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Summary

Schizophrenia and bipolar disorder are common and severe 

psychiatric illnesses directly affecting approximately 1% of the 

population worldwide. Both have a devastating impact on the 

lives of those affected not to mention the burden on family 

members and friends and the huge economic costs to society in 

general. Little is understood about the underlying 

pathophysiology of either disease and thus the majority of the 

research into the ir aetiology has been based in genetics as both 

are known to be highly heritable.

Genome wide association studies (GWAS) have succeeded in 

identifying potential susceptibility variants and much of the 

challenge now lies in interpreting their functional consequences. 

In this thesis I used a range of molecular techniques to 

functionally investigate genetic associations from GWAS of 

schizophrenia and bipolar disorder in order to elucidate how they 

affect gene function and what potential role they might play in 

disease causation. As the m ajority o f these variants are located 

in non-coding regions of the genome it was hypothesised that 

they could be contributing to disease causation by impacting 

gene expression, altering transcription levels, splicing or other 

regulatory processes.

Genes associated with schizophrenia and bipolar disorder in 

recent GWAS were investigated for evidence of allelic expression 

imbalance (AEI) in order to asses whether any potential c/s- 

acting variants were contributing to differential transcript 

expression in lymphoblastoid cell lines. Differential expression of 

ANK3, CACNAIC, ZNF804A and PTBP2 was detected, indicating 

the presence of c/s-acting regulatory polymorphisms at these 

loci however it could not be attributed to the associated variants. 

Further fjnctional tests and fine mapping of the regions may
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help establish how they  might  be contribut ing to d i sea se  

susceptibility.

Several  var ian ts  in the  g ene  PTBP2, an RNA binding protein with 

a m ajo r  role in a lte rnat ive splicing in the  brain,  were  strongly 

assoc ia ted  in schizophrenia GWAS. Evidence of c/s-acting 

polymorphisms affecting express ion was  es tabli shed th ro u g h  a 

combination of AEI exper im en ts  and an eQTL analysis  b a sed  on 

PTBP2 mRNA transcr ip t  expression levels. Luciferase g e n e  

repor te r  a s s a y s  were  used to a s s e s s  effects of t h e se  var ian ts  in 

regula tory  regions in a d isease  re levant  h u m a n  neurob las tom a 

cell line. Several  variants  were  found to be significantly 

regulating t ranscr ip t  express ion but were  in low linkage 

disequilibrium with the  s trongly -associa ted  GWAS SNPs and thus  

any  puta tive  link to d isease  remains  to be confirmed. Given the  

association between PTBP2 and schizophrenia in GWAS; the  

transcriptional network  of mRNAs th a t  are  regula ted  by PTBP2 

rep re sen t  interesting candida te  genes  for the  developm ent  of 

psychiatric illness. In order  to charac te r ise  t h e  RNA binding 

t a rg e t s  of PTBP2, immunoprecipitat ion of the  PTBP2 protein was  

carried ou t  followed by second generat ion sequencing of its 

bound RNA complexes .  Over 1,300 potential  binding ta rge ts  and  

com ponen t s  of PTBP2 ribonucleoprotein complexes  were  

identified, s o m e  of which a re  ex tremely  interesting candidates  

for schizophrenia .

Functional analysis of genetically assoc ia ted  variants involves 

integrating geno type  with gene  express ion.  RNA-sequencing 

(RNA-seq) is being used to invest igate  gene  expression in 

several  complex d iseases .  The ability to use  RNA sequencing for 

both express ion quantification and  sequence  information would 

be of huge value to the  s tudy of psychiatric and  other complex 

d iseases .  Several  different tools and app roaches  were used to 

invest igate  w h e th e r  RNA-seq can be used to de tec t  coding SNPs
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in transcr ibed  g en es .  I establi shed th a t  a high proportion of 

SNPs (> 8 0 % )  called in RNA-seq data  will be t ru e  variants  and 

t h a t  the  nnajority ( ~ 8 0 % )  of variants  p re sen t  in exp ressed  exons  

will be  de tec ted  provided sufficient coverage  is available.

The work detailed in this thesis descr ibes  different 

methodologies  t h a t  can be used  to s tudy assoc ia ted  g enes  and 

loci on an individual and  tr anscr ip tome wide level. The functional 

evaluation of all assoc ia ted  variants  is an essentia l  s tep  to a 

g re a t e r  unders tanding  of d isease  biology.
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1 Introduction

Genetic variation in humans, either at the DNA or RNA level, 

directly brings about phenotypic diversity; from tra it differences 

in behaviour and appearance to our susceptibility to disease. 

Phenotypic "tra its " come in many forms, from those with clear 

patterns of inheritance tha t are determined by variation at just 

one base position or gene in the DNA sequence, to those whose 

inheritance is more complex involving the interaction of genetic 

risk variants, regulatory mechanisms and/or environmental 

influences^ Whole genome sequencing has revealed tha t every 

individual carries on average four million genetic variations^, 

therefore elucidating which individual variant or which 

combination of variants is responsible for a particular phenotypic 

tra it is an im portant challenge, particularly for the study of 

complex diseases.

As our knowledge of human genetic variation increases, 

progress has been made in applying this knowledge to develop 

insight into the molecular aetiology of complex diseases^ such as 

Type 1 diabetes'^' inflammatory bowel disease® and coeliac 

disease^. Psychiatric disorders, such as schizophrenia and bipolar 

disorder, are substantially heritable and understanding the 

molecular aetiology involved is a significant research goal as 

current diagnostics and therapies are based on clinical 

assessment or have emerged from clinical observation rather 

than an understanding of underlying biology. However, this also 

presents substantial challenges
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1.1 Overview o f schizophrenia and bipolar 

disorder

The major psychoses, schizophrenia and bipolar disorder, are 

chronic and often debilitating psychiatric illnesses, each affecting 

approximately 0 .4 % -l%  of the population worldwide^' with an 

equal incidence rate between male and females^^' The 

symptoms of schizophrenia fall into four broad categories 

representing positive symptoms (e.g., hallucinations, delusions), 

negative symptoms (e.g., restricted emotional expression, 

apathy), impaired social functioning and cognitive deficits (e.g., 

inattention, working memory, reasoning and problem solving)^°' 

Bipolar disorder is a mood disorder characterised by episodes 

of mood disruptions that range from mania/hypomania to severe 

depression^®.

For diagnostic and treatm ent purposes schizophrenia and bipolar 

disorder are treated as distinct/separate entities, however there 

is growing evidence to suggest overlaps in pathophysiology, 

clinical manifestation and risk factors^^' There are no 

biological tests or markers for the diagnosis of either disorder; 

both are clinically heterogeneous in tha t two patients may suffer 

from the same disorder but not necessarily share the same core 

symptoms. Diagnosis is based on clinical assessment using the 

criteria outlined in Diagnostic and Statistical Manual of Mental 

Disorder (DSM-IV;(Table 1.1 and Table 1.2) or the ICD-10 

Classification of Mental and Behavioural Disorders (Table 1.3 and 

Table 1.4)^®. The "positive symptoms" of schizophrenia and the 

manic elements of bipolar disorder are treatable with regular 

administration of antipsychotic medication but with limited 

success due to a combination of adverse side effects and varying 

responses to medication. Not all patients respond well to 

treatm ent and a subset do not respond at all^^' Many suffers
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find it difficult to maintain employnnent and are often met w itli 

strong stigmatization by society. As a result both have a high 

morbidity and a high suicide rate^^.

Table  1 .1 . C riteria  fo r t lie  d iagnosis o f sch izophrenia  according  

to  th e  D iagnostic  and S ta tis tic a l M anual o f M enta l D isorder 

(D S M -IV )

A. Characteristic symptoms:

Two or more of the following, each present for a significant portion of time 
during a one-month period:

> Delusions
> Hallucinations
> Disorganised speech (e.g., frequent derailment or incoherence)
> Grossly disorganised or catatonic behaviour
> Negative symptoms (i.e., affective flattening, alogia, or avolition).

Note: Only one Criterion A symptom is required i f  delusions are bizarre  
or hallucinations consist o f a voice keeping up a running  
commentary on the person's behaviour or thoughts, or two or more  
voices conversing w ith each other.

B. Social/occupational dysfunction: Since the onset of the disturbance, one 
or more major areas of functioning, such as work, interpersonal relations, or 
self-care, are markedly below the level previously achieved.

C. Duration: Continuous signs o f the disturbance persist for at least six months. 
This six-month period must include at least one month of symptoms (or less if 
successfully treated) that meet Criterion A.

D. Exclusion of schizoaffective disorder and mood disorder with psychotic 
features.

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

F. Relationship to a pervasive developmental disorder: I f  there is a history 
of autistic disorder or another pervasive development disorder, the diagnosis of 
schizophrenia is made only if prominent delusions or hallucinations are also 
present for at least a month (or less if successfully treated).
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Table  1 .2 . C riteria  fo r th e  diagnosis o f B ipolar d isorder  

according to  th e  D iagnostic  and S ta tis tica l M anual o f M ental 

D isorder (D S M -IV )

D S M -IV  subdivides Bipolar d isorder in to  subtypes Bipolar I  and Bipolar I I

•B ipo lar I :  This type presents with manic o r mixed episodes and both are required 
fo r the diagnosis. TTie manic episodes of abnormally elevated mood are severe and 
result in impaired functioning and frequent hospital admissions.

•B ipo lar I I ;  Patients do not meet the criteria fo r full mania and are described as 
hypomanic. Hypomania in comparison to  mania has no psychotic symptoms and 
results in less associated dysfunction.

Criteria fo r B ipolar I  d isorder in DSM 
IV  are  as fo llow s:

Criteria fo r B ipolar I I  d isorder in DSH  
IV  are  as fo llow s:

>Occurrence o f one or more manic 
episodes or mixed episodes

>Commonly accompanied by the 
occurrence of m ajor depressive episodes

>The mood symptoms described above 
are not accounted fo r by schizoaffective 
disorder and is not superimposed 
on schizophrenia, schizophreniform 
disorder, delusional disorder, o r psychotic 
d isorder bot otherwise specified.

>The symptoms cause clinically 
significant distress or im pairm ent in 
social, occupational, or o ther im portant 
areas of functioning

> Presence (o r h istory) of one or 
more m ajor depressive episodes

> Presence (or h istory) or at least 
one hypomanic episode

>There has never been a manic 
episode or a mixed episode

>The mood symptoms described above 
are not accounted fo r by Schizoaffective 
Disorder and is not superimposed 
on Schizophrenia, Schizophreniform 
Disorder, Delusional Disorder, or Psychotic 
Disorder Not Otherwise Specified.

>The symptoms cause clinically 
significant distress o r im pairm ent in 
social, occupational, or o ther im portant 
areas o f functioning
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Table 1.3. Criteria for the diagnosis of schizophrenia according 

to the International Classification of Disease, 10th revision 

(IC D IO ).

( a )  Thought echo, thought insertion or withdrawal, and thought broadcasting

(b)  Delusions o f control, influence, or passivity, clearly referred to body or limb movements or specific 
thoughts, actions, or sensations; delusional perception

(c )  Hallucinatory voices giving a running commentary on the patient's behaviour, or discussing the patient 
among themselves, or other types o f hallucinatory voices coming from some part o f the body

(d)  Persistent delusions of other kinds tha t are culturally inappropriate and completely impossible, such as 
religious or political identity, or superhuman powers and abilities

(e )  Persistent hallucinations in any modality, when accompanied either by fleeting or half-formed delusions 
w ithou t clear affective content, or by persistent over-valued ideas, or when occurring every day for weeks or 
months on end

( f)  Breaks or interpolations in the train o f thought, resulting in incoherence or irrelevant speech, or 
neologisms

(g )  Catatonic behaviour, such as excitement, posturing, or waxy flexibility, negativism, mutism, and stupor

(h)  "Negative” symptoms such as marked apathy, paucity o f speech, and blunting or incongruity of emotional 
responses, usually resulting in social withdrawal and lowering of social performance; it must be clear tha t 
these are not due to depression or to neuroleptic medication

( i )  A significant and consistent change in the overall quality o f some aspects of personal behaviour, manifest 
as loss o f interest, aimlessness, idleness, a self-absorbed attitude, and social withdrawal

Diagnosis requires one very clear symptom belonging to any one o f the groups listed as (a )  to (d) 
above, or symptoms from at least two of the groups referred to as (e ) to (h ), should 
have been clearly present for most o f the time during a period o f 1 month or more.
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Table 1.4. Criteria for the diagnosis of biplar disorder according 

to the In ternationa l Classification of Disease, 10th revision 

( IC D IO ).

ICD-10 requires at least two episodes in which a person's mood 
and activity levels are significantly disturbed (one of which must be 
mania or hypomania).

IC D -10  fu rther divides bipolar disorder into:
>Currently hypomanic 
>Currently manic 
>Currently depressed 
>Mixed disorder 
r-In remission

Three o f the follow ing symptoms confirm  m ania:
>Grandiosity/inflated self-esteem.
> Decreased need for sleep 
> Pressured speech
>Flight of ideas (rapidly racing thoughts and frequent 
changing of their train of thought)
>Distractibility 
>Psychomotor agitation
> Excessive involvement in pleasurable activities without 
thought for consequences

There may also be psychotic symptoms, e.g. delusions and 
hallucinations. The manic episode is mixed if there are associated 
depressive symptoms.

1.2 Inheritance o f complex diseases

Traits or diseases which are the result of the disruption of one 

gene, allele or biochemical pathway are known as single gene or 

Mendelian diseases and examples include cystic fibrosis and 

Huntington's disease. Although the inheritance of some of these 

diseases are complicated by factors such as incomplete 

penetrance and varying age of onset, the pattern of inheritance 

is still clear and follows strict dominant and recessive 

transmission p a t t e r n s ^ ' W i t h  complex diseases inheritance 

is more complicated as they are caused by a combination of 

genetic and environmental risk factors. Disease liability is based
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upon a threshold whereby certain combination of genetic and 

enviornmental factors can shift individuals towards or away from 

disease onset.

The number of risk alleles contributing to disease susceptibility, 

the frequency of the risk allele in the population, their effect size 

and whether or not they act additively or through interaction 

with one another can vary depending on the disease. There are 

two commonly proposed models; the common disease-common 

variant model^^' whereby the m ajority of genetic contribution 

to common disease is the result of multiple common variants of 

small effect with minor allele frequencies (MAF) >5% , or the 

common disease-rare variant model whereby rare variants (MAF 

<5% ) with moderate to large effect contribute to disease 

susceptibility. There is evidence from the study of complex 

diseases to support both models and to indicate that these 

models are not mutually exclusive in tha t genetic variants of 

varying frequency and effect in the population (e.g. common 

and/or rare) contribute to disease liability. The number of 

variants contributing and the distribution of their effect sizes can 

also vary.

Additional complications such as incomplete penetrance, 

phenotypic heterogeneity, locus heterogeneity, allelic 

heterogeneity, epigenetic influences (e.g., im printing), 

environmental influences and epistasis all make it difficult to 

elucidate the extent of the genetic contribution and underlying 

cause of these complex diseases^'

1.3 Inheritance o f schizophrenia and bipolar 

disorder

It  is widely believed that a complex combination of genetic 

factors and environmental influences are responsible for an
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individual's susceptibility to developing schizophrenia or bipolar 

disorder. Environmental risk factors that have been implicated 

as potentially contributing to disease development include 

cannabis abuse, obstetric complications and paternal age^^. 

However, the most strongly reported risk factor for both 

disorders is undoubtedly fam ily history and epidemiological 

studies suggest tha t there may be genetic risk factors common 

to both disorders In the largest fam ily study conducted to 

date, Lichtenstein et found that offspring and siblings of 

individuals with schizophrenia were 9 times more likely than the 

general population to have schizophrenia and almost 8 times 

more likely to have bipolar disorder. Similarly siblings of 

individuals with bipolar disorder were 8 times more likely to 

have bipolar disorder and almost 4 times as likely to have 

schizophrenia. Half siblings also had an increased risk for these 

disorders compared to the general population.

1.4 Genetic evidence

Like many complex diseases much of the evidence that the 

cause of schizophrenia and bipolar disorder is rooted in genetics 

is based on family, twin and adoption studies of affected 

individuals. Family studies assess the risk for the disorder in the 

relatives of affected individuals but they cannot distinguish 

between genetics and environment. Twin and adoption studies 

can do this^^. Twin studies compare concordance rates of a 

condition in monozygotic (MZ) and dizygotic (DZ) twin pairs. MZ 

twins share 100% of the ir genetic variants whereas DZ twins 

share 50%. Both MZ and DZ twins have similar shared 

environment. Increased concordance for a condition in MZ 

compared with DZ twins indicate a genetic contribution to the 

aetiology of a condition, whereas sim ilarly high concordance 

rates for both twin sets would indicate that a shared 

environment is contributing to the disease development®.
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Adoption studies can assess the adopted-away offspring of 

individuals w ith a given d isorder fo r evidence o f elevated risk or 

assess adopted individuals w ith a disorder fo r evidence of 

elevated risk in the ir biological or adoptive fam ilies. These tw in 

and fam ily studies allow estim ation o f the  heritab ility  - the 

proportion o f phenotypic variation in a tra it th a t is due to 

underlying genetic varia tion, which is generally calculated by 

comparing tra it correlations in individuals o f varying degrees of 

relatedness^^.

1.4.1 Schizophrenia

Family studies have shown th a t there  is an 9-10 fold increase in 

the risk o f developing schizophrenia in firs t degree relatives of 

affected individuals^"^' Twin studies have also supported the 

role o f genetics in schizophrenia, where concordance rates in 

monozygotic tw ins are approxim ately 40-50%  in comparison to 

6-10%  in dizygotic twins^^. Twin studies also show th a t the 

disorder is highly heritable w ith  genetic factors believed to 

contribute to  approxim ate ly 80%  of the phenotypic variation
29

Further evidence from  adoption studies indicates th a t biological 

relatives o f adoptees have a higher risk of schizophrenia than 

adoptive relatives, who have a sim ilar risk to th a t o f the general 

population

1.4.2 Bipolar Disorder

Twin and fam ily studies in bipolar disorder have also shown a 

strong genetic contribution  w ith heritab ility  estim ated at ~85%  

10, 31, 32 sim ilar to  schizophrenia, firs t degree relatives have

5-10 fold increase risk o f developing the d isorder and a 2-3 fold 

risk o f developing unipolar depression over the general 

population^^' Concordance rates in m onozygotic tw ins are
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approximately 40-70%  in comparison to 4-6%  in dizygotic 

twins^°' Higher incidence of bipolar disorder has been noted 

in the relatives of individuals with schizophrenia and vice versa 

as well a higher incidence of schizoaffective disorder in the 

families of individuals with bipolar and schizophrenia^®' This 

presents evidence that there are genes contributing 

susceptibility to aspects of both disorders however the extent of 

the overlap is yet unknown.

