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ABSTRACT

Investigation of schizophrenia related genes and pathways through genome wide
association studies

Dom, Hiiseyin Alper
M.Sc., Bioinformatics Program

Advisor: Assist. Prof. Dr. Yesim Aydin Son

January 2013, 124 pages

Schizophrenia is a complex mental disorder that is commonly characterized as
deterioration of intellectual process and emotional responses and affects 1% of any
given population. SNPs are single nucleotide changes that take place in DNA sequences
and establish the major percentage of genomic variations. In this study, our goal was to
identify SNPs as genomic markers that are related with schizophrenia and investigate the
genes and pathways that are identified through the analysis of SNPs. Genome wide
association studies (GWAS) analyse the whole genome of case and control groups to
identify genetic variations and search for related markers, like SNPs. GWASs are the

most common method to investigate genetic causes of a complex disease such as



schizophrenia because regular linkage studies are not sufficient. Out of 909,622 SNPs
analysis of the dbGAP Schizophrenia genotyping data identified 25,555 SNPs with a p-
value 5x10°. Next, combined p-value approach to identify associated genes and
pathways and AHP based prioritization to select biologically relevant SNPs with high
statistical association are used through METU-SNP software. 6,000 SNPs had an AHP
score above 0.4, which mapped to 2,500 genes suggested to be associated with
schizophrenia and related conditions. In addition to previously described neurological
pathways, pathway and network analysis showed enrichment of two pathways.

Melanogenesis and vascular smooth muscle contraction pathways were found to be
highly associated with schizophrenia. We have also shown that these pathways can be
organized in one biological network, which might have a role in the molecular etiology
of schizophrenia. Overall analysis results revealed two novel candidate genes SOS1 and
GUCY1B3 that have a possible relation with schizophrenia.

Keywords: METU-SNP, AHP, GWAS, pathway and gene discovery, schizophrenia.
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Sizofreni ile ilgili genlerin ve yolaklarin genom ¢apinda iliskilendirme
calismalari (gwas) araciligiyla incelenmesi

Dom, Hiiseyin Alper
Yiiksek Lisans, Bioenformatik Programi

Tez Danigmanit: Yrd. Dog. Dr. Yesim Aydmn Son

Ocak 2013, 124 sayfa

Sizofreni genellikle zihinsel siiregleri ve duygusal tepkileri etkileyen kompleks bir
zihinsel bozukluk olarak karakterize edilir ve herhangi bir toplumun %1ini etkiler.
SNPler, DNA sekansinda meydana gelen tek bazlik niikleotid degisimleri olup genomik
varyasyonlarin biiyiikk ¢ogunlugunu olustururlar. Bu calismada amacimiz sizofreni ile
iliskili olan SNP’lerin genomik belirtecler olarak tanimlanmasi ve SNP’lerin analizleri
sonucu tanimlanmis gen ve yolaklarin arastirilmasiydi. Genom c¢apinda iligkilendirme
calismalar1 (GWAS) genetik varyasyonlari1 tanimlamak ve SNP gibi bu varyasyonlarla
iliskili belirtecleri arastirmak i¢in hasta ve kontrol gruplarinim biitiin genomlarmin analiz

edilmesidir. GWASlIar siradan genetik baglant1 caligmalar1 yetersiz kaldigindan sizofreni

Vi



gibi kompleks hastaliklarin arastirilmasinda en sik kullanilan ydntemlerdir. dbGAP
sizofreni genotip veri setinin analizi 909.622 SNPden p-degeri 5x10°’ten baslayan
25.555 SNP tanimladi. Sonrasinda, kombine p-degeri yaklasmmiyla iliskili gen ve
yolaklar1 tanimlamak ve de AHP’ye dayali istatistiksel olarak yiiksek anlamli ve
biyolojik olarak anlamli SNPlerin Onceliklendirilmesi ¢aligmalar1 igin METU-SNP
yazilimi kullanilmistir. AHP puani 0,4 ve iizerisi olan ve 2.500 gene atanan 6.000
SNPnin sizofreni ve sizofreniyle ilgili kondisyonlarla iliskili oldugu 6nerilmistir. Daha
once tanimlanan norolojik yolaklara ilaveten, yolak ve ag analizleri zenginlestirilmis iki

yeni yolak ortaya ¢ikardi.

Melanogenesis ve damarsal diiz kas kasilma (vascular smooth muscle contraction)
yolaklarmmin sizofreni ile yiiksek ilgisinin oldugu bulundu. Ayrica bu yolaklarin
sizofreninin molekiiler etiyolojisinde rol oynayabilecek tek bir biyolojik ag
olusturdugunu gosterdik. Tiim analizlerin sonuclar1 neticesinde de sizofreni ile
muhtemel ilgisi bulunan SOS1 ve GUCY1B3 genleri iki yeni aday gen olarak ortaya
¢cikmustir.

Anahtar kelimeler: METU-SNP, AHP, GWAS, yolak ve gen kesfi, sizofreni
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PREFACE

In this research we have investigated schizophrenia related genes and pathways through
genome wide association studies. The genotyping data from 1,385 subjects as control
and 1,576 cases are downloaded from dbGaP of NCBI. We have used several well-
known bioinformatics tools that are publicly available as well as recently published
METU-SNP software, which enables users to filter and reduce the dataset into a
statistically significant and a biologically relevant subset. In order to identify novel
genes and/or pathways related with schizophrenia based on the GWAS DAVID and
Reactome, and GeneMANIA tools were used for pathway and network discovery
respectively. We have found that melanogenesis and vascular smooth muscle contraction
pathways were highly associated with schizophrenia. We have also shown that these
pathways can be organized in one biological network, which might have a role in the
molecular etiology of schizophrenia. Overall analysis results revealed two novel
candidate genes SOS1 and GUCY1B3 that have a possible relation with schizophrenia.

Our results were discussed in Chapter 3 in details and summarized in Chapter 4.

Xvii



CHAPTER |

1 INTRODUCTION

1.1. Single Nucleotide Polymorphisms and Genome Wide Association
Studies

1.1.1. Human Genome

Deoxyribonucleic acid (DNA) is the genetic material of all living organisms and many
viruses. DNA comprises four repeating units. These are namely: Adenine (A), Guanine
(G), Thymine (T) and Cytosine (C). First two nucledotides are called purines and latter
ones are called pyrimidines and sum of purines equals sum of pyrimidines. In 1953,
James Watson and Francis Crick suggested the most common form of DNA in which
DNA has a double helix structure. In this model, two chains of DNA run antiparallel
meaning one chain runs 5’ to 3’ direction whereas other chain runs 3’ to 5’ direction.
The interactions that hold double helix structure together on a sugar phosphate backbone
is provided via hydrogen bonding as a result of pairing of A with T (double bond) and G
with C (triple bond) [1].

Genes are the functional units of heredity. They are sequences within genome and are

transferred from parent to progeny. Early systematic approaches to understand genes



suggested that one gene codes for one protein and a mutation that is carried out on a
gene causes the disruption of biological processes. However, later studies showed that a
gene is not necessarily codes for a single protein, instead it may code for a precursors of
a protein or a subunit of a protein. Thus, the “one gene: one protein” hypothesis

modified into one gene: one polypeptide chain [2].

Genome is the whole set of genetic information of an organism and encoded in DNA or
in RNA for many types of virus such as HIV. The genome consists of genes, which are
functional units that are packed in chromosomes. Each species has a unique genome and
genomes of individual members of the same species also differ from each other at some
extent. Although genomes differ in size, there is no correlation between the complexity

of organism and its’ genome size [3].

In 1990 the Human Genome Project has been started by Aristides Patrinos, head of the
Office of Biological and Environmental Research in the U.S. Department of Energy's
Office of Science. Francis Collins directed the US National Institutes of Health (NIH)
National Human Genome Research Institute efforts. The aim was to identify all the
genes in human DNA,; detect the sequence of human DNA, build a database and store
the information; develop and improve tools for analysis; transfer the technology to the
private sector. In June 2000 the first draft of the human genome project was ready. Later
the complete working draft and its analysis are published in February 2001. Although
HGP was originally planned to be successfully finalized by the end of 2005,
international efforts and developing technology allowed it to be completed ahead of the
schedule by April 2003 [4].

Human genome is a complex structure with ~3.2 billion of bases (haploid human
genome). It relies on histones to preserve its compact feature and it only occupies a
microscopic space inside the nucleus with its two meter length in form of chromatins [5].

The human genome project revealed that human genome contains roughly 20,000



protein-coding genes [6]. Today there are 25,910 unique sequences identified as human
gene structures in the GRch37.p8 release of the human genome. When it is compared to
rest of the genome, which comprises non-coding RNA molecules, regulatory DNA
sequences, introns and other non-annotated, the coding region of the genome is

accountable only for 2% of the whole haploid genome [7].

Although humans have the same genetic material in terms of biochemistry, two
individual genetically varies from each other and rest of the population by at least 0.1%
[5]. Variations among humans ranges from modifications in karyotype to single
nucleotide changes [8]. Even monozygotic twins are genetically different due to
mutations during development and gene copy number variations [9]. There are total of
five major types of human genetic variations (Figure 1 [10]).

Fx’.‘”.‘GGCC'TTATAC(“"" CGATTATCAGG
ATTOGCCTTAAC m( COATTATCACCAT

Single nucleotide variant
= G FAACC

o T Ry R e ATTGGCCTTAACCC A’"CCERTT TCAGGAT
1sertion-deletion variant 3 % P
ATTGGCCTTAACCCEERCCGATTATCAGGAT
<
Block substitution ;«.':'_GGCCTI‘AACCCCCEAT’:AT;A& AT ©
- ; ErE ATTGGCCTTRACAGTGGATTATCAGGAT ©
R -
A ATTGGCCT rmgggxxr; ATCAGGAT 2
WV v 1t R — ~ Ao 3
ATTGGCCTTCCOCGCOGTTATTATCAGGAT -
A
Copy number variant ATT e L ACCCOTTAACCCCCGATTATCAGGAT
! ATTERCCT TR S JACCTCCGATTATCAGGAT

Figure 1. Classes of human genetic variants (adopted from [10])

The single nucleotide variants show alteration on only one nucleotide (A, T, G or C) of
the genomic sequence. Second class of variations is insertion-deletion variants in which
more than one base pair is missing in some sequences whereas the subsequence is
present in others. In some cases number of missing bases can reach up to 80000 and

more [10], [11]. The third class is observed when a string of neighboring bases varies



between genomes which are called block substitutions. In inversion variant cases it is
shown that the order of a DNA sequence is reversed. The last class is called copy
number variants as the number of repeated subsequences differs between individuals
[10].

Genetic variation occurs both within and among populations. For instance a given gene
can be found in different varieties in a population and such genes are called polymorphic
genes. In other words, that gene has multiple alleles in a given population. As well as
there are genes with multiple alleles in a population, there are also many fixed genes
meaning that those genes have only single allele [12].

1.1.2. Single Nucleotide Polymorphisms

SNPs are single nucleotide changes that take place in DNA sequences. As mentioned
earlier SNPs institute 90% of the genomic variations. Such variations cause
modifications in traits of an individual ranging from individual’s being prone to a
disease to physical features of the individual [13]. For instance, occurrence of a single
nucleotide change in the Apolipoprotein E (APOE) gene on chromosome 19 corresponds
to an increased risk for Alzheimer's disease [14]. As it has been shown a SNP may
influence risk of a common disease if it is occurred in a regulatory region of a gene. Yet,
most SNPs are observed in non-coding regions of genome [15]. Depending on an SNP’s
location, it might have several uses considering medical and research applications.
Coding SNPs that are responsible for a monogenic disorder can be used for prediction
and diagnosis of the target disease and can be utilized for gene therapy approaches.
Furthermore, an SNP that is responsible for alteration of the primary structure of a
protein involved in drug metabolism is a perfect candidate for pharmacogenomic studies
[16]. However, targeting just one SNP is not sufficient for most diseases. For instance, it

has been shown that in osteoporosis focusing on a group of SNPs reveals the relation



between their role and emergence of such complex disease [17].

After the human genome project had completed in 2003 it was estimated that there were
10 million SNPs in human genome which was corresponding to one SNP per 300 bases
on average [18]. However, as of 26 June 2012, in dbSNP build 137 [19] there are
53,558,214 human SNPs submitted to the database and 38,097,002 of them are validated
to date [20]. The biallelic SNPs, which only have two variants, contributes their rapid
increase since they can be genotyped relatively easy via automated, high-throughput
genotyping methods [21]. The high numbers of SNPs identified also emphasize their
importance. Moreover, they are perfect candidates as genomic markers due to their low
recurrent mutation rate parallel to the evolutionary properties of human genome [21].
Today, there is a big effort going on to identify disease associated SNP profiles and
genome wide studies are enabling researchers not only to detect genetic variation more
thoroughly and with different perspective, but also it helps clinical applications such as
disease detection, preventative and curative medicine gain momentum and develop
further [22].

1.1.3. Genome Wide Association Studies

Genome wide association studies (GWAS) or whole genome association studies
compares the difference between case and control groups with a high coverage that is
representative of the whole genome in order to identify genetic variations by searching
for related markers, namely SNPs. Furthermore, in a given GWAS finding the genetic
variations is not the sole purpose. Main goal is to associate the variation profiles with a
disease or a phenotype [23]. After a successful attempt to associate a genetic variation
with a disease, further studies comprise development of new and better methods to fight,

prevent or cure the pathological conditions [24].



Genetic linkage studies were popular prior to introduction of GWAS and they had high
success rates in identification of single gene disorders [25], [26]. Through genetic
linkage studies Huntington's disease and Alzheimer's disease were shown to be inherited
and the genes in interest were successfully isolated [27], [28]. Yet, for complex diseases
including schizophrenia, bipolar disorder, diabetes, etc. conducting linkage studies did
not reveal any specific genetic factors for detection. Risch examined whether the genetic
study of complex disorders reached its limits in 1996. He suggested that future of the
genetics of complex diseases should be studied through association analysis since results
from linkage studies between complex diseases and various loci were not replicable, and
supported his hypothesis for association analysis through statistical calculations [29]. In
this context, the human genome project also contributed to progress of GWAS through
biobanks founded afterwards and the International HapMap Project [18].

GWAS utilizes high throughput techniques and SNPs as markers distributed throughout
genome to correlate allele frequencies with trait variation in samples collected from a
population. In GWAS it is hypothesized that a causal variant is located on a haplotype.
Accordingly, an association should be observed between a marker allele in linkage
disequilibrium (LD) between the causal variant and the trait of interest. GWAS involve
only genomic markers throughout the analysis and they are considered as unbiased
because previous knowledge of the trait etiology is not used as opposed to genetic
studies [30].

In 2005, Klein et al. had carried out first successful GWAS on age related macular
degeneration (AMD). They analyzed roughly 116204 SNPs in 96 cases and 50 controls.
They found out that complement factor H gene (CFH) on chromosome 1 is strongly
associated with AMD (nominal P-value <107) [31]. Afterwards, GWA studies continued
to successfully associate traits with diseases such as IL23R gene on chromosome 1p31
with Crohn’s Disease [32], lymphotoxin-alpha gene (LTA) located on chromosome

6p21 with myocardial infarction [33], TNFSF15 (the gene encoding tumor necrosis



factor superfamily, member 15) on chromosome 9932 and inflammatory bowel disease
[34], and IDE-KIF11-HHEX, EXT2-ALX4 and type 2 diabetes [35]. Yet, the most
comprehensive study was achieved by Wellcome TrustCase Control Consortium in 2007.
They concluded GWAS results for seven common diseases, including bipolar disorder
(BD), coronary artery disease (CAD), Crohn's disease (CD), hypertension (HT),
rheumatoid arthritis (RA), type | diabetes (T1D), and type Il diabetes (T2D). They
examined ~2,000 individuals for each of aforementioned diseases and a shared set of
~3,000 controls with 500,568 SNPs. Their findings included 24 independent association
signals: 1 in BD, 1 in CAD, 9 in CD, 3in RA, 7 in T1D and 3 in T2D with a relatively
high confidence of at p < 5x10 [36].

One of the main goals of the human genome project was emergence of biobanks, where
biological information is stored in data warehouses. Although it is not directly related
with HGP, enormous amount of data resulting from GWA studies also lead to
foundation of GWAS databases. Currently there are 5 major databases: GWAS Central
formerly known as HGVbaseG2P [37], GWASdb [38], NHGRI GWAS Catalog [39],
Genetic Association Database [40] and PharmGKB [41]. All of these databases allow
access to SNP information and its associated phenotypes. NCBI also harbors a genotype
— phenotype interaction database, where the many GWAS experimental data with
additional clinical information on case and controls is stored and shared with users in a

controlled manner [42].



1.2. Schizophrenia

1.2.1. Epidemiology

Almost 100 years have passed since Kraepelin and Bleuler suggested the modern
concept of schizophrenia into literature [43]. The detailed studies that were carried later
on around 1980s concluded correspondingly as Kraepelin and Bleuler’ studies [44], [45].
Schizophrenia is defined as a complex psychiatric disorder caused by genetic and
environmental factors as well as their interactions [46]. Generally, schizophrenia
emerges in early adult life, emerging of schizophrenia symptoms usually coincides to 20
to 35 years of age [47]. Regardless of a gender, chance of an individual’s presenting
schizophrenic spectrum is approximately %1 [46]. Yet, incidence rate varies across
cultures. For instance people that reside or were born in an urban setting are under a
greater risk for developing schizophrenia [48]. Furthermore, immigrants are considered
as a high risk group, especially if they have different skin color than residents [49].
Additionally, Bresnahan et al. showed that African Americans are more prone to
develop schizophrenia than European Americans by three times [50]. Mortality is
another issue for schizophrenia patients. Suicides (5.6% of schizophrenia patients
commits suicide [51]) and premature deaths [52] are the main reason for increased

mortality.

1.2.2. Symptoms and Subtypes of Schizophrenia

Symptoms of schizophrenia are categorized into three as: positive (delusions,
hallucinations), negative (reduced emotions, speech, interest) and disorganized
symptoms (disrupted syntax and behavior), as well as cognitive symptoms in many cases
[46].



There are four classical subtypes of schizophrenia; Kahlbaum’s catatonia, Hecker’s
hebephrenia, Kraepelin’s dementia paranoids and Diem’s simple dementia, and
schizophrenia today is considered as a merger of these disorders [53]. Kraepelin [54]
states that these four disorders should be combined because it is impossible to differ
them strictly. Although distinctiveness was apparent at initial stages any disorder may
transform into another one as Bleuler [55] explained this transformation: ‘a case which

begins as a hebephrenic may be a paranoid several years later’.

Paranoid schizophrenic patients suffer from delusions and hallucinations. These
delusions and hallucinations may be continuous or may last for long periods of time.
Gradually, individual becomes isolated and withdrawn due to affecting delusions and
hallucinations. Finally, hospitalized patient reaches a more or less stable end state. In
spite of the fact that current delusions are no longer as strong as early delusions, at this
stage patient is indifferent, apathetic and sustains life without any ambition or goal[53].

Second subtype of schizophrenia is composed of hebephrenic schizophrenia patients.
Thought disorder stands out for this group as well as the symptoms affective flattening
and incongruity. Although first symptoms are negligible such as absentmindedness,
dreaminess or forgetfulness, acute symptoms are observed during the course of this type
of schizophrenia like staring into space and talking to oneself. Eventually, patients start

dealing with delusions. Hallucinations, on the other hand, are almost absent [53].

