
served elements (not shown) and, therefore, putative
regulatory or otherwise functional regions within each
of these associated regions. The nature of psychiatric
illness, namely its onset in adulthood and relatively
subtle nature of the phenotypic abnormalities, and its
apparent polygenic nature may very well point to the
involvement of regulatory, rather than coding, poly¬
morphisms. The candidacy of these nearby genes as
susceptibility genes for psychiatric illness is discussed
in the SOM Results and Discussion.

Previously, we reported a candidate gene associa¬
tion study where we demonstrated preliminary
evidence for association with the (region B-located)
G protein-couple receptor 78 (GPR78) gene in this
sample.12 Only one SNP, rsl282 (region B SNP 1), was
in common between the two studies because of the
differences in the SNP selection methods and re¬

sources between them. In this study, SNPl and
haplotypes spanning the GPR78 genomic region met
the traditional nominal significance threshold of
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Table5RegionDclusterssupportedbysignificantglobalhaplotypes SNPno. Blockno.
48 30

49 30

50 30

51 31

52 31

53 31

54 32

55 32

56 32

57 33

58 34

CasefrequencyControlfrequency
P,[Pip,s.e.)

P»(Pgp.s.e.)

OR(95%CI)

D-2

AllF

A

A

T

A

G

0.12

0.05

0.00016

0.00087

2.7

(1.6-4.6)

AllF

A

T

A

G

0.14

0.05

0.0000085

0.000030(0.017,0.004)
3.1

(1.9-5.1)

AllF

A

T

A

G

T

0.13

0.05

0.000018

0.00054

3.0

(1.8-5.0)

AllF

T

A

G

0.15

0.06

0.0000033(0.0040,0.002)
0.000019(0.0080,0.003)
3.2

(2.0-5.1)

AllF

T

A

G

T

0.15

0.06

0.0000045

0.000050"

3.0

(1.8-4.8)

AllF

T

A

G

T

A

0.14

0.06

0.000013

0.00034

2.9

(1.7-4.7)

AllF

G

T

A

C

A

0.11

0.04

0.00011

0.0023

2.8

(1.6-5.0)

AllF

T

A

C

A

0.18

0.09

0.000045

0.0035

2.2

(1.5-3.4)

AllF

T

A

c

A

G

0.18

0.09

0.000063

0.0042

2.2

(1.4-3.5)

AllF

A

c

A

0.18

0.09

0.00014

0.0060

2.2

(1.4-3.3)

AllF

A

c

A

G

0.17

0.09

0.00019

0.011

2.2

(1.4-3.4)

AllF

c

A

G

0.18

0.09

0.00029

0.0095

2.2

(1.5-3.4)

AllF

c

A

G

T0.16

0.08

0.00027

0.020

2.2

(1.4-3.4)

BPF

A

A

T

A

G

0.12

0.05

0.00023

0.0033

2.9

(1.6-5.1)

BPF

A

T

A

G

0.14

0.05

0.000021

0.0003419

3.2

(1.9-5.5)

BPF

A

T

A

G

T

0.14

0.05

0.000040

0.0017

2.9

(1.7-5.0)

BPF

T

A

G

0.16

0.06

0.0000047(0.0080,0.003)
0.00011(0.033,0.006)
3.2

(2.0-5.3)

BPF

T

A

G

T

0.16

0.06

0.0000060

0.00025(0.076,0.008)
3.0

(1.8-5.0)

BPF

T

A

G

T

A

0.15

0.06

0.000015

0.0011

2.9

(1.7-4.9)

BPMF

A

T

A

G

0.13

0.08

0.00023

0.0016

1.9

(1.3-2.7)

BPMF

T

A

G

0.15

0.08

0.00012(0.16,0.012)
0.00030(0.075,0.008)
1.9

(1.4-2.6)

BPMF

T

A

G

T

0.15

0.08

0.00012

0.0016

1.9

(1.3-2.7)

BPMF

T

A

G

T

A

0.14

0.08

0.00019

0.025

1.9

(1.3-2.6)

SNPno.