1 .4 .3  Models o f In heritance

The complex clinical heterogeneity of both schizophrenia and 

bipolar disorder combined with the fact that the concordance 

rate in MZ twins is not 100% indicates tha t neither disorder is 

inherited in a single gene or Mendelian fashion but instead are 

the result of many genes and environmental factors. To date, 

the number of susceptibility loci, the ir frequency in the 

population, the extent of disease risk conferred by each locus 

and the degree of interaction remains a subject of much debate 

for both disorders.

The general consensus is tha t susceptibility to both disorders is 

polygenic and is conferred by the interaction of many variants in 

multiple genes. However, the frequency of all causal variants, 

i.e. whether they are common or rare, is becoming a subject of 

much debate I will return to this subject in greater detail

later in this chapter and in my final discussion chapter (chapter 

6) when reviewing the latest molecular genetic findings for these 

disorders.

1.5 Human genetic variation

Variations in the DNA sequence of individuals can be placed into 

two broad categories: (a) sequence variations such as single 

nucleotide polymorphisms (SNPs) tha t change the nucleotide but
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not the number of nucleotides in DNA sequence and (b) 

structural variants such as short insertion/deletions (indels; 

< lk b ) , repeat polymorphisms (e.g. microsatellites) and larger 

insertions, deletions, duplications (> lk b ; often termed copy 

number variants) and translocations that change the total 

number of nucleotides in DNA sequence.

1.5.1 Single nucleotide variants

1.5.1.1 SNPS

SNPs are the most abundant type of genetic variation in humans 

and involve a sequence variation change at a single base in the 

genome. They can reside in exonic (coding or non-coding 

untranslated regions (UTRs)), intronic or intergenic regions in 

the DNA sequence and generally have two alleles although more 

alleles are possible^. The term SNR is used to refer to all single 

nucleotide base changes regardless of their frequency. The term 

SNV (single nucleotide variant) has started to be used to 

describe rare SNPs because technically these variants are not 

polymorphisms because MAF <1%.

In coding regions SNPs can code for the same amino acid 

(synonymous or silent) or a different amino acid (non- 

synonymous or missense) or a stop codon (nonsense). Non- 

synonymous SNPs can have an obvious impact on protein 

function and expression but synonymous and SNPs in UTRs can 

impact on protein function also by modifying regulatory sites, 

e.g., by affecting the binding of transcription factors.

SNPs that affect protein function or regulation can play a role in 

disease pathogenesis. A combination of the Human Genome 

Project^^, International SNP Map working group^® and the 

International HapMap Project^^' have so far identified over 11 

million SNPs in humans^. The m ajority of these SNPs are
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considered "com m on"  in tinat they  have  a IMAF of > 5 %  and the  

re s t  a re  of low frequency  (0 .5 %  < MAF < 5% )  or considered 

ra re  (MAF < 0.5%)^. The 1000 G enom es  project

( h t tp : / /w w w .1 0 0 0 g e n o m e s .o r g / ) is currently expanding on SNP 

resources  such as  HapMap by sequencing multiple population 

sam ples  to identify > 9 5 %  of th e  variants  with a MAF > 1 % ,  as 

well a s  to identify > 9 5 %  of th e  var ian ts  with a MAF > 0 .1 %  in 

exonic regions ”̂  ̂ .

1.5.2  Structural variation

Structural  variation is now know to be widespread in the  hum an  

genome"^^. Structural  variation can include indels which differ by 

one  or  more  bases  a t  a given locus, r epea t  polymorphisms 

w here  a pa ttern  of two or more nucleotides a re  repea ted  

ad jacen t  to each o ther  e.g. microsatell i tes,  variable n u m b e r  of 

t a n d e m  repea ts  (VNTRs; also known as  minisatellites) and copy 

n u m b e r  variants  (CNVs)"*^.

1.5.2.1 Repeat polymorphisms

Tandem  repea ts  a re  a m o n g s t  som e  of the  earlier genetic m akers  

used in a t t e m p ts  to link genetic variation to d isease .  In 

particular,  microsatelli tes which a re  more  com m on ( n > 1 0 0 ,0 0 0 )  

in th e  g e n o m e  than  restriction f ragm en t  length polymorphisms 

(RFLPs) or VNTRs were  successfully used in l inkage studies  of 

single g ene  and complex diseases^'

1.5.2.2 Copy Number Variants (CNVs)

CNVs a re  deletions,  insert ions,  inversions or duplications of 

s e g m e n t s  of DNA within the  genom e ,  generally defined as  being 

> l k b  in size Like SNPs, m any  CNVs a re  common in th e  human 

population (MAF>0.1)'^'’ w h e rea s  so m e  a re  ex tremely  rare  

(unique  within a single individual). Approximately 12 -1 5 %  of the
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human genome varies in copy number and as such, CNVs 

contribute greatly to genetic heterogeneity^^^' The m ajority of 

CNVs are not very well characterised. Many have no obvious 

functional effect but several are known to contribute to both 

complex (e.g. autism) and Mendelian (e.g. Charcot-Marie-Tooth) 

diseases, particularly large CNVs whereby whole genes or large 

portions of genes have been deleted or duplicated'*^.

The technology to capture CNVs (i.e. comparative genomic 

hybridisation and SNP arrays) and other such structural variants 

on a large scale has only been developed in recent years^' 

SNPs included on GWAS genotyping arrays can "tag" CNVs, or 

they may also be captured using intensity ratios from SNP 

genotyping (i.e. if a series of SNP probes on an array show a 

significant increase or decrease in intensity, it may represent a 

duplication or deletion). Specific genotyping chips tha t include 

genome-wide CNV probes have also been developed. These 

array-based methods are limited in the ir capacity to detect small 

CNVs and in tim e DNA sequencing methods are expected to be 

much more sensitive'*^. CNVs can be inherited or de novo 

events, recurrent (same breakpoints in unrelated individuals) or 

non-recurrent (different breakpoints between individuals) and 

bi- or multi-allelic. According to the database of genomic 

variants (h ttp ://p ro jects.tcag .ca/varia tion /) there are currently 

more than 66,700 CNVs that have been discovered, but again, 

because technology is limited in its capacity to detect small 

CNVs, the full spectrum of CNVs in terms of size and frequency 

remains to be uncovered in the human genome. The term CNP 

(copy number polymorphism) is increasingly being used to 

describe common CNVs.
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1.5.3 Linkage disequilibrium

Genetic linkage is the tendency of certain alleles at multiple 

variants or markers to be inherited together. Linkage 

disequilibrium (LD) is the non-random association of genetic 

variants caused by a lack of recombination between two loci'̂ ®. 

This means tha t an allele at one locus is found to occur more 

often than expected by chance with another allele at another 

locus on the same chromosome. Patterns of LD can vary across 

the genome and can differ between populations. A number of 

processes influence the level of LD across the genome including 

the rate of mutation, recombination and genetic drift While 

the extent of LD is expected to decrease with increased distance 

between markers, some markers with a large inter-m arker 

distance may still show high LD because of low local rates of 

recombination. LD is useful in the study of genetic disease as it 

allows the genome to be broken down into groups of SNPs that 

are inherited together and effectively "tag" one another. Using 

"tagging" SNPs in high LD to capture genotypic variation across 

a locus reduces the amount of genotyping necessary in both 

linkage and association studies^” . Similarly in recent years there 

is evidence to support using SNPs to "tag" common structural 

variants such as CNVs.

1.6 Mapping the genetics o f com plex diseases

SNPs and structural variants have long been used in the 

mapping of susceptibility loci or genes to complex disorders and 

several methods and technologies exist for their identification. 

Constantly developing technology has allowed researchers to 

move from studying just one variant in one gene in a small 

sample of individuals, to analysis on a genome-wide level, 

surveying thousands of genes in thousands of individuals
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simultaneously. In fact one of the greatest challenges currently 

is handling the vast announts of data tha t are being generated.

1.6.1 Linkage studies

Linkage studies analyse the co-segregation of DNA nnarkers with 

disease^\ The approach involves the genotyping of a panel of 

evenly spaced DNA markers (generally either microsatellites or 

SNPs), either in one large multi-generation family or in a 

number of smaller nuclear families to detect broad regions 

harbouring susceptibility loci. When using microsatellites, a 

marker density of one every 5-10 cM is optimal, requiring 

approximately 400 markers for a genome-wide study. SNPs are 

less informative than microsatellites, and so require increased 

marker density (1-2 SNPs every cM)^^. For a genome-wide 

linkage screen, this density requires 5,000-10,000 SNPs be 

genotyped. For each marker a statistic is calculated to estimate 

the degree of linkage between markers and the disease state. 

The most common statistic used in linkage studies is the 

logarithm of odds (LOD) score^^. After identification of a linkage 

region of interest, the potential causative loci can be probed 

further by fine-mapping of the region.

Linkage studies have been used to successfully identify genetic 

variants for over 1,600 Mendelian diseases including cystic 

fibrosis and Huntington's disease^"*' These types of studies 

were feverishly applied to complex diseases from the 1980's 

through to mid 2000's but with little success. The few successful 

examples include N0D2 in Crohn's disease^® and PTPN22 in Type 

1 diabetes^^. There are several reasons for this; linkage studies 

are successful in Mendelian diseases where the risk variants are 

rare and generally have a highly penetrant large effect thereby 

making them easier to detect in families using a panel of 

markers. When applied to complex diseases, where a
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combination of several genes or alleles of small effect along with 

environmental factors are involved, linkage studies are much 

less powerful and would require extremely large sample sizes 

and a more dense panel of markers e.g. the disease

susceptibility allele of PPARG in Type II diabetes would have 

required linkage analysis to be conducted in at least one million 

sibling pairs^®.

1.6.1.1 Linkage studies o f schizophrenia and 

bipolar disorder

Genome-wide linkage studies in families with one or more 

individuals affected with schizophrenia have identified several 

regions of the genome potentially linked to the disorder 

including those at 6p24-p22 containing the DNTBPl 

('Dystrobrevin-binding protein 1) gene 8p22-p21 containing 

the gene NRGl (Neuregulin-1)®^ and 13 q l4 -q32  containing the 

genes G30 and DAOA (D-amino acid oxidase activator)®^' 

Similarly in bipolar disorder several genes including SLC6A4 

(serotonin transporter) and DRD4 (dopamine receptor D4) have 

been implicated from linkage peaks at 1 7 q ll  and l i p  

respectively®”̂ .

Replication of these findings in other samples was inconsistent 

and many loci did not reach genome-wide significant levels^ Loci 

implicated in linkage studies have been identified on almost 

every chromosome for both disorders®''. In an attem pt to 

increase the power of these individual studies, meta-analysis of 

multiple genome-wide scans have been performed.

Meta-analysis of schizophrenia genome-wide linkage studies 

found significant linkage on 8p, 13q, and 22q using data from 11 

studies on Iq , 2q, 3p, 5q, 6p, 8p, l l q ,  14p, 20q, and 22q 

using data from 20 studies and on Iq , 2q, 3q, 4q, 5q, 8p and 

lOq using data from 32 studies®® . Only 8p was replicated across
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all three. Similarly in bipolar disorder meta-analysis have 

implicated several genome-wide significant loci at 13q and 22q 

combining 11 studies and at 6q and 8q using data from 11 

studies®^. Segurado et however, found no genome-wide 

significant regions in their meta-analysis of 18 bipolar disorder 

linkage studies.

Technological developments tha t made it possible to assay large 

numbers of variants in an association study led to huge changes 

in how complex diseases were studied^®. Linkage studies in the 

m ajority of complex diseases (including both schizophrenia and 

bipolar disorder) had been inconsistent and there was strong 

evidence that association studies (discussed below) were much 

more powerful at detecting common variants of small effects.

1 .6 .2  Association studies

1.6.2.1 Early association studies

Association studies test for differences in the allele frequencies 

of common variants (usually SNPs) between affected (cases) 

and unaffected (controls) individuals. A significant difference 

between allele frequencies, as typically determined by a chi- 

squared test is indicative of an effect on disease 

susceptibility, albeit w ithout proving causality®^. With a 

single marker of small effect, the ability to detect true 

association is dependent on its MAF and the sample size^°. LD 

information means that the causative SNP does not have to be 

genotyped directly for a true association to be found so long as 

it is in high LD with a genotyped SNP. Haplotypes (specific 

combinations of alleles at nearby SNPs that are inherited 

together) can also then be tested for association with the 

disease. Early association studies (pre 2007) were hypothesis 

driven and carried out on marker SNPs from either positional 

candidate genes, selected based on their identification through
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linkage studies, or on biological candidate genes selected on the 

basis of the ir function or implication with a particular pathway 

suspected as being involved in disease.

1.6 .2.2  Genome-wide association studies

A combination of the completion of the human genome 

sequence^^, improving genotyping technologies and 

identification^® and LD mapping of large numbers of SNPs 

(currently up to 3 million)^^ led to revolutionary advances in the 

study of complex disease genetics moving from small-scale 

single gene-based association studies to those on a genome- 

wide s c a l e ^ ^ ' G e n o m e - w i d e  association studies (GWAS) are a 

hypothesis-free approach, allowing a dense set of SNPs across 

the genome to be genotyped in a single assay and thereby 

capturing a large proportion of the genetic variation present in a 

sample of individuals affected (cases) with a particular disease 

or tra it and a sample of individuals who are unaffected 

(controls). From early feasibility studies of 500 SNPs^^ to current 

studies involving anything from 500,000-1,000,000 SNPs, GWAS 

have identified variants associated with many diseases including 

Crohn's disease^, and diabetes^ often implicating a previously 

unsuspected biological cause dbGaP^^ is a database of 

genotype and phenotype information from hundreds of GWAS 

and provides researchers with access to information on study 

design, individual phenotypic and genetic data and statistical 

results, including those of linkage and fine mapping studies if 

available (h t tp ; / /www.ncbi.nlm .nih.gov/sites/entrez?db=gap).

The huge number of SNPs assayed by GWAS permits whole gene 

network or pathways to be examined. Genes can be grouped 

into pathways based on the ir function, location and biological 

processes. This approach attempts to identify biological 

pathways which have overrepresentation of significantly
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associa ted  SNPs or genes  com pared  to what  is expec ted  by 

chance^®' The major  limitation of GWAS is t h a t  ra re  variants  

a re  poorly covered on current GWAS genotyping a rrays  meaning 

th a t  any such associations with disease  may be missed.

1.6.3 Issues with genetic association studies

Several  factors  m u s t  be considered when conducing association 

studies  ei ther on a single gene  or genom e-w ide  scale.

1.6.3.1 Population stratification

For any  type  of association study,  hom ogenous  genetic ances t ry  

within and be tween cases  and controls is key to p reven t  false 

positives a n d /o r  false negat ives  arising from differing allele and 

haplotype  frequencies^®' If the  cases  disproportionately

rep re sen t  a certain genetic population in compar ison to  the  

controls a s  a result  of migratory history or  differences in ethnic 

ances t ry ,  then  any SNP with allele frequencies  differing between 

the  cases  and controls for th e se  r easons  will be found to be 

(incorrectly) assoc ia ted  with the  phenotype^®. A variety of 

m e thods  have  been proposed to identify, correct  and es t im ate  

the  overall inflation of significant associations due  to 

stratification The m o s t  commonly  used a re  genomic  control,  

st ruc tured  association or principle com p o n en t  analysis (PCA) 

Using family based  sam ples  whereby association analysis 

m e asu re s  the  preferential  t ransmiss ion of alleles from 

he terozygous  (unaffected)  pa ren ts  to affected offspring avoids 

issues with population stratification but naturally requires  more  

extensive sam ple  collection®^

1.6.3.2 Power

When conducting association studies  a n o th e r  impor tant 

consideration is th e  power of the  s tudy to de tec t  a true
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association. Tine odds ratio (OR), MAF and size sample all 

contribute to this. SNPs with small (0 R = 1 .1-1.5) to moderate 

(0 R = 1 .5-2.0) effect sizes are difficult to detect and require large 

sample sizes® '̂ This is particularly im portant but challenging 

in genome-wide tests of association given the numbers of SNPs 

being tested because p values must be corrected for the number 

of tests undertaken, e.g., a SNP with a MAF of 15% with an OR 

of 1.25 would require 6,000 cases and 6,000 controls to achieve 

a power of >80%  for association at a genome-wide significance 

level (5x10"®)®“̂. The number of samples required to give 

sufficient power to reach a predetermined level of significance 

can be estimated using one of several genetic power calculators. 

The large number of statistical tests undertaken increase the risk 

of type I error (false positive association with disease). Lowering 

the significance level for association may reduce the number of 

type I errors, but it could increase the likelihood of type II error 

(false negative) because very large sample sizes will be required 

to detect highly significant associations with SNPs of small 

effect.

Another issue that must be considered is phenotype 

heterogeneity, which refers to variation within presentation of 

the disorder phenotype. Heterogeneity may weaken the 

magnitude of the effect and therefore overall power of the study 

to detect and identify susceptibility genes When dealing with 

large numbers of samples and hundreds of thousands of SNPs, 

ensuring the genotype data is robust is also extremely im portant 

in association studies. Problems with DNA extraction, genotyping 

methodolgles between cases and controls and genotyping 

missingness can cause spurious associations. This has generally 

been remedied in GWAS by use of core technologies in 

centralized genomics f a c i l i t i e s . M o s t  im portantly, the gold 

standard of any association study is independent replication of 

significant findings in a sufficiently powered study.
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1.7  Pre-GWAS association studies o f 

schizophrenia and bipolar disorder

To date almost 1,700 (http://wwwszgene.org) association 

studies have been performed for schizophrenia®^ and over 250 

association studies have been performed for bipolar disorder^"^. 

These studies have generated evidence of association at more 

than 1,000 genes. Despite several putative susceptibility loci 

being identified for each disorder and possibly contributing 

to both disorders (e.g. Disrupted in Schizophrenia 1 {D ISC I) 

progress has been slow at identifying definitive causative genes 

or biological systems. The majority of associated variants fail to 

replicate in additional studies indicating tha t many are spurious 

results

For schizophrenia, the strongest candidates from both positional 

candidate gene studies, (i.e. combining results from both 

association and linkage) and from biological candidates (e.g. 

genes involved in dopamine, glutamate, or neurodevelopmental 

function) are dystrobrevin binding protein 1 (DTNBPl)'^^, 

NRGl^^, DAOA (D-amino-acid oxidase)^"* and /?GS4fregulator of 

G-protein signalling 4)^^ and DISCI However, a large

association study of 14 schizophrenia candidate genes, including 

those mentioned above, in 1,870 cases and 2,002 controls failed 

to confirm any association with the disorder^^. DTNBPl, DAOA 

and DISCI are also amongst the strongest candidate genes 

associated with bipolar disorder, along with BDNF (brain derived 

neurotrophic factor) and S/.C6/\4(serotonin transporter 4 )^°'
96
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1.8  GWAS o f schizophrenia and bipolar 

disorder

Given their frequency and relatively unknown pathophysiology, 

complex psychiatric disorders such as schizophrenia and bipolar 

disorder are prime candidates for GWAS studies. The availability 

of large sample sizes, the heterogeneity of the phenotype and 

the involvement of unknown environmental factors still presents 

many problems as effect sizes of loci contributing to particular 

aspects of the phenotype are expected to be quite small

1.8.1 Schizophrenia GWAS

The firs t published GWAS of schizophrenia by Lencz et al in 

2007 consisted of 178 cases and 144 controls and reported a 

highly (but not genome-wide) significant association for a SNP in 

the gene CFS2RA{p = 3.7 x 10‘^). Since this there have been 

several more GWAS comprised of larger sample numbers 

( + 16,000) and in different populations. The association at 

CFS2RA has not been replicated.