Catatonic schizophrenia is the third group of classical subtypes. Multiple motor,
volitional and behavioral disorders are observed in this subtype. Severe symptoms as
florid delusions, hallucinations and formal thought disorder follow of quietness,
withdrawal, absentmindedness, etc. Catatonic schizophrenia differs from other subtypes

via its catatonic nature that is originated from stupor or excitement [53].

The final group of classical subtypes of schizophrenia is the simple schizophrenia. This



form is apart from Kraepelin’s original concept of schizophrenia. Simple schizophrenia
patients do not develop florid symptoms. Non-specific prodrome is observed; patient
becomes unsuccessful, cold, unsympathetic and alienated. The final stage of the disorder
differs from patient to patient [53].

1.2.3. Risk Factors

Although symptoms, progress and subcategories of schizophrenia are well documented,
exact cause of the disorder still remains unknown. As mentioned before schizophrenia is
a complex psychiatric disorder and environmental and genetic factors play a role in
development of schizophrenia [46].

1.2.3.1.Environmental Risk Factors

There are numerous researches that show the effect of environment. For instance, a
review that was conducted on three different groups with natal complications showed a
concordance with schizophrenia. The groups were selected according to the time that
complications had occurred (during pregnancy, at the time of delivery and abnormal
fetal growth and development). And it was reported that the magnitude of risk of
developing schizophrenia was doubled in individuals that survive natal complications
compared to individuals without such complications [56]. The second trimester of
pregnancy is also prominent for fetus’s neurodevelopment. Any complication that may
occur during this period doubles the risk of offspring for developing schizophrenia [57].
Environmental factors are not limited to complications that are occurred during
pregnancy and at the time of delivery. Also, environmental factors that individuals face
after birth have an impact for an individual to develop schizophrenia [43]. If an urban

environment is considered, a high correlation can be easily observed between urban
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inhabitance and birth. Yet, inordinate representation of schizophrenia is seen in those
habitats [58]. Since there is an apparent correlation of birth and urban inhabitance, cause
of increased numbers of schizophrenia incidents remain unknown. Boydell & Murray
tried to find cause, and examine whether the reason of correlation derived from prenatal
or perinatal factors, or whether urbanicity causes psychological stress and social
isolation that may risk at a later point in development [49]. A recent study with a
population size of 300,000 adolescents suggests that if an individual is genetically prone
to schizophrenia, stress of city life may lead to development of schizophrenia [59]. It is
not only urban stress that elevates the risk of developing schizophrenia, but also use of
cannabis during adolescence increase the risk by two to three times [60]. Moreover, it is
not just cannabis use but also alcohol abuse and drug abuse were reported for up to 60%
of chronic schizophrenic patients. 24% of patients’ found to be abusing alcohol and 14%
of patients’ found to be abusing drugs (twice the rates in general population) prior to
first admission. Although alcohol abuse had generally emerged following the first
symptom of schizophrenia, the numbers vary among drug abusers. 27.5% started
abusing drugs prior to first symptom, 37.9% started drugs after the emergence of first
symptom and 34.6% showed simultaneous emergence of drug abuse and first symptom
[61]. There are also other studies on co-morbidity of substance abuse and schizophrenia
[62], [63].

1.2.3.2.Genetic Risk Factors

Schizophrenia shows high heritability rates [64]. These figures rely on the studies that
were conducted and being conducted for over eighty years [43], and a large collection of
data that is acquired from family, twins and adoptee studies. The results of these studies
confirm the importance of genetics and its association with schizophrenia and

schizophrenia spectrum disorders [65]. According to twin studies there is a concordance
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of 50% between monozygotic twins and 17% between dizygotic twins [66]. One of the
most important studies that show potent effect of genes belongs to Gottesman.
Gottesman showed that having a second-degree relative with schizophrenia increases the
risk of individual to 3-4% from 1% baseline; having first degree schizophrenic relative
increases the risk up to 13% (Figure 2) [67].
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Figure 2. Risk rates of developing schizophrenia (adopted from [67])

Since perfect concordance is absent between monozygotic twins it would be accurate to
state that schizophrenia is genetically mediated. Furthermore, some of the recent studies
had also concluded overall risk for developing schizophrenia is more likely as a result of

interaction between environment and genetics [68].
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1.2.4. Linkage Studies of Schizophrenia

As common genetic studies were turned out that they are not efficient and reliable for
the discovery of relevant genes and pathways of the disorder, scientists focus on genome
wide association studies for schizophrenia and other complex diseases.

In a review prepared by Riley and Kendler in 2006 they listed eight linkage regions:
22012-q13, 8p22—p21, 6p24—p22, 13914932, and 60921-q22. Yet, they mentioned the
interpretation of results is controversial, since specification of replication for linkage to a
complex trait remains unclear. Although the interpretation of results stands controversial,
they reported results of the studies with promising candidate genes [65]. COMT [69-71],
PRODH2 [72] and ZDHHCS [73] were listed for chromosome 22q; NRG1 [74-77] and
PPP3CC [78], [79] for 8p22-p21; DTNBP1 [80-89] for 6p24-p22; G72 and DAAO [90-
96] for 13914-g32; TRAR4 [97] for 6g21-g22; DISC1 [98-101] for 1942; RGS4 [102—
104] for 1g21-g22 as candidate genes. In addition, follow up studies showed that
DTNBP1 interacts with AKT1 gene and further focus on this particular gene revealed
association with schizophrenia [105-107], although there were some studies that showed

no association [108].

Another review that was done by Tiwari et al. in 2010 reports 11 additional genes

associated with schizophrenia [109] summarized in table 1.
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Table 1. Schizophrenia related genes according to linkage studies.

Gene Locus Function Reference
DRD2 11923 Dopamine signaling [110], [111]
ERBB4 2033.3-034 Receptor tyrosine kinase NRG1 [74], [112-114]
GARBB2 5034 GABA signaling [110], [115]
GRIN2B 12p12 Glutamate signaling [110], [116]
HTR2A 13q14-21 Serotonin signaling [110], [117], [118]
IL1B 2914 Immune [110], [119], [120]
NOTCH4 6p21.3 Neurodevelopment [121-123]
NRXN1 2p16.3 Synapses [124]
PDE4B 1p31 Synapses [125-128]
PRODH 22q11 Glutamate synthesis [110], [129], [130]
RELN 7022 Synapses [131-133]

1.2.5. Genome Wide Association of Schizophrenia

Linkage studies were the major tool before the GWAS was available. However, there
was a serious debate on these studies that most of the chromosomes show linkage
signals on thousand of genes. Moreover, accurately identifying a significant region by
means of a linkage study is questionable due to heterogeneity and small effect sizes

which are expected for schizophrenia-associated polymorphisms [109].

Linkage studies in large scales has an advantage over GWA studies by means of
identifying regions with both multiple rare and common variants in susceptibility genes
[134-136] as focusing on the affected members of a family within a population reduces
heterogeneity. In linkage studies an affected chromosomal region is associated with a
phenotype which results in thousands and millions of base pairs, thus tens or more genes.
That’s why linkage studies are considered to have low resolution. However, in a GWA
study if the allele actually playing a role in emergence of the phenotype in interest or
related with a causal allele, it is going to be reported since it will have a higher

frequency. Moreover, when there is no gene, allele or region preceding the study GWAS
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is the perfect tool to identify totally novel susceptibility factors [137], [138].

One of the first GWA studies was carried out in 2006 showed suggestive evidence of
linkage at 8p23.3-p21.2 and 11p13.1-g14.1. Suarez et al. used a combined schizophrenia
sample of 409 pedigrees (of 263 is European ancestry and of 146 is African American
ancestry). Families in the sample were not also required to have a proband with
schizophrenia but also a single or more siblings of the proband with schizophrenia or
schizophrenic disorder. As a result of nonparametric multipoint linkage analysis of all

families association of previously mentioned chromosome regions were found [139].

There is another GWA study from 2006 reporting a candidate gene, plexin A2
(PLXNAZ2) on chromosome 1g32. There were 320 patients of European descent and 325
controls in the study. The study utilized over 25,000 SNPs and found 62 markers. Yet,
the most consistent one was determined as rs752016. The finding was successfully
replicated in an independent sample of European Americans, in smaller subset of Latin

and Asian Americans [140].

Lencz et al. reported identification of a novel locus associated with schizophrenia. The
locus is located near colony stimulating factor, receptor 2 alpha (CSF2RA) gene in the
pseudoautosomal region [141]. Further sequencing studies targeted the exonic sequences
and upstream region of CSFR2A and its immediate neighbor, the interleukin 3 receptor
alpha (IL3RA) revealed another association of one more polymorphism, rs6603272, in

intron 5 of the IL3RA gene in independent samples of Han Chinese patients [142], [143].

According to GWA studies, certain copy number variations (CNVs) are shown to be
related with high risk of schizophrenia and other psychiatric disorders [144-146]. In a
GWAS of CNVs that was conducted in two phases by Stefansson, H. et al. in 2008. In
phase | they found out nominal association between three deletions at 1921.1, 15911.2

and 15g13.3 and schizophrenia. They identified 66 de novo CNVs after the analysis of
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9,878 transmissions from parents to offspring. Their sample was population based
consisted of 1,433 schizophrenia cases and 33,250 controls. Their other sample for phase
Il covered 3,285 cases and 7,951 controls. As the results of the combined sample
showed all three deletions significantly associate with schizophrenia and related
psychoses [144]. In addition to previously mentioned study, The International
Schizophrenia Consortium showed another association for large deletions on 22911 but
not on 15g13.3 or 1g21.1 in 2008. They included a sample consisted of 6,572
individuals whom 3,391 were patients. They used a total of 890 CNVs which occurs
only once in either a case or a control. There were two independent signals pointing
thioredoxin reductase 2 (TXNRD2), a gene that partially overlaps with catechol-O-
methyltransferase (COMT) and the location within the genes phosphatidylinositol 4-
kinase type 3 alpha (PI14KA) and serpin peptidase, clade D (heparin cofactor) member 1
(SERPIND1) [146]. In addition The International Schizophrenia Consortium reported
ZNF804A, MYO18B and NOTCH4 as candidate genes in 2009 [147], which replicated
the result of study of O’Donovan et al. that was reporting genome wide association of
ZNF804A and schizophrenia in 2008 [148]. One year later, in 2009, a susceptibility
gene fibroblast growth factor receptor 2 (FGFR2) on chromosome 10025-q26 was
identified by O’Donovan et al. as a result of a meta-analyses of 5,142 cases and 6,561
controls [149].

Another search for sequence variants was carried out by Stefansson, H. et al. in 2009.
Their sample composed of 2,663 schizophrenia cases and 13,498 controls from eight
European locations (England, Finland (Helsinki), Finland (Kuusamo), Germany (Bonn),
Germany (Munich), Iceland, Italy and Scotland). There were 314,868 SNPs that were
covered by the study. A significant association was exhibited for the following regions:
the major histocompatibility complex (MHC) region on chromosome 6p21.3-22.1,
HIST1H2BJ, PRSS16 (2 markers), PGBD1 and NOTCH4; a marker located upstream of

the neurogranin gene (NRGN) on 11g24.2 and a marker in intron four of transcription
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factor 4 (TCF4) on 18g21.2. Stefansson, H. et al. emphasized that the association of
MHC region was consistent with an immune component to schizophrenia risk and the
association of NRGN and TCF4 was implication of disruption of pathways involved in
brain development, memory and cognition [121]. Moreover, additional findings were
published in 2009 by Shi, J. et al. pointing a region on chromosome 6p22.1. The region
of interest region includes a histone gene cluster (HIST1H2BJ, HIST1H2AG,
HIST1H2BK, HIST1H4l and HIST1H2AH) and several immunity-related genes. The
dataset in the study was a collection of 8,008 cases and 19,077 controls. As Shi et al.
emphasized these studies (GWAS of CNVs) identified a region or regions of
associations of common SNPs with schizophrenia, further studies were required to

identify the sequence variation [46].

PLAA, ACSM1, ANK3 were found to be associated with schizophrenia as a result of
GWAS by Athanasiu et al. in 2010. The study was performed in a Norwegian discovery
sample of 201 cases and 305 controls with a focused replication analysis in a European

sample comprising 2663 cases and 13,780 control subjects [150].

The Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) Consortium
identified five new schizophrenia loci in a two-stage study in 2011. The analysis covers
51,695 individuals. MIR137, CACNA1C, ANKS3 and ITIH3-ITIH4 region were the

reported findings found to be associated with schizophrenia [151].

1.2.6. Other Molecular Studies of Schizophrenia

Besides GWAS of CNVs there are also pathway analysis of GWAS data for the
identification of genetic causes of schizophrenia [152-154]. Jia, P et al. were carried out
such a study in 2010 to detect genes’ combined effects of genes on mediating

schizophrenia. As their results suggested glutamate metabolism pathway, TGF-beta
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signaling pathway, and TNFR1 pathway which are respectively related to metabolism of
glutamate, the process of apoptosis, inflammation, and immune system were found to be
associated with schizophrenia. Gene Set Enrichment Analysis (GSEA) and
hypergeometric test were incorporated along with Fisher’s combined method to detect
combined effect of genes. Their study utilized GAIN GWAS dataset for schizophrenia
of unrelated European ancestry samples (1158 schizophrenia cases and 1378 controls).
Yet, another study by O’Dushlaine et al. in 2010 found five pathways which were
disparate from the results of Jia et al. O’Dushlaine et al. integrated SNP to ratio test
(SRT) on the 1ISC GWAS and used GAIN GWAS dataset as validation dataset. They
found glycan structures biosynthesis 1, cell cycle, SNARE, cell adhesion molecules
(CAMs), and tight junction pathways associated with schizophrenia [155]. Thereupon,
Jia et al. prepared a report in 2011 discussing benefits and limitations of pathway based
analysis applied to GWAS datasets over a comparative study of theirs [152] and
O’Dushlaine et al.’s. They concluded that there are several factors affecting results of
GWAS data analysis through pathway based methods such as such as pathway
annotations, pathway size, gene length, SNP density in genes, definition of gene
boundaries, and assignment of a p-value to a gene which has multiple SNPs [153]. In
this study, we also aimed to identify novel pathways and networks based on combined p-

value analysis of associated SNPs for genes and pathways.

Another group that was using improved gene set enrichment analysis (i-GSEA), on 3
independent GWASs of schizophrenia (GAIN European Ancestry and African American
Ancestry, and Duke Study European Ancestry) to identify pathways associated with
schizophrenia and reported an association between the pathway substrate specific
channel activity and schizophrenia. Their merged dataset included 3,446 cases and 3,209

controls, and over hundreds thousands of genotyped SNPs [154].

In a recent study that is unrelated to GWAS, Brzustowicz and Bassett presented
miRNA-mediated risk for schizophrenia in 22911.2 deletion syndrome (22g11.2DS)
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[156]. This deletion syndrome confers a 25- to 30-fold increased risk for schizophrenia
over the general population [157]. Although association between 22g11DS and
schizophrenia were shown many years ago [158], Brzustowicz and Bassett presented a
theory which mechanistically explains the link between 22911.2DS, miRNAs, and
schizophrenia risk [156].

1.2.7. Online Mendelian Inheritance In Man (OMIM)

OMIM s a public database that catalogs human genes and genetic disorders. The
information OMIM contain is full-text, referenced overviews with all known Mendelian
disorders and over 12,000 genes and updates daily. OMIM focuses on the relationship
between phenotype and genotype [159]. Table 2 presents OMIM retrieved information
that shows location of the associated gene, gene/locus name and MIM number linked to

that gene as of January 2013.

Table 2. Schizophrenia related genes from OMIM

Location Gene/Locus | MIM number Location Gene / Locus | MIM number

1p36.2 SCzD12 608543 11p14.1 GPR48 606666
1p36.22 MTHFR 607093 11g14-g21 SCzD2 603342
1g32.1 CHI3L1 601525 12g24.11 DAO 124050
1942.2 DISC1 605210 13g14.2 HTR2A 182135
1942.2 DISC2 606271 13032 SCzD7 603176
3p25.2 SYN2 600755 13033.2 DAOA 607408
3g13.31 DRD3 126451 14g32.33 AKT1 164730
5023-g35 SCzD1 181510 18p SCzD8 603206
6p23 SCzZD3 600511 22q11.21 COMT 116790
6p22.3 DTNBP1 607145 22q11.21 RTN4R 605566
6013-g26 SCZD5 603175 22912.3 APOL4 607254
8p21 SCZD6 603013 22912.3 APOL2 607252

10g22.3 SCzD11 608078
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1.2.8. Molecular Summary of Schizophrenia

Table 3 summarizes the current molecular findings on schizophrenia. The regions
marked with * were found to be associated with schizophrenia by Stefansson, H. et al. in
2008. However, The International Schizophrenia Consortium could not find

corresponding association in 2008.

Table 3. Summary of current knowledge on molecular etiology of schizophrenia

Source Gene/ Term

COMT, PRODHZ2, ZDHHCS8, NRG1, PPP3CC, DTNBP1, G72, DAAO, TRAR4, DISC1,
RGS4, AKT1, DRD2, ERBB4, GARBB2, GRIN2B, HTR2A, IL1B, NOTCH4, NRXN1,
PDE4B, PRODH, RELN

Linkage
Studies

PLXNA2, CSF2RA, IL3RA, TXNRD2, COMT, PI4KA, SERPIND1, ZNF804A,
MYO18B, NOTCH4, FGFR2, HIST1H2BJ, PRSS16, PGBD1, NOTCH4, NRGN, TCF4,
GWAS HIST1H2BJ, HISTIH2AG, HIST1H2BK, HIST1H4l, HISTIH2AH, PLAA, ACSML,
ANK3, MIR137, CACNAILC, ANK3, ITIH3-ITIH4region, 8p23.3-p21.2, 11p13.1-q14.1,
1g21.1, 15q11.2*, 15q13.3*, 2211, 6p21.3-22.1

cell adhesion molecules (CAMS)

tight junction pathways

substrate specific channel activity pathway
e 22011.2 deletion syndrome

e glutamate metabolism pathway
e  TGF-beta signaling pathway
e TNFR1 pathway
e glycan structures biosynthesis 1
o cell cycle
Other e  SNARE
[ ]
[ ]
[ ]

SCZD12, MTHFR, CHI3L1, DISC1, DISC2, SYN2, DRD3, SCZD1, SCZD3, DTNBP1,
OMIM SCZD5, SCZD6, SCZD11, GPR48, SCZD2, DAO, HTR2A, SCZD7, DAOA, AKT1,
SCZD8, COMT, RTN4R, APOL4, APOL2

Common

NOTCH4, HTR2A, COMT, HIST1H2BJ, ANK3
Genes
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CHAPTER 1l

2 MATERIALS AND METHODS

2.1. Data

2.1.1. dbGAP (database of Genotypes and Phenotype)

The dbGaP public repository for individual-level phenotype, exposure, genotype and
sequence data and the associations between them has been instituted by the National
Center for Biotechnology Information (NCBI). Each studies and subsets of information
from those studies in the database have its’ unique identifier which allow published
studies to discuss or cite the primary data in a specific way. There are two access types
for usage of dbGaP. Public access allows researchers to study documents linked to
summary data on specific phenotype variables, statistical overviews of the genetic
information, position of published associations on the genome, and authorized access is
required to obtain individual-level data [42].
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2.1.2. Cases and Controls

Cases were selected according to criteria for schizophrenia (SCZ) or schizoaffective
disorder (SA) per the Diagnostic and Statistical Manual of Mental Disorders version IV
[160]. More information on inclusion criteria can be found online at [161]. Individuals in
control group were selected unless they endorsed a history of these disorders. The
control subjects have been recruited by Knowledge Networks, a survey and marketing
research company in U.S. Each control filled out a questionnaire comprising 69
screening questions (45 for disease related traits and 24 for personality traits). The
questionnaire and details can be accessed from [162]. In total there were 3,029
individuals in the dataset comprising 1,385 subjects as control and 1,576 subjects as case
[163].