214

215

216

217

218

Casefrequency
Controlfrequency
P,(Pip,s.e.)

Pg(Pgp,s.e.)

OR

(95%CI)

Blockno.118119120120121 D-7

SCZM

A

G

T

C

0.06

0.14

0.00027

0.00046

0.4(0.2-0.6)

SCZM

A

G

T

C

c

0.01

0.06

0.000079

0.00018(0.088,0.009)
0.1(0.0-0.3)

SCZMF

A

G

T

c

c

0.01

0.06

0.00012

0.000070(0.033,0.006)
0.2(0.1-0.5)

Abbreviations:BP,bipolardisorder;CI,confidenceinterval;F,females;M,males;Pg,globalhaplotypetestP-value;Pgp,permutedPg;PitindividualhaplotypetestP- value;Pip,permutedP,;OR,oddsratio;SCZ,schizophrenia;SNP,singlenucleotidepolymorphism. BoldvaluesindicatehaplotypesthatweresignificantatthegloballevelandtheirPg-value. "ThishaplotypeP-valuewasnotcorrectedbyCocaphasebecauseitwasnotthemostsignificantintheparticularsliding-windowsizeandsubgrouptested.
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0.05, but not the region-wide Nyholt-corrected
threshold (region B, P<0.0002) set to account for the
multiple markers tested in this study.

To perform this large-scale association study, we
carried out careful selection of the case sample and
included only definite cases of BP or SCZ, which
were recruited from the general Scottish population.
The control sample was taken from the same popula¬
tion as the cases; however, stratification may still
exist.44 Thus, a preliminary analysis of stratification
using 66 SNPs45 and the population stratification
program Structure46 was performed. This analysis
showed no evidence of population stratification in
our sample (Thomson et al., unpublished). Also, the
distribution of the allele P-values for regions B and D
(Figures 2 and 3), which suggests that there is no
overall inflation of Type I error, supports the evidence
for no stratification in the sample.

We used a systematic approach to SNP selection that
aimed to cover the two linked subregions (B and D) as
thoroughly as possible. Our selection method relied on
the construction of LD blocks, which allowed us to
select htSNPs that efficiently captured a predetermined
percentage of the known variation within the block47
and some inestimable portion of the unidentified
variation. Given that the definition of a block is a

much debated area,48,49 it is important to point out that
our subsequent method of analysis was not dependent
on the block structure being wholly accurate or
complete. The primary purpose of the blocks was to
facilitate the selection of the htSNPs, whose power in
an association study is based on their overall ability to
represent the genetic variation in a predefined area.50
Selecting SNPs on a block-by-block basis also offers a
more thorough coverage of the region;51 is more likely
to provide positional information on an associated
region than a block-free approach48,50,52 and provides
coverage that is more robust to marker failure owing to
the inherent redundancy. The SNP selection was
carried out using Release 7 (May 2004) of the HapMap
Project and therefore improved coverage of the linked
candidate regions would now be possible.53

We carried out both single-marker and haplotype-
based analysis of the data because haplotype-based
analysis can be more powerful in some cases.54
Specifically, as the frequency of the causative variant
is unknown, it is more likely to be matched, and
possibly detected, when a range of haplotype frequen¬
cies is tested.55,56 This, however, results in an increase
in the number of (highly-correlated) tests performed
and in an additional multiple-testing concern, for
which there is no straightforward solution. The 'gold
standard' for multiple-testing correction is permutation
analysis because it determines the empirical distribu¬
tion and significance threshold of the data, while
accounting for its correlation structure. Permutation
analysis, however, is computationally intensive and
extremely time-consuming, particularly in its applica¬
tion to multiple, large haplotypes. Thus, we employed
a two-step procedure that enabled us first to mine the
association data for the most significant markers and