One of the strongest supported loci to date is at the gene 

ZNF804A (Z inc-finger 804A), originally identified by 0 ' Donovan 

et al^°° in a discovery sample of 479 cases and 2,937 controls 

and a follow up sample of 6,829 cases and 9,897 controls. 

Whilst the intronic SNP at ZNF804A itself was not genome-wide 

significant (P = 1.61 x 10“ ^), it reached that level when the 

affected phenotype was expanded to include bipolar disorder 

(p = 9.96 X 10"®). There was further independent support for 

association at this locus by the International Schizophrenia 

Consortium^°^, The Irish Case/Control Study of 

Schizophrenia^”  ̂ and the SGENE-plus consortium^°^ and a meta 

analysis of 18,945 SZ cases, 2,329 BP cases, and 38,675 

controls reported associations of
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p = 2.5 X 10 “  fo r schizophrenia and p = 4.1 x 10 fo r schizo 

phrenia and bipolar disorder combined

The IMHC region has also been strongly associated w ith 

schizophrenia in several GWAS^°^' In a combined analysis

o f the ISC^°\ Molecular Genetics o f Schizophrenia (MGS)^°^ and 

Schizophrenia Genetics Consortium (SGENE)^°® GWAS 

consisting o f 8,008 cases and 19,077 controls, five SNPs across 

the MHC region reached levels o f genom e-w ide significance 

however the dense num ber o f genes and complex LD at the 

region has made it d ifficu lt to identify the causative gene^°®. 

O ther loci which have reached levels o f genome wide 

significance from  the same meta-analysis include transcrip tion  

facto r 4 {TCF4) and neurogranin (A//?G/V)^“ .

1 .8 .2  Bipolar disorder GWAS

As w ith schizophrenia, there have been numerous GWAS of 

b ipolar disorder'^' and four loci have generated association

signals o f genom e-wide significance. The gene diaglycerol kinase 

(DGHK) was associated in a GWAS consisting o f 1,233 cases and 

1,439 controls {P = 6.3 x 10"®) The genes ankyrin 3 {ANK3; 

P = 9.1 x 10“ ^) and calcium channel, L-type, alpha 1C subunit 

(CACNAIC) {P -  7.0 X 10"®) were both associated in a m eta

analysis o f WTCCC and STEP-UCL“ ° datasets^°®. ANK3 has also 

been associated in independent bipolar GWAS of 4,387 cases 

and 6,209 contro ls“ .̂ The gene neruocan, NCAN was associated 

in a GWAS o f 2411 patients and 3613 controls and replicated in 

a follow up study o f 6030 patients and 31,749 controls giving a 

combined p value o f 2.14 x 1 0 -9

1 .8 .3  Overlap

The association signal at ZNF804A in schizophrenia is fu rthe r 

strengthened when individuals w ith b ipolar d isorder are
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included^™ indicating that this gene contributes to susceptibility 

to both disorders. The bipolar disorder-associated SNP at 

CACNAIC has also recently been associated in schizophrenia^^'
114

Analysis of independent GWAS in schizophrenia and bipolar 

disorder showed an excess of nnoderately significantly associated 

genes common to both disorders further strengthening the 

theory tha t there are common genes and pathways potentially 

contributing to subset of factors contributing to their 

development Recently Williams et al tested 8 loci which 

had been significantly associated with either schizophrenia or 

bipolar disorder in GWAS and found evidence that 6 out of the 8 

loci {ZNF804A, CACNAIC, PBRMl, NRGNl and two in the MHC) 

showed nominally significant effects in both disorders

It is believed that results from the Psychiatric GWAS Consortium 

(PGC), formed in order to combine the results of multiple GWAS 

from common psychiatric diseases including schizophrenia, 

bipolar disorder, major depression, autism and attention deficit 

hyperactivity disorder from over 80,000 individuals will bring an 

opportunity to confirm and discover new findings

1.9 GWAS o f CNVs in schizophrenia and 

bipolar disorder

Several large scale GWAS of CNVs in schizophrenia and bipolar 

disorder have been carried out and have found evidence that 

rare de novo CNVs and CNVs disrupting genes occur at a higher 

rate in schizophrenia cases in comparison to controls^®’ ^̂ "̂ .

Walsh et found evidence of an increase burden of novel 

duplications and deletions in individuals with schizophrenia 

compared to controls; present in 5% of controls versus 15% of 

cases (20% of young onset cases). Stefansson et al^^^ also
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found evidence for an increased burden of CNVs in scliizophrenia 

cases and identified 3 deletions significantly associated with 

schizophrenia at lq21 .1 , 1 5 q ll.2  and 15q l3 .3 . Similarly the 

ISC study of rare large CNVs reported that the overall CNV 

burden was significantly increased (1 .15-fo ld higher) in cases 

compared to controls and this burden increased when only 

deletions at genic loci were considered^^®. They also identified 

three loci ( lq 2 1 .1  (~  1.67Mb deletion contained 11 genes), 

2 2 q ll .2  (17-21M b) and 15q l3 .3  (1.5Mb deletion containing 7 

genes)) tha t were genome-wide significant for harbouring rare 

deletions in case samples, with much higher odds ratios than 

typically seen in GWAS of SNPs (21.6, 6.6 and 17.9

respectively). Two of these deletions (lq2 1 .1  and 15q l3 .3 ) had 

also been identified in the Stefansson study.

Kirov et identified 13 novel CNVs including one at 16pl3 .1 , 

previously associated with autism, one at 2p l6 .3  spanning the 

NRXNl gene as well as support for the locus identified in the 

Stefansson study at 1 5 q ll.2 . Xu et found a significantly 

higher frequency( 10% vs 1.3%) of de novo CNVs in sporadic 

but not familial schizophrenia cases over controls. Although 

some of the CNVs identified affect jus t one gene e.g. NRXNl, 

many of the loci identified are large, spanning several genes 

making the contribution of each gene difficult to establish. There 

has been a limited number of CNVs studies carried out for 

bipolar disorder; Zhang et found that single rare CNVs were 

more frequent in bipolar disorder patients compared to controls 

(16% versus 12.3%), and the effect was more pronounced when 

the age of onset was <18, however they found no evidence of 

an increased overall CNV burden in cases. Grozeva et a!^^^ also 

found no evidence of an increased CNV burden in bipolar 

disorder cases compared to controls. Futher studies are needed 

in order to asses the full extent of the contribution of CNVs to 

bipolar disorder.
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Im portantly, none of the CNVs detected for either schizophrenia 

or bipolar disorder are individually sufficient to cause disease 

and therefore other environmental and/or genetic loci are 

involved. Whilst it is clear tha t CNVs contribute to some of the 

risk for susceptibility, the extent to which is yet unknown and 

further studies will be required.

1.10 Next generation sequencing

New GWAS genotyping chips are being generated to detect less 

common SNPs and CNVs and these efforts combined with the 

comprehensive LD data from the 1000 Genomes project will 

enable the detection of more rare variants using previous 

association methods. Nevertheless it will still not be possible to 

detect rare variants of very low frequency in this manner and 

therefore to capture these, direct DNA sequencing is required. 

Huge advances in second generation sequencing (NGS) 

technologies combined with decreasing costs is making this 

possible^^°. Traditional dideoxy term inator or "sanger" 

sequencing has in recent years been surpassed by "second 

generation sequencing" methods and several different 

companies (Roche 454, Illumina Solexa and ABI Solid) have 

developed such platforms that can now generate gigabases of 

DNA sequence in a single experiment^^\

NGS allows researchers to be able to capture all structural and 

single nucleotide variation within defined genomic regions (e.g. 

target exons or genes) or even whole genomes of affected and 

unaffected individuals. In order to identify rare variants 

associated with complex diseases, large numbers of individuals 

will need to be sequenced at sufficient coverage^^°. This type of 

deep sequencing will change our knowledge about the amount 

and type of variation in the genome and expand our 

understanding of complex disease architecture.
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1.10.1  Exome sequencing

While whole genome sequencing is the most comprehensive 

means of variant detection for disease genetics, it still remains 

costly and is not feasible in a large number of samples^^^. An 

intermediate option is exome sequencing on the premise that 

the m ajority of disease related mutations are located within 

coding sequences (approximately 1-2% of the genome) - from 

Mendelian disease we know that mutations causing amino acid 

changes account for ~60%  of disease mutations The human 

exome consists of around 180,000 protein coding exons 

(~30Mb) which can be captured from human genomic DNA 

samples using target-enrichm ent methods (e.g. NimbleGen 

Sequence Capture or Agilent SureSelect Target Enrichment 

technology) which allow the selective capture of genomic regions 

of interest prior to sequencing^^^.

Ng et al published the first targeted exome sequencing 

experiment in order to detect variants contributing to disease. 

They sequenced the exomes (26.9Mb of coding sequence) of 

four unrelated cases with Freeman-Sheldon syndrome, a rare 

Mendelian disorder along with eight HapMap controls. They were 

able to identify rare variants (non-synonymous cSNPs, splice- 

site disruption or coding indels ) in the gene MYH3 that were 

present in all affected samples but not in the control exome data 

or in dbSNP. Similar studies have been successfully carried out 

for Kabuki syndrome^^^, Schinzel-Giedion syndrome^^^, 

Sensenbrenner syndrome^^®, Perrault syndrome^^® and several 

other mendelian diseases^'*®. Exome sequencing of 200 Danish 

individuals showed a larger than expected number of low- 

frequency (2% > MAF< 5%) non-synonymous mutations within 

the protein coding exons of the human genome^"^^ and therefore 

it is likely tha t exome sequencing applied to complex diseases
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will reveal some answers about the role tha t rare variants play in 

susceptibility.

Exome sequencing, whilst providing valuable information with 

regard to the coding sequence of the genome, does not capture 

the other 99% of the genome encompassing non-coding 

untranslated regions and regulatory regions, which GWAS has 

shown to be important is disease susceptibility.

1.10.2 Whole genome sequencing

Whole genome sequencing studies of disease have been carried 

out for a limited number of Medelian diseases; 

Metachondromatosis^''^, Charcot-Marie-Tooth disease^"*^, Miller 

syndrome^'*'^ and Severe hypercholesterolemia^"’  ̂ resulting in the 

identification of causal variants. In complex diseases, there have 

been a number of cancer whole-genome sequencing studies for 

chronic lymphocytic leukaemia (CLL)^'*^ and acute myeloid 

leukemia^"^^ and presumably as sequencing costs fall this 

method will also be applied to more complex diseases^'’®'

1.11 Functional Assessm ent o f Genetic  

Associations

At the beginning of this chapter I stated that "Genetic variation 

in humans, either at the DNA or RNA level, directly brings about 

phenotypic diversity" and thus far I have discussed the types of 

variants involved and methods of detection. Equally as im portant 

as the identification o f human variants is understanding their 

potential functional consequences. Genetic variation along with 

environmental and epigenetic factors contribute to natural 

variation in gene expression which in turn brings about different 

phenotypic traits^^°. These inherited variations in gene 

expression influence morphology, physiology, behaviour and 

susceptibility to disease. Several studies have used fam ily- and

28



population-based linkage and association studies to identify 

regulatory variants and it is estimated tha t anywhere from 30%- 

60% of human genes are under the influence of regulatory 

polymorphisms known as expression quantitative tra it loci or 

eQTLs^^^‘^^^

The huge technological advances over the past decade, 

particularly those of second generation sequencing, has not 

alone revolutionised how genetic variation can be identified and 

analysed but also how the functional aspect of our genomes can 

be studied. Analysis has progressed from the study of single 

genes, to hundreds of genes using microarrays and more 

recently the entire transcriptome using second generation 

sequencing. These tools have not alone provided huge insight 

into how the transcriptome functions in different cells and 

tissues under different conditions but also into how genetic 

variation affects gene expression which in turn contributes to 

disease phenotypes. Correlating how certain genotypes influence 

gene or transcript expression is one of the great challenges of 

genetic disease studies. I t  is essential in order to gain a greater 

understanding of the pathophysiology and potential therapeutic 

treatm ent of a given disease and to allow the prediction of 

disease risk^^^.

Simply comparing gene expression levels of a particular gene 

between affected and unaffected individuals is not considered 

powerful enough to detect im portant differences and provides 

little information with regards the causative mechanisms^^^. 

Combining expression information with association data between 

a genetic variant and a tra it has more potential. For example, if 

an allele has a higher frequency in cases compared to controls 

and is also associated with variance in gene expression, it is 

easier to establish causality. Mutations responsible for the 

m ajority of rare Mendelian diseases generally lie w ithin the
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coding sequence of a gene and cause an annino acid cliange in 

the protein wliich inhibits nornnal functioning. In these cases, 

predicting the functional outconne of the associated variant, 

whether it be missense, nonsense, or involved in splicing can be 

achieved using a variety of in silico tools (e.g., bioinformatics 

prediction tools developed to evaluate functional effects of 

coding SNPs such as Polyphen^^^) or using molecular methods 

(e.g., gene reporter constructs, gene knockdown, expression 

analysis) and/or animal models.

There is greater difficulty with complex diseases whereby the 

m ajority of variants associated with complex diseases to date 

(~88% ) are intronic or intergenic^. This suggests tha t these 

variants have a regulatory function and contribute to disease 

susceptibility by influencing gene expression^^^' Again,

several in silico tools exist for predicting the function of non

coding variants (e.g. Tfscan) however any findings must be 

validated biologically in order to infer true causation. Most 

associated loci are therefore commonly tested for potential 

association with gene expression.

1.11.1 Assessing variants identified from  

linkage and early association studies

The most commonly used methods for investigating potential 

functional disease associated loci involve treating the transcript 

levels of an associated gene as a quantitative tra it and 

determining If the level of gene expression differs based on 

genotype or by testing for allele specific expression differences 

at a given associated SNP locus^^^' Successful eQTL and

allelic expression imbalance studies have been conducted for 

several complex diseases, including psychosis, on variants 

associated through linkage and association studies e.g. DTNBPl
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and schizophrenia^®^, e.g. NRGl and schizophrenia HTRAl 

and age related macular degeneration^®"^.

1.11.2 Microarrays and GWAS

I f  ju s t one or a small num ber o f genes are being tested, analysis 

o f mRNA transcrip t expression fo r eQTL analysis can be 

effectively carried out by RT-PCR or by direct cDNA sequencing. 

However, the developm ent o f m icroarray technology 

revolutionised how gene expression could be studied, providing 

a practical and economical tool fo r studying the expression of a 

large num ber o f genes sim ultaneously. In addition, it offers 

researchers an opportun ity  to  combine gene expression data fo r 

large num ber o f individuals w ith genotype data in order to 

in terrogate the im pact o f genetic variation on gene expression, 

essentially a genome wide eQTL study.

Such studies were conducted on control population samples e.g. 

HapMap lym phoblastoid cell lines^^®' in order to  assess how 

common variation affects expression and have also been applied 

to the study o f complex diseases by integra ting  GWAS and gene 

expression data e.g. M offa tt e f identified a series o f strongly 

correlated SNPs on chromosome 17q23 associated w ith 

childhood asthma. The association region contained 19 genes, 

none o f which had an evident disease role. Expression analysis 

on lym phoblastoid cell lines derived from  the same fam ilies 

showed th a t the disease associated SNPs also explained ~ 29 .5%  

of the variance in transcrip t levels o f one o f those 19 genes, 

0RMDL3 (O R M l-like  3) which is now considered one o f the best 

functional candidates fo r asthma. S im ilarity the gene based 

eQTL and allelic imbalance m ethodology can also be used to 

assess potential regula tory variants associated in GWAS e.g. 

ZNF804A and schizophrenia and PTGER4 in Crohn's

disease^®^. Several studies have recently shown th a t there  is a
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significant excess of regulatory variants among disease 

associated loci

1 .11 .3  Transcriptom e sequencing

In recent years second generation sequencing of RNA (RNA-seq) 

has become the method of choice for the genome-wide 

characterisation of mRNA levels as it gives more accurate 

resolution of individual exon or overall transcript levels than 

microarrays with the additional benefits of allowing novel gene 

and transcript discovery and characterisation of splice sites^^^' 

It can also be used simultaneously for the analysis of 

eQTLs^^^ and allelic imbalance^^^. Studies so far have focused on 

using this methodology to increase our understanding of the 

transcriptome^^^' Several studies combining genotype and 

expression data from the same individuals have been carried out 

with the intent of creating a genetic map of gene regulation in 

different tissues and in different populations^^®' the extent of 

splicing^®”' percentage of regulated genes and extent of 

tissue specific expression^^°. It is beginning to be applied to the 

study of disease (e.g. cancer^®^, schizophrenia^®^ and Alzheimer's 

disease^®"^) and will no doubt in the future offer huge insight into 

the functionality of associated variants.

In addition to eQTL and AEI studies, microarrays and second 

generation sequencing technologies can also be used to examine 

aspects of gene expression regulation on a transcriptome-wide 

level through the examination of transcription factors and RNA- 

binding proteins^®^' Chromatin or RNA immunoprecipiation 

(Chip or RIP) followed by array analysis or high-throughput 

sequencing allows the analysis of the binding targets of such 

master regulators of gene expression, several of which have 

been linked to complex diseases^®^'
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Clearly the methodology employed for the study of potential 

candidate genes in complex diseases has undergone huge 

advances in the past few years and is only set to continue. In 

psychiatric illness a particularly exciting development is induced 

pluripotent stem cells (IPS) which can be derived from patient 

cells and differentiated in to neurons^®®. This offers the 

opportunity for the in-depth analysis of the gene expression 

profiles and processes tha t may underlie disease causation in 

relevant tissue. A prelim inary study observed over 600 

differentially expressed genes in IPS-derived neurons from 

schizophrenia patients compared to fibroblasts^®°.

How we study complex diseases is advancing at a rapid pace and 

presumably as sequencing costs continue to drop, studies of 

whole genomes combined with whole transcriptome data will 

start to become a possibility to offer unprecedented insights into 

disease biology.

1.12 Aims

The goal of genetic research in schizophrenia and bipolar 

disorder is to identify the genetic loci tha t confer risk in order to 

gain insight into the as yet, relatively understood 

pathophysiology and ultimately improve diagnosis and treatm ent 

and reduce mortality and morbidity.

The methodologies and technologies used to investigate the 

genetic basis of these and other such complex illness are 

advancing at a rapid pace and continuously offering new insights 

into how the genome can confer susceptibility to disease. My 

research goal was to functionally investigate genetic associations 

from GWAS of schizophrenia and bipolar disorder in order to 

elucidate how they affect gene function and what potential role 

they might play in disease causation. The methodologies and
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tools employed throughout reflect the rapidly developing field of 

complex disease genetics during my study.