NonGAIN GWAS dataset includes 908,477 SNPs and two different sets of data apart
from controls and cases. These are General Research Use (GRU) comprising 2,677
subjects (1,385 controls and 1,292 cases) and Schizophrenia and Related Conditions
(SARC) comprising 352 cases. The dataset divided into two groups because of the type
of data access consent that participants gave. The people in GRU group agreed their data
to be accessible for general research use purposes and the SARC group agreed their data
to be accessible in research which are solely related to schizophrenia and related
conditions. The SARC group was excluded from this study, only data from GRU group

was used for analysis.

The Affymetrix Genome-Wide Human SNP Array 6.0, or Affy 6.0 as commonly known,
covers 1.8 million genetic markers as more than 906,600 single nucleotide
polymorphisms (SNPs) and more than 946,000 probes for copy number variation (CNV).
The platform also offers analysis tools that can truly link copy number and association

high-resolution reference map and a copy number polymorphism (CNP) calling
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algorithm developed by the Broad Institute [164].

In this study we handled a dataset, which is a part of Molecular Genetics of
Schizophrenia (MGS) GWA study, downloaded from dbGaP [42] with study accession
number of phs000167.v1.pl. The MGS study incorporates 3,972 cases (2,686 European
ancestry (EA) and 1,286 African American (AA)) and 3,629 controls (2,656 EA and 973
AA) (analyzed sample remaining after quality control exclusions). Half of the EA
sample and almost the entire AA sample were genotyped under the preservation of the
Genetic Association Information Network (GAIN) with the Affymetrix 6.0 platform.
Remaining samples were also genotyped with the same platform and referred as

nonGAIN sample.

2.2. Analysis

2.2.1. Pre-processing of Schizophrenia Data

After the dataset was downloaded, it was required to be adjusted for determination of
significance values of each SNP. Although most of the datasets do not require any
tuning for next step, schizophrenia set was missing the phenotype entries for all of the
participants. Upon correction of missing values through ID matching of the subject with
the phenotype value of the subject from related study and phenotype files, dataset

became available for further steps of the analysis.
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2.2.2. Assignment of Statistical Association

PLINK [165] v1.07 was used for calculation of significance values. It is designed as a
free, open-source, command-line tool to handle a bunch of beneficial analysis such as
whole genome association analysis and a range of basic, large-scale analyses in a
computationally efficient manner. The sole focus of the toolset is on analysis of
genotype/phenotype data. Thus any data which will be analyzed through PLINK, should
be undergone proper formatting [166].

Prior to statistical association PLINK applies initial quality control. This procedure is
performed thorugh base filtering and preprocessing with default features (Minor Allele
Frequency = 0.05, SNP Missingness Rate = 0.1, Individual Missingness Rate = 0.1,
Hardy Weinberg Equilibrium = 0.001). The software was executed for binary dataset
(*.bed, *.bim and *.fam files) with the following parameters:

plink --bfile “file names" --assoc --adjust --out "output file"

Upon completion of PLINK analysis, it generates *.qassoc.assoc as an output file in
addition to basic *.assoc file. Former file includes a pre-sorted list of association results
with following columns: Chromosome; SNP identifier; Unadjusted, asymptotic
significance value; Genomic control adjusted significance value; Bonferroni adjusted
significance value; Holm step-down adjusted significance value; Sidak single-step
adjusted significance value; Sidak step-down adjusted significance value; Benjamini &
Hochberg (1995) step-up FDR control; Benjamini & Yekutieli (2001) step-up FDR
control. Among these statistical results unadjusted p-value was used in latter analysis
because rest of the statical tests have an assumption that states each test subject is

indepent of each other.
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2.2.3. Data Preparation for METU-SNP

SNPs in the result files of PLINK are designated with Affy Ids. However, for combined
p-value analysis and SNP prioritization through METU-SNP, SNPs must be given
indicated with rs IDs (a reference SNP ID number assigned to each unique submitted
SNP records by dbSNP). Accordingly, all of the affy IDs were converted into rs IDs. Yet,
further adjustment on the result files was required with respect to format for the next
analysis. Each column is restricted within a spesific character limit. First column is
required 4, second is required 12, and the rest is required 11 including white spaces.
After output files were reformatted according to those limitations, results were

appropriate to be piped for SNP prioritization.

2.2.4. METU-SNP Analysis

METU-SNP is an integrated software application which is specifically designed for use
in SNP based genome wide association studies. The application is publicly accessible at
http://metu.edu.tr/~yesim/metu-snp.htm. There are also video tutorials and help files
available on the website. METU-SNP is written in Java as a desktop application to
prioritize biomarkers and discover genes and pathways related to diseases via analysis of
the GWAS case-control data. METU-SNP is a very beneficial tool for GWA studies
since: (1) it allows the user to prioritize hundreds thousands of SNPs that are statistically
found to be associated with the phenotype, (2) it helps identifying of the smallest set of
SNPs (informative SNPs) that can be integrated as a biomarker panel of the phenotype
for follow-up analysis. For the identification of an informative SNP subset it is required
to sort the SNPs according to well-defined criteria. By doing so, biologically more
relevant SNPs are going to be clustered as they preserve their statistical significances. In

order to perform such a task, METU-SNP employs a scoring mechanism for each SNP
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that would reflect SNP’s biological and statistical relevance by integrating AHP and
Gene Set Enrichment Analysis frameworks into evaluation of SNPs. Furthermore, the
software is equipped with machine learning based feature selection schemes which
enables users to decrease the number of SNPs in the output. It’s database was built with
data gathered from major public databases such as dbSNP, Entrez Gene [167], KEGG
[168] and Gene Ontology [169].

2.2.5. Associating Genes and Pathways

Fisher’s method [170], also known as Fisher’s combined probability test, is the classic
method to combine p-values from independent tests. Fisher's method combines p-values

into one test statistic (x°) using the following formula [171]:

k
O()Z = —2 z loge (pn)
n=1

P« is the p-value for the n™ hypothesis test. As the formula suggests the p-values tend to
be large, when the test statistic %> will be small. Thus, the null hypotheses are failed to

reject for every test [171].

Fisher’s method is being used in METU-SNP analysis in order to find statistically
significant genes through associated SNPs. Whereas, Hypergeometric test (Fisher’s
exact test [172]) is being used to determine statistically significant pathways. In the
following formula total number of given genes is N, total number of genes which are
significantly associated with the disease is S and m is the number of genes in the
pathway. That’s said p-value of observing k-significant genes in the pathway is
estimated by [173]:
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METU-SNP has two phases to carry out these calculations. Using Fisher’s combination
and Fisher’s exact tests, the software calculates combined p-values first for the discovery
of significant genes and then the pathways, respectively. Parameters were selected as
following: SNP threshold p-value as 5x10™, gene and pathway threshold p-values as
0.05.

2.3. SNP Prioritization with Analytic Hierarchy Process (AHP)

Analytic Hierarchy Process (AHP) is used in decision-making based on multiple
different criteria. It was developed by T. L. Saaty in 1970s [174].

Inputs that can be used in an AHP study varies from actual measurements such as weight,
height, price to subjective opinions such as preference, satisfactory level, feelings etc.
Since humans are not consistent, some levels of inconsistencies are allowed in AHP.
Principal Eigen vectors and principal Eigen values are utilized to determine the ratio
scales from former and consistency index from latter [175]. Furthermore, AHP is a
special tool with its’ being flexible that can be integrated with various techniques such
as Linear Programming, Quality Function Deployment, Fuzzy Logic and so on. AHP
empowers users to achieve their goals in a better way by integrating such different
techniques [176].

Analytic Hierarchy Process provides a numeric scale for the measurement of
quantitative and qualitative performances. This scale ranges from 1/9 for ‘least valued

than’, to 1 for ‘equal’, and to 9 for ‘absolutely more important than’ covering the entire
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spectrum of the comparison [176].

In our study we have used METU-SNP’s AHP based prioritization approach [177] to
determine the biologically more relevant SNPs among statistically significant SNPs
associated with schizophrenia. AHP score was determined as 0.4 for prioritization step.
SNPs with a lower p-value than 5x10™ are selected for the AHP prioritization, and the
cut-off AHP score of 0.4 is used for further selection of SNP subset after prioritization.

2.4. Analysis of Associated SNPs and Gene Lists

These analyses include the utilization of different publicly available tools such as
RegulomeDB [178] to identify DNA features and regulatory elements in non-coding
regions of the human genome and SNPnexus [179] to summarize association of

variations in the dataset with phenotypes.

RegulomeDB is a public database annotates SNPs with known and predicted regulatory
elements such as regions of DNAase hypersensitivity, binding sites of transcription
factors, and promoter regions that have been biochemically characterized to regulation
transcription. The database utilizes datasets from GEO, the ENCODE project, and
published literature [178]. It accepts query data in following formats: dbSNP IDs, 0-
based coordinates, BED files, VCF files, and GFF3 files (hg19). RegulomeDB only

requires exclusion of SNPs located on mitochondrial chromosomes.

SNPnexus is a knowledgebase for functional annotation of novel and publicly available
genetic variants. It was designed to simplify and assist in the selection of functionally
relevant Single Nucleotide Polymorphisms (SNP) for large-scale genotyping studies of

multifactorial disorders. SNPnexus allows queries using dbSNP identifiers or
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chromosomal regions for annotating known variants. It is synchronized with UCSC
human genome annotation database via regular updates. Furthermore, SNPnexus allows
users to compute the following data: genomic mapping and additional annotations,
gene/protein consequences, effect on protein function, hapmap population data,
regulatory elements conservation, phenotype & disease association and structural
variations. In this study SNPnexus is used for summarizing association of variations in
the dataset with phenotypes. SNPnexus retrieves phenotype and disease association data
from: GAD, The Genetic Association Database [40]; COSMIC, The Catalogue Of
Somatic Mutations In Cancer [180] and GWAS Catalogue, The Catalogue of Published
Genome-Wide Association Studies[39], [179].

Batch Query Paste in your que
Input format] [Load Example] >

(upto 100K SMPs/InDels):

P

--0OR -
Please specify a file (upto 100K SNPs/InDels} [ oose File | No file chosen

Phenotype & Disease Association [/|Genetic Association of Complex Diseases and Disorders (GAD)
Catalogue of Somatic Mutations in Cancer (COSMIC)
MNHGR!I Catalogue of Published Genome-Wide Association Studies

Figure 3. SNPnexus parameters for functional annotation

2.5. Biological Pathway Analysis

DAVID [181] and Reactome [182], which were publicly available bioinformatics tools,
were employed for pathway analysis. This analysis helps us to understand and find out
the biological context of the data by visualizing the overrepresented pathways in the

dataset.

Database for Annotation, Visualization, and Integrated Discovery (DAVID), provides a
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set of bioinformatics tools that present combination of functionally descriptive data and
graphical displays. DAVID enhances the utility of resources which are focused on
annotations and curations of gene-specific functional data such as Kyoto Encyclopedia
of Genes and Genomes (KEGG) [168], BioCarta [183], PANTHER pathway [184] and
much more by enabling batch query of genes [185].

Annotation Summary Results
Help and Tool Manual
Current Gene List: List_1 2468 DAVID IDs

Current Background: Homo sapiens Check Defaults [ Clear All

Disease (0 selected)
Functional__Categories (0 selected)
Gene_Ontology (0 selectad)
General Annotations (0 sslected)
Literature (o selected)
Main_Accessions (0 selected)

E Pathways (3 selected)

[ eeD z.1% 76 Chart | s

BIOCARTA 13.1% 323 Chart | e—

[T ec_numeer 20.0% 715 [ Chart |

KEGG_PATHWAY 40.5% 999 [ Chart |
PANTHER_PATHWAY 25.4% 627 Chart | e—
[T REACTOME_PATHWAY 24.5% 604 Chart | —

Protein_Domains (0 selected)
Protein_Interactions (0 seslected)
Tissue_ Expression (0 sslectad)

*Red =nnotstion c=tegories denote DAVID defined defaults=*

Combined View for Selected Annotation

[ Functional Annotation Clustering ]

[ Functional Annotation Chart ]

[ Functional Annotation Table ]

Figure 4. DAVID parameters for pathway analysis

After gene lists were uploaded as Entrez gene IDs to DAVID, functional annotation
chart tool was used. AIll the default options were cleared and BIOCARTA,
KEGG_PATHWAY and PANTHER_PATHWAY options were selected. There wasn’t

any other tuning than those that had been done for the analysis.

Reactome is an open source curated bioinformatics database which covers human
pathways and reactions. It enables users to carry out ID mapping, pathway assignment

and overrepresentation analysis via Pathway and Expression Analysis tools [182].
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Figure 5. Reactome parameters for pathway analysis

To represent our data we uploaded lists of gene 1Ds (Entrez) to pathway analysis tool of
Reactome and carry out overrepresentation analysis. This analysis helps users to
understand the biological context of their data by finding enriched Reactome pathways

with user list of genes.

2.6. Network Analysis

GeneMANIA is a publicly available gene network tool for predicting the function of
query genes and gene sets. It finds other genes that are in a relationship with genes in
interest by hosting a very large set of functional association data comprising protein and
genetic interactions, pathways, co-expression, co-localization and protein domain
similarity (currently, by Jan’13, indexing 1,464 association networks containing
292,680,904 interactions mapped to 149,747 genes from 7 organisms) [186].
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GeneMANIA is allowed to integrate 10 related genes to network for gene discovery and
‘Predicted’ option is unchecked for network analysis. Other than these adjustments

default options were used.

G EN E M A N I A Video tutorials Blog Contact us £

Find genes in H. sapiens (human) v related to 114, 115, 23236, 4660, 5579, 136, 800, 3708; 557 Go
(type or select a species) (type 1 gene perline — example)
Hide advanced options ¥
Networks
ane d : \

Cratle oL i 5420 ety vl
[ Attributes 01 » 7] InterPro

Co-expression 200181
Co-localization 212
Geneticinteractions 33
Pathway 616
Physical interactions 61/81
[] Predicted 051
Shared protein domains  2/2
[[] Uploaded 0/

Network weighting

Query-dependent weighting Gene Ontology (GOFbased weighting  Equal weighting
@ automatically selected weighting method ) Biological process based © Equal by network
(2 Assigned based on guery genes 2 Wolecular function based © Equal by data type

D Cellular component based

Number of gene results

Inthe results generated by GenelaNIA, 10 [+] related genes and atmost 20 [=] related attributes will be displayed.

Figure 6. GeneMANIA parameters for network analysis
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CHAPTER Il

3 RESULTS AND DISCUSSIONS

3.1. PLINK Results and Analysis of Associated SNPs and Genes

P-values of 909,622 SNPs from 2,677 subjects were calculated through PLINK (Table
4). There were 25,555 SNPs with a p-value smaller than 5x107°, and 4,375 of them were
mapping to 5,365 Entrez gene IDs and 5,324 Ensembl [187] gene names according to
Ensembl Biomart [188].

PLINK was solely used for calculation of p-values for SNPs. There is no consideration
of biological significance of the SNPs or the genes that they are mapped in this analysis.
None of the genes previously mentioned (1.4. Molecular epidemiology) were ranked
among top 10 statistically significant SNPs (Table 4). Most of the SNPs were not
mapped to any gene (7 out of 10), and three SNPs mapped to two genes. First one is
PCDH11X from SNP rs2563850 and rs2562967. Second gene is PCDH11Y from SNPs
rs2557227, rs2563850 and rs2562967. Both genes were associated with the GO terms
calcium ion binding and homophilic cell adhesion. Although there are hits for the search
of “PCDHI11Y and schizophrenia”, findings of the studies introduce definite proof of
lack of association between PCDH11Y variants and schizophrenia as well as between
PCDH11X and schizophrenia [189], [190]. And this is an example of a strong (10™) but

an unvalid statistical result.
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Table 4. GO Annotations of the genes which top 10 SNPs map

Chr. p-value SNP ID Gene GO Annotation (Function)

Ambiguous |4.16E-20 |rs2574608 | No gene model available
Ambiguous |8.30E-20 |rs2352301 | No gene model available
Ambiguous |8.78E-20 |rs2771913 | No gene model available

XorY 1.08E-19 |rs2563850 |PCDH11Y, PCDH11X Calcium ion binding
Ambiguous |1.36E-19 |rs2123561 | No gene model available

XorY 1.43E-19 |rs2562967 |PCDH11Y, PCDH11X Calcium ion binding
Y 1.43E-19 |rs2558989 | No gene model available
X 1.57E-19 |rs425231 No gene model available

Y 1.67E-19 |rs2557227 |PCDH11Y Calcium ion binding
X 2.01E-19 | rs2755895 | No gene model available

Table 4 also includes location information of the given SNPs. As seen from the table
locations are mostly ambiguous for given SNPs and the rest (4 SNPs) is either on Y
chromosome or X chromosome. Although SNP locations were ambiguous according to
ENSEMBL Biomart, it is highly probable that they reside on pseudoautosomal region as
it is suggested in Manhattan plot (Figure 3) (Top 100 SNPs can be found at appendix A

with associated p-values and full list is provided in the electronic supplements).
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Figure 7. Manhattan Plot of PLINK results

Red line indicates 10 and there are 15,783 SNPs above it. Blue line indicates p-value of 10™° and there are 201 SNPs above it. Chromosome 1 and
chromosome X has the greater number of highly significant SNPs (p < 10™%) accumulated around 10!, Chromosome 6 has 4 SNPs accumulated on
higher significance level compared to other chromosomes. Chromosome 13 has the most significant SNP, following chromosome XY
(pseudoautosomal region), chromosome 1, chromosome 15 and chromosome 3 with p-values smaller than 10™.



PLINK results are summarized in the Figure 3 with respect to p-values and
chromosomes as a Manhattan Plot. The Y-axis shows —log;o of unadjusted p-values, on
the X-axis SNPs are shown according to their chromosomal locations. Red line (lower
line) indicates p-value of 10” and blue line (upper line) indicates p-value of 10™°. Above
red line there are total of 15,783 SNPs, which each one has a p-value smaller than or
equals to 10° and above blue line there are 201 SNPs with a p-value smaller than or
equals to 10™°. Further investigation on the Manhattan plot indicates chromosome 1 and
chromosome X has the greater number of highly significant SNPs. Chromosome 1 has
14 and chromosome X has 23 SNPs with their p-values mostly accumulated around 10,
Chromosome 6 has 4 SNPs which are accumulated on higher significance level
compared to other chromosomes, and these are namely rs9502759, rs6916467,
rs7768749, rs11967088. Chromosome 13 has the most significant SNP (rs2880301) on
the Manhattan plot, following rs3869940 on chromosome XY (pseudoautosomal region),
rs12741415 on chromosome 1, rs3883014 on chromosome 15 and rs17042395 on
chromosome 3 with p-values smaller than 10™. The SNPs on Y chromosome show the
least significant values among any other SNPs. However, there is a study reported a
novel locus near the CSF2RA (colony stimulating factor, receptor 2 alpha) which is
located in the pseudoautosomal region (PAR1) of the X and Y chromosomes
(Xp22.32/Yp11.3)) gene [141].