haplotypes, based on a significance (Nyholt-corrected)
threshold preadjusted for the number of SNP tested.
Then, having validated this threshold at the single-
marker level with permutation analysis, we ranked the
significant haplotypes based on their level of support
(global versus individual) and performed permutation-
based corrections on the most promising haplotype
candidates — that is, those with support at the global
level. Each of the four high-ranking associated regions
(B-l, B-4, D-2 and D-7) was supported by global and, in
many cases, individual haplotypes that withstood
permutation testing (Pp<0.05), providing more reliable
support for these regions and suggesting that the
region-wide Nyholt-corrected thresholds were appro¬
priate cutoffs for the haplotype tests as well.

We did not adjust our nominal significance thresh¬
old to take into account the extra tests that were

performed as a result of pooling the cases and
splitting the sample by gender, because adjusting
the P-value, using a Bonferroni-type correction, is
overly conservative given the nonindependence and
the relevance and importance of these tests, as
discussed below. Furthermore, our findings should
be taken in the context of the prior probability
conferred on the chromosome 4p linkage region,
particularly in regions B and D, through the multiple,
positive linkage results.57,58

In this study, we have identified several significant
regions, some showing association to BP (B-l and B-4),
others to SCZ (D-7) and still others to BP and SCZ
together (D-2). These findings reflect what has already
been observed in family-based studies for the 4p locus,
where linkage has been shown to BP and/or SCZ and
related illnesses.5,8,11 This phenomenon has also been
observed in a proportion of other susceptibility loci for
psychiatric illness,59-61 suggesting that these illnesses
may, in some cases, share genetic predisposition across
diagnostic boundaries. Family studies and the overlap
in the clinical presentation between BP and SCZ also
support this hypothesis.60,62-64 It is also possible that
regions B and D each harbor separate loci (one or more
in each) for BP and SCZ, respectively.

It is also noteworthy that some of the associations are
sex-specific, occurring only in males (e.g. B-l) or only in
females (e.g. B-4). Although there is no difference in the
lifetime risk for BP or SCZ between males and females,
there is substantial evidence of gender differences in the
onset, course and outcome of psychiatric illness.65 For
example, women with BP are more likely to experience
rapid cycling between the depressed and manic states,
mixed mania and antidepressant-induced mania.66
Women are more likely to have a depressive episode
before their first manic episode, while men tend to
present with mania followed by depression.67 Also,
women have been found to be more likely than men to
have a comorbid psychiatric or physical diagnosis, such
as substance abuse or migraines.66 Finally, there is also
evidence of later age of onset of BP for women.68 In SCZ,
men show the first signs of the illness significantly
earlier than women and have a poorer course.69,70 In
terms of treatment, differences between men and women
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in both clinical and pharmacokinetic responses to
psychotropic drugs have been reported.71 Both BP and
SCZ are heterogeneous phenotypes; thus, these illness-
specific gender differences suggest the possibility of a
genetically more homogenous subgroup in the male- or
female-specific BP and/or SCZ samples, potentially
increasing the power to detect association.72 Indeed,
experimental40 and empirical evidence has indicated
that modelling for sex-specific architecture may increase
the power to identify the underlying genetic variants,
particularly in the light of the recent findings that the
expression patterns of hundreds to thousands of genes
in mice are sexually dimorphic. Finally, sex-specific
associations have been identified in the analysis of other
candidate genes in psychiatric illness.17,60,73

Finally, Type I error is a concern in any association
study. Therefore, an important target for future
genetic studies should be replicating these findings
in independent samples, carrying out functional
studies on the genes identified and homing in on
the functional variant.

This large-scale association study covers two
priority regions totaling 8.3 Mb of the 20 Mb candi¬
date linkage region on chromosome 4p. It has
identified four significant regions of association that
include predicted gene transcripts and potential
regulatory regions for further investigation.
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