At the time this project was initiated, the first GWAS and 

genome-wide expression studies were jus t being published for 

complex diseases, with the im portant finding tha t non-coding 

regions of the genome had a much greater role in influencing 

the regulation of gene expression and potential susceptibility to 

disease than had been expected. The firs t half of this thesis 

details my investigations of schizophrenia and bipolar disorder 

susceptibility genes for evidence of differential expression that 

could be linked to GWAS-associated SNPs using a range of 

different molecular methodologies and publicly available gene 

expression datasets. As second generation sequencing 

technologies became available, the second half of this thesis 

explores how these tools could be used to further investigate 

different aspects of complex disease analysis on a 

transcriptome-wide level.

Aim 1: To investigate common risk variants at genes associated 

with bipolar disorder and schizophrenia from GWAS for evidence 

of allele specific expression imbalance in lymphoblastoid cell 

lines and assess whether any differential allelic expression 

detected could be attributed to the associated SNPs (chapter 2).

Aim 2: To fully investigate the gene PTBP2, strongly associated 

in schizophrenia GWAS, for evidence of c/s-and frans-acting 

regulatory polymorphisms using allelic expression imbalance by 

conducting an eQTL analysis of PTBP2 gene expression and 

assessing potential functional variants using luciferase gene 

reporter assays in neuronal cell lines (chapter 3).

Aim 3: PTBP2 is an RNA binding protein which regulated 

alternative splicing of many genes in neuronal cells. 

Immunoprecipitaion of DNA-binding proteins followed by second
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generation sequencing of precipitated transcripts has been 

applied to several transcription factors. I attempted to 

characterise the potential binding targets of PTBP2 by using a 

similar method for RNA immunoprecipitaion followed by second 

generation sequencing (RIP-seq; chapter 4).

Aim 4: RNA-sequencing (RNA-seq) allows the characterisation of 

all RNA transcripts within a given cell or tissue and is rapidly 

being used to investigate gene expression in several complex 

diseases. I f  transcripts are expressed at sufficient coverage, this 

methodology also presents an opportunity to generate sequence 

variation data for transcribed exons and untranslated regions. I 

investigated if RNA-seq could be used as a method to 

successfully detect coding SNPs in transcribed genes using a 

HapMap lymphoblastoid cell line and data from the 1000 

Genomes project (chapter 5).
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2 Investigation into cis-acting 

regulation of gene expression

2.1 Introduction

Over the past 5 years genome wide association studies have 

provided dramatic new insights into the genetic aetiology of 

several common disorders. A current list of published GWA 

studies can be found at the National Cancer Institute (NCI)- 

National Human Genome Research Institute (NHGRI).The total 

currently stands at 904 published studies, featuring hundreds of 

trait-associated SNPs with p-values < 1.0 x 10'®

(www.genome.gov/gwastudies. Accessed: February 2011) for 

165 tra its, including amongst many others Type 1 and 2 

diabetes ^^^Crohn's disease^®^, asthma^®®, BMI^^^ and 

height^^^

Given the vast number of associated loci being identified, several 

factors must be considered when interpreting the results 

generated from GWAS. The LD structure surrounding the 

associated loci needs to be thoroughly examined as it is possible 

that many SNPs, or other variants identified as trait-associated 

through GWAS may not actually be the causative allele but 

instead may be in LD with the true causative SNP. It also is 

possible that other SNPs at the locus may confer independent 

susceptibility or tha t associated SNPs in one GWAS may be 

involved in susceptibility to more than one tra it for example the 

FTO gene has been associated with both diabetes and obesity^®^, 

and even tra its of an unrelated biology e.g. LRRK2 for Crohn's 

disease and Parkinson's disease^^®. Lastly it is also possible that 

epigenetic effects via methylation or histone modifications may 

be contributing to the signal at a given locus. In all cases genetic
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refinement and fine mapping (e.g via deep re-sequencing) of the 

region surrounding associated loci and validation of any potential 

susceptibility variants through replication studies is necessary.

Interpreting the functional impact of these statistically significant 

susceptibility loci on gene function/disease causation is proving 

to be the biggest challenge for GWAS of common complex 

disorders. GWAS identify associated loci, not genes and for large 

number of GWAS, including many for psychiatric disorders, most 

of the associated SNPs are located in non-coding regions of a 

gene or in regions between genes with no obvious functionality. 

As a result, translating the association results to functional 

effects in order to understand the mechanisms behind disease 

causation is very difficult.

A recent analysis of all published significantly associated 

common disorder GWAS SNPs found that 43% were located in 

intergenic regions, 45% were intronic, 9% were non- 

synonymous, 2% were synonymous and 2% were located in 

untranslated regions^. These results indicate that for the 

majority of common complex diseases, coding DNA variants 

which directly alter the protein structure are not the primary 

mechanism responsible and further highlights the potential 

importance of non-coding regions of the genome. This would 

appear to be particularly true for complex psychiatric 

phenotypes such as schizophrenia and bipolar disorder where to - 

date no variants which alter the primary structure of the protein 

have been associated through GWAS with these disorders.

For coding variants that have predictable effects on the amino 

acid sequence (e.g. through amino acid substitution or frame 

shift mutation) the functional disease impact of the 

polymorphism can be easily identified and GWAS examples of 

this include the Filaggrin gene in eczema^^^. Assessing the
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functional properties of non-coding variants however is 

considerably more difficult. I t  is believed tha t many variants in 

the non-coding gene sequence play a regulatory role; impacting 

gene expression, altering transcription levels, RNA splicing, 

histone modifications and other regulatory processes. Many non

coding regions of the genome are highly conserved further 

indicating tha t they may have an important biological function^^®' 

Unlike coding variants, these regulatory polymorphisms are 

extremely difficult to recognise on sequence interrogation alone. 

It is possible tha t some of these associated variants are located 

where a transcript or part of a transcript has not yet been 

annotated and that these variants could be in fact be impacting 

on an as-yet unknown transcribed region of the genome. 

Functional or biochemical assays are essential in elucidating the 

mechanisms underlying their genetic association with disease.

2.1.1  Gene expression and disease

Natural variation in human gene expression is heritable, 

common, and is believed to contribute to phenotypic diversity 

including susceptibility to complex tra its and diseases^^^'

This variation in expression has been shown to have a genetic 

basis and can be attributed to polymorphisms or sequence 

variants within regulatory regions of the genome, promoters, 

enhancers, splice sites as well as epigenetic or environmental 

factors^°°’ °̂ .̂ These regulatory polymorphisms can be classified 

as c/s- or trans- acting. C/s-acting polymorphisms are located 

within or close to the gene locus itself e.g. the promoter region 

and function in an allele specific manner whereas those acting in 

trans- are not physically linked to the regulated region but 

instead exert a c/s- acting effect on another gene which 

influences the trans- regulated gene e.g. transcription factors 

162,200 variants can affect both alleles of a gene. It

has been estimated tha t 30% -60% of genes are under the
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influence of a such c/s- and trans- acting variants on gene 

expression^^^' Deciphering between c/s- and trans- effects on 

a particular gene can be difficult, but is necessary so that the full 

impact of the variation on disease susceptibility can be 

understood. At present, the locations of the m ajority of these 

regulatory polymorphisms are still unknown

There are many clear examples of the impact of c/s- variants on 

phenotypic differences in humans such as immune responses 

(e.g. DARC and malaria resistance), dietary changes (e.g. LCT 

and lactose intolerance) and in behaviour and cognition (e.g. 

SLC6A4 and anxiety)^°^. In humans trans- acting variants have 

been more difficult to identify and are thought to exert weaker 

effects than those that are cis- acting despite potentially being 

more numerous. Evidence from yeast and mice studies in 

addition to results from recent studies involving second 

generation sequencing technologies however would suggest that 

their contribution is much greater than anticipated^^®' I t  

should also be noted that cis- and trans- regulatory variation 

does not always necessarily function independently nor are their 

effects always consistent across different tissues^°^'

2.1 .2  Identifying cis- and trans- regulators 

o f gene expression

Gene expression or transcript abundance is believed to be under 

the control of cis- and/or trans- acting variants in regulatory 

region of the geome. Methods used to detect these potential cis- 

/trans- acting variants involve treating total gene expression as 

a quantitative tra it, measuring it in a number of individuals and 

correlating expression with SNP genotypes. Variants found to be 

affecting expression are known as expression quantitative tra it 

loci or eQTLs. eQTL mapping can be conducted on an individual 

gene basis and/or disease basis and has successfully been used
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to identify putative eQTL for several diseases including Crohn's 

disease, diabetes and some psychiatric illnesses; schizophrenia 

at the genes DNTBP1^°^ and NRG1^°® and autism at the gene 

CNTNAP2^°^ . Notably this evidence comes not only from studies 

using RNA from post mortem brain tissue but also from RNA 

extracted from immortalized lymphocytes^^” .

In recent years it has become possible to conduct these eQTL 

studies on a larger scale. Using whole genome array genotyping 

technologies in combination with gene expression arrays, 

researchers have begun to gather more information on genetic 

variation tha t leads to differences in gene expression. A large 

number of eQTLs have been identified tha t are both naturally 

occurring in the general population and from integrating 

expression and GWAS data in a range of complex disorders 

several potentially disease causing eQTLs have also been 

identified^^^' (Figure 2.1).
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Figure 2.1 . Combining gene expression and GWAS data. Genes 

A, B and C have been independently tested for association w ith  

disease and transcript expression. Gene A: significant

association detected (b lue) no significant eQTL detected (re d ). 

Gene B: significant eQTL detected but not associated w ith  the  

disease because it does not overlap genetic association. Gene C: 

SNPs associated w ith  disease are also identified as significant 

eQTL indicating th a t regulation of gene expression is potentially  

contributing to disease susceptibility. Adapted from  Nica and 

Derm itzakis, 2008

Many of these eQTL studies have made their results available 

through online databases; Dixon et combined genotype and 

gene expression results from over 400,00 SNPs and 20,000  

genes respectively from a childhood asthma study to generate a 

global map of gene expression using variation in expression 

levels as a quantitative trait^^.The data was used to identify 

evidence of cis- acting regulation at genes such as 0RMDL3, 

whose expression was being regulated by SNPs strongly
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associated with childhood asthma and the DCTN5 gene which 

has been associated with bipolar disorder^^^' Dimas et 

investigated three cell types for eQTL, primary fibroblasts, LCLs 

and T-cells in HapMap CEU samples. In addition Heinzen et 

studied exon-level and whole-transcript level variation in 

expression in two primary cell types, peripheral blood mono

nucleated cells (PBMCs) and cortical brain tissue, combined it 

with genom e-wide genotype information from the same 

individuals and found that many eQTLs are tissue specific^^^. The 

results from these three studies have been made publicly 

available through the mRNA SNP browser, GeneVar, and the 

SNPExpress databases respectively enabling the identification of 

potential eQTL for thousands of genes.

It  should also be noted that SNRs are not the only forms of c/s

and trans- acting variants; variation in gene expression has also 

been attributed to copy number variants (CNVs) with little 

overlap with SNP signals®”. Second generation sequencing 

methods such as RNA sequencing (RNA-seq) have also very 

recently been applied to the discovery of eQTLs and are believed 

to give a much more accurate estimation of transcript 

abundance than the traditionally used microarrays and also allow 

the detection of allele specific expression

Another approach complimentary to eQTL mapping is testing for 

allele specific expression imbalances (AEI) which can arise from  

cis- acting regulatory variation. This involves quantifying the 

RNA expression levels of the two alleles (from  each 

chromosome) of a m arker SNP within a particular gene in a 

heterozygous individual^®^' ^^^.If no cis- acting influences or 

epigenetic effects are present then both alleles would be 

expected to be expressed equally. However for a cis- acting 

polymorphism, heterozygotes would show differential 

expression. Departure from the genomic 1:1 ratio of the two
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alleles is then believed to represent heterozygosity for one or 

nnore c/s- acting polymorphism(s) or some kind of epigenetic 

modification impacting the expression of this transcript in that 

individual. The marker SNP is then used as an indicator to guide 

the search for the functional polymorphism. Im portantly using 

this method each allele acts as a internal control for the other, 

removing any confounding effects such as differences in tissue 

and mRNA preparation, environmental effects and any 

secondary differential expression resulting from intrinsic trans

acting factors e.g. hormones or copy number variants^°°. Again, 

similar to eQTL, early studies of AEI focused on individual 

genes/loci and successfully identified evidence of AEI at several 

cancer genes and a number of genes implicated in psychiatric 

illnesses including DTNPB1^°°, and the serotonin

transporter SERT^^^, before progressing to large genome wide 

studies^^®. More recently the field has been employing second 

generation sequencing technologies such as RNA-seq to 

examine genome wide AEI^^^' ^°^ If either AEI or a transcript

eQTL is detected, it may serve as the phenotype that can be 

linked to the functional c/s- acting polymorphism

As previously mentioned in chapter 1, GWAS in schizophrenia 

and bipolar disorder have successfully identified a number of 

genes tha t have association signals of genome-wide significance. 

The association signals at these genes have not been mapped to 

SNPs in the coding regions of the genes. The strongest published 

association with schizophrenia for an individual gene comes from 

a SNP in the gene zinc finger protein 804A (ZNF804A).An 

intronic variant, rs l344706, within ZNF804A was originally 

identified in an association study of 479 schizophrenia cases and 

2,937 controls and in a follow up sample of 6666 cases and 

9897 controls^°°. Broadening the phenotype to include bipolar 

disorder further strengthened the association from a p-value  of 

1.61 X 10"^ to a p-value  of 9.96 x 10“ ^’ After fine mapping of
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the region so that 96% of all SNPs in the region with MAF >0.01 

were analysed for association, rs l344706 remained the most 

strongly associated SNP and a meta analysis of rs l344706 in

21,274 SZ and BP cases and 38675 controls (excluding the

original Cardiff sample) gave the strongest association values to 

date for a SNP associated with schizophrenia (p = 2 .5 x l0  “ ) and 

schizophrenia and bipolar combined (p=41 x 10'^^)^°'*. Further 

support for association with rsl344706 and other SNPs and 

CNVs’̂ ®̂ at this locus has been identified in a number of 

subsequent studies from the International Schizophrenia 

Consortium^°^' The Irish Case/Control Study of Schizophrenia^”  ̂

and the SGENE-plus consortium^°^ and a Han Chinese sample
217

Little is known about the function of ZNF804A except tha t it is 

highly expressed in the brain and the fact tha t proteins 

containing zinc finger domains have DNA/RNA-binding 

capabilities and are thus compatible with playing a regulatory 

role, e.g. in the form of transcription factors. Its mouse homolog 

Zfp804a also emerged as a target for the master transcription 

factor H0XC8 in ChIP analysis of mouse embryos^^®. Early 

studies into the possible function of the associated SNP at this 

gene have been positive; Riley et al reported tha t the risk 

allele at rs l344706 is associated with higher ZNF804A 

expression in human brain. Data from HapMap lymphoblastoid 

cell lines (generated after the experimental work detailed in this 

chapter) points to evidence of c/s- acting variation at ZNF804A, 

although the risk SNP rs l344706 is not believed to be the 

causative eQTL despite being associated with differential 

expression^®'*. It has been suggested based on evidence from 

neuro-cognitive and imaging studies tha t ZNF804A contributes 

to a subtype of schizophrenia characterized by relatively less 

impaired brain structure and function, as the schizophrenia risk
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allele Is correlated with reduced connectivity within the dorso

lateral prefrontal cortices (DLPFC), increased connectivity within 

the hippocampal formation^^^, improved cognitive performance 

in risk over non risk allele carriers in schizophrenia cases but not 

controls and higher gray matter volume^^\ It has also been 

associated with increased mania-related symptom severity^^^.

The strongest reported genetic associations with bipolar disorder 

(BD) comes from a meta-analysis of 4,387 cases, 6,209 controls 

comprised of WTCCC, STEP-UCL GWAS and ED-DUB-STEP2 

datasets which identified two intronic SNPs at the level of 

genome-wide significance at the ANK3 (Ankyrin 3, node of 

Ranvier ankyrin G) gene at rs l0994336 (P = 9.1 x 10“ ,̂ OR 

= ~ 1.4) and at the CACNAIC (calcium channel, voltage- 

dependent, L type, alpha 1C subunit) gene at rs l006737 

(P = 7.0 X 10"®, OR = ~ 1.18).

The associated risk allele as well as other SNPs at CACNAIC 

have had additional support from studies of major depression 

and schizophrenia^^' In addition, rare mutations in

CACNAIC are responsible for Timothy syndrome, sufferers of 

which display amongst many neurological defects, features of 

autistic spectrum disorders. CACNAIC encodes the a le  subunit 

of an L-type calcium channel which mediates the influx of 

calcium ions into the cell. L-type calcium channels are known to 

be involved in neurotransm itter release, neuron excitability, 

learning, and memory^^"*. The risk allele of rs l006737 is 

associated with increased expression of CACNAIC in healthy 

human postmortem brains^^^ and mood related behaviours in 

mice^^^

Prior studies support both CACNAIC and ANK3 as being 

functional candidate genes for involvement in BD etiology; for 

example, both are down-regulated in mouse brain in response to
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lithium, the standard current BD phamacotherapy^^^. ANK3 

functions by linking the integral membrane proteins to the 

underlying spectrin-actin cytoskeleton, playing key roles in 

activities such as cell m otility, activation, proliferation, contact, 

and the maintenance of specialized membrane domains^^®. Loss 

of function at either gene could plausibly influence neuronal 

excitability through ion channel function^^, congruent with earlier 

theories implicating ion channelopathies in the pathophysiology 

of BD ANK3 also modulates the activity of neuronal sodium 

channels. Independent SNP associations in ANK3 have also been 

identified further supporting its implication in the aetiology of 

bipolar disorder^^'

2 .1 .3  Aims and study outline

As GWAS studies increase in power and new association 

methods are applied it is hoped that more susceptibility loci for 

the development of complex disorders such as schizophrenia and 

bipolar disorder will be identified. It is clear that only through 

integrating these results with functional information can the 

impact of variation on gene function be identified and the 

mechanism by which this leads to development of the disorder 

be found.

The aim of this chapter was to examine ZNF804A, ANK3 and 

CACNAIC for regulatory polymorphisms contributing to 

differential gene expression using AEI analysis. I f  detected, the 

secondary aim was to determine if the strong GWAS signals 

reported for these genes could be attributed to these functional 

AEI SNPs.