First 10 SNPs that map to a gene were summarized in Table 5. The rank of the SNPs, p-
value and the gene associated with the SNP and functional GO annotation of the gene
were also denoted in the table. SNPs were ranked according to their p-values, where the

most significantly associated ones are the top ones.
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Table 5. First 10 SNPs mapping to a gene

RANK SNP ID p-value Gene GO Annotation (Function)
PCDH11Y, Lo -
3 rs2563850 | 1.08E-19 PCDHLLX Calcium ion binding
PCDH11Y, Lo -
5 rs2562967 | 1.43E-19 PCDHLLX Calcium ion binding
9 rs2557227 | 1.67E-19 | PCDH11Y Calcium ion binding
14 rs2759914 | 2.45E-19 | PCDH11Y Calcium ion binding

e lon channel activity

e  Phosphatidylinositol-3,4,5-
trisphosphate 3-phosphatase activity

e Protein tyrosine phosphatase activity

e  Protein tyrosine / serine / threonine

20 rs2880301 | 1.47E-18 | TPTE2

phosphatase activity
21 rs2557030 | 1.69E-18 | PCDH11Y Calcium ion binding
32 rs3883014 | 1.92E-16 | PPP1R12B Enzyme activator activity
36 rs11967088 | 1.37E-14 | CDYL Histone acetyltransferase activity

e Enzyme binding

37 rs1778596 | 1.43E-14 | PDE4ADIP R
e Protein binding

39 rs7768749 | 8.16E-14 | CDYL Histone acetyltransferase activity
44 rs7638929 | 2.73E-13 | CLSTN2 Calcium ion binding
45 rs6916467 | 3.03E-13 |CDYL Histone acetyltransferase activity

There were 7 unique genes that are included in the list and these were PCDH11Y/X,
TPTE2, PPP1R12B, CDYL, PDE4DIP and CLSTN2. Although there are still irrelevant
genes within the list like PCDH11Y/X, TPTE2 and PPP1R12B, even adding one
biological filter by selecting the coding SNPs to the statistical findings revealed that the
genes that which implicates the association with schizophrenia, such as CDYL [191] and
PDE4DIP [192].

DAVID allows query of maximum 3,000 genes, so first 3,000 gene IDs were sorted and
piped into the analysis with last entity having p-value of 6.79x10°. Table 6 shows the
top 15 results of pathway analysis of PLINK results through DAVID functional
annotation chart (Top 100 terms can be found at appendix B and full list is provided in

the electronic supplements).
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Table 6. Pathways Overrepresented According to PLINK Results (DAVID analysis)

Category shows the original database where the terms orient, term column shows the enriched terms
associated with the gene list, count column shows the number of genes involved in the term, % column
shows the ratio of involved genes over number of query genes and p-value column shows how enriched
the term is through modified fisher exact p-value.

Category Term Count % P-Value
KEGG Glycosphingolipid biosynthesis 9 0.32502708 5.45E-04
KEGG Nucleotide excision repair 16 0.57782593 0.0010827
KEGG Homologous recombination 11 0.39725532 0.0049802
KEGG Calcium signaling pathway 39 1.40845070 0.0088684
KEGG Axon guidance 30 1.08342361 0.0120194
KEGG Vascular smooth muscle contraction 26 0.93896713 0.0205175
KEGG Other glycan degradation 7 0.25279884 0.0220071
BIOCARTA | AAspirin Blocks Signaling Pathway Involved | o 0.28891296 | 0.0220690
in Platelet Activation
PANTHER | 2H T2 type receptor mediated signaling 18 0.65005417 | 0.0227012
pathway
KEGG Cell adhesion molecules (CAMs) 29 1.04730949 0.0281569
KEGG MAPK signaling pathway 52 1.877934272 0.0290108
BIOCARTA Thrombin signaling and protease-activated 7 0.252798844 0.0413848
receptors
KEGG Mismatch repair 8 0.288912965 0.0432031
PANTHER Histamine H1 receptor mediated signaling 12 0433369447 0.0446769
pathway
Arrhythmogenic right ventricular
KEGG cardiomyopathy (ARVC) 18 0.650054171 0.0493845

DAVID analysis of PLINK results returned 15 enriched terms (p < 0.05) with very small
percentages of genes mapping to pathways. Pathway analysis of PLINK results were
found to be loosely related to each other and schizophrenia. Many of the pathways were
essential biological pathways, such as ‘calcium signaling pathway’ [193], ‘cell adhesion
[194] and ‘MAPK signaling pathway’ [195],
‘glycoshingolipid biosynthesis’ term [196] and ‘axon guidance’ [197] were highly

molecules’ and some such as

related with neurologic disorders. Another possible candidate term which was ‘other

glycan degradation’ referring to a neurological function. Since it refers to a relevant

function, it is most likely to be related with schizophrenia at first glance. Unfortunately,
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there isn’t any concrete case encountered.

A second pathway analysis website Reactome was also utilized. Top 15 results from
Reactome overrepresentation analysis were presented in Table 7 (Top 100 events can be
found at appendix C and full list is provided in the electronic supplements). “P-value”
column is the unadjusted probability of seeing N or more genes in this event by chance,
“number of genes column” is count of genes in the query which map to this event, “total
number of genes” is the count of genes involved in this event and the last column shows

“the name of the event” that is overrepresented.

Table 7. Events Overrepresented According to PLINK Results (Reactome analysis)

p_value Number of | Total number of Name of this Event
genes genes

5.45E-10 8 13 FGFRA4 binds to FGF
5.45E-10 8 13 FGFR4 ligand binding and activation
5.45E-10 8 13 Autocatalytic phosphorylation of FGFR4
7.75E-09 9 23 FGFR ligand binding and activation
1.21E-08 9 24 Phosphorylation of FRS2-alpha by activated FGFR
1.21E-08 9 24 Activated FGFR binds PLC-gamma
1.21E-08 9 24 PLC-gamma phosphorylation by FGFR
1.21E-08 9 24 Activated PLC gamma release by activated FGFR
1.21E-08 9 24 Phosphorylation of FRS2-beta by activated FGFR
1.21E-08 9 24 Activated FGFR binds FRS2alpha
1.21E-08 9 24 Activated FGFR binds FRS2beta
1.21E-08 9 24 Activated FGFR recruits SHC1
1.21E-08 9 24 SHC1 is phosphorylated
2.74E-08 9 26 Activated FGFR and FRS2 bind to SHP2
2.74E-08 9 26 SHP2 is phosphorylated by activated FGFR

There are total of 292 events that are significant (p < 0.05) according to Reactome
results. These events are mostly populated with FGFR and its’ variants. They were
observed at least once in 73 events within 292 events (25% occurrence rate). Following

PI3K was observed 22 times (7.5%). Although most of the analysis results based to
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PLINK analysis showed only lose connections to schizophrenia, the Reactome results
were almost directly related with the disease. FGFR2 is one of the casual genes of
schizophrenia and some of the FGFR variants are known to play a role in psychological
disorders [198]. PI3K pathway is also being referred in schizophrenia related studies
[199], [200].

RegulomeDB, an analysis tool for identifying non-coding SNP s with regulative effects,
is employed next for this study. PLINK results returned 4,732 SNP IDs and
RegulomeDB scores of 179 of them were above 3 (1a is the highest score and 6 is the
lowest score). So all these SNPs were selected and mapped for further analysis. 179

SNPs mapped to 222 gene I1Ds. Table 8 shows DAVID functional chart of these genes.

Table 8. Pathways overrepresented according to PLINK RegulomeDB results (DAVID analysis)

Category Term Count | % PValue
PANTHER Pentose phosphate pathway 311.442307692 | 0.014624855
KEGG Starch and sucrose metabolism 311.442307692 | 0.065847064

Once again pure statistical results are shown to be inadequate to extrapolate. Pentose
phosphate pathway and starch and sucrose metabolism are too way general to associate
with any conclusion and establish a biological sense out of them in concordance with
schizophrenia. For instance, a search regarding “pentose phosphate pathway” returns

29,400 results and "starch and sucrose metabolism" search returns 958 results.

There are total of 77,411 results in SNPnexus analysis. 3,331 of them present the
keyword “schizo” (schizophrenia, schizoaffective) but when the negative associations
were disregarded and total was reduced down to 2,053 SNPs from 3,331 results. Further,
number of results referring to the keywords for disease class neurological,
chemdependency and psych was 19,963 comprising 3,404 unique SNPs. These findings

were discussed later on with AHP based prioritization findings.
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3.2. METU-SNP Analysis

After calculating p-value associations with PLINK the METU-SNP software is utilized
for combined p-value calculations of genes and pathways and prioritization of associated
SNPs.

According to the number of SNP and their p-values, METU-SNP calculates a combined
p-value for genes and biological pathways. There were total of 16,615 genes, on which
associated SNPs with a p-value of smaller than 0.05, mapped in the list. 12,256 of them
were significant (p<0.05) and 6,708 of them were highly significant (p<0.00005)
including 2,517 genes with p-value = 0.0 (Top 100 genes can be found at appendix D
and full list is provided in the electronic supplements). Since there are so many genes
with a p-value of 0, it would not be wise to examine just the top significant ones one by

one with respect to their GO annotations.

Table 9 shows the result of DAVID analysis results for top 15 terms (All of the terms

can be found at appendix E).

Table 9. Pathways Overrepresented According to First 3000 Genes Based On Combined P-Value

Calculations
Category Term Count | % P-Value
KEGG Axon guidance 49 1.668369084 | 3.93E-09
KEGG Calcium signaling pathway 56 1.906707525 | 3.22E-07
KEGG Long-term depression 29 0.987402111 | 9.62E-07
KEGG Vascular smooth muscle contraction 39 1.327885598 | 2.49E-06
KEGG Focal adhesion 59 2.008852571 | 2.88E-06
KEGG grrrglfmgggw right ventricular 20 | 0.987402111 | 9.07E-06
KEGG ECM-receptor interaction 30 1.02145046 2.67E-05
KEGG Pathways in cancer 82 2.79196459 2.68E-05
PANTHER mf;%b’;’;mpic glutamate receptor group 11! 32 | 1.089547157 | 4.50E-05
KEGG ABC transporters 19 0.646918624 | 7.52E-05
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(Table 9 cont.)

KEGG MAPK signaling pathway 65 2.213142663 | 4.70E-04
KEGG Small cell lung cancer 27 0.919305414 | 5.10E-04
PANTHER Integrin signaling pathway 65 2.213142663 | 5.49E-04
PANTHER g;f;i;‘;&“e H1 receptor mediated signaling 19 | 0646918624 | 6.32E-04
KEGG Long-term potentiation 23 0.783112019 | 6.94E-04

There were total of 61 more enriched terms (p < 0.05) overrepresented with respect to
METU-SNP gene results and returned results were mostly related with neurological
terms as seen from Table 5. P-values showed high enrichment and a lot smaller
compared to previous DAVID results based on PLINK analysis. Furthermore, gene
counts were larger in numbers as well as percentages. And there seems to be more
relevant results both within terms and with schizophrenia. In addition to DAVID results
of PLINK, terms related with schizophrenia include ‘ECM-receptor interaction’ [201],
‘ABC transporters’ [202] and ‘long term potentiation’ [203]. Other relevant neurological
terms are ‘long term depression’ (possible relation too schizophrenia), ‘metabotropic
glutamate receptor group Il pathway’, and integrin signaling pathway (some of the

integrins activate MAPK signaling pathway [204]).

Cluster analysis groups, terms having similar biological meaning since they share
similar gene members. The overall enrichment score for the cluster based on the EASE

scores of each term members. The higher the score is the more enriched the cluster is.

Cluster analysis for the enriched pathways with DAVID revealed total of 19 clusters in
the DAVID cluster analysis, but two clusters, cluster 1 and cluster 3, from top 3 were
included in the table 10, because these two clusters seemed to be the most related

clusters with neurological terms and schizophrenia.
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Table 10. DAVID Cluster Analysis of Combined P-Value Selected Gene Results

Cluster 1 Enrichment Score: 2.865165214266108

Category Term Count | %

KEGG Vascular smooth muscle contraction 39 1.3278855
KEGG Gap junction 27 0.9193054
PANTHER | Endothelin signaling pathway 28 0.9533537
KEGG GnRH signaling pathway 24 0.8171603
Cluster 3 Enrichment Score: 2.2422371291829233

Category Term Count | %
PANTHER | Histamine H1 receptor mediated signaling pathway 19 0.6469186
PANTHER | Thyrotropin-releasing hormone receptor signaling pathway 24 0.8171603
PANTHER |5HT2 type receptor mediated signaling pathway 26 0.8852570
PANTHER | Oxytocin receptor mediated signaling pathway 23 0.7831120
PANTHER | Metabotropic glutamate receptor group | pathway 17 0.5788219
PANTHER | Muscarinic acetylcholine receptor 1 and 3 signaling pathway 22 0.7490636
PANTHER | Alpha adrenergic receptor signaling pathway 13 0.4426285
PANTHER Qrggsltc;:]ensm I1-stimulated signaling through G proteins and beta- 18 0.6128702
PANTHER | Betal adrenergic receptor signaling pathway 16 0.5447735
PANTHER | Cortocotropin releasing factor receptor signaling pathway 12 0.4085801
PANTHER | Beta2 adrenergic receptor signaling pathway 15 0.5107252

Table 10 shows the related clusters of DAVID cluster analysis (cluster 1 and 3) of

METU-SNP gene results. Cluster 1 comprises 118 genes which 63 of them are unique;

cluster 3 comprises 214 genes which 52 of them are unique.

The first cluster seems to be including an unrelated term such as “vascular smooth

muscle contraction” due to high number of genes contributing to these pathways it was

ranked at the top. The entire term set in the latter cluster were related with neurology and

brain (relations are determined via keyword search on related search engines).

GeneMANIA can be used to find out new relationships or genes among a given gene
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sets. Additional analysis with GeneMANIA for the genes only comprising these two
clusters revealed total interaction of the two clusters. A gene network is built on
GeneMANIA with 63 genes of cluster 1 and integrating 52 genes from cluster 2
(duplicates were removed). There were 114 genes in the network including ten new
genes suggested by GeneMANIA (Figure 4). Query genes are depicted as black nodes
and discovered genes are depicted as gray nodes. Edges show different interactions
among genes, purple for co-expression, light-blue for pathway, yellow for shared protein
domains, red for physical interactions, darker blue for co-localization and green for
genetic interactions. Node sizes are determined according to their weight in the network.

In order to inspect the ten genes found related in GeneMANIA first gene symbols of
these genes were acquired. These are LRMP, GUCY1B3, ADCY1, ADCY4, EDN2,
EDN1, ADCY7, ADCY6, ADCY10 and GRIN1. Then GO annotations and terminology
related with these genes were investigated thoroughly. Except LRMP and GRIN1, the
related genes from GeneMANIA were further discussed in the next section since there

are genes in common.
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Figure 8. GeneMANIA gene network from related DAVID cluster of METU-SNP gene results

Query genes are depicted as black nodes and discovered genes are depicted as gray nodes. Edges show different interactions among genes, purple for co-

expression, light-blue for pathway, yellow for shared protein domains, red for physical interactions, darker blue for co-localization and green for genetic

interactions.



LRMP (lymphoid-restricted membrane protein) has GO annotation of vesicle fusion and
targeting in process and endoplasmic reticulum membrane, integral to membrane and
integral to plasma membrane in component with no terms retrieved from any of
biological database or knowledgebase. As the findings imply LRMP is not likely to be a
candidate gene that can be associated with schizophrenia.

GRIN1 (glutamate receptor, ionotropic, N-methyl D-aspartate 1) encodes a critical
subunit protein of N-methyl-D-aspartate (NMDA\) receptors, members of the glutamate
receptor channel superfamily which are heteromeric protein complexes with multiple
subunits arranged to form a ligand-gated ion channel. These subunits play a key role in
the plasticity of synapses, which is believed to underlie memory and learning. It was
showed that GRIN1 gene is associated with mental retardation phenotype [205].
Furthermore, there are lots of neurological terms and GO annotations associated with
this gene such as Alzheimer’s disease, calcium signaling pathways, long term
potentiation, neuroactive ligand-receptor integration, neuronal system; neurotransmitter
binding, synaptic transmission, regulation of excitatory polysynaptic membrane
potential, etc. As it’s shown the probability of GRIN1’s being associated with
schizophrenia is highly strong. Even, there are some studies showing possible
association [206-209].

There is also a possibility of very distantly related genes present in the network. For
instance DNAJC25 may be one of those genes as the network topology suggests. The
features that DNAJC25 bears about the network such as the number of interactions,
quantity of interaction types and distance of the node from network, are shown to be
very weak in conjunction with general structure of the network. As GO function
annotations (heat shock protein binding, unfolded protein binding) imply that DNAJC25
is the most distinctive gene among other genes that were discussed, other terms

(neuronal system, neurotransmitter receptor binding) from REACTOME still validate
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the relation of DNAJC25 with the network.

Top 15 results from Reactome overrepresentation analysis were presented in Table 11

(Top 100 events can be found at appendix F and full list is provided in the electronic

supplements).

Table 11. Events Overrepresented Based on Combined P-Value of Gene Results (Reactome analysis)

p_value Number of | Total number of Name of this Event
genes genes

3.16E-10 11 23 GRB2-SOS1 is recruited by activated FGFR mutants
1.62E-09 11 2% (szﬁglz:SOSl is recruited to activated FGFR through p-
1.62E-09 11 26 E)a;gléger?]tl:?aen?;(change mediated by GRB2-SOS1 bound
2.21E-09 10 21 Activated FGFR mutants bind FRS2alpha
2.21E-09 10 21 FGFR mutants phosphorylate FRS2alpha
2.21E-09 10 21 Activated FGFR mutants bind PLC-gamma
2.21E-09 10 21 PLC-gamma phosphorylation by FGFR mutants
2.21E-09 10 21 Activated PLC-gamma release by activated FGFR mutants
2.64E-09 11 27 GRB2:S0S1 binds to p-FRS2:activated FGFR
4.38E-09 17 FGFR2 ligand binding and activation
4.38E-09 17 Signaling by FGFR2 mutants
4.38E-09 17 Activated point mutants of FGFR2
4 38E-09 9 17 fyc;?sti rr]r;ulz?:;eo{ni(i;bﬁgfsbind and are inactivated by
6.52E-09 11 29 SHC-mediated cascade
6.52E-09 11 29 Ras nucleotide exchange by GRB2:SOS1 through p-SHC

Total of 341 events were found to be significant (p < 0.05) in Reactome analysis. The

events were again mostly populated with FGFR (fibroblast growth factor receptor) and

its’ variants (FGFR2 occurrence increased to 15 from 10 compared to PLINK Reactome

analysis). They occurred at least once in 77 events within 341 events (22.5% occurrence
rate). Following SOS variants occurred 23 times (6.74%), GRB2 occurred 22 times
(6.45%) and PI3K occurred 20 times (%5.86). FGFR and PI3K were already discussed
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previously. GRB2 was identified and validated as a risk gene for schizophrenia in 2011
[210]. However, there isn’t any verification found for SOS1. In the Reactome results
SOS1 was present together with GRB2, suggesting a relation between SOS1 (or
SOS1:GRB2 complex) and schizophrenia.

3.3. SNP Prioritization with METU-SNP and Analysis of Gene Lists

In the next stage the statistically associated SNPs were prioritized through METU-SNP
using an algorithm based on analytical hierarchy process (AHP) integrated into METU-
SNP. This procedure ranks the SNPs according to their biological relevance while
preserving their statistical significance. Overall goal is to combine strength of statistics
and biological importance of the SNPs with respect to the content of the study.