RNA from the lymphoblastoid cell lines of hapmap individuals 

heterozygous for marker SNPs within the given genes will be 

used to conduct the AEI analysis. SNaPshot and Taqman 

methodologies will be used to quantify relative allele expression

46



levels In both the DNA and RNA of individuals heterozygous for a 

marker SNP in the coding region of each gene. Correlation 

analysis will then be conducted using genotype information from 

the HapMap database on any individuals showing positive AEI in 

order to try  and identify the causative SNP.
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2.2 Materia is and i^ethods

2.2 .1  Sam pies

2.2.1.1 Centre d'Etude du Potymorphisme Humain 

(CEPH)

The HapMap CEPH European (CEU) sample consists of 30 trios 

from  Utah residents o f Northern and Western European descent 

( h ttp ://w w w .c e p h b .fr /). This sample is one o f the original four 

samples which have been extensively genotyped by the HapMap 

consortium  in an a ttem pt to  identify  regions o f shared genetic 

varia tion  w ith in and between populations

( h ttp ://w w w .h a p m a p .o rg ). Each o f these four populations, 

including the HapMap CEPH population has also recently been 

used in a genom e-w ide study o f gene expression variation in 

EBV-transformed lym phoblastoid cell lines. Both the genotype 

data from  the Hapmap consortium  (h ttp ://w w w .ha p m a p .o rg ) 

and the gene expression data from  the Sanger Centre 

( h ttp ://w w w .san ge r.a c .uk /hu m gen /geneva r/) are publicly 

available datasets which have been used in th is study.

2 .2 .2  Hapl^ap Ceii cuiture and RNA 

extraction

Cell lines from  HapMap CEU samples obtained from  the Corriell 

In s titu te  were cultured in Roswell Park Memorial Ins titu te  (RPMI) 

1640 media supplemented w ith  15% foetal bovine serum (FBS) 

a t 37°C and 5%  CO2 in 75cm^ flasks. RNA was extracted from  

~10® cells using the RNeasy extraction system (Qiagen) 

according to the m anufacturer's protocol.
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2.2.3 cDNA Synthesis

RNA is highly unstable and difficu lt to work with. I t  is converted 

into the more stable complementary DNA (cDNA) from an mRNA 

template using reverse transcriptase. Ipg  of total RNA from 

each of the 90 HapMap CEPH lymphoblast cell lines was reverse 

transcribed into cDNA using the QuantiTect® Reverse 

Transcription (RT) kit (Qiagen) to generate cDNA for each 

individual sample according to the manufacturer's instructions. It 

is a two step reaction with the firs t step ensuring complete 

elimination of genomic DNA and the second creation of the cDNA 

library(Table 2.1).The reverse transcriptase primers used by the 

Qiagen kit contain an optimised oligo-dT blend and random 

primers dissolved in water.

Table 2.1. cDNA synthesis protocol using the QuantiTect®  

Reverse Transcription (RT) k it (Q iagen)

Reagents Program

gDNA W ipeout 
Buffer

2ul

T e m p la te  RNA Up to  
IMQ 42°C

cDNA

R N ase-free  w ater
V ariab le , 

crea te  
total 

volum e of 
14|jl

2mins

Synthesis Product from  
above

14̂ 11

Reverse
Transcriptase

Ip l

42 ”C
Reverse

Transcriptase
B uffer

4|J|
30 mins

Reverse
Transcriptase

Prim ers

lUl
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2.2.4 Allelic Expression Im balance

2.2.4.1 Marker SNPs

Using a polymorphisnn located within the nnRNA sequence as a 

marl<er, quantitative methods of allelic discrimination can be 

applied to subjects who are heterozygotes for the marker 

variant. SNPs with high minor allele frequencies are preferred 

candidates for interrogation as they maximise the number of 

heterozygous individuals available to study in any given test and 

consequently improve the power of the study. All marker SNPs 

chosen for this study are listed below (Table 2.2).

Table 2.2. Location, Minor Allele Frequency and num ber of 

heterozygotes for AEI m arker SNPs used

Gene M arker Location in 
Gene

Minor A llele  
Frequency

HapMap CEPH 
Heterozygotes

ANK3 rs3750800 Exon 27 0.32 37

CACNAIC rsl544514 Exon 4 0.33 32

ZNF804A
rsl2476147 Exon 4 0.39 42

rs 136684 2 Exon 4 0.41 42

Two different methods were used to test for AEI: allelic real-time 

quantification and SNaPshot™ single-nucleotide primer 

extension.

2 .2 .5  Allelic real-tim e quantification

Allelic real-time qualification was carried out using custom 

designed Taqman® allelic discrimination assays (Applied 

Biosystems). The assays can be used for SNP genotyping 

predominantly but can also be used to determine relative 

abundance of RNA as well as DNA at the marker SNP. The assay 

used two labelled probes, one specific for each allele of the SNP 

of interest. Each probe contains both a fluorescent group and a
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quencher group. While the probe remains intact, the quencher 

group absorbs any fluorescence from the fluorescent group. Taq 

polymerases contain a 5 '-3 ' exonuclease activity and as it moves 

along the DNA, it meets the annealed probe and the quencher 

group is cleaved. As a result the quencher is no longer able to 

absorb the fluorescence and the dye can be detected. 

Fluorescence levels of each dye can then be measured in real 

time and used as the basis for a genotype call and in 

determining the amount of DNA/RNA template present in the 

PCR. Allelic quantification was performed using Taqman allelic 

discrimination assays for both rsl544514 {CACNAIC) and 

rs l2476147 (ZNF804A) on the ABI 7900HT Fast Real Time PCR 

system (Applied Biosystems). Reactions were carried out in 

experimental triplicate in the HapMap cDNA alongside the 

corresponding genomic HapMap genomic DNA (gDNA) sample. 

All reagents and conditions listed in Table 2.3. Threshold cycles 

(Ct) for both gDNA and cDNA were determined using the SDS 

absolute quantification software (Applied Biosystems).

Table  2 .3 . A llelic  Expression Im b a la n c e  protocol fo r use w ith  

Taqm an A llelic D iscrim ination  Assays

Taqman Allelic 
Expression 
Im balance

Reagents Program
H20 2.75\ j \ 50°C 2mins  

95°C lO m ins  

95°C 15sec > x40  

60°C Im in

40X Assay Mix 0 .25 |jl

Universal M aster Mix 5 mI

gDNA/cDNA 2 0 n g /li j l

2.2 .6  SNaPshot^’̂  single-nucleotide prim er 

extension

SNaPshot was used to calculate AEI at rs3750800 {ANK3) and 

rsl24761479 (ZNF804A). In order to perform the SNaPshot 

reaction PCR primers were designed using Primer3
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( h ttp ://fokker.w i.m it.edu /p rim er3 /inpu t.h tm ) to amplify the 

region flanking each of the SNPs, as well as the extension 

primers used in the SNaPshot reaction. All primers are listed in 

Table 2.4.

Table  2 .4 . PCR and extension  p rim ers  used in th e  SN aPshot 

reactions fo r A N K 3  and ZN F804A

SNP FORWARD PRIMER REVERSE PRIMER EXTENSION PRIMER

rs 37 508 00 GACCCATTTCTACCAGCCTA TCTGGTTAGCTTTATGGTGGA ATTCCTCCACGCAAGTGTAC

rs l2 4 7 6 1 4 7 GCTTGACATTTTGGTTTTCC g a t a a a a g g c c c a a a t c a g a GTTTCCCAGAATGTATCATT

Reactions were carried out in duplicate in the HapMap cDNA 

alongside the corresponding gDNA sample. Standard reactions 

consisted of 5pmol each primer (Invitrogen), lOOnmol dNTPs 

(Sigma), IX  reaction buffer, 1 unit of Taq polyermase (Qiagen) 

and 20ng gDNA or 3 (j I of cDNA from the RT reaction in a lOpI 

final volume. PCR conditions were: 95°C for 30 seconds followed 

by 40 cycles of 95°C for 10 seconds, 52-56°C for 10 seconds 

and 72°C for 45 seconds, followed by 1 minute at 72°C. All PCR 

reactions were conducted in a Peltier PTC-225 Tetrad thermal 

cycler (MJ Research).

SNaPshot uses labelled dideoxy NTPs (ddNTPs) and an oligo, 

known as the extension prim er (E primer) which is 

complimentary to the region immediately preceding the SNP of 

interest (Table 2.4). As the E prim er is extended to include the 

SNP, a labelled ddNTP is included in the sequence. A different 

dye is used for each of the four bases. After PCR of the region 

surrounding the SNP of interest. Shrimp Alkaline Phosphatase 

(SAP,USB Corp) and Exol (New England Biolabs) are used to 

remove excess primers and dNTPs respectively. This product 

then undergoes a SNaPshot reaction, with SNaPshot mastermix 

(Applied Biosystems) and an E primer. This product then 

undergoes a further cleaning step using only SAP. Reagents and
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conditions for these reactions can be seen in Table 2.5 . Sannples 

were analysed on an ABI PRISM 3130x1 Genetic Analyzer 

capillary electrophoresis instrument (Applied Biosystenns) with 

LIZ120 size standard. Peak heights representing the allele 

specific extension primers were determined using Genemapper 

version 3.0 software (Applied Biosystems) and from this the  

relative am ount of DNA/RNA for the two alleles was calculated.

Table 2.5. SNaPshot Protocol

I P C R

  i

S A P  &  E x o l  
( . l e a n  u p

R B a e e n ts P ro s o 'a n i
H 2 0 i .o u l

3 7 ° r ;  ftn m in <  

8 o °C  2 0  m in s

D ilu tio n
B uffer 0 .5^1

SAP o .5^1
Exol o .o s u l

PCR Product 5 l̂l

I

S N a P s h o t
R e a c t io n

R e a  Bents P ro K ra m
H 2 0 S.oul 9 5 °C  2  m in s  

9 5 °C  5  sec)

4 3 °C  5 sec )  X 50  

6o®C 5 sec)

4 °C  2  m in s

S S M ix l^ il
S S B u ff l .s u l

E P rim e r  
(5 n m o l/ i . l ) 0 . 4 M1

S 6 E  Product l-S lJ l

S A P  C le a n  
U p

R e a  Bents P ro K ra m
H 2 O i.o g l

3 7 °C  6 0  m in s  

8o®C 2 0  m in s
D ilu tio n o .s u l

SAP 0 .5 Wl
SS P ro d u :t 5 Ul

I

D e n a t u r in g

R e a K e n ts P r a j i r a m
H iD i

F o rm am id e 9 •4^1

9 5 °C  3 m in sL IZ is o S iz e
S tan d ard

0.1^1

SAP Product i - 5 Hl

2.2.7 Calculating A E I using threshold  

am plification cycle data (C t)

The statistical procedure for differentiating output data to 

relative allele dose has been developed from DNA pooling 

applications^^^. Threshold amplification cycle data (C t) is used to 

determ ine relative allele frequency (rF). cDNA Ct values are
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normalised against gDNA Ct values, this corrects for any 

inequalities in allelic ratios arising from the assay itselP^. The 

equation used to calculate rF is:

rF= [ 1 /  (2  ACt'* + 1 )]

*  ACt' = [(C t allele-1 (cDNA) -  Ct allele-2 (cDNA)) -  (ACt
gDNA)]

Ct for cDNA is therefore normalized to that of gDNA 

representing a 1:1 ratio of both alleles. rF values ranged from 0 

to 1 with 0 being total expression of allele-1, 1 being total 

expression of allele-2 and 0 .5  being equal expression of both 

alleles. Ratio differences greater than 20%  (i.e . 0 .4 > A E I> 0 .6 )  

were considered evidence of an AEI positive ( + )  result. (Figure 

2 .2 ) is an example of the amplification plot from a typical AEI 

experim ent using threshold amplification cycle data.

i

Figure 2.2. Amplification plot from Taqman Allelic 

discrimination assay showing the differences in Ct between 

both tw o alleles in gDNA AND cDNA. There is a greater 

difference in the ACt (Ct a lle le -1 - Ct a llele-2) in the cDNA 

normalised to the gDNA.
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2.2 .8  Calculating A E I using SNaPshot Peak 

heights

SNPs can amplify differently during PCR and often one allele will

amplify more efficiently than the other. This is visible in

heterozygotes where the peak heights for each allele are not

equal (Figure 2 .3 ) . When calculating the allelic expression of a 

particular allele in the cDNA it is therefore necessary to correct 

for this difference observed in the gDNA using k, which 

represents the unequal amplification of SNP alleles in a

heterozygous gDNA sample^^^. k is equal to A/B where A and B 

are the peak heights of alleles A and B in gDNA. The measured 

ratio of alleles in the cDNA is then normalised by multiplying the  

observed ratio by 1/k^^^. Ratio differences of greater than 20%  

were considered evidence of an AEI ( +  ) result. An AEI result of 1 

indicates a 1:1 ratio of alleles in the cDNA sample, i.e. an AEI 

negative ( - )  result. Frequency differences greater than 20%  (i.e. 

0 .8 > A E I> 1 .2 ) were considered evidence of an AEI positive ( +  ) 

result for the SNaPshot method.
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Figure 2.3. AEI using SNaPshot prim er extension method. In  

part (A ), from  analysis of the heterozygous gDNA sample, 

k = 2 .1 3 . When k is applied to the cDNA allele ratio below, the  

AEI result = (1 9 2 4 /9 2 1 )  x ( 1 /2 .1 3 )  = 0 .98 , which does not 

indicate any evidence of cis-acting variants (i.e . AEI ( - ) ) .  In  

part (B ) k= 2 .0 9  and the corrected cDNA allele ratio is 0 .16  (AEI 

( + ) )  indicating th a t mRNA transcripts carrying the "T" allele are  

relatively over expressed in this individual, suggesting the  

presence of cis-acting effects.

In the results section, AEI results using the SNaPshot method 

were divided by a factor of 2 so that they were equivalent to and 

could be presented effectively with AEI results generated using 

the Taqman method. Replicate measures of relative allele 

frequencies were tested for precision using a two-way ANOVA for 

the triplicate samples of CACNAIC and ZNF804A (rs l2476147) 

and using a paired t-test for the duplicates samples of ANK3 and 

ZNF804A (rs l24761479). At all genes for gDNA and cDNA there 

was no significant difference across measurements (p>0.05). 

Across all AEI assays, all samples that were AEI positive (+ )
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showed a significant ( p < 0 .0 5 )  difference in relative allele 

f requency between gDNA and  cDNA a s  m easu red  by two tailed t- 

test .

2.2.9 A nalysis  o f  AEI r e s u l ts

2.2.9.1 Kappa coefficients

An AEI result  is calculated for each  he terozygote  sample.  In 

order  to invest igate  if the  observed  AEI in the  HapMap samples  

is due  to local cis-acting variation,  a Kappa coefficient analysis 

was  performed as  previously described^^"*. A Kappa coefficient 

t e s t s  for a g re e m e n t  be tween two p henom enon ;  in this case  

hete rogenei ty  and allelic express ion  imbalance.

The formula used to calculate the  kappa  coefficient is:

k= 2 (a d -b c ) /  ( p l q 2 + p 2 q l )

where  a = proportion of s am ples  he te rozygous  and  AEI( + ); b = 

proportion of sam ples  he te rozygous  and  AEI(-); c = proportion 

of sam ples  homozygous  and AEI( + ); d = proportion of sam ples  

hom ozygous  and AEI (-);  p i  = proportion of sam ples  th a t  are  

he te rozygous  for a give SNP, q l  = proportion of sam ples  th a t  

a re  homozygous  for a given SNP, p2 = proportion of sam ples  

th a t  a re  AEI( + ) ,q2 = proportion of s am ples  t h a t  a re  AEI(-). A 

kappa coefficient of 1.0 indicates a perfect  correlation be tween 

heterozygosity  and AEI (i.e. all he te rozygo tes  for the  SNP show 

AEI and all homozygous  show no AEI) w h e rea s  a kappa 

coefficient of -1.0 indicates t h a t  no he terozygo tes  for the  SNP 

show AEI and all hom ozygo tes  sam ples  show AEI. A kappa 

coefficient of >0 .75  is considered to be excellent correlation, 0.4 

to 0 .75 = fair to good correlation and < 0 .4  = poor 

correlation^^'^. The statistical significance of the  Kappa coefficient 

was  calculated using a Z-score .  These  statistical p rocedures
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were performed using STATA 9.2(StataCorp). SNPs located 

within a gene or lOOkb upstream or downstream of each gene, 

were tested for correlation between

heterozygosity/homozygosity and the presence of AEI. 

Discordant directionality can be explained by recombination 

events between the test and functional marker. These 

recombination events result in the test allele reading on the 

opposite chromosome in this individual. Haplotype phasing can 

be used to investigate and correct for these types of 

discordances.
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2 .3  R esults

2.3.1 A E Ia tC A C N A lC

For the assay using the marker SNP rsl544514, 5 out of the 32 

heterozygous individuals were found to be positive for AEI, 

indicating allelic innbalance at CACNAIC (Figure 2.4).

1.0n

0 .8 -

LU<

0 .2 -

0.0
CACNA1C (rs1544514)

Fig ure 2.4. Scatterplot of the AEI assay results for the 32  

lym phoblast cell line samples for rs l5 4 4 5 1 4 . Positive AEI (AEI 

values > 0 .6  (n = 4 ) or < 0 .4  (n = l ) )  was observed in 5

individuals.

Four SNPs out of 1,190 that had been genotyped in HapMap 

and located within the CACNAIC gene or surrounding regions 

gave strong correlations with AEI (kappa-coefficients >0.4) 

(Table 2.6). A summary of these significantly correlated markers 

with p values less that 0.05 are listed in Table 6
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Tab le  2 .6 . Kappa coeffic ien t resu lts  fo r C A C N A IC  rs l5 4 4 5 1 4  

A E I.

M arker Kappa Z-score P Value

r s l2425032 0.525926 2.975086 0.001465

rs758231 0.452055 2.572704 0.005045

rs11062282 0.433628 2.55767 0.005269

rs l005618 0.409091 2.085963 0.018491

All SNPs are Intronic, rs l2425032 and rs l005618 are located in 

intron 3, rs758231 in intron 4 and rs ll0 6 2 2 8 2  in intron 18 and 

there is no evidence for LD between these SNPs and the SNP 

(rs l006737 ) implicated in the GWAS for bipolar disorder (Figure 

2.5)

60



> > > > > >  f H I W  l i W

C A C N A IC

Figure 2.5. The exonic structure of the CACNAIC gene along 

w ith Kappa correlations and SNP LD map for AE l analysis at 

CACNAIC. Kappa coefficient results are indicated by the y-axis. 

In  addition to the GWAS SNP for bipolar disorder (identified by 

a * )  and the coding m arker SNP (identified  by a A ) the four 

SNPs w ith  the highest Kappa correlations w ith  AEI and their LD 

( r2 )  relationship are shown.

2 .3 .2  A E I a t  ANK3

For the assay using the m arker SNP rs3750800, 21 out of the 34 

heterozygous individuals were found to be positive for AEI, 

indicating allelic imbalance at ANK3 (Figure 2 .6 )

61



1.0n

0 .8-

0 .6 - -

LXJ<
0.4--

0 .2-

0.0
ANK3(rs3750800)

Figure 2.6. Scatterpiot of the AEI assay results for the 34  

lymphoblast cell line samples for rs3750800 . Positive AEI (A E I 

values > 0 .6  (n = 4 )  or < 0 .4  (n  = l ) )  was observed in 21 

individuals.

No SNPs out of 1055 within lOOkb upstream/downstream of 

ANK3 showed high correlation between heterozygosity and the 

AEI seen at this locus. The highest correlations came from four 

SNPs rsl0994375 and rs7893603 located upstream and 

downstream respectively, and intronic SNPs rs l074005 and 

rs l0994154 (Table 2.7).
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Table 2.7 . Kappa coefficient results for ANK3 rs3750800  AEI.

Marker Kappa Z-score P-value

rsl0994375 0.290221 1.579051 0.057162

rsl0740005 0.264706 1.636634 0.050854

rs 7893603 0.222222 1.620185 0.052596

rs 10994154 0.221539 1.692646 0.045261

None of these SNPs are in LD with rs l0994336, the SNP 

associated with bipolar disorder in GWAS (r2< 0 .08 ) (Figure 2.7)
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Figure 2.7. The exonic structure of ANK3 along w ith  kappa 

correlations and SNP LD maps for AEI analysis at ANK3. In  

addition to the GWAS SNP for biopolar disorder (identified  by a 

* )  and the coding m arker SNP(identified by a A ) the four SNPs 

w ith the highest Kappa correlations w ith AEI and th e ir LD 

relationship are shown.
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2.3 .3  A E I a t  ZNF804A

2.3.3.1 rs l2476147

Seventeen out of the 42 heterozygous individuals for the marker 

SNP rs l2476147 in ZNF804A  showed strong evidence of AEI 

indicating that there are c/s- acting influences affecting the 

expression of ZNF804A in the HapMap lymphoblastoid cells 

(Figure 2.8)

0 .8 -

0 .6 -------
LU<

0.4

0 . 2 -

0.0
ZNF804A{rs12476147)

Figure 2 .8 . Scatter plot of the AEI assay results for the 42  

lym phoblast cell line sam ples fo r rs l2 4 7 6 1 4 7 . Positive AEI (AEI 

values > 0 .6  (n = 4 )  or < 0 .4  (n = l ) )  was observed in 17 

individuals.

To confirm the high levels of imbalance detected in some 

individuals, another marker SNP rsl366842, in high LD with 

rs l2476147  (r^ = l), was chosen and tested for AEI using the 

SNaPshot primer extension method. Twenty-eight individuals 

showed evidence of AEI using this method including the 17 

individuals identified previously by the Taqman method (Figure 

2.9)
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Figure 2.9. Scatter plot of the AEI assay results for the 42  

lym phoblast cell line samples for rs l3 6 6 8 4 2 . Positive AEI (AEI 

values > 0 .6  (n = 4 )  or < 0 .4  (n = l ) )  was observed in 28 

Individuals.

No SNPs out o f 875 located w ithin lOOkb upstream /dow nstream  

o f ZNF804A showed m oderate-to-h igh correlation between 

heterozygosity and the AEI seen at th is  locus using the results 

from  both the TaqMan and SNaPshot assays. The highest 

significant correlation came from  one SNR in the analysis o f the 

TaqMan results (Table 2 .8 ) however th is  SNP had no evidence of 

a correlation when the extra samples displaying AEI in the 

SNaPshot assay were included.

Table 2.8. Kappa coefficient results for ZNF804A rs l2 4 7 6 1 4 7  

AEI.

M arker Kappa Z-score P-value

rsl3028349 0.2601626 1.6338662 0.05114347
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2 .4  Discussion

Connecting associated common variants to disease 

pathophysiology begins with understanding how statistically 

significant common DNA variation compromises normal gene 

function. The purpose of this study was to test for evidence of 

C IS -  acting variants at GWAS loci for BD and schizophrenia and 

investigate whether such variants may be contributing to the 

GWAS results. The analysis was carried out for three genes 

recently implicated through GWAS of schizophrenia and bipolar 

disorder using both Taqman and SNapShot techniques in 

HapMap lymphoblastoid cell lines. Evidence of AEI was detected 

in all three genes indicating the presence of cis- acting variants 

at these loci.

2.4.1 CACNAIC

A small number of individuals were found to display evidence of 

AEI using a coding marker SNP in the unspliced exon 4 of the 

CACNAIC gene. Attempts to map the source of this AEI to local 

SNPs highlighted four intronic SNPs, rsl2425032 and rs l005618 

located in intron 3, rs758231 in intron 4 and rs ll0 6 2 2 8 2  in 

intron 18, which had significant correlations with heterozygosity 

and the imbalance. Possible effects of these SNPs on mRNA 

transcription and processing were examined using the web tools 

PupaSNP (http://pupasnp.bioinfo.ochoa.fib.es) and TFSEARCH 

( http://www.cbrc.jp/research/db/TFSEARCH.htm l). rs l2425032 

and rs758231 are both located in regions of highly conserved 

sequence and rs758231 potentially disrupts a Triplex-form ing 

oligonucleotide target sequence (TTSs) which could potentially 

result in increased RNA synthesis. TFSEARCH analysis showed 

tha t rs758231, rs l005618 and rs ll0 6 2 2 8 2  modify putative 

transcription factor recognition motifs with different prediction 

scores noted for the two alleles at each SNP. Im portantly for this

66



study, due to lack of LD, the AEI detected at CACNAIC could not 

be attributed to the GWAS-associated SNP rsl006737 at this 

locus. CACNAIC is a complex gene >500kb in size and 

consisting of over 50 exons many of which are alternatively 

spliced. Previous attempts to identify AEI at CACNAIC in heart 

tissue were negative however the authors found huge variation 

in CACNAIC expression levels and splice variants between 

individuals and suggested tha t this may be a result of trans

acting factors (which in turn can be affected by c/s- acting 

polymorphisms)^^^.

The online GeneVar database which contains eQTL data from 

iymphobiastoid cell lines as well as skin and fat tissues also 

supported evidence for the presence of cis- acting variation at 

the CACNAIC locus as a number of significant eQTLs were 

identified(p<0.001 (Table 2.9)) .Recently the associated allele at 

rs l006737 has been associated with increased CACNAIC 

expression in human brain which may suggest that whilst the 

evidence from LCL data weakly points to cis- acting variants 

acting at CACNAIC, the associated SNP may be impacting 

expression in a tissue specific manner and therefore conducting 

this analysis in brain tissue may better identify the true 

functional variant^^®. There is evidence to support this from the 

SNPexpress database (which provides eQTL data generated from 

blood and brain tissue). rs2159100 which has an r2 = l with 

rs l006737 was associated with differential expression of 

CACNAIC in both PBMC (p=0.002) and brain tissue (p = 0.01) as 

was rs758231 identified in our AEI mapping p = 0.01 (brain 

tissue) and p=0.03 (PBMC).
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Table 2.9. cis-acting eQTL associated w ith  differential 

expression of CACNAIC in LCLs in the Genevar database. 

(Genom e b u ild -N C B I3 6 /h g l8 )

Marker Chr Position Alleles Location P- value

rs4765937 12 2440796 C/T Intron 0.001237

rsl2813888 12 2606879 A/C intron 0,001543

rs98545 12 2607556 C/T intron 0,001543

rs2238090 12 2553593 A/G intron 0,001861

rs4765936 12 2433737 A/G intron 0,004051

rs2370599 12 2536770 A/G intron 0.004329

rsl990240 12 2509517 A/G intron 0,00453

rs7963955 12 2515228 A/G intron 0,00453

rs2239117 12 2521669 A/G intron 0,00453

rs2370596 12 2536609 A/G intron 0,005462

rs720721 12 2538005 A/G intron 0.005462

rs4765960 12 2538191 A/G intron 0.005462

rs216013 12 2599893 A/G intron 0,005748

rs2283312 12 2454752 G/T intron 0,006157

rs2370600 12 2536797 A/G intron 0.007148

rs2239118 12 2531014 C/T intron 0,008254

It is possible th a t the associated SNP at CACNAIC may be 

having a trans- acting effect on expression. The online GeneVar 

database which contains cis- and trans- eQTL data from  

lym phoblastoid cell lines as well as skin and fa t tissues had 

evidence o f group o f 6 SNPs in high LD (/^= 1 ) w ith rs l00 6 7 3 7  a 

sign ificant association (p < .0 0 1 ) w ith the FOXMl gene, part o f 

the FOX fam ily  of transcrip tion factors and located ju s t 

downstream  of the CACNAIC transcrip t. The SNPexpress 

database indicates th a t CACNAIC va rian t has a trans- e ffect on 

17 transcrip ts in blood and 71 transcrip ts in brain (a t p<0 .001) 

suggesting a tissue-specific effect however none were significant 

at a transcrip tom e-w ide  level.
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2.4.2 ANK3

A large number of individuals (21/34) showed evidence of allelic 

expression imbalance at ANK3 using a marker SNP located in 

exon 27 of the gene. Again none of the known polymorphisms in 

the gene explained any of the AEI seen suggesting a possible 

unknown c/s- acting SNP. There is no published evidence of 

polymorphisms in ANK3 controlling expression however data 

from the GeneVar and SNPexpress databases indicated several 

strongly associated SNPs across the loci affecting expression in 

both LCL, blood and brain tissue. There was no significant 

potential trans- acting associations for ANK3 from either the 

Genevar or SNPexpress database.

Taken together these data indicate that whilst there is genetic 

variation local to CACNAIC and ANK3 that is affecting their 

expression levels, it cannot be linked to variants contributing to 

disease susceptibility.

2 .4 .3  ZN F804A

Similar to results from ANK3, I found evidence of AEI at 

ZNF804A in a large number of individuals, this observation 

remained when the analysis was repeated using another marker 

SNP located in the untranslated region of the gene however I 

was unable to identify any local SNPs in ZNF804A tha t are 

contributing to the AEI identified. Interestingly ZNF804A was 

included in a recent study of AEI across different regions of the 

brain^®^. Using the same marker coding SNP (rs l2476147) as in 

this study Buonocore et observed that the A allele of the 

assayed SNP was over expressed relative to the T allele in 

several brain regions and in particular the hippocampus. They 

pointed out tha t this observation was consistent with another 

study that had observed AEI of the same phase allele at
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ZNF804A in lymphoblast's (conducted after this study) using a 

marker SNP (rs4667001) in complete LD with rsl2476147 

( r^ = l)  and in strong LD with the associated schizophrenia SNP 

rsl344706. When heterozygotes and homozygotes for the risk 

SNP were compared however there was no difference between 

allelic expression indicating that the risk SNP was not

responsible for any AEI observed. This again may be due to 

incomplete HapMap coverage of these regions resulting in the 

causative SNP(s) not being tested or there are potentially other 

regulatory mechanisms involved (e.g. epigenetics). Interestingly 

a recently published study examining the effects of the

schizophrenia risk SNP rsl344706 binding to nuclear proteins 

was carried out on proteins derived from human neural cell lines 

using electromobility shift assays (EMSA)^®®. Significant allelic 

differences in the intensity of bound DNA were observed with 

nuclear protein(s) binding on average 46% less oligonucleotide 

containing the schizophrenia-associated T-allele of rsl344706 

compared to oligonucleotide containing the G-allele. This

indicates that rs l344706 is potentially the functional SNP

although further studies are necessary to determine the nature 

of the bound protein.

As the numbers of significant trait-associated variants increases, 

the search for functional variants that underpin these 

associations remains a serious challenge in the field of complex 

genetics. Somewhat reassuringly, two recent studies have 

assessed whether SNPs associated with a tra it or disease are 

more likely to impact on gene expression i.e. a SNP that is an 

eQTL over those that are not, with encouraging results. Nicolae 

et a!^^° looked at SNPs associated with 6 common disorders 

including bipolar disorder and found an enrichment of associated 

SNPs impacting differential LCL expression^^°. More relevantly 

Richards et had sim ilar results upon carrying out a similar 

study using schizophrenia associated SNPs and eQTLs identified
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in more relevant brain tissue^^\ Although the mechanism of how 

altered gene expression plays in an individual's susceptibility to 

developing schizophrenia or bipolar disorder it is not yet clear, 

there is strong data to show tha t gene expression is influenced 

by susceptibility variants.

Lim itations

AEI is a reliable easy method to test for allele specific differences 

in gene expression. It  offers many advantages in that it controls 

for differences in tissue preparation and mRNA quality as well as 

potential trans- influences. It is not however w ithout lim itations; 

identifying a suitable marker SNP for the gene of interest is not 

always possible, isoform- or cell-specific regulatory mechanisms 

can go undetected and, even if AEI is identified, it is not clear 

what the impact of the imbalance will be at the protein level.

2.4.3.1 Tissue specificity

The most obvious lim itation to this study is the use of 

lymphoblastoid cell lines to characterise genes implicated in 

neural/brain disorders. This study like the m ajority of eQTL 

studies (both global and allele specific) have been carried out in 

EBV transformed lymphoblast cell lines. This happens for several 

reasons; large banks of primary disease tissue are unfeasible 

whilst lymphocytes are easily obtained following a blood draw 

and cell lines can then be subsequently established by EBV 

transformation of B cells. This not only provides an unlimited 

source of patient DNA but gives researchers a valuable source of 

RNA to use for gene expression/functional studies^^^. For a large 

number of disease studies it has become increasingly common 

to generate LCLs for patient samples. In addition to this, many 

large-scale LCL repositories exist where researchers can gain 

access to cell lines for many diseases. Examples of these include 

the Coriell Institute for Medical Research (h ttp ://ccr.co rie ll.o rg /),
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European Collection of Cell Cultures

(ECACCh ttp ://w w w . hpacultures.org.uk/collections/ecacc.jsp) 

and Rutgers University Cell and DNA Repository (RUCDR; 

http-.// W W W . rucdr.org). LCLs are also a reliable source nnaterial 

for SNP genotyping^^®. LCLs are particularly im portant for 

neuropsychiatric disorders such as schizophrenia and autism 

where brain tissue is not readily available. Using these cell lines 

to investigate variation in expression has its drawbacks; LCLs 

have been shown to exhibit extensive random monoallelic 

expression^^^, extreme clonality^"*®, chromosomal abnormalities, 

altered methylation patterns and general artefacts from the EBV 

transformation which can all impact on gene expression in these 

cell lines^‘’ \  It  is also difficult to establish whether any eQTLs 

identified in LCLs would display the same effects in other tissues.

It has been argued that any imbalance detected is not relevant 

unless tested in the appropriate tissues of interest^"^^. Some 

genes display ubiquitous expression whilst others are tissue 

specific therefore many of the effects of regulatory variants may 

only be detectable in certain tissues. Also, many aspects of gene 

regulation and mRNA processing (e.g. splicing) are tissue 

specific. Several studies have highlighted the need for 

cataloguing gene expression profiles across multiple cell and 

tissue types in multiple populations. In their study of eQTL in 

primary fibroblasts, LCLs and T-cells, Dimas et found that 

up to 80% of variants identified acted in a cell specific manner. 

Heinzen et also noted tissue specific eQTL in the ir study of 

PBMCs and cortical brain tissue. Buonocore et recently 

tested for AEI in 5 genes associated with neuropsychiatic 

disorders across different regions of the human brain and 

observed significant differences in allelic expression between 

brain regions in several individuals. It's clear tha t regulation of 

gene expression throughout the brain will offer more 

complexities than in the cell lines used to model the regulation
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of expression in these studies. The relationship between genetic 

variation and transcriptional control should ideally be studied in 

relevant tissue since gene regulation and mRNA processing are 

gene specific events. Brain regions have more varying 

expression profiles meaning expression in the amygdala can be 

different than expression in the cortex or pons. A predisposed 

hypothesis about which brain region may be involved in disease 

would be advantageous to expression studies, however that 

knowledge would require greater understanding of disease 

pathology for neuropsychiatric diseases.

Whist these studies emphasise the need to interpret all 

expression results generated in cell lines with caution, some 

recent studies have supported the use of human lymphocytes as 

a good cellular model for gene expression in other tissues^'^^' 

and there is evidence that eQTLs detected in LCLs can overlap 

with those found in relevant tissue. Emilsson et found that 

50% of the c/s- signals detected in their study of blood and 

adipose tissue were overlapping. Bullaughey et recently

carried out a study of previously identified eQTLs discovered in 

HapMap LCLs and tested whether variation in gene expression 

was also detectable in a number of primary tissues including 

heart, kidney, liver, lung and testes. They reported that a large 

number of eQTLs originally identified in the HapMap LCLs can 

also be detected in primary tissues, although exhibiting a 

weaker effect in the primary tissue over the LCL. They concluded 

tha t larger studies comparing tissue shared eQTLs would be 

necessary in order to determine the exact proportion^''^

Even if cell lines are not involved, expression studies of any 

kind carry lim itations. Brain tissue expression studies are 

complicated by the lack of homogenous cell samples. Tissue 

samples can contain neurons, glia and oligodendricyes etc, and 

naturally examining gene expression in jus t one tissue would be
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desirable. Advancement in technologies that give better neuron 

specific tissue yields will in the future allow tissue specific 

expression studies which will offer more robust results and 

increase our understanding of disease pathology. In addition to 

this, temporal expression of genes can alter, i.e. the expression 

of the gene changes over time, e.g. during specific 

developmental periods. Such effects would not be observed in 

adult tissue types but may be key to the development of disease 

state. Gene expression during vital developmental periods could 

be skewed giving rise to the disease state but return to average 

control population levels outside of the developmental period 

making it hard to detect dysfunction. It is likely tha t recent 

advances in stem cell and IPS technology will be vital in the 

identification of regulatory variants particularly in neuronal 

disorders through a cell's developmental tra jectory. Greater 

understanding of gene expression during vital periods is 

warranted to understand the aetiology of complex disorders like 

schizophrenia and BD.

In conclusion, it's becoming increasingly apparent that 

susceptibility to complex disorders is at least in part affected by 

differential gene expression. We found evidence that mRNA 

expression levels of three genes associated with schizophrenia 

and bipolar disorder are affected or under the influence of local 

genetic variation. The inability of this study to pinpoint the exact 

c/s- acting variants responsible may be due to the presence of a 

complicated genetic control of expression, a proportion of which 

may not be represented in the available HapMap data. It 

remains to be determined how the associated SNPs at these 

genes increase risk of disease susceptibility and if it is mediated 

in c/s- or trans- through altered gene expression.
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The work on the genes ANK3 and CACNAIC has been published 

in Bipolar disorders.

Quinn EM, Hill M, Anney R, Gill M, Corvin AP, Morris DW., 

"Evidence for cis-acting regulation of ANK3 and CACNAIC 

gene expression". Bipolar Disorders 2010 June; 12(4):440-5.
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3 Functional assessment of

Polypyrimidine Tract Binding Protein 

{PTBP2)

3.1 Introduction

As outlined in chapter 2, interpreting the functional impact of 

statistically significant susceptibility SNPs on gene 

function/disease causation is proving to be one of the biggest 

challenges in the wake of GWAS of common complex disorders, 

particularly given tha t the m ajority of these loci are located in 

non-coding intronic or intergenic regions.