25,000 SNPs with a p-value smaller than 5x10™ were prioritized using METU-SNP and
AHP scores were calculated for each of them. Their scores were ranging from 0.033 to
0.7375. To further reduce the number of SNPs a threshold cut-off AHP value was
determined as 0.4, which is the suggested threshold in previous studies [211]. This
selection resulted in 6,202 SNPs and 2,587 unique gene IDs. Table 12 shows the top 10
prioritized genes with their associated gene names and p-values (Top 100 SNPs and their
associated p-values can be found at appendix G and full list is provided in the electronic

supplements).

Table 12. Top 10 Coding SNPs After AHP Prioritization

CHR SNP ID P-Val AHP Score Associated Genes
11 rs17115004 1.42E-06 0.737535 NCAM1
11 rs2229163 4.14E-06 0.73671 CHRM4
8 rs7009117 5.67E-07 0.71945 PCM1
11 rs6589360 6.64E-08 0.715562 NCAM1
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(Table 12 cont.)

11 rs7128875 1.38E-06 0.715562 SLC6AS5
rs7809317 1.77E-06 0.715562 CNTNAP2
rs6475523 9.05E-06 0.715562 SMARCA2
rs2906288 4.26E-05 0.715562 CNTNAP2

14 rs1012023 3.73E-07 0.714776 NPAS3

1 rs4846051 1.64E-05 0.714737 MTHFR

SNPs and the genes they are mapped were listed on Table 13 along with their GO
annotations. Although none of the schizophrenia associated genes mentioned earlier
made to the top of the list, there are some genes closely related with neurodevelopment
and some that have specific neurological functions. The list is further enriched with
neurological terms when component GO annotations are considered. Further
investigations regarding following genes revealed neurological phenotypes such as
Alzheimer’s disease due to NCAMI [212]; hyperekplexia due to SLC6A5 [213];
Alzheimer’s disease [214], autism 15 [215], schizophrenia and bipolar disorder [216]
due to CNTNAPZ2; Nicolaides-Baraitser syndrome due to SMARCA2 [217];
schizophrenia, bipolar disorder and depression due to NPAS3 [218], [219];
schizophrenia due to MTHFR [110].

Table 13. GO Annotations of selected genes after SNP prioritization

SNP ID Genes GO Annotation
rs17115004 | NCAM1 axon guidance, cell adhesion, cytokine-mediated signaling pathway
G-protein coupled acetylcholine receptor signaling pathway, adenylate
rs2229163 CHRM4 cyclase-inhibiting G-protein coupled acetylcholine receptor signaling

pathway, cell proliferation, cell surface receptor signaling pathway

centrosome organization, cilium assembly, interkinetic nuclear

rs7009117 PCM1 migration, microtubule anchoring, microtubule anchoring at centrosome

rs6589360 NCAM1 axon guidance, cell adhesion, cytokine-mediated signaling pathway
157128875 SLC6AS gé¥$ir;$:sod|um symporter activity, neurotransmitter:sodium symporter

enzyme binding, receptor binding, brain development, cell adhesion,

rs7809317 CNTNAP2 cellular protein localization, cerebral cortex development

helicase activity, protein binding, transcription coactivator activity,

56475523 SMARCA2 transcription regulatory region DNA binding
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(Table 13 cont.)

enzyme binding, receptor binding, brain development, cell adhesion,

52906288 CNTNAP2 cellular protein localization, cerebral cortex development
rs1012023 NPAS3 DNA binding, protein dimerization activity, signal transducer activity
(54846051 MTHER methylenetetrahydrofolate reductase (NADPH) activity, modified amino

acid hinding
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Figure 9. Manhattan plot of selected SNPs after AHP based prioritization with METU-SNP



AHP results are summarized in the figure 5 with respect to p-values and the
chromosomes SNPs are located. Since the SNP list has maximum p-value of 0.00005 is
used as cut off for the SNPs to be prioritized, Manhattan plot starts just before 10°. The
Y-axis shows —logio of unadjusted p-values, on the X-axis chromosomes are distributed
in an ordered fashion. Red line indicates p-value of 10™°. Above red line the number of
SNPs reduces from 6,202 to 57. Further investigation on the Manhattan plot indicates
chromosome 1 has the greater number of highly significant SNPs again. Chromosome 1
has 6 SNPs as well as chromosome 7. Chromosome 6 has 4 SNPs which are
accumulated on higher significance level compared to other chromosomes, and these are
namely rs7760946, rs6916467, rs7768749 and rs11967088. The latter 3 SNPs were also
present in previous plot from PLINK results. All these SNPs map to CDYL gene which
is encountered in submicroscopic 6p25 deletion. And this syndrome is characterized by
intellectual disability, language impairment, hearing deficit, craniofacial,
ophthalmologic, cardiac, and varying central nervous system anomalies [191].
Rs3869940 on chromosome XY (pseudoautosomal region) is the most significant SNP
on the plot, following rs12741415 on chromosome 1 and the rest is less significant
(p<10™). Although rs3869940 has the highest significance, there isn’t any variation on
the plot located on the pseudoautosomal region; rs3869940 is unique in that respect.
Furthermore, it isn’t being mapped to any gene. It might be a statistical anomaly as well

as a significant marker.

The variations located on Y chromosome have less significance compared to other SNPs
on Manhattan plot of PLINK. And as seen from current plot there isn’t any variation

located on Y chromosome made to the AHP list.

DAVID pathway analysis of AHP prioritized genes are shown on Table 14 (All of the
terms can be found at appendix H). It was possible to run analysis with the entire gene
IDs, since the number of entities (2,587) for AHP list was within DAVID’s limits.
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Table 14. Pathways Overrepresented According to AHP Results (DAVID analysis)

Category Term Count |% PValue

KEGG Axon guidance 52 2.1069692 | 9.94E-08
KEGG Focal adhesion 69 2.7957860 |9.22E-07
KEGG Vascular smooth muscle contraction 44 1.7828200 |2.56E-06
KEGG Calcium signaling pathway 59 2.3905996 | 1.48E-05
KEGG Long-term depression 29 1.1750405 |4.52E-05
KEGG Pathways in cancer 94 3.8087520 |5.17E-05
PANTHER | Integrin signalling pathway 73 2.9578606 | 6.24E-05
KEGG ABC transporters 21 0.8508914 | 8.48E-05
KEGG MAPK signaling pathway 78 3.1604538 |1.28E-04
BIOCARTA | Thrombin signaling and protease-activated receptors | 12 0.4862236 | 2.04E-04
KEGG Regulation of actin cytoskeleton 64 2.5931928 |3.27E-04
BIOCARTA Er}fo(s:pﬁgslrg:% %r}oégggfx'gﬂggpﬁgg:;b'tory 10 0.4051863 |3.88E-04
KEGG ,(A’\Atrertg)mogemc right ventricular cardiomyopathy 28 11345218 | 8.00E-04
PANTHER | 5HT2 type receptor mediated signaling pathway 27 1.0940032 |1.47E-03
PANTHER ;;ﬁ;‘gg:jmég‘;Icshzr%tgéfastg%“ggmvg?hwayGq 49 1.9854132 | 1.54E-03

There were total of 59 significant terms (p<0.05) overrepresented with based on AHP
results and were mostly related with neurological terms as seen from Table 14.
Moreover, top 10 of these results are populated with terms specifically related with
neurodevelopment: axon guidance, focal adhesion, integrin signaling pathway, ABC
transporters, and MAPK signaling pathway. Especially associations between corpus
callosum development and schizophrenia were shown in the previous studies [220-224],
revealing the presence of structural differences in corpus collasum of schizophrenia
patients. Hence, any pathway related to neurodevelopmental process may lead to similar
structural differentiation. P-values presented higher significance and were a lot smaller
compared to DAVID results of PLINK analysis. Yet, these results are almost similar to
previous gene results (Table 9) based on combined p-values. In both enrichment analysis

top 5 terms were same, but gene counts from AHP results were higher and percentages
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(%) were also larger due to higher gene counts and less number of genes involved.
Although p-values were close to each other, p-values of combined gene results showed a
stronger enrichment. In addition to p-values, five different terms are involved among
prioritized SNP set analysis, namely: Thrombin signaling and protease-activated
receptors, regulation of actin cytoskeleton, PKC-catalyzed phosphorylation of inhibitory
phosphoprotein of myosin phosphatase, SHT2 type receptor mediated signaling pathway
and heterotrimeric G-protein signaling pathway-Gq alpha and Go alpha mediated
pathway. Association of term ‘regulation of actin cytoskeleton’ with schizophrenia was
predicted in previous studies as well [201], [225]. Thrombin signaling and protease-

activated receptors and 5HT2 type receptor mediated signaling pathway were found to

be associated with neural terminology [226-228].

Table 15 shows the first two clusters of DAVID cluster analysis of AHP results.

Table 15. DAVID Cluster Analysis of AHP Results

Cluster 1 Enrichment Score: 2.322655045830916

Category Term Count | %

KEGG Vascular smooth muscle contraction 44 1.7828200
PANTHER | Endothelin signaling pathway 32 1.2965964
KEGG Gap junction 28 1.1345218
KEGG GnRH signaling pathway 27 1.0940032
KEGG Melanogenesis 24 0.9724473
Cluster 2 Enrichment Score: 2.232236011179473

Category Term Count | %
PANTHER | 5HT2 type receptor mediated signaling pathway 27 1.0940032
PANTHER | Oxytocin receptor mediated signaling pathway 24 0.9724473
PANTHER | Thyrotropin-releasing hormone receptor signaling pathway 24 0.9724473
PANTHER | Alpha adrenergic receptor signaling pathway 14 0.5672609
PANTHER | Histamine H1 receptor mediated signaling pathway 18 0.7293354
PANTHER ,;rggsltoi;ensm I1-stimulated signaling through G proteins and beta- 20 0.8103727
PANTHER | Metabotropic glutamate receptor group | pathway 16 0.6482982
PANTHER | Muscarinic acetylcholine receptor 1 and 3 signaling pathway 21 0.8508914
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There were total of 23 clusters in the DAVID cluster analysis, but first only two clusters
are included in the table 15, as they were found to be the most related clusters with
neurological terms and schizophrenia. Cluster 1 comprises 155 genes which 77 of them
are unique; cluster 2 comprises 176 genes which 54 of them are unique. Although the
entire term set in the second cluster related with neurology and brain (relations are
determined via keyword search on related search engines), first cluster is seemed to be
including unrelated terms such as “vascular smooth muscle contraction” and
“melanogenesis”. Yet, a deeper investigation proved otherwise. Building a gene network
via GeneMANIA with 77 genes of cluster 1 revealed a network with full coverage. In
other words, each one of these genes are interacting with one or more genes within the
cluster. Moreover, integrating genes from cluster 2 with genes cluster one, a set of genes
comprising 108 entities (there is a single gene ID that is not recognized by GeneMANIA)
is formed. An analysis of this set brought out a second gene network not different from
the first one. Second gene network comprising the entire genes from both of the clusters
revealed full interaction, which means related and interacting genes were clustered after
DAVID analysis (Figure 6).

GeneMANIA was also employed to present the gene interaction network and to search
for new candidate genes. 10 new genes were returned by GeneMANIA analysis as they
were linked to to the query genes in both of the networks. These genes were ADCY1,
ADCY10, ADCY4, ADCY6, ADCY7, ARGLU1, EDN1, EDN2, GUCY1B3 and
PLA2G12B and these ten genes were ranked in top 20 genes among 118 genes with
PLA2G12B ranking first by GeneMANIA. Among these genes Brennand et al.
previously implied association of ADCY7 with schizophrenia. In addition ADCY8 was
mentioned along with ADCY?7 as possible candidate [192]. Although ADCY8 was not
one of the discovered genes, it was included in the network as a query gene. Besides that,
8 of these genes are in common with the results from METU-SNP genes. Since DAVID

results were so similar, such an overlap would be expected. Table 16 lists these genes
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with their rankings (GeneMANIA ranked the genes according to their functions)
annotations of biological importance and relevance over NCBI. Among those genes
GUCY1B3 is the node with most interactions, following ADCY7 and EDNL1. In addition
to that, these 3 genes are the only ones that have physically interactions with the network.
The overall topology of GUCY1B3 (long term depression term from KEGG) and its
interactions suggest that it has the highest potential to be associated with schizophrenia
among other genes revealed by GeneMANIA.
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Figure 10. Merged Gene Network of DAVID of Prioritized SNPs
Black nodes are unique to second cluster (31 nodes); red ones are unique to first cluster (64 nodes), green
one are common nodes (21 nodes) and grey nodes are added by GeneMANIA plugin of Cytoscape [224].
Gene names are missing due to requirement of specific zooming in which it is not possible to show whole
network.
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Table 16. Discovered Genes from GeneMANIA with Their Importance and Relevance

Rank | Gene Name Biological importance & relevance
1 |PLA2G12B -
o GO Terms (process): nerve growth factor receptor signaling pathway
4 | ADCY4 o GO Terms (component): dendrite
o Neuronal system (From REACTOME)
6 |ADCY10 . GO Terms (component): axon, dendrite, neuronal cell body
o Located in brain
8 |ADCY1 . A similar protein in mouse is involved in pattern formation of the
brain.
. GO Terms (process): nerve growth factor receptor signaling pathway,
10 | ADCY7 synaptic
. transmission
o Expressed in brain tissue
12 | ADCY6 o Neuronal system (From REACTOME)
14 | ARGLU1 -
18 | GUCY1B3 . Long term depression (From KEGG)
19 |EDN2 -
20 |EDN1 . Endothelin 1 can affect the central nervous system.

An interesting matter to note that is PLA2G12B’s placement (according to GeneMANIA
ranking) in the network without any annotation such as the LRMP gene (with no
terminology) from GeneMANIA network of METU-SNP genes. One explanation for
their high ranking by GeneMANIA may be their interactions with other highly ranked
genes. Even, PLA2G12B and LRMP were placed on the network comprising genes in
the related clusters from both METU-SNP genes and AHP results (Figure 7). They were
listed among top 7 genes in a network of 138 genes, PLA2G12B ranking second.
GUCY1B3 was also involved in the list as 25" gene under rest of the previously
discovered genes except EDN1 and ARGLU1 (EDN1 came 26" and ARGLU1 could not
make to the list). It is important to note the orientations of GUCY1B3, PLA2G12B and
LRMP. All of them are filling a gap in the network. Especially, GUCY1B3 is located

almost in the middle of the network (Figure 7).
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As it is observed the networks are placing GUCY1B3 forward with backing evidence
from NCBI and term annotations from databases and knowledgebases. The same
networks are also highlighting PLA2G12B and LRMP, which, by the way, are not
backed up by other databases, for all of these genes.

Next, the SNPnexus analyses were carried out with all the prioritized SNPs (6,202 SNPs)
to investigate their phenotypic relations. The list of prioritized SNPs returned 62,584
results, as expected it was less than thePLINK results. 1,714 of them related to the
keyword “schizo” (schizophrenia, schizoaffective), and disregarding the negative
associations and there were 747 SNPs within 1,714 results. Further, number of results
referring to disease class neurological, chemdependency and psych is 15,523 comprising
4,201 unique SNPs. These findings support our previous observations suggesting the
strength of AHP based SNP prioritization which takes both biological relevance and

statistical significance into account.

Table 17 shows the first cluster of DAVID analysis that was carried out with the results
of SNPnexus coming from prioritized SNPs. 4,201 SNPs were mapped to 1,322 genes
via ENSEMBL BioMart and these genes were analyzed with DAVID. Compared to
table 15, table 17 includes two more terms: long-term depression and potentiation. Other
than these two terms AHP based prioritization was found to be quite successful bringing
out the relevant terms (Long-term depression and potentiation terms were also found in
DAVID chart of AHP results). Moreover, PLINK (statistical) results (1,792 SNPs were
mapped to 1,975 genes), which were biologically refined through SNPnexus, provided
the same cluster table with table 17 (only difference was the orders of Endothelin
signaling pathway and GnRH signaling pathway). Presence of ‘vascular smooth muscle
contraction’ and ‘melanogenesis’ in table 17 reinforces their possible relation with

schizophrenia.
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Table 17. DAVID cluster analysis of SNPnexus results of prioritized SNPs

Cluster 1 Enrichment Score: 3.24197385617593

Category Term Count | %

KEGG Vascular smooth muscle contraction 32| 2.523659306
KEGG Long-term depression 231.813880126
KEGG Long-term potentiation 20| 1.577287066
KEGG Gap junction 21| 1.65615142
PANTHER | Endothelin signaling pathway 23|1.813880126
KEGG GnRH signaling pathway 19| 1.498422713
KEGG Melanogenesis 16 | 1.261829653

3.3.1. Analysis of Non-Coding Prioritized SNPs

All of the prioritized SNPs (25,000) were analyzed through RegulomeDB as PLINK
results. Among the 6,192 non-coding SNPs returned there were 177 SNPs with a

RegulomeDB score above 3. These SNPs were suggested to have regulatory effects on

192 genes. We have analyzed these genes with DAVID tool using default pathway

options for this study. Table 18 shows the result of DAVID analysis of these genes.

Table 18. Pathways overrepresented according to AHP RegulomeDB results (DAVID analysis)

Category Term Count | % PValue

KEGG Chemokine signaling pathway 713.846153846 | 0.059653976
KEGG Long-term potentiation 412.197802198 | 0.080680724
KEGG Vascular smooth muscle contraction 512.747252747]0.085674033
KEGG Renal cell carcinoma 412.197802198 | 0.086315476

Long-term potentiation and vascular smooth muscle contraction terms were listed in

DAVID chart for prioritized non-coding SNPs’ results. In addition to vascular smooth

muscle contraction term is present in the first cluster of DAVID analysis for prioritized

coding SNPs. The genes involved with vascular smooth muscle contraction were PLCB1,
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ARHGEF1, ADORA2B, CACNAI1C and PRKCH; and they were also related to
neurological terms, process and/or phenotypes. Genes involved in long-term potentiation
include RPS6KA2 and CREBBP in addition to PLCB1 and CACNALC. Among all
these genes three are related with a neurological phenotype, which suggests a role in
molecular etiology of schizophrenia: PLCB1 with Epileptic encephalopathy, early
infantile, 12 (EIEE12) [229]; CACNALC with major depression, bipolar disorder, and
schizophrenia [151], [219], [230-232] and CREBBP with Rubinstein-Taybi syndrome
(since symptoms include mental retardation) [233]. Associations of these genes with the
phenotypes show that CACNAILC is the most likely candidate gene that may be
associated with schizophrenia. Although PLCB1 and CREBBP have been associated
with neurological phenotypes, CACNAI1C’s relation with psychological conditions
makes it a strong candidate. In order to specify more precisely regulatory elements
located on CACNALC gene were found to be more likely associated with schizophrenia.

All of 149 events are found to be significant (p < 0.05) in Reactome analysis. These
events are mostly populated with FGFR and its’ variants like previous analysis. They
were occurred at least once in 37 events within 149 events (24.8% occurrence rate).
Following PI3K occurred 20 times (%13).

Top 15 results from Reactome overrepresentation analysis according to AHP results
were presented in Table 18 (Top 100 events can be found at appendix | and full list is

provided in the electronic supplements).
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Table 19. Reactome Analysis of genes of Prioritized Non-Coding SNPs

Total
P-value Number number Name of this Event
of genes
of genes

1.99E-04 2 2 D-glyceraldehyde 3-phosphate + orthophosphate + NAD+ <=> 1,3-

' bisphospho-D-glycerate + NADH + H+
1.99E-04 2 2 1,3-bisphospho-D-glycerate + NADH + H+ <=> D-glyceraldehyde 3-

' phosphate + Orthophosphate + NAD+
2.69E-04 10 238 Metabolism of carbohydrates
2.69E-04 3 12 Keratan sulfate degradation
3.63E-04 2 3 limit dextrin-glycogenin => ((1,6)-alpha-glucosyl)poly((1,4)-alpha-

glucosyl) glycogenin

3.63E-04 2 3 ((1,6)-alpha-glucosyl)poly((1,4)-alpha-glucosyl)glycogenin =>

' poly{(1,4)-alpha-glucosyl} glycogenin + alpha-D-glucose
3.63E-04 2 poly((1,4)-alpha-D-glucosyl) glycogenin => glycogen-glycogenin
3.63E-04 2 Activated NOD oligomer recruites RIP2 (RICK)
3.99E-04 4 32 Keratan sulfate/keratin metabolism
4.39E-04 3 14 RIP2 is K63 polyubiquitinated
5.83E-04 5 62 Glucose metabolism
7.20E-04 2 4 GPVI binds Fyn and Lyn
7.20E-04 2 4 RIP2 binds NEMO
7.20E-04 2 4 CARD?9 binds RIP2 (and NOD2)
177E-03 2 6 (I:B(;ngg;gr]] of GPVI:Fc Epsilon R1 gamma receptor complex with
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4.1.

CHAPTER IV

4 CONCLUSION AND FUTURE STUDIES

Conclusions

GWA studies are very well designed for identification of novel features related
with a disease as they provide higher resolution for any given linkage study.

Data produced as a result of GWA study should be well handled via statistical
tools to filter out insignificant ones then it should be biologically assessed
through biological data and knowledgebases.

Statistical results are not sufficient enough for association studies most of the
time. Data size may require further decrease to handle and be feasible for further
studies.

METU-SNP was shown to be a very useful tool to further decrease the size of
data. As the software preserves statistical significance of the data, it also enriches
data biologically.

Integrating GWAS studies with pathway and network analysis was valuable to
discover new relations and validate the findings of the study.

25 of the 66 genes from molecular summary of schizophrenia were observed in

combined p-value of genes and AHP based SNP prioritization results.
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The results of the non-GAIN data analysis was in parallel with the previous
GAIN study [155]. DAVID cluster analysis of AHP results was also pointed
three of the five pathways mentioned in the GAIN study: cell adhesion molecules
(CAMs), cell cycle and tight junction.

GRIN1 (NMDA receptor) was found to be most likely related with schizophrenia
according to GeneMANIA results of METU-SNP genes.

Association of FGFR (especially FGFR2) and its related genes which is
previously associated with schizophrenia was also observed in this study.
Previously nominated GRB2 gene as causal of schizophrenia was also observed
in this study.

CNTNAP2, NPAS3 and MTHFR genes, which were previously associated, were
observed in this study.

ADCY7, whose association was also implied in [192], observed among

discovered genes in the gene network built by GeneMANIA.

Novel findings of our study include:

SOS1 forming a complex with GRB2 was found to be possible candidate
according to Reactome results of METU-SNP genes.

Melanogenesis and vascular smooth muscle contraction pathways were found to
be related with schizophrenia according to DAVID cluster analysis. Although
melanogenesis pathway was one of the less enriched pathways, genes belong to
this pathway showed full coverage in a gene network composed of genes from
neurological pathways.

GUCY1B3 was identified as a strong candidate gene as a result of GeneMANIA
analysis. There were also two other genes PLA2G12B and LRMP ranked before
GUCY1B3. Although there isn’t any suggestive evidence that these genes may
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be related with schizophrenia, they ranked at top levels within a neurological
gene network.

CACNALC was identified as a casual gene of schizophrenia in previous studies,
this study suggests that CACNA1C’s association with schizophrenia is being
originated from its’ regulatory elements.

Axon guidance, focal adhesion, integrin signaling pathway, ABC transporters,
and MAPK signaling pathways shown to be associated with schizophrenia in this
study, might have a role in corpus collasum reshaping observed in schizophrenia
patients.

Long-term potentiation and vascular smooth muscle contraction pathways also
being present in DAVID analysis of RegulomeDB results suggest interaction
between the networks of the coding and non-coding SNPs.

The final combined network can be suggested as a key molecular basis for the

etiology of schizophrenia.

Future Studies

Future studies are including but not limited to:

Meta analysis of the two datasets including current one and additional
schizophrenia genotyping data, which is planned to be accessed through dbGAP,
to validate SNP profiles associated with schizophrenia.

Integration of findings from genotyping analysis with phenotypic features.
Building a decision support model using genotype and phenotype features by
means of data mining methods.

A pilot study with genotype profiles and the decision support model for the

external validation of the proposed model.
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APPENDICES

4.3. APPENDIX A: TOP100 SNPs FROM PLINK RESULTS
Rank SNP P-Val Rank SNP P-Val
1 rs2574608 | 4.16E-20 51 rs11995470 | 1.40E-12
2 rs2352301 | 8.30E-20 52 rs1927887 | 1.42E-12
3 rs2771913 | 8.78E-20 53 rs6713559 | 2.18E-12
4 rs2563850 | 1.08E-19 54 rs10239811 | 2.40E-12
5 rs2123561 | 1.36E-19 55 rs6711688 | 3.59E-12
6 rs2562967 | 1.43E-19 56 rs7214631 | 3.67E-12
7 rs2558989 | 1.43E-19 57 rs9604109 | 3.74E-12
8 rs425231 | 1.57E-19 58 rs2426553 | 4.37E-12
9 rs2557227 | 1.67E-19 59 rs1458528 | 4.49E-12
10 rs2755895 | 2.01E-19 60 rs12068752 | 4.50E-12
11 rs2750987 | 2.12E-19 61 rs7404615 | 4.72E-12
12 rs2563654 | 2.45E-19 62 rs884562 | 5.30E-12
13 rs2759914 | 2.45E-19 63 rs2146327 | 7.02E-12
14 rs1435898 | 2.65E-19 64 rs2558593 | 7.19E-12
15 rs2352691 | 3.08E-19 65 rs2904311 | 7.34E-12
16 rs1435910 | 4.35E-19 66 rs8078633 | 7.46E-12
17 rs2752696 | 5.25E-19 67 rs9514925 | 7.62E-12
18 rs2522781 | 1.26E-18 68 rs2318050 | 8.30E-12
19 rs2880301 | 1.47E-18 69 rs2734743 | 1.10E-11
20 rs2557030 | 1.69E-18 70 rs6735695 | 1.12E-11
21 rs2441262 | 2.86E-18 71 rs7055488 | 1.13E-11
22 rs2653037 | 4.94E-18 72 rs7052126 | 1.14E-11
23 rs2534048 | 7.05E-18 73 rs1566060 | 1.15E-11
24 rs2534362 | 1.14E-17 74 rs11984987 | 1.19e-11
25 rs3865868 | 1.25E-17 75 rs10000609 | 1.23E-11
26 rs2197554 | 1.34E-17 76 rs7652014 | 1.24E-11
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27 rs2559142 | 1.41E-17 77 rs2333645 | 1.25E-11
28 rs1435909 | 2.38E-17 78 rs1680499 | 1.26E-11
29 rs3869940 | 8.38E-17 79 rs4662425 | 1.27E-11
30 rs12741415 | 1.03E-16 80 rs2524632 | 1.40E-11
31 rs3883014 | 1.92E-16 81 rs2795549 | 1.44E-11
32 rs2198374 | 2.67E-16 82 rs5964897 | 1.47E-11
33 rs2578818 | 2.96E-16 83 rs11880554 | 1.60E-11
34 rs17042395 | 3.88E-16 84 rs2352134 | 1.63E-11
35 rs11967088 | 1.37E-14 85 rs2003397 | 1.63E-11
36 rs1778596 | 1.43E-14 86 rs6625960 | 1.65E-11
37 rs2557661 | 2.91E-14 87 rs7231185 | 1.66E-11
38 rs7768749 | 8.16E-14 88 rs7748724 | 1.68E-11
39 rs6478322 | 1.31E-13 89 rs6599101 | 1.68E-11
40 rs2755680 | 1.31E-13 90 rs7993976 | 1.71E-11
41 rs7859338 | 1.39E-13 91 rs2563034 | 1.75E-11
42 rs2556984 | 1.58E-13 92 rs7711172 | 1.84E-11
43 rs7638929 | 2.73E-13 93 rs7047325 | 1.92E-11
44 rs6916467 | 3.03E-13 94 rs4448540 | 1.94E-11
45 rs6618424 | 4.84E-13 95 rs10830849 | 1.95E-11
46 rs9502759 | 5.14E-13 96 rs10790299 | 1.96E-11
47 rs10086065 | 9.98E-13 97 rs12070887 | 1.99E-11
48 rs10125239 | 1.00E-12 98 rs7805995 | 2.04E-11
49 rs17146088 | 1.09E-12 99 rs12120383 | 2.06E-11
50 rs17837718 | 1.22E-12 100 rs8075550 | 2.08E-11
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4.4,

APPENDIX B: DAVID FUNCTIONAL ANNOTATION CHART OF
PLINK RESULTS (TOP100)

Category Term Count % PValue
KEGG Glycosphingolipid biosynthesis 9 0.325027086 | 5.45E-04
KEGG Nucleotide excision repair 16 0.57782593 | 0.001082709
KEGG Homologous recombination 11 | 0.397255327 | 0.004980238
KEGG Calcium signaling pathway 39 | 1.408450704 | 0.008868431
KEGG Axon guidance 30 | 1.083423619 | 0.012019383
KEGG Vascular smooth muscle contraction 26 0.938967136 | 0.020517533
KEGG Other glycan degradation 7 0.252798844 | 0.02200715
BIOCARTA | ASPirin Blocks Signaling Pathway Involved in 8 | 0.288912965 | 0.022069069

Platelet Activation
PANTHER | 5HT2 type receptor mediated signaling pathway 18 0.650054171 | 0.022701283
KEGG Cell adhesion molecules (CAMs) 29 1.047309498 | 0.028156905
KEGG MAPK signaling pathway 52 1.877934272 | 0.029010801
BIOCARTA L@;%TO?'S” signaling and protease-activated 7 | 0.252798844 | 0.041384851
KEGG Mismatch repair 8 0.288912965 | 0.043203185
PANTHER ;';f;f‘,\/”;;“e H1 receptor mediated signaling 12 | 0.433369447 | 0.044676939
KEGG gg\gtg?ogemc right ventricular cardiomyopathy 18 0.650054171 | 0.049384564
KEGG ABC transporters 12 0.433369447 | 0.051566312
PANTHER | 5HT4 type receptor mediated signaling pathway 10 0.361141206 | 0.052613823
Heterotrimeric G-protein signaling pathway-Gq
PANTHER alpha and Go alpha mediated pathway 31 | 1.119537739 | 0.054580545
PANTHER | Oxytocin receptor mediated signaling pathway 15 0.541711809 | 0.054877268
KEGG Lysosome 25 | 0.902853016 | 0.056386669
PANTHER | p38 MAPK pathway 14 | 0.505597689 | 0.064659838
BIOCARTA | p38 MAPK Signaling Pathway 10 0.361141206 | 0.067632814
PANTHER | Alzheimer disease-amyloid secretase pathway 17 0.613940051 | 0.070684189
KEGG DNA replication 10 0.361141206 | 0.07431895
PANTHER | EGF receptor signaling pathway 29 1.047309498 | 0.076829584
BIOCARTA | ALK in cardiac myocytes 10 | 0.361141206 | 0.079671813
PANTHER | Inflammation mediated by chemokine and 56 | 2.022390755 | 0.084656409
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cytokine signaling pathway

KEGG Tight junction 27 | 0.975081257 | 0.08490533

PANTHER Heterotrimeric G-protem signaling pathway-Gi 34 1297880101 | 0.091847131
alpha and Gs alpha mediated pathway

BIOCARTA | Bioactive Peptide Induced Signaling Pathway 9 0.325027086 | 0.092442178

KEGG Non-small cell lung cancer 13 | 0.469483568 | 0.093015077
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4.5, APPENDIX C: REACTOME ANALYSIS OF PLINK RESULTS
(TOP100)
Number of Total
P-value genes number of Name of the event
genes
5.45E-10 8 13 FGFRA4 binds to FGF
5.45E-10 8 13 FGFR4 ligand binding and activation
5.45E-10 8 13 Autocatalytic phosphorylation of FGFR4
7.75E-09 9 23 FGFR ligand binding and activation
1.21E-08 9 24 Phosphorylation of FRS2-alpha by activated FGFR
1.21E-08 9 24 Activated FGFR binds PLC-gamma
1.21E-08 9 24 PLC-gamma phosphorylation by FGFR
1.21E-08 9 24 Activated PLC gamma release by activated FGFR
1.21E-08 9 24 Phosphorylation of FRS2-beta by activated FGFR
1.21E-08 9 24 Activated FGFR binds FRS2alpha
1.21E-08 9 24 Activated FGFR binds FRS2beta
1.21E-08 9 24 Activated FGFR recruits SHC1
1.21E-08 9 24 SHC1 is phosphorylated
2.74E-08 9 26 Activated FGFR and FRS2 bind to SHP2
2.74E-08 9 26 SHP2 is phosphorylated by activated FGFR
2.74E-08 9 26 GRB2:SOSL1 is recruited to activated FGFR through p-SHC1
2.74E-08 9 26 Activated ERK1/2 threonine-phosphorylate FRS2alpha.
401E-08 9 27 I(:BgFBFizGABl:PIBKreg binds directly to p-FRS2:activated
4.01E-08 9 27 GRB2:S0S1 binds to p-FRS2:activated FGFR
4.01E-08 9 27 p-CBL:GRB2 hinds p-FRS2alpha:activated FGFR
5 76E-08 9 28 ICZSCF;:BF.Z_:GABl:PI:%Kreg binds to p-SHP2 on p-FRS2:activated
5.76E-08 9 28 FGFR-associated PI3K phosphorylates PIP2 to PIP3
5 76E-08 9 28 ﬁ:gﬁéitalync subunit is recruited by FGFR-associated
7.04E-08 8 21 Activated FGFR mutants bind FRS2alpha
7.04E-08 8 21 FGFR mutants phosphorylate FRS2alpha
7.04E-08 8 21 Activated FGFR mutants bind PLC-gamma
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7.04E-08 8 21 PLC-gamma phosphorylation by FGFR mutants

7.04E-08 8 21 Activated PLC-gamma release by activated FGFR mutants

8.15E-08 9 29 SHC-mediated cascade

8.15E-08 9 29 (PiL?:jri(ré:(i}'t)alytic subunit binds to GRB2:GAB1:P13Kreg

8.15E-08 9 29 Ras nucleotide exchange by GRB2:SOS1 through p-SHC

8.15E-08 9 29 FGFR associated PI3K phosphorylates PIP2 to PIP3

1.13E-07 9 30 Egss ;:uacgz?lgse% elé(g::agge by GRB2:SOS1 bound to p

1.56E-07 9 31 CBL ubiquitinates FRS2 and FGFR

1.61E-07 8 23 GRB2-SOS1 is recruited by activated FGFR mutants

2 36E-07 8 24 GRB2:GAB1:PI3Kreg binds to p-FRS2:activated FGFR
mutants

2.57E-07 7 17 FGFR2 ligand binding and activation

2.57E-07 7 17 Signaling by FGFR2 mutants

2.57E-07 7 17 Activated point mutants of FGFR2

2 57E-07 7 17 E;;ig;er?#;a;ngo?z FGFR2 bind and are inactivated by tyrosine

3.38E-07 8 25 Egclzrglltnrfggaﬁ{ Sthe catalytic subunit of PI3K by activated

3.38E-07 8 25 Conversion of PIP2 to PIP3 by PI3K associated with FGFR
mutants

4.74E-07 6 12 FGFR3 ligand binding and activation

4.74E-07 6 12 FGFR3c binds to FGF

4.74E-07 6 12 FGFR3c ligand binding and activation

4.74E-07 6 12 Autocatalytic phosphorylation of FGFR3c

4.74E-07 6 12 Signaling by activated point mutants of FGFR3

4.74E-07 6 12 Autocatalytic phosphorylation of FGFR3c¢c P250R mutant

4.74E-07 6 12 FGFR3c¢ P250R mutant binds to ligand with enhanced affinity

4.74E-07 6 12 Signaling by FGFR3 mutants

4. 74E-07 6 12 ::nGher:% rrir;utants bind and are inactivated by tyrosine kinase

4.76E-07 8 2% Eéngugﬁ?;ﬂg exchange mediated by GRB2-SOS1 bound to

8.25E-07 9 37 PIP2 conversion to PIP3

8.60E-07 6 13 FGFR2c binds to FGF

8.60E-07 6 13 FGFR2c ligand binding and activation

8.60E-07 6 13 Autocatalytic phosphorylation of FGFR2c

1.05E-06 9 38 FRS2-mediated cascade

1.22E-06 11 61 PI3K phosphorylates PIP2 to PIP3
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1.22E-06 11 61 PI3K inhibitors block PI3K catalytic activity

1.47E-06 6 14 FGFRL ligand binding and activation

1.68E-06 9 40 Negative regulation of FGFR signaling

2.39E-06 6 15 FGFR2c¢ mutants bind an expanded range of ligands

2 39E-06 6 15 ;u;ggiglyl/itg; rﬁ)gct))siﬁz?r:glatlon of FGFR2c¢ mutants with
8.31E-06 5 11 FGFRL1c binds to FGF

8.31E-06 5 11 FGFR1c ligand binding and activation

8.31E-06 5 11 Autocatalytic phosphorylation of FGFR1c

8.31E-06 5 11 Signaling by activated point mutants of FGFR1
8.31E-06 5 11 FGFR1 P252X mutants bind ligand with enhanced affinity
8.31E-06 5 11 g}lrjrgce);::talytic phosphorylation of FGFR1 P252X mutant
2.29E-05 9 54 Phospholipase C-mediated cascade

2.36E-05 4 7 FGFR3Db binds to FGF

2.36E-05 4 7 FGFR3b ligand binding and activation

2.36E-05 4 7 Autocatalytic phosphorylation of FGFR3b

2.50E-05 3 3 Interaction of integrin alpha8betal with Fibronectin
2.50E-05 3 3 Interaction of integrin alphaVbetal with Fibronectin
3.38E-05 11 85 Integrin cell surface interactions

3.54E-05 12 101 P1-3K cascade

3.54E-05 12 101 PI3K events in ERBB4 signaling

3.54E-05 12 101 PIP3 activates AKT signaling

3.54E-05 12 101 PI3K events in ERBB2 signaling

3.54E-05 12 101 PI3K/AKT Signaling in Cancer

3.77E-05 11 86 Constitutive PI3BK/AKT Signaling in Cancer

4.07E-05 8 45 Signaling by FGFR mutants

4.61E-05 4 8 Latent TGF-beta-1 binds integrins

4.75E-05 12 104 PI3K/AKT activation

5.23E-05 12 105 GAB1 signalosome

9.77E-05 3 4 CARD?O binds RIP2 (and NOD2)

9.77E-05 3 4 ﬁaer;:)]ck))?;z eA)\nhydrase Dehydrates Bicarbonate (plasma
9.77E-05 3 4 ﬁaer;:)]ck))?;z eA)\nhydrase Hydrates Carbon Dioxide (plasma
1.43E-04 10 83 IRS-related events triggered by IGF1R

1.49E-04 9 68 PI3K Cascade

1.93E-04 10 86 Signaling by Type 1 Insulin-like Growth Factor 1 Receptor

(IGFIR)
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1.93E-04 10 86 IGF1R signaling cascade

2.20E-04 13 140 Signaling by SCF-KIT

2.97E-04 4 12 Reversible Hydration of Carbon Dioxide

3.28E-04 15 185 Signaling by PDGF

4.68E-04 3 6 Klotho-mediated ligand binding

4.70E-04 14 171 Downstream Signaling Events Of B Cell Receptor (BCR)
4.70E-04 79 IRS-mediated signalling

4.74E-04 35 NOD1/2 Signaling Pathway
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4.6. APPENDIX D: TOP 100 GENES FROM COMBINED GENE
RESULTS

Rank Gene ID P-Val Rank Gene ID P-Val
1 55277 0 51 136 0
2 3604 0 52 132 0
3 3603 0 53 8406 0
4 220963 0 54 54768 0
5 337876 0 55 4045 0
6 132884 0 56 120 0
7 283652 0 57 114134 0
8 8499 0 58 54756 0
9 8496 0 59 4036 0

10 8495 0 60 4033 0
11 55222 0 61 119 0
12 8491 0 62 115 0
13 120892 0 63 114 0
14 23677 0 64 111 0
15 441116 0 65 151963 0
16 23671 0 66 4026 0
17 23670 0 67 4025 0
18 140469 0 68 109 0
19 55214 0 69 108 0
20 55213 0 70 105 0
21 144817 0 71 104 0
22 199920 0 72 102 0
23 55206 0 73 145282 0
24 8470 0 74 4009 0
25 8464 0 75 4008 0
26 23648 0 76 7991 0
27 185 0 77 340595 0
28 152404 0 78 149628 0
29 283601 0 79 54715 0
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30 8451 0 80 54714 0
31 176 0 81 7982 0
32 175 0 82 93492 0
33 23637 0 83 619343 0
34 23635 0 84 284058 0
35 4086 0 85 151903 0
36 162 0 86 284040 0
37 54798 0 87 221322 0
38 54796 0 88 340554 0
39 157 0 89 3572 0
40 23613 0 90 3556 0
41 8427 0 91 121256 0
42 8424 0 92 441097 0
43 4067 0 93 55193 0
44 4065 0 94 121227 0
45 148 0 95 55182 0
46 23608 0 96 79109 0
47 23604 0 97 441061 0
48 8412 0 98 55160 0
49 4057 0 99 646021 0
50 4052 0 100 55140 0
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4.7.