It is believed that instead of impacting on the coding sequence 

of a gene, many of these loci play a c/s-acting role in regulating 

transcript levels and two recent studies showing tha t there is an 

enrichment of SNPs that regulate gene expression (eQTLs) 

significantly associated with disease (including schizophrenia) in 

GWAS further supports this^^°' I f  there is evidence to suggest 

tha t an associated SNP is an eQTL or in LD with one, elucidating 

the regulatory mechanism involved is proving to be challenging, 

particularly if the SNP is not well characterised. Despite this 

there are examples of regulatory SNPs associated with disease; 

for example in prostate cancer the associated SNP allele at 

rs6983267 located within a gene desert on 8q24 was found to 

increase activity of an enhancer involved in regulating the 

expression of a downstream proto-oncogene^"*^ and SNPs 

disrupting microRNA binding sites resulting in altered gene 

expression have been identified in several cancers and in 

Crohn's disease^"^®' eQTLs may also exhibit the ir effects 

through alternative splicing if they are located at a splice site or 

in a less obvious manner if located close to intron/exon 

boundaries or close to or within intronic or exonic splicing
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enhancer or suppressor sequences (discussed below)^®°' 

Sequence variants causing allelic differences in the regulation of 

alternative splicing can result in aberrant splicing of either a 

proportion or all of the transcripts produced. This is potentially 

very im portant in psychiatric illness given that the brain 

undergoes more alternative splicing than most other tissues^"^^ 

and that genes involved in splicing have already been implicated 

in many neuropsychiatric diseases including schizophrenia^^°'

3.1 .1  The In ternationa l Schizophrenia 

Consortium (IS C ) GWAS o f schizophrenia

The ISC, comprised of investigators from the University of 

Aberdeen, Trinity College Dublin (TCD), Cardiff University, the 

University of Edinburgh, the University of Southern California, 

Massachusetts General Hospital, the Broad Institute of Harvard 

and MIT, the Karolinska Institute, the University of North 

Carolina-Chapel Hill, and University College London completed a 

genome-wide association study of single nucleotide 

polymorphisms (SNPs) and copy number variants (CNVs) in 

3,322 DSM-IV schizophrenia cases and 3,587 controls. 

Individuals were genotyped using the Affymetrix Genome-Wide 

Human SNP array, version 5.0 or 6.0. The Neuropsychiatric 

Genetics Research Group (NGRG) at TCD is a member of the ISC 

and has access to the dataset. During my time as a Research 

Assistant with the NGRG before beginning my PhD with the 

group, I contributed to this GWAS by preparing all Irish DNA 

samples tha t were shipped to the US for genotyping in this 

project. Results from the CNV analysis reported tha t the overall 

CNV burden was significantly increased in cases compared to 

controls and this burden increased when only deletions at genic 

loci were considered“ .̂ This ISC study also identified three loci 

( lq 2 1 .1 , 15q l3 .3  and 2 2 q ll.2 )  that were genome-wide

significant for harbouring deletions in case samples. Other major
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studies have reported similar findings^^"^. In the SNP analysis, 

jus t one SNP, which was imputed, reached significance at the 

genome-wide level; rs3130297 located in the MHC region on 

chromosome 6 (p = 4 .7 x l0 x -8 ) and several others were strongly 

associated. Four strongly associated loci (containing associated 

SNPs P < 10-3) at PTBP2, FXRl, the MHC and TCF4 were also 

significantly associated in both the Molecular Genetics of 

Schizophrenia (MGS) and SGENE consortia data and when all 

three datasets (ISC, MGS, and SGENE) were combined SNPs in 

these regions had p values < 1x10-6. Of these loci, I took a 

strong research interest in the gene polypyrimidine tract binding 

protein (PTBP2) as not only does it contain one of the top four 

strongest associated SNPs in the ISC data ( rs l 1165690, 

p = l . 78x10-6), it contained the strongest associated SNP from 

the combined ISC, MGS and SGENE analysis (rs7544736 

p = 5.7x10-7) and it was interesting in terms of its biological 

function.

3 .1 .2  Association a t  PTBP2

In the ISC GWAS there were 10 strongly associated SNPs 

(p<10-6) tha t are in high LD and an additional 21 SNPs with 

p< = 0.05 across the PTBP2 gene and surrounding region (Figure 

3.1)
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Figure 3 .1 . This figure shows the genotyped SNPs a t PTBP2 in 

ISC GWAS (upper panel) and identifies those SNPs that w ere  

highly associated (p-values under rs ID s ) plus the ir LD pattern  

measured by r2 (low er panel). r s l l2 7 2 0 8 2  which is studied 

la ter in this chapter is not in any LD w ith  the associated SNPs.

None of the associated SNPs (either strongly or nominally 

associated) were themselves located within the coding regions of 

PTBP2 however rs6699932 (not covered on GWAS chip) a 

synonymous coding SNP located in exon 11 of the gene is in high 

LD with SNPs tha t were strongly associated (r^>0.85). Despite 

this in terms of the strong association signal at this locus and its 

biological function PTBP2 remained an interesting candidate for 

further study.
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3.1 .3  The Polypyrimidine Tract Binding 

Proteins

The homologous polypyhmldlne tract binding protein 1 (PTBPl; 

also known as hnRNPl or PTB) and polypyrimidine tract binding 

protein 2 {PTBP2) also known as nPTB/neuronal PTB)^^  ̂ are 

members of the multifunctional RNA-binding hnRNP family, 

involved in a wide range of cellular functions including splicing, 

translational regulation, mRNA stability and transcription. PTBPl, 

located on chromosome 19, encodes a 57-kDa protein which is 

widely expressed in many cells and tissues whereas its neuronal 

homologue PTBP2, located on chromosome 1 is primarily 

expressed in neuronal cells, although it has also been found in 

the testis and some muscle tissues^^^. Both genes are 

structurally very similar (~ 7 5 % ) and contain four RNA 

recognition motifs (RRM) each of which recognise Its own similar 

but specific RNA sequences. Although they are known to play 

many roles in RNA metabolism such as 3'end processing^^'* and 

mRNA stability and locallsation^^^' PTBPl and PTBP2 are most 

well known for their role as trans-actlng regulators of alternative 

splicing, producing proteins that bind to polypyrimidine rich 

regions in pre-mRNA and lead to splicing represslon/exon 

silencing^^ '̂

3.1 .4  Alternative Splicing

Splicing is an essential regulatory event in gene expression 

whereby Introns are excised and exons are ligated together to 

form an mRNA transcript. In addition to this constitutive splicing, 

> 9 0 %  of all multi-exon human genes are estimated to undergo 

alternative splicing (AS)^^®. AS allows certain exons to be 

excluded and /or additional exons included or even 

elongated/shortened In different tissues during different 

developmental stages or under different conditions^^^. This
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flexibility allows the generation of a large nunnber of isoforms 

resulting in the production of several functionally different 

proteins, thereby explaining the discrepancies between the large 

numbers of proteins produced in human cells (~100,000) in 

comparison to the actual number of protein coding genes 

(~24,000)^^®. One of the best examples of this is the neurexin 

gene family where thousands of different isoforms are produced 

from just three genes through alternative splicing and the use of 

alternate promoters^^^.

Up to 80% of AS events affect the coding sequence; altering the 

reading frame and quite often leading to nonsense mediated 

decay (NMD) of the RNA transcript. The remaining 20% of AS 

events occur within the untranslated region and can often also 

result in NMD as well as affecting overall regulation and stability 

of the transcript.

Splicing is carried out by the spliceosome, a complex of 5 small 

ribonucleoproteins (snRNPs) U l, U2, U4, U5 and U6 and 

approximately 150 other non snRNPs which recognise specific 

consensus sequences or "splice sites" at exon/intron junctions in 

the pre-mRNA. The spliceosome has two functions: to recognize 

and select these splice sites, and to catalyze the two sequential 

trans-esterification reactions that remove the introns and join 

the exons together.

There are four (intronic) core splice sites, which are the same for 

both constitutive and alternative splicing; (i) the 5' splice site (a 

9 base pair (bp) consensus sequence that includes a conserved 

GU), (ii) the 3' splice site (contains a conserved AG surrounded 

by C and G), (ill) the Polypyrimidine tract (a lObp sequence rich 

in pyrimidines) and (iv) the branch point with the snRNPs and 

specify which nucleotides are to be excised/retained^^^'
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Whilst these sequences are essential for splicing processes they 

are not sufficient to define intron-exon junctions and direct the 

spliceosome alone. Splicing is instead tightly regulated by a 

combination of tissue-specific and ubiquitously expressed trans

acting RNA-binding proteins such as PTBP2 that interact with 

additional c/s-acting RNA elements (sequences) in a given 

transcript to influence spliceosome assembly at splice sites^^®. 

These additional c/s-acting motifs/sequences are between 4- 

18bp in length and are know as splicing regulatory elements 

(SREs). They can be classified as exonic/intronic splicing 

enhancers (ESE/ISE) or exonic/intronic splicing silencers 

(ESS/ISS)^^\

3 .1 .5  Cis-acting splicing m otifs

ESEs and ISEs provide binding sites for frans-acting splicing 

enhancers, predominantly members of the Serine/Arginine rich 

(SR) family of proteins, tha t upon binding to these SREs increase 

the likelihood of a splicing event occurring (to facilitate exon 

inclusion in the transcript, prevent exon skipping and ensure 

correct 5 '-3 ' order of exons in the spliced mRNA transcript) by 

stabilising the binding of the spliceosome components to nearby 

splice sites, the rate of its formation or through interfering with 

the activity of splicing silencers^®^. The SR proteins are 

characterised by one or two copies of an RNA-recognition m otif 

(RRM) tha t binds RNA, and a C-terminal domain of variable 

length, rich in alternating serine and arginine residues and the 

RS domain, which is involved in protein-protein/protein-RNA 

interactions. SR proteins play a role in both constitutive and 

alternative splicing and are themselves regulated by SR protein 

kinases (PKs)^®^. Interestingly, some SR proteins can also act as 

splicing silencers and bind to ISS's.
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ESSs and ISSs although varying in sequence, recruit splicing 

silencers such as PTBPl and PTBP2 or o ther members o f the 

hnRNP fam ily. These proteins reduce the likelihood o f a splicing 

event (prom oting exon exclusion) by e ither interfering w ith the 

binding o f the aforem entioned splicing enhancers or by 

potentia lly in terfering w ith spliceosome assembly by suppressing 

recognition o f the splice site^^^. hnRNPs are characterised by 

containing a t least one RRM binding domain as well as a KH- 

binding domain^®^. SREs have been identified using a wide range 

o f com putational and experim ental methods^®'* and can have 

differing roles based not only on the ir abundance a t a given site 

but also the ir position w ithin an exon/in tron  or even gene^®^.

Notably, the a ffin ity  fo r a particu lar splicing regulator fo r a SRE 

is not the only factor involved, expression levels and post- 

transcrip tional m odifications o f the regulator itse lf can also affect 

the splicing pathway^®^. Given the short length o f these c/s- 

acting m otifs, they are found in high abundance in pre-mRNA 

and therefore it is possible fo r every pre-mRNA transcrip t to 

contain several potential c/s-acting binding sites but only a small 

num ber will actually be functional. As a result caution should be 

taken when exam ining prom oter regions fo r sites of 

transcrip tional regulation^®^.

Mutations w ith in c/s-acting m otifs tha t create new splice sites or 

strengthen pseudo splice sites could potentia lly also be involved 

in disease. Examples o f th is include cystic fibrosis, Duchene's 

muscular dystrophy, Neurofibrom atosis ty p e l and many 

cancers^®^. I t  is reported th a t up to  15% of m utations tha t cause 

genetic disease affect pre-mRNA splicing^®®.
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3 .1 .6  The role o f PTBP2 in a lternative  

splicing

PTBPl and PTBP2 regulate both individual and overlapping sets 

of exons and mutation of the ir specific binding sites has been 

shown to reverse their binding to the RNA and result in exon 

silencing. Both proteins have four extremely similar RMM 

domains which each recognise polypyrimidine motifs such as 

UCUUC and CUCUCU which can occur in the polypyrimidine tract 

located between the 3' splice site and branch site or within 

introns/exon either upstream of downstream of the regulated 

exon or also within the regulated exon itself^®^' ^^°.Both bind to 

the same sequence elements although with different affinities 

and often multiple binding sites on a gene are present to allow 

more than one PTB protein to bind. They can interfere with 

splicing by either preventing spliceosome access or by 

interfering with its assembly depending on the transcript 

involved. There is also recent evidence to suggest that PTBPl is 

also involved in exon inclusion and that its activity (either 

repression or inclusion) is dependent on where it binds and 

therefore the same is likely true for PTBP2^^^' PTBP2 is a 

weaker repressor of splicing although it binds more strongly to 

its c/s-acting elements^^°.

Examples of known target exons of these genes include FGFRl, 

FGFR2^^^ar\d c-src^^"^. PTBPl has been shown to repress the 

exons of the GABAA y2 receptor, NMDARl and Src in non 

neuronal cells^^^. Interestingly PTBPl has also recently been 

shown to regulate the splicing of the dopamine transporter 

DRD2^^^ which could suggest a role for its regulation by PTBP2 in 

neurons.

Recently PTBP2 has been found to play a role in regulating the 

alternative splicing of the neurexin genes, already known to
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undergo extensive alternative splicing. Resnick et carried 

out a bioinformatics analysis of the alpha subunit of the neurexin 

genes and identified several potential PTBP2 binding sites 

around a known neurexin splice site. They went on to investigate 

this further in rat using siRNA knockdown of PTBP2 and found 

that there was an increase in exon 20 exclusion upon its 

knockdown indicating that PTBP2 may play a role in enhancing 

the splicing of this particular transcript^^®. This is particularly 

interesting given that Neurexin 1 {NRXNl) ,  has recently been 

shown to contain an excess of CNVs in autism and 

schizophrenia^^. Another interesting interactor of PTBP2 is the 

RNA binding protein QKI (quaking homolog KH domain RNA 

binding) which regulates oligodendrocyte differentiation and 

maturation in human brain. Disruption of QKI splicing has been 

shown to decrease activity of myelin-related genes in 

schizophrenia^^^.

3 .1 .7  Expression and the neuronal splicing 

switch

Both PTBPl and PTBP2 are highly expressed throughout the 

mammalian foetal brain and play an important role in brain 

development and function; however during brain development 

their expression at a cellular level becomes mutually exclusive. 

PTBPl expression in the brain is restricted to non-neuronal cells, 

in particular, glial cells, where in addition to splicing it plays a 

role in cell proliferation, migration and differentiation^^®. In 

contrast, PTBP2 Is highly expressed In mature neurons^^^' 

Interestingly, undifferentiated cells in the brain express PTBPl at 

high levels but during neuronal development a "switch" in 

regulators takes place whereby PTBPl levels decrease and in its 

place PTBP2 becomes highly expressed(Figure 3.2). In neurons, 

as a result of this drop in PTBPl expression, any exons regulated
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by PTBPl are reprogrammed to undergo splicing or are now 

regulated instead by PTBP2. Whilst PTBP2 regulates both a 

subset of PTBPl targeted exons it also has a number of its own 

distinct targets indicating that both genes differ somewhat in 

function. An example of this is the MEF2 gene, a transcription 

factor that regulates many neuronal functional genes and is 

repressed by PTBPl but not PTBP2.

Figure 3 .2 . Exons repressed by PTB but not nPTB shift their 

splicing patterns when the tw o  splicing factors trade places in 

neurons. Taken from  Grabowski e t al 2007

Within neurons PTBP2 interacts with another neuron specific 

splicing regulator NOVAl (neuro-oncological ventral antigen 1), 

which is involved in developm ent of the neurological diseases 

such as paraneoplastic opsoclonus-myoclonus ataxia (POMA) 

and in antipsychotic induced parkinsonism in schizophrenia 

patients^®^'

Given the extensive am ount of alternative splicing that occurs 

within neurons^®^ (alm ost all neurotransmitters are alternatively 

spliced), this interplay of regulation by these two proteins could 

potentially be involved in a wide range of brain development

Neural progenttor calls Neurons

PTB protein PTBXo'e*!PTB protein

[otein

P T ^ ^ t

Coregulated exons are repressed Oy PTB but rxM nPTB 
■n neural progenitor cells anO glia

Exon m djsion increases during 
development ol neurons lor exons 

that a x  normally repressed 
by PTB, but not nPTB

86



process and functions and, if impaired, in neurological or 

neurodevelopmental disorders.

3 .1 .8  Regulation o f the regulators

PTBPl and PTBP2 themselves are regulated through a complex 

interplay of auto-regulation, splicing and micro RNAs. PTBPl 

auto-regulates its own expression by binding to intronic c/s- 

elements around one of its exons (exon 11, 34 nucleotides in 

length) and repressing its splicing. I f  exon 11 is skipped during 

mRNA splicing a premature term ination codon is created and the 

resulting transcript targeted for Interestingly, PTBPl

also regulates PTBP2 expression in this manner by binding to 

sim ilar c/s-acting elements, surrounding PTBP2 exon 10, which is 

equivalent to exon 11 in PTBPl. Boutz et showed that

knockdown of PTBPl by RNAi in cells which normally only 

express PTBPl show a strong increase in PTBP2 expression 

indicating its control over PTBP2 in non-neuronal cells. This 

mechanism does not completely explain the lack of nPTB protein 

expression in non-neuronal cells however as they also found that 

levels of unspliced full length (exon 10 containing) transcripts of 

PTBP2 did not correlate with the amount of PTBP2 protein in 

neuronal progenitor cells indicating that other forms of post 

transcriptional regulation by PTBPl are blocking its expression.

3 .1 .9  Micro RNA regulation

In addition to alternative splicing, both PTBPl and PTBP2 are 

regulated by microRNAs (short RNA molecules (21-25nt)) tha t 

bind to complementary sequences on mRNA transcripts and are 

involved in translation repression and gene silencing^®®.

In muscle cells Boutz et showed that PTBP2 expression is 

repressed by a muscle specific microRNA, miR-133 during 

development from myoblast to muscle cell and also had
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evidence to suggest the same was true for PTBPl. Makeyev et 

also showed that PTBPl expression, in addition to its own 

regulatory feedback loop, is regulated by a neural specific 

microRNA,mlR-124 in differentiating and mature neurons. This 

microRNA binds to sequence specific regions of the PTBPl 3'UTR 

and reduces its expression triggering an increase in levels of 

PTBP2 which is now no longer repressed by PTBPi-mediated 

alternative splicing. PTBP2 also contains binding sites for miR- 

124 but its expression is not as effectively suppressed.miR-124 

along with PTBPl and PTBP2 have recently been shown to play a 

role in the regulation of the amyloid precursor protein (APP) 

which is involved in the processing of the p-amyloid peptide that 

accumulates in the brains of individuals with Alzheimer's 

disease^®^.

3 .1 .1 0  Aims and study outline

It is evident tha t PTBP2 is a complex gene involved in a wide 

variety of brain specific processes tha t could potentially be 

involved in the development of schizophrenia or other 

psychiatric disorders. Variation within the gene could impact not 

alone the expression of PTBP2 itself in neuronal cells but also 

how it binds and regulates other genes. The aim of the research 

detailed in this chapter was to investigate whether GWAS SNPs 

associated with schizophrenia at this locus were themselves 

associated with c/s-acting mutations influencing PTBP2 

expression.