APPENDIX E: DAVID FUNCTIONAL ANNOTATION CHART OF
COMBINED GENE RESULTS (TOTAL 78)

Category Term Count % PValue
KEGG Axon guidance 49 1.668369084 | 3.93E-09
KEGG Calcium signaling pathway 56 | 1.906707525 | 3.22E-07
KEGG Long-term depression 29 | 0.987402111 | 9.62E-07
KEGG Vascular smooth muscle contraction 39 | 1.327885598 | 2.49E-06
KEGG Focal adhesion 59 2.008852571 | 2.88E-06
KEGG Arrhythmogenic right ventricular cardiomyopathy 29 | 0987402111 | 9.07E-06

(ARVC)
KEGG ECM-receptor interaction 30 | 1.02145046 | 2.67E-05
KEGG Pathways in cancer 82 | 279196459 | 2.68E-05
PANTHER | Metabotropic glutamate receptor group |11 pathway 32 | 1.089547157 | 4.50E-05
KEGG ABC transporters 19 | 0.646918624 | 7.52E-05
KEGG MAPK signaling pathway 65 | 2.213142663 | 4.70E-04
KEGG Small cell |ung cancer 27 0.919305414 | 5.10E-04
PANTHER | Integrin signalling pathway 65 | 2.213142663 | 5.49E-04
PANTHER | Histamine H1 receptor mediated signaling pathway 19 | 0.646918624 | 6.32E-04
KEGG Long-term potentiation 23 0.783112019 | 6.94E-04
PANTHER Thyrotropin-releasing hormone receptor signaling o1 | 0817160368 | 8.00E-04
pathway
PANTHER | 5HT2 type receptor mediated signaling pathway 26 | 0.885257065 | 9.85E-04
KEGG Phosphatidylinositol signaling system 24 | 0.817160368 | 9.91E-04
KEGG Dilated cardiomyopathy 28 | 0.953353762 | 1.01E-03
KEGG Gap junction 27 | 0.919305414 | 1.34E-03
BIOCARTA | Synaptic Proteins at the Synaptic Junction 10 | 0.340483487 | 1.48E-03
PANTHER Heterotrimeric G—proteln signaling pathway-Gq alpha 16 1566224038 | 1.55E-03
and Go alpha mediated pathway
PANTHER | Oxytocin receptor mediated signaling pathway 23 | 0.783112019 | 1.59E-03
PANTHER | lonotropic glutamate receptor pathway 22 | 0.74906367 | 1.86E-03
KEGG ErbB signaling pathway 26 | 0.885257065 | 2.12E-03
BIOCARTA Asp_lrln_BIocks Signaling Pathway Involved in Platelet 10 | 0340483487 | 2.40E-03
Activation
PANTHER 13 0.442628533 | 2.40E-03

Endogenous_cannabinoid_signaling
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PANTHER | Axon guidance mediated by Slit/Robo 15 | 0.51072523 | 2.83E-03
BIOCARTA Eﬁoip‘;]a;;'rgees] F(’)r}orfgggg'gﬂggpﬁgt'ggb'“’ry 8 | 0272386789 | 3.03E-03
KEGG Hypertrophic cardiomyopathy (HCM) 25 | 0.851208716 | 3.32E-03
PANTHER | Metabotropic glutamate receptor group | pathway 17 | 0.578821927 | 4.01E-03
KEGG O-G|ycan biosynthesis 12 0.408580184 | 5.24E-03
PANTHER mijﬁs\?;;mc acetylcholine receptor 1 and 3 signaling 29 0.74906367 | 6.07E-03
PANTHER | Axon guidance mediated by netrin 16 0.544773578 | 6.19E-03
KEGG Regulation of actin cytoskeleton 50 | 1.702417433 | 6.23E-03
KEGG Prostate cancer 25 | 0.851208716 | 6.28E-03
PANTHER | Alpha adrenergic receptor signaling pathway 13 | 0.442628533 | 7.13E-03
KEGG Glioma 19 | 0.646918624 | 9.03E-03
KEGG Fc gamma R-mediated phagocytosis 25 0.851208716 | 1.45E-02
PANTHER GABA_B_receptor_||_5igna|ing 15 0.51072523 1.58E-02
BIOCARTA | Thrombin signaling and protease-activated receptors 0.272386789 | 1.82E-02
BIOCARTA | Role of ERBB? in Signal Transduction and Oncology 0.306435138 | 1.96E-02
KEGG Neuroactive ligand-receptor interaction 55 | 1.872659176 | 2.02E-02
KEGG Fc epsilon RI signaling pathway 21 0.715015322 | 2.09E-02
KEGG Non-small cell |ung cancer 16 0.544773578 | 2.12E-02
KEGG Tight junction 32 1.089547157 | 2.15E-02
PANTHER er;%:l’;i“:r:g 'b'ef;";‘r‘r‘gf: signaling through G 18 | 0.612870276 | 2.21E-02
KEGG Melanogenesis 25 0.851208716 | 2.37E-02
KEGG B cell receptor signaling pathway 20 0.680966973 | 2.70E-02
PANTHER Endothelin signaling pathway 28 0.953353762 | 2.77E-02
PANTHER Op|o|d proopiome|anocortin pathway 13 0.442628533 | 2.83E-02
PANTHER | Betal adrenergic receptor signaling pathway 16 | 0.544773578 | 3.13E-02
BIOCARTA | Nuclear Receptors in Lipid Metabolism and Toxicity 12 | 0.408580184 | 3.69E-02
KEGG GnRH sighaling pathway 24 0.817160368 | 3.75E-02
PANTHER | Alzheimer disease-amyloid secretase pathway 22 | 0.74906367 | 4.17E-02
KEGG Nucleotide excision repair 13 0.442628533 | 4.24E-02
PANTHER g;Lt\?V(;(;tropln releasing factor receptor signaling 12 0.408580184 | 4.24E-02
KEGG Inositol phosphate metabolism 15 | 0.51072523 | 4.44E-02
PANTHER | Metabotropic glutamate receptor group Il pathway 17 | 0.578821927 | 4.49E-02
PANTHER Angiogenesis 56 1.906707525 | 4.72E-02
KEGG 30 1.02145046 | 4.77E-02

Cell adhesion molecules (CAMs)
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BIOCARTA | Erk1/Erk2 Mapk Signaling pathway 10 | 0.340483487 | 5.18E-02
PANTHER | 5HT4 type receptor mediated signaling pathway 12 | 0.408580184 | 5.24E-02
PANTHER | Opioid proenkephalin pathway 12 0.408580184 | 5.24E-02
PANTHER | Beta2 adrenergic receptor signaling pathway 15 | 0.51072523 | 5.38E-02
BIOCARTA %c:grﬁzgpgég;gamma Coactivators in Obesity and 5 | 0170241743 | 5.53E-02
KEGG Melanoma 18 | 0.612870276 | 5.72E-02
KEGG Adherens junction 19 0.646918624 | 6.29E-02
BIOCARTA | Bioactive Peptide Induced Signaling Pathway 10 | 0.340483487 | 6.31E-02
BIOCARTA | g-Secretase mediated ErbB4 Signaling Pathway 4 0.136193395 | 6.99E-02
KEGG Purine metabolism 33 1.123595506 | 6.99E-02
PANTHER B cell activation 24 0.817160368 | 7.39E-02
BIOCARTA | Eph Kinases and ephrins support platelet aggregation 0.170241743 | 7.99E-02
KEGG Thyroid cancer 0.306435138 | 8.39E-02
KEGG Fructose and mannose metabolism 10 | 0.340483487 | 8.62E-02
PANTHER | Nicotinic acetylcholine receptor signaling pathway 24 | 0.817160368 | 9.19E-02
PANTHER | Beta3 adrenergic receptor signaling pathway 10 | 0.340483487 | 9.27E-02
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4.8.

APPENDIX F: REACTOME ANALYSIS OF COMBINED GENE
RESULTS (TOP100)

P-value ’c\)lfugrgggg Total;el;rgsber of Name of the event

3.16E-10 11 23 GRB2-SOS1 is recruited by activated FGFR mutants
1.62E-09 11 26 GRB2:SOS1 is recruited to activated FGFR through p-SHC1
1.62E-09 11 2 Eéngufr:ﬁ?;dti exchange mediated by GRB2-SOS1 bound to
2.21E-09 10 21 Activated FGFR mutants bind FRS2alpha

2.21E-09 10 21 FGFR mutants phosphorylate FRS2alpha

2.21E-09 10 21 Activated FGFR mutants bind PLC-gamma

2.21E-09 10 21 PLC-gamma phosphorylation by FGFR mutants

2.21E-09 10 21 Activated PLC-gamma release by activated FGFR mutants
2.64E-09 11 27 GRB2:S0S1 binds to p-FRS2:activated FGFR

4.38E-09 9 17 FGFR2 ligand binding and activation

4.38E-09 9 17 Signaling by FGFR2 mutants

4.38E-09 9 17 Activated point mutants of FGFR2

4.38E-09 9 17 iic:;];er?rl:;?g}foi FGFR2 bind and are inactivated by tyrosine
6.52E-09 11 29 SHC-mediated cascade

6.52E-09 11 29 Ras nucleotide exchange by GRB2:SOS1 through p-SHC
6.62E-09 8 13 FGFR4 binds to FGF

6.62E-09 8 13 FGFR4 ligand binding and activation

6.62E-09 13 Autocatalytic phosphorylation of FGFR4

6.68E-09 10 23 FGFR ligand binding and activation

9.93E-09 1 30 Egssggacggggse%eééiﬁge by GRB2:SOS1 bound to p
1.10E-08 10 24 Phosphorylation of FRS2-alpha by activated FGFR
1.10E-08 10 24 Activated FGFR binds PLC-gamma

1.10E-08 10 24 PLC-gamma phosphorylation by FGFR

1.10E-08 10 24 Activated PLC gamma release by activated FGFR

1.10E-08 10 24 Phosphorylation of FRS2-beta by activated FGFR
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1.10E-08 10 24 Activated FGFR binds FRS2alpha

1.10E-08 10 24 Activated FGFR binds FRS2beta

1.10E-08 10 24 Activated FGFR recruits SHC1

1.10E-08 10 24 SHC1 is phosphorylated

1.10E-08 10 24 GRB2:GAB1:PI3Kreg binds to p-FRS2:activated FGFR
mutants

1.49E-08 8 14 FGFR1 ligand binding and activation

1.78E-08 10 25 Recruitment of the catalytic subunit of PI3K by activated
FGFR1 mutants

1.78E-08 10 25 Conversion of PIP2 to PIP3 by PI3K associated with FGFR
mutants

2.79E-08 10 26 Activated FGFR and FRS2 bind to SHP2

2.79E-08 10 26 SHP2 is phosphorylated by activated FGFR

2.79E-08 10 26 Activated ERK1/2 threonine-phosphorylate FRS2alpha.

497E-08 10 97 IC:BCI;:B}_\%:GABl:PI3Kreg binds directly to p-FRS2:activated

4.27E-08 10 27 p-CBL:GRB2 binds p-FRS2alpha:activated FGFR

6.41E-08 10 28 IC:BCI;:Bé:GABl:PBKreg binds to p-SHP2 on p-FRS2:activated

6.41E-08 10 28 FGFR-associated PI3K phosphorylates PIP2 to PIP3

6.41E-08 10 28 PI3K catalytic subunit is recruited by FGFR-associated
PI3KR1

9.44E-08 10 29 RISK catalytic subunit binds to GRB2:GABL1:PI3Kreg
(indirect)

9.44E-08 10 29 FGFR associated PI3K phosphorylates PIP2 to PIP3

1.04E-07 7 12 FGFR3 ligand binding and activation

1.04E-07 7 12 FGFR3c binds to FGF

1.04E-07 7 12 FGFR3c ligand binding and activation

1.04E-07 7 12 Autocatalytic phosphorylation of FGFR3c

1.04E-07 7 12 Signaling by activated point mutants of FGFR3

1.04E-07 7 12 Autocatalytic phosphorylation of FGFR3c P250R mutant

1.04E-07 7 12 FGFR3c P250R mutant binds to ligand with enhanced affinity

1.04E-07 7 12 Signaling by FGFR3 mutants

1 04E-07 7 12 FGFR3 mutants bind and are inactivated by tyrosine kinase
inhibitors

1.64E-07 11 38 FRS2-mediated cascade

1.91E-07 16 85 Integrin cell surface interactions

1.95E-07 10 31 CBL ubiquitinates FRS2 and FGFR

2.18E-07 7 13 FGFR2c binds to FGF

2.18E-07 13 FGFR2c ligand binding and activation

113




2.18E-07 7 13 Autocatalytic phosphorylation of FGFR2c

6.18E-07 13 61 PI3K phosphorylates PIP2 to PIP3

6.18E-07 13 61 PI3K inhibitors block PI3K catalytic activity

7.63E-07 7 15 FGFR2c¢ mutants bind an expanded range of ligands

7 63E-07 7 15 ;u;;)giglyl/itg; r?g%siﬁz(i)r:glatlon of FGFR2c¢ mutants with
1.08E-06 11 45 Signaling by FGFR mutants

1.23E-06 10 37 PIP2 conversion to PIP3

1.29E-06 15 86 Constitutive PI3BK/AKT Signaling in Cancer

1.29E-06 15 86 (Sllgr;zilg)g by Type 1 Insulin-like Growth Factor 1 Receptor
1.29E-06 15 86 IGF1R signaling cascade

1.55E-06 6 11 FGFRL1c binds to FGF

1.55E-06 6 11 FGFR1c ligand binding and activation

1.55E-06 6 11 Autocatalytic phosphorylation of FGFR1c

1.55E-06 6 11 Signaling by activated point mutants of FGFR1
1.55E-06 6 11 FGFR1 P252X mutants bind ligand with enhanced affinity
1 55E-06 6 11 ,(;lrjrg(;(r:?talytic phosphorylation of FGFR1 P252X mutant
1.98E-06 5 7 FGFR3b binds to FGF

1.98E-06 5 7 FGFR3b ligand binding and activation

1.98E-06 5 7 Autocatalytic phosphorylation of FGFR3b

2.69E-06 19 140 Signaling by SCF-KIT

2.70E-06 10 40 Negative regulation of FGFR signaling

4.45E-06 14 83 IRS-related events triggered by IGF1R

1.03E-05 15 101 P1-3K cascade

1.03E-05 15 101 PI3K events in ERBB4 signaling

1.03E-05 15 101 PIP3 activates AKT signaling

1.03E-05 15 101 PI3K events in ERBB2 signaling

1.03E-05 15 101 PI3K/AKT Signaling in Cancer

1.48E-05 15 104 PI3K/AKT activation

1.66E-05 15 105 GAB1 signalosome

3.33E-05 13 86 Insulin receptor signalling cascade

3.82E-05 5 11 Formation of collagen fibrils

3.82E-05 11 Formation of collagen fibres

3.91E-05 10 53 GABA receptor activation

4.63E-05 10 54 Phospholipase C-mediated cascade

6.35E-05 20 189 Transmission across Chemical Synapses
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6.38E-05 12 79 IRS-mediated signalling

7.15E-05 11 68 PI3K Cascade

8.20E-05 12 81 IRS-related events

1.06E-04 17 151 Signaling by ERBB4

1.45E-04 19 185 Signaling by PDGF

1.71E-04 17 157 DAP12 signaling

1.97E-04 16 144 Downstream signaling of activated FGFR
2.17E-04 5 15 Removal of fibrillar collagen N-propeptides
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4.9. APPENDIX G: TOP100 SNPs FROM AHP RESULTS
Rank SNP P-Val Q‘: ':I,F; Rank SNP P-Val Q; I:rz
1 rs17115004 | 1.42E-06 | 0.737535 51 rs7799600 | 3.41E-09 | 0.654374
2 rs2229163 | 4.14E-06 | 0.73671 52 rs8190621 | 5.19E-09 | 0.654374
3 rs7009117 | 5.67E-07 | 0.71945 53 rs10231699 | 1.69E-08 | 0.654374
4 rs6589360 | 6.64E-08 | 0.715562 54 rs16917234 | 2.05E-08 | 0.654374
5 rs7128875 | 1.38E-06 | 0.715562 55 rs1525256 | 2.27E-08 | 0.654374
6 rs7809317 | 1.77E-06 | 0.715562 56 rs1177930 | 4.17E-08 | 0.654374
7 rs6475523 | 9.05E-06 | 0.715562 57 rs9903602 | 6.23E-08 | 0.654374
8 rs2906288 | 4.26E-05 | 0.715562 58 rs7692461 | 8.64E-08 | 0.654374
9 rs1012023 | 3.73E-07 | 0.714776 59 rs4349 9.94E-08 | 0.654374
10 rs4846051 | 1.64E-05 | 0.714737 60 rs12273539 | 1.08E-07 | 0.654374
11 rs16895119 | 3.11E-05 | 0.714737 61 rs11015002 | 1.09E-07 | 0.654374
12 rs6348 3.61E-05 | 0.714737 62 rs6980130 | 1.16E-07 | 0.654374
13 rs1953439 | 1.85E-05 | 0.692803 63 rs10156202 | 1.37E-07 | 0.654374
14 rs10483448 | 2.49E-05 | 0.692803 64 rs11974602 | 1.52E-07 | 0.654374
15 rs2982712 | 1.23E-05 | 0.692215 65 rs3842842 | 1.92E-07 | 0.654374
16 rs17085734 | 8.97E-07 | 0.677721 66 rs17170624 | 2.39E-07 | 0.654374
17 rs12295969 | 9.78E-07 | 0.677721 67 rs10241143 | 2.64E-07 | 0.654374
18 rs11819808 | 1.56E-06 | 0.677721 68 rs6966555 | 3.01E-07 | 0.654374
19 rs12336931| 2.6E-06 | 0.677721 69 rs363333 | 3.48E-07 | 0.654374
20 rs1494446 | 2.74E-06 | 0.677721 70 rs6442824 | 4E-07 | 0.654374
21 rs11568942 | 4.14E-06 | 0.677721 71 rs6961141 | 4.4e-07 | 0.654374
22 rs720024 | 4.6E-06 | 0.677721 72 rs11208836 | 5.01E-07 | 0.654374
23 rs7074934 | 5.19E-06 | 0.677721 73 rs3027403 | 5.74E-07 | 0.654374
24 rs7111410 | 6.31E-06 | 0.677721 74 rs17170037| 6.1E-07 | 0.654374
25 rs16848098 | 6.78E-06 | 0.677721 75 rs6942437 | 6.38E-07 | 0.654374
26 rs5030351 | 1.09E-05 | 0.677721 76 rs16976623 | 7.89E-07 | 0.654374
27 rs17021884 | 1.36E-05 | 0.677721 77 rs17133801 | 8.38E-07 | 0.654374
28 rs6669695 | 1.72E-05 | 0.677721 78 rs9479126 | 8.5E-07 | 0.654374
29 rs741351 | 1.84E-05 | 0.677721 79 rs2045472 | 9.5E-07 | 0.654374
30 rs3787303 | 3.52E-05 | 0.677721 80 rs6723039 | 9.78E-07 | 0.654374
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31 rs17128450 | 0.000037 | 0.677721 81 rs1112416 | 1.2E-06 | 0.654374
32 rs7785335 | 3.95E-05 | 0.677721 82 rs11214533 | 1.23E-06 | 0.654374
33 rs10155998 | 4.77E-05 | 0.677721 83 rs10811491 | 1.27E-06 | 0.654374
34 rs2172721 | 4.83E-05 | 0.677721 84 rs801942 | 1.51E-06 | 0.654374
35 rs7948159 | 3.14E-09 | 0.655025 85 rs2808356 | 1.62E-06 | 0.654374
36 rs7140732 | 2.25E-07 | 0.654962 86 rs17039997 | 1.69E-06 | 0.654374
37 rs2256712 | 2.51E-07 | 0.654962 87 rs6953850 | 1.69E-06 | 0.654374
38 rs13436623 | 5.96E-07 | 0.654962 88 rs12242971| 1.71E-06 | 0.654374
39 rs9313450 | 8.71E-07 | 0.654962 89 rs2049590 | 2.07E-06 | 0.654374
40 rs7722406 | 9.32E-07 | 0.654962 90 rs952732 | 2.32E-06 | 0.654374
41 rs41499245 | 2.03E-06 | 0.654962 91 rs11804879 | 2.37E-06 | 0.654374
42 rs17070453 | 1.27E-05 | 0.654962 92 rs13411953 | 2.42E-06 | 0.654374
43 rs1150219 | 1.49E-06 | 0.654691 93 rs1402717 | 2.58E-06 | 0.654374
44 rs1065035 | 4.32E-06 | 0.654691 94 rs2903236 | 2.59E-06 | 0.654374
45 rs3867250 | 5.01E-06 | 0.654691 95 rs6505673 | 2.6E-06 | 0.654374
46 rs9983698 | 1.22E-05 | 0.654691 96 rs16847806 | 2.63E-06 | 0.654374
47 rs10280038 | 2.14E-05 | 0.654691 97 rs7300145 | 2.65E-06 | 0.654374
48 rs10239811| 2.4E-12 | 0.654374 98 rs7955388 | 2.83E-06 | 0.654374
49 rs7805995 | 2.04E-11 | 0.654374 99 rs13438715 | 2.89E-06 | 0.654374
50 rs10259955 | 3.52E-10 | 0.654374 100 rs6435649 | 2.9E-06 | 0.654374
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4.10.

APPENDIX H: DAVID FUNCTIONAL ANNOTATION CHART OF
COMBINED GENE RESULTS (TOTAL 83)

Category Term Count % PValue
KEGG Axon guidance 52 2.106969 | 9.94E-08
KEGG Focal adhesion 69 2.795786 | 9.22E-07
KEGG Vascular smooth muscle contraction 44 1.782820 | 2.56E-06
KEGG Calcium signaling pathway 59 2.390600 | 1.48E-05
KEGG Long-term depression 29 1.175041 | 4.52E-05
KEGG Pathways in cancer 94 3.808752 | 5.17E-05
PANTHER | Integrin signalling pathway 73 2.957861 | 6.24E-05
KEGG ABC transporters 21 0.850891 | 8.48E-05
KEGG MAPK signaling pathway 78 3.160454 | 1.28E-04
BIOCARTA | Thrombin signaling and protease-activated receptors 12 0.486224 | 2.04E-04
KEGG Regulation of actin cytoskeleton 64 2.593193 | 3.27E-04
BIoCARTA | e 0| oasise | aseeo
KEGG gg&gyogemc right ventricular cardiomyopathy 28 1134522 | 8.00E-04
PANTHER | 5HT2 type receptor mediated signaling pathway 27 1.094003 | 1.47E-03
PANTHER :neéeé%tgr;ﬁg%%d?;fgg'gast'hgvczyng pathway-Gq alpha 49 | 1.985413 | 1.54E-03
PANTHER | Alzheimer disease-amyloid secretase pathway 28 1.134522 | 1.68E-03
KEGG ECM-receptor interaction 29 1.175041 | 1.98E-03
KEGG Small cell lung cancer 29 1.175041 | 1.98E-03
PANTHER | Oxytocin receptor mediated signaling pathway 24 0.972447 | 2.03E-03
KEGG Dilated cardiomyopathy 31 1.256078 | 2.05E-03
BIOCARTA | Synaptic Proteins at the Synaptic Junction 11 0.445705 | 2.15E-03
PANTHER g;t)r/]rv?/;r;pm releasing hormone receptor signaling o 0.972447 | 2 62E-03
BIOCARTA | g-Secretase mediated ErbB4 Signaling Pathway 6 0.243112 | 2.70E-03
KEGG ErbB signaling pathway 29 1.175041 | 3.53E-03
BIOCARTA Aspirin Blocks Signaling Pathway Involved in Platelet 1 0.445705 | 3.65E-03

Activation
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PANTHER | Alpha adrenergic receptor signaling pathway 14 0.567261 | 4.80E-03
PANTHER | Histamine H1 receptor mediated signaling pathway 18 0.729335 | 4.86E-03
KEGG Prostate cancer 29 1.175041 | 5.05E-03
KEGG Hypertrophic cardiomyopathy (HCM) 28 1.134522 | 5.05E-03
PANTHER L?ngrﬂnmgaggtr;]w;Siated by chemokine and cytokine 86 3484603 | 511E-03
KEGG Non-small cell lung cancer 20 0.810373 | 5.19E-03
KEGG Thyroid cancer 13 0.526742 | 5.80E-03
KEGG Mismatch repair 11 0.445705 | 7.67E-03
PANTHER | Endothelin signaling pathway 32 1.296596 | 7.82E-03
KEGG Long-term potentiation 23 0.931929 | 8.55E-03
BIOCARTA | Role of ERBB?2 in Signal Transduction and Oncology 11 0.445705 | 9.02E-03
KEGG Gap junction 28 1.134522 | 9.91E-03
PANTHER Angiotensin II-.stimuIated signaling through G proteins 20 0810373 | 1.09E-02
and beta-arrestin
KEGG TGF-beta signaling pathway 27 1.094003 | 1.38E-02
KEGG Cell cycle 36 1.458671 | 1.40E-02
KEGG Melanoma 23 0.931929 | 1.46E-02
PANTHER | Nicotinic acetylcholine receptor signaling pathway 29 1.175041 | 1.59E-02
KEGG Glycosphingolipid biosynthesis 8 0.324149 | 1.62E-02
KEGG Nucleotide excision repair 16 0.648298 | 1.68E-02
KEGG Endometrial cancer 18 0.729335 | 1.76E-02
BIOCARTA | IL-7 Signal Transduction 8 0.324149 | 2.10E-02
BIOCARTA | Bioactive Peptide Induced Signaling Pathway 13 0.526742 | 2.18E-02
PANTHER | Metabotropic glutamate receptor group | pathway 16 0.648298 | 2.22E-02
KEGG Phosphatidylinositol signaling system 23 0.931929 | 2.37E-02
KEGG Chronic myeloid leukemia 23 0.931929 | 2.75E-02
KEGG Glioma 20 0.810373 | 2.95E-02
BIOCARTA ?g(le?rﬁggg’ég;gamma Coactivators in Obesity and 6 0243112 | 3.10E-02
PANTHER ggﬁs\g)l/mc acetylcholine receptor 1 and 3 signaling 21 0.850891 | 3.15E-02
PANTHER | Axon guidance mediated by netrin 15 0.607780 | 3.15E-02
KEGG Adherens junction 23 0.931929 | 3.66E-02
KEGG DNA replication 13 0.526742 | 3.67E-02
PANTHER | Wnt signaling pathway 87 3.5625122 | 3.76E-02
BIOCARTA | Apoptotic Signaling in Response to DNA Damage 10 0.405186 | 3.89E-02
BIOCARTA | Nuclear Receptors in Lipid Metabolism and Toxicity 14 0.567261 | 4.13E-02
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BIOCARTA | Phospholipids as signalling intermediaries 10 0.405186 | 5.18E-02
KEGG O-Glycan biosynthesis 11 0.445705 | 5.42E-02
KEGG GnRH signaling pathway 27 1.094003 | 5.75E-02
BIOCARTA | Integrin Signaling Pathway 13 0.526742 | 5.81E-02
KEGG Pancreatic cancer 21 0.850891 | 5.86E-02
KEGG Tight junction 35 1.418152 | 5.94E-02
BIOCARTA | Agrin in Postsynaptic Differentiation 11 0.445705 | 5.94E-02
BIOCARTA Q;kgzloéigzlnndleln?w;gL?Etlﬁ?]gactlvatlon of INK Pathway via 11 0.445705 | 5.94E-02
PANTHER | Betal adrenergic receptor signaling pathway 16 0.648298 | 6.06E-02
BIOCARTA ggir?g:)t(lgs Remodeling by hSWI/SNF ATP-dependent 8 0.324149 | 6 .41E-02
BIOCARTA | MAPKinase Signaling Pathway 25 1.012966 | 6.52E-02
BIOCARTA | Human Cytomegalovirus and Map Kinase Pathways 7 0.283630 | 7.06E-02
KEGG Fc epsilon RI signaling pathway 22 0.891410 | 7.17E-02
KEGG Cell adhesion molecules (CAMs) 34 1.377634 | 7.45E-02
BIOCARTA | CCR3 signaling in Eosinophils 9 0.364668 | 7.57E-02
PANTHER | EGF receptor signaling pathway 39 1.580227 | 8.60E-02
KEGG Purine metabolism 38 1.539708 | 9.27E-02
Nuclear receptors coordinate the activities of chromatin
BIOCARTA | remodeling complexes and coactivators to facilitate 7 0.283630 | 9.62E-02
initiation of transcription in carcinoma cells
PANTHER | Beta2 adrenergic receptor signaling pathway 15 0.607780 | 9.62E-02
BIOCARTA E:r'j da‘lrr‘]g E’nl-gofrl]r;aa?eEﬁirtwgessary for Collagen 9 | 0.364668 | 9.67E-02
PANTHER | Axon guidance mediated by semaphorins 16 0.648298 | 9.79E-02
BIOCARTA | p38 MAPK Signaling Pathway 12 0.486224 | 9.82E-02
KEGG Glycosaminoglycan degradation 8 0.324149 | 9.97E-02
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4.11. APPENDIX I: REACTOME ANALYSIS OF AHP RESULTS

(TOP100)
Number Total
P-value number Name of the event
of genes
of genes

1.99E-04 2 2 D-glyceraldehyde 3-phosphate + orthophosphate + NAD+ <=> 1,3-

' bisphospho-D-glycerate + NADH + H+
1.99E-04 2 2 1,3-bisphospho-D-glycerate + NADH + H+ <=> D-glyceraldehyde 3-

' phosphate + Orthophosphate + NAD+
2.69E-04 10 238 Metabolism of carbohydrates
2.69E-04 3 12 Keratan sulfate degradation
3.63E-04 2 3 limit dextrln—glycogenln => ((1,6)-alpha-glucosyl)poly((1,4)-alpha-

glucosyl) glycogenin

3.63E-04 2 3 ((1,6)-alpha-glucosyl)poly((1,4)-alpha-glucosyl)glycogenin =>

' poly{(1,4)-alpha-glucosyl} glycogenin + alpha-D-glucose
3.63E-04 2 poly((1,4)-alpha-D-glucosyl) glycogenin => glycogen-glycogenin
3.63E-04 2 Activated NOD oligomer recruites RIP2 (RICK)
3.99E-04 4 32 Keratan sulfate/keratin metabolism
4.39E-04 3 14 RIP2 is K63 polyubiquitinated
5.83E-04 5 62 Glucose metabolism
7.20E-04 2 4 GPVI binds Fyn and Lyn
7.20E-04 2 4 RIP2 hinds NEMO
7.20E-04 2 4 CARD?9 hinds RIP2 (and NOD2)
1.77E-03 2 6 Binding of GPVI:Fc Epsilon R1 gamma receptor complex with

collagen

1.77E-03 2 6 Fyn/Lyn-mediated phosphorylation of FCR1 gamma
1.77E-03 2 6 Grb2 binds CD28
1.77E-03 2 6 Gads binds CD28
2.47E-03 2 7 Binding of Syk tyrosine kinase
2.47E-03 2 7 Translocation of Vavl to CD28
2.47E-03 2 7 Activation of Vavl
2.47E-03 2 7 Syk is released
2.47E-03 2 7 Syk autophosphorylates
3.27E-03 2 8 Glycogen synthesis
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3.27E-03 2 8 Phosphorylation of CD28

3.27E-03 2 8 Activation of Racl by pVavl

3.27E-03 2 8 Activation of Cdc42 by pVavl

4.17E-03 2 9 SHP2 phosphatase binds CTLA-4

4.17E-03 2 9 PI3K hinds CD28

4.17E-03 2 9 CD28 bound PI3K phosphorylates PIP2 to PIP3
4.17E-03 2 9 A20 deubiquitinates RIP2

4.17E-03 2 9 CYLD deubiquitinates NEMO

4.44E-03 6 140 Signaling by SCF-KIT

4.54E-03 4 61 PI3K phosphorylates PIP2 to PIP3

4.54E-03 4 61 PI3K inhibitors block PI3K catalytic activity
5.11E-03 5 101 P1-3K cascade

5.11E-03 5 101 PI3K events in ERBB4 signaling

5.11E-03 5 101 PIP3 activates AKT signaling

5.11E-03 5 101 PI3K events in ERBB2 signaling

5.11E-03 5 101 PI3K/AKT Signaling in Cancer

5.78E-03 5 104 PI3K/AKT activation

6.02E-03 5 105 GAB1 signalosome

6.28E-03 2 11 CD28 dependent Vavl pathway

6.28E-03 2 11 RIP2 induces K63-linked ubiquitination of NEMO
6.68E-03 3 35 NOD1/2 Signaling Pathway

7.48E-03 6 156 Downstream signal transduction

7.48E-03 2 12 K63 polyubiquitinated RIP2 associates with the TAK1 complex
7.48E-03 2 12 TAKUL is activated

8.78E-03 2 13 Platelet Adhesion to exposed collagen

8.78E-03 2 13 FGFR4 binds to FGF

8.78E-03 2 13 FGFR4 ligand binding and activation

8.78E-03 2 13 Autocatalytic phosphorylation of FGFR4
1.02E-02 2 14 Glycogen breakdown (glycogenolysis)
1.02E-02 2 14 GPVI stimulates PI3K beta, gamma

1.16E-02 2 15 Formation of ATP by chemiosmotic coupling
1.16E-02 2 15 ATP is synthesized from ADP and Pi by ATPase
1.16E-02 2 15 Enzyme-bound ATP is released

1.16E-02 2 15 ADP and Pi bind to ATPase

1.24E-02 6 174 Signaling by EGFR

1.31E-02 6 176 Signaling by EGFR in Cancer
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Connection of adjacent cells through calcium-dependent trans-

1.82E-02 2 16 dimerization of cadherin

1.32E-02 2 16 Regulation of KIT signaling

1.34E-02 10 405 GPCR ligand binding

1.35E-02 8 286 Signalling by NGF

1.49E-02 2 17 Activated TAK1 mediates phosphorylation of the IKK Complex
1.49E-02 2 17 Phosphorylation of CTLA-4

1.49E-02 2 17 Activated TAK1 phosphorylates MKK4/MKK7

1.49E-02 2 17 activated human TAK1 phosphorylates MKK3/MKK®6

1.50E-02 4 86 Constitutive PI3BK/AKT Signaling in Cancer

1.64E-02 6 185 Signaling by PDGF

1.66E-02 2 18 Na+/Cl- dependent neurotransmitter transporters

1.84E-02 2 19 CD28 dependent PI3K/AKkt signaling

1.92E-02 8 305 Class A/1 (Rhodopsin-like receptors)

2 03E-02 2 20 ;)T;(r)ag;g: iﬁf cadherin with Beta/gamma catenin, alpha catenin and
2 03E-02 2 20 il;:f/ éfe;uhnul:r:gﬁs_?_sg }ggosphorylatlon and activation mediated by
2.15E-02 5 144 Downstream signaling of activated FGFR

2.15E-02 5 144 Liganded Gg/11-activating GPCRs act as GEFs for Gg/11
2.15E-02 5 144 Liganded Gg-activating GPCRs bind inactive heterotrimeric Gq
2.15E-02 5 144 The Ligand:GPCR:Gqg complex dissociates

2.23E-02 2 21 activated TAK1 mediates p38 MAPK activation

2.23E-02 2 21 Activated FGFR mutants bind FRS2alpha

2.23E-02 2 21 FGFR mutants phosphorylate FRS2alpha

2.23E-02 2 21 Activated FGFR mutants bind PLC-gamma

2.23E-02 2 21 PLC-gamma phosphorylation by FGFR mutants

2.23E-02 2 21 Activated PLC-gamma release by activated FGFR mutants

2 29E-02 3 55 (Nl\jjfgfgi%ifllizglggtﬂ&?;n’ leucine rich repeat containing receptor
2.37E-02 6 201 NGF signalling via TRKA from the plasma membrane

2.44E-02 2 22 CTLAM4 inhibitory signaling

2 A4E-02 2 29 ;I'c,:\nlﬁeictlvates NFkB by phosphorylation and activation of IKKs
2.44E-02 2 22 Regulation of signaling by CBL

2.58E-02 5 151 Signaling by ERBB4

2.65E-02 2 23 FGFR ligand binding and activation

2.65E-02 2 23 GRB2-SOS1 is recruited by activated FGFR mutants

2.87E-02 2 24 Phosphorylation of FRS2-alpha by activated FGFR
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2.87E-02 2 24 Activated FGFR binds PLC-gamma

2.87E-02 2 24 PLC-gamma phosphorylation by FGFR

2.87E-02 2 24 Activated PLC gamma release by activated FGFR
2.87E-02 2 24 Phosphorylation of FRS2-beta by activated FGFR
2.87E-02 2 24 Activated FGFR binds FRS2alpha

2.87E-02 2 24 Activated FGFR binds FRS2beta
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