In order to have a more complete profile of variants at the 

PTBP2 locus, SNPs tha t are deemed potentially functional in 

dbSNP but have not been genotyped in HapMap will be 

examined for heterozygosity in a test sample. These SNPs, if 

polymorphic, will be included in the subsequent analysis of the 

gene. HapMap DNA and RNA will be used to test for evidence of
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cis- acting variants contributing to PTBP2 expression through 

both an allelic expression imbalance analysis and an eQTL study 

based on PTBP2 transcript expression. Online databases of gene 

expression will be consulted to compare and asses results. Any 

potentially interesting findings relating to SNPs that were 

affecting PTBP2 expression levels will be tested using gene 

reporter assays in a neuronal cell line.
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3 .2  M aterials and Methods

3.2.1 Analysis of local variation at PTBP2

In order to capture as much variation as possible at the PTBP2 

gene locus, seven m utations o f potential functional im portance 

(one in the UTR, one intronic and the rest exonic) th a t had not 

previously been genotyped in the HapMap CEU sample were 

tested fo r heterozygosity. PCR prim ers were designed using 

Primer3 ( h ttp ://fo k k e r.w i.m it.e d u /p r im e r3 /in p u t.h tm ). Variant 

in form ation and prim er sequences are listed in Table 3.1. 

Standard reactions consisted o f 5pmol each prim er (Inv itrogen), 

lOOnmol dNTPs (S igm a), IX  reaction buffer, 1 un it o f Taq 

polymerase (Q iagen) and 20ng gDNA in a lOpI final volum e. PCR 

conditions were: 95°C fo r 30 seconds followed by 40 cycles of 

95°C fo r 10 seconds, 54-57°C  for 10 seconds and 72°C fo r 45 

seconds, followed by 1 m inute at 72°C. All PCR reactions were 

conducted in a Peltier PTC-225 Tetrad therm al cycler (MJ 

Research). Genotyping was carried out in a discovery sample of 

fifteen schizophrenia cases from  Ireland. This sample gave 95%  

power to detect a SNP with a MAF>0.10. All but tw o o f the seven 

variants (rs3833545 and rs ll2 7 2 0 8 2 )  were genotyped using the 

Snapshot method described previously (section 2 .2 .6 ). 

rs3833545 and rs ll2 7 2 0 8 2  are indels and were genotyped by 

size separation o f fluorescently labelled PCR product on an ABI 

PRISM 3130x1 DNA Analyzer.
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Table 3.1 . SNPs tested for heterozygosity in PTBP2

16bp Insertion 96959951 GCCCACTCCCC CGATTACATACC
rs 3833545 /GCAGCCAGCGAGCCAC CTAGTCC CGTCCATTG

5' UTR

Coding SNP 96989575 AAATGTTTCAA ATTCCCAATAGT AACTACTCTCAGGCA
rs5927 27 (non -synonym ous) CACGCATTTA GTAACATTTGA GTGTTT

Ser [S ]— ► Phe [F] Exon 3

Coding SNP 96989601 AAATGTTTCAA ATTCCCAATAGT TGCCTGAGAGTAGTT
rs592595 (non -synonym ous) CACGCATTTA GTAACATTTGA CGTCA

Exon 3
Leu [L ]— ► Phe [F]

Coding SNP 96989617 AAATGTTTCAA ATTCCCAATAGT CTACCATGCTGCTCA
rs l90 6 4 5 (non -synonym ous) CACGCATTTA GTAACATTTGA TATTA

Exon 3
Ser [S ]— ►Phe [F]

rs ll2 7 2 0 8 2 16bp deletion 97038962 GCCCAGAAGAT TCTTGAAATCTG
AGAAACAGC (j GI 1 1 ILC

/TTAATTCTCAATTACT In tro n  8

Coding SNP 97042992 AAACTTTCACA AGCCATCGTGCT CCAGCAGCAGCTGCA
rs491654 (synonym ous) AATGAAATGGA TAAATTG GCAGC

Ala [A ] — ► Ala [A ] Exon 9

Coding SNP 97050885 GGCTATGGTAA AAAAI 1 1 I IbG A I TCTTAATGGA
rs5776326 Ib p  deletion ATTGGTGATT CCAGGTT CAGAAAATGT

(fram e-sh lft) Exon 12

3 .2 .2  Analysis o f cis-acting variation a t  

PTBP2

3.2.2.1 mRNA-by-SNP Browser database

The 'mRNA-by-SNP Browser 1.0,1' database was downloaded 

and installed fronn the Michigan University Centre for Statistical 

Genetics web-site (h ttp ://w w w .sph.um ich.edu/csg/liang/). This 

database provided access to the results of a genome-wide 

association study of gene expression in lymphoblasts collected 

from 206 trios where the offspring had asthma. The database 

can be queried for results at particular a gene or SNP. 

Expression levels of PTBP2 were determined using four 

independent probes in the Dixon et al study (U133 Plus 2.0 

GeneChip, A ffymetrix). The effect of a SNP on gene expression 

was presented as effect (relative magnitude of difference 

between the two alleles), heritability (H2), a LOD score and a p-
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value. An effect was considered genome-wide significant after 

correction for multiple testing if the LOD score was greater than 

6. To identify the binding-sites of the probes used in the 

quantification of PTBP2 mRNA, sequences were obtained from 

the Affymetrix web-site

( http://w w w .affym etrix.com /Auth/analysis/dow nloads/data/) 

and screened against the human genome using Basic Local 

Alignment Tool (BLAT) in the UCSC Genome Browser 

(http://genom e.ucsc.edu/cgl-b in/hgB lat). This was also used to 

check for potential binding to other, r\on-PTBP2 transcripts and 

polymorphisms under the binding-sites which could affect 

binding efficiency.

3 .2 .2 .2  Genevan

The HapMap CEU sample has been used in a genome-wide study 

of gene expression variation®” . Gene expression information for 

630 genes is available from

http://w w w .sanger.ac.uk/hum gen/genevar/. Normalised PTBP2 

expression levels from the HapMap CEU sample generated on 

the Illumina WG-1, version 1 expression array generated using 

the probe GI_10863996-S were downloaded from the Genvar 

website above. Expression levels were normalised on a log scale 

using a quantile normalisation method. Genotypes of these 

individuals across the PTBP2 gene including 100Kb upstream and 

50Kb downstream were obtained from HapMap 

( http ://hapm ap.ncbi.n lm .n ih .gov/) and analysed for association 

with PTBP2 expression levels.

3 .2 .2 .3  Quantitative Trait Analysis

Quantitative tra it analysis was used to investigate the 

relationship between gene markers and PTBP2 activity levels in 

the Genvar Hapmap data, as well as between gene markers and 

PTBP2 expression levels in the HapMap CEU sample generated in
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our data. Quantitative tra it analyses of autosomal markers were 

performed using the qtlsnp command in STATA9 (STATA Inc)^®" .̂ 

The qtlsnp routine uses linear regression to compare the equality 

of means across genotypes while allowing for covariate 

adjustment. Three models were tested: co-dominant, dominant 

and recessive. The co-dominant model tests for an additive 

effect, i.e. one homozygote (e.g. CC) has the lowest quantitative 

value, the other homozygote (e.g. TT) has the highest 

quantitative value and the heterozygote (e.g. CT) is between the 

two [mean quantitative value for the heterozygote differs from 

the quantitative value of the homozygote means]. An additive 

effect indicates that the heterozygote mean is the average of the 

homozygote means or that it falls between that of the 

homozygotes whereas a dominant effect would indicate tha t the 

heterozygote mean lies outside of the homozygote means. The 

dominant and recessive models compare the means of one 

homozygote group to a combination of the other homozygote 

and the heterozygotes. For example, given the genotypes AA, 

GG and AG the dominant model would group the means from 

the AA and AG genotypes together and compare them against 

tha t of GG whereas the recessive would group the means from 

the GG and AG genotypes together and compare them to AA. 

The terms dominant and recessive are arbitrary as the mode of 

inheritance of a quantitative tra it can only be determined using 

transmission from parents and are just used here as labels to 

define the genotype groups. A cartoon model of each of these 

effects is shown in Figure 3.3 below.

3.2 .2 .4  Allelic Expression Im balance

3.2.2.4 .1  Marker SNPs

In order to carry out AEI at PTBP2, two polymorphisms, with a 

relatively high allele frequency, located within the mRNA
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sequence were chosen in order to provide a suitable nunnber of 

heterozygote samples for analysis. rs6699932 located in exon 11 

of the gene captured both the PTBP2 full length and exon 10 

spliced transcripts and rs273885 located in the 3' untranslated 

region of the gene captured the full length transcript only. Table 

3.2 details the marker SNPs chosen at each test gene and the 

number of CEPH samples tha t are heterozygous for each SNR.

Table  3 .2 . Location, M inor A llele  Frequency and num ber of 

h etero zyg o tes  fo r A E I m a rke r SNPs used fo r PTBP2

Gene M arker Location in 
Gene

M inor Allele  
Frequency

HapMap CEPH 
Heterozygotes

PTBP2 rs 6 6 9 9 9 3 2 E x o n  11 0 .2 1 3 0

PTBP2 rs 2 7 3 8 8 5 3 'U T R 0 .4 2 4 3

Allelic real-time qualification and subsequent analysis of 

threshold amplification cycle data (Ct) for AEI was carried out 

using custom designed Taqman® allelic discrimination assays 

(Applied Biosystems) as described in section 2.2.7.

3 .2 .3  PTBP2 expression analysis

PTBP2 and GAPDH mRNA levels were measured in the HapMap 

CEU lymphoblasts by real-time PCR using a 7900HT Sequence 

Detection System (Applied Biosystems). Two probes were used 

for detection of PTBP2, one measuring the total expression at 

exon 2-3 (both unspliced and spliced transcripts) and one 

detecting only the unspliced transcript at exon 9-10 (Figure 3.3)
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Probe l;Targeting  Exons 2&3 
common to  both transcripts

I  H--------- 1 — j— P I  | j |  Full ienpth PTBP2 transcript

Probe 2:Targeting Exons 9&10 
only in unspliced transcrip t I  U--------II— I— j —IJsp liced (exon lO ) PTBP2 transcrip t

Exon
2

Exon
3

Exon Exon Exon 
9 ^  10 -  11

Probe binds to 
both transcripts

Probe only binds to 
unspliced transcrip t

Figure 3.3. Targets of the gene expression probes for PTBP2. 
The probe spanning the exons 2 and 3 (red) can bind to both 

transcripts of PTBP2 and the fluorescence quantified is 

representative of both, whereas the probe spanning the exon 

junctions 9 and 10 (blue) will only detect the full length 

transcript which contains exon 10

GAPDH was used as an endogenous control to account for 

variability in the initial concentration of cDNA added and the 

conversion efficiency of the reverse transcription. Reactions were 

carried out in triplicate and consisted of 5|jl TaqMan Universal 

PCR Master Mix, 0.25 |jl 20X TaqMan® gene expression assay 

mix/endogenous control (containing primers and probes 

targeting relevant exon boundaries) and l | j l  of cDNA from the 

RT reaction in a total volume of 10|jl. Threshold cycles (CT) were 

again determined using the SDS software. A comparative 

threshold cycle (CT) method validation experiment was carried 

out to check whether the efficiencies of both PTBP2 gene 

expression assays and the the endogenous control (GAPDH) 

amplifications were approximately equal. This is necessary for 

the optimal normalization of a target mRNA to an endogenous 

control reference. All three assays were tested with serial
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dilutions of cDNA and the CT values for each were plotted 

alongside the logarithm of CDNA concentration (Figure 3.4).

50-1

40-

O

10-

0.0 0.5 1.0 1.5 2.0 2.5

•  GAPDH 
■ EX10 
A Total

Log Dilution

Figure 3.4. Efficiency of the three gene expression assays used 

in the experiment. Ail three assays were tested with serial 
dilutions of cDNA and the CT values for each were plotted 

alongside the logarithm of cDNA concentration

The efficiency of each assay was calculated using the equation 

E = ( 1 0 ^ -1 /s lo p e )  X 100

All three assays had sim ilar efficiencies of approximately 85%- 

87% which was considered suitable fo r the experiment. Mean Ct 

values were calculated from the triplicate Ct values obtained for 

the expression of both PTBP2 probes as well as GAPDH for each 

sample. ACt values were generated for each of the 90 HapMap 

samples. This involved subtraction of the GAPDH Ct value from 

PTBP2 Ct value for both assays. The ACt value is inversely 

proportional to the level of relative expression of the PTBP2 gene 

where lower values indicate a higher PTBP2 expression level. 

However, high ACt value indicates low expression of the PTBP2 

gene in relation to the housekeeping gene. ACt values for both 

PTBP2 assays were then used to test for association between
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variation in expression levels of both PTBP2 transcripts and 

genotype.

3.2 .4  Selection o f additional potential 

functional variants a t PTBP2

Many of the SNPs identified as potentially c/s-acting at PTBP2 

through the mRNA SNP browser, Genvar or in-house gene 

expression analysis were in high LD with one another and other 

SNPs along the PTBP2 transcript. This was also the case with the 

strongest associated SNPs in the GWAS. In order to investigate 

their potential as c/s-acting variants that are influencing PTBP2 

expression 5 SNPs located between 8 and lOkb upstream of the 

PTBP2 promoter that "tagged" these potentially c/s-acting 

variants were chosen to test through gene reporter assays 

(Figure 3 .5 )

EnsembI

Sanations |
S^riatfon legend

t o i  Intmi

rs4 9 5 0 0 1 3 [ j j5 „ g ( , g

Figure 3 .5 . This figure shows the location of the 5 SNPs 

upstream  of PTBP2 for which gene reporter assays w ere  

conducted.

3 .2 .5  Background on gene reporter assays

G ene-reporter assays provide a system in which to study 

promoter structure, gene expression/regulation and signalling 

pathways under conditions that are more easily defined by the

—  Forward straod ►
I
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investigator compared to that of an in vivo system. DNA 

fragments containing a sequence of interest are cloned into a 

vector (bacterial plasmid) upstream of a promoter-less reporter 

gene or one containing an SV40 prom oter depending on the 

experiment. The vector is then transfected into the desired cell 

line and its protein is expressed via the endogenous 

transcriptional system. The expression level of the gene product 

is related to the activity of the prom oter driving it or regulatory 

sequences upstream. Typically these genes encode proteins that 

are easily detectable, e.g. a secreted enzyme substrate such as 

3-galactosidase or luciferases. In order to minimise differences 

in expression levels due to transfection efficiency, a control 

vector, consisting usually of a viral promoter driving another 

easily detectable protein, is co-transfected with the test plasmid. 

This allows the relative expression of the test plasmid to be 

calculated. The Dual-Luciferase Reporter Assay System  

(Prom ega) provides a method that measures both firefly 

{Photinus pyralis) and Reniiia {Renilla reniformis) luciferases 

allowing the test and control constructs to be measured in a 

single sample. The system utilises the pGL3 reporter vectors 

(see figures of various types of plasmids below) and a pRL-CMV 

reporter vector (containing a modified Renilla luciferase gene 

driven by the CMV imm ediate early enhancer/prom oter region). 

Differential detection is achieved by taking advantage of the 

differences in substrates used by the two enzymes. The sample 

is initially incubated with the firefly substrate to generate a 

stable luminescent signal; a luminescence reading is made and 

followed by addition of the Stop and Glo reagent which 

simultaneously quenches the firefly reaction while providing the 

substrate for the Renilla Luciferase. The use of a dual assay 

reduces variability by allowing a way to normalise transfection 

efficiencies between samples.
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3.2.5.1 pGI3 reporter vectors

The pGL3-Control vector (Figure 3.6) is used to confirm 

transfection efficiency. This vector contains an SV40 promoter 

and enhancer sequences resulting in the strong expression of 

Luciferase in many types of cells. The pGL3-Basic vector (Figure 

3.7) lacks a eukaryotic promoter and requires insertion of a 

functional promoter upstream of the gene for Luciferase 

expression. In addition enhancer sequences can also be inserted 

upstream of the promoter or downstream of the Luciferase gene. 

The pGL3-promoter vector (Figure 3.8) like the control vector, 

contains an SV40 promoter upstream of the Luciferase gene 

however it lacks any enhancer elements thereby allowing the 

insertion of potential regulatory sequences 

upstream/downstream to asses any impact on Luciferase 

expression. The pRL-CMV vector (Figure 3.9) contains the CMV 

promoter and enhancer elements tha t provide strong expression 

of Renilla Luciferase in co-transfected mammalian cells.
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Figure 3.6 . pGL3-Control vector. The pGL3-Control vector 

contains an SV40 prom oter and enhancer sequences driving 

strong expression of a the fire fly  luciferase gene. This provides 

a positive control, by confirm ing the efficiency of the  

transfection procedure
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Figure 3 .7 . Basic Reporter Vector. The pGL3 basic vector 

contains a luciferase reporter gene, a m ultiple cloning site and 

an ampicillin resistance gene
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Figure 3.8 . pGL3-Prom oter vector. The pGL3-Prom oter vector 

contains contains an SV40 prom oter driving the expression of a 

modified fire fly  luciferase gene.
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Figure 3.9. pRL-CMV vector. The pRL-CMV vector contains the  

CMV prom oter and enhancer driving the expression of Renilla 

luciferase.
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After the reporter vector has been constructed, it is introduced 

into a eukaryotic cell line to assess the efficiency of the 

promoter. Two cell lines were used in the luciferase assay; CHO- 

K1 and SH-SY5Y. The CHO-Kl cell line originates from a Chinese 

hamster ovary. It is a standard cell line which is both easy to 

transfect and easy to maintain. SH-SY5Y is a human neural 

blastoma cell line. Given that PTBP2 is predominantly expressed 

in neuronal cells it is likely that this cell line will express the 

relevant transcription factors for PTBP2 expression and hence a 

more phenotypically relevant expression system in which to 

study its expression. An outline of the procedure used to 

produce the test constructs and perform the Luciferase assay in 

this experiment is shown below (Figure 3.10)

Background Control: 

pGL3 Basic
+

Renilla

Design of Insert ]
PCR and Poly-A tail of insert sequence

T
Ligation of insert and insertion into pGEM T-Easy vector Ir

ITransforniation of insert'pGEM into JM I09 Competent cells—  y  —

Restriction digest of insert sequence

i
[ Ligation of insert into pGL3 promoter vector

T.
]

transform ation of insert-pGL3 into JM109 Competent cells

T
Confirmation of insert into pGL3 control

I
Transfection into SH-SY5Y and CHO cell lines

I
T

Positive Control;

"em pty” 
pGL3 Promoter

+
Renilla______

Condition A;

pGL3 Promoter 
with Allele 1 insert

+
_______Renilla_______

Condition B;

pGL3 Promoter 
with Allele 2 insert

+
Renilja

Measure Firefly and Renilla Luciferase activity

Figure 3 .10 . General protocol used to carry out luciferase gene 

reporter assays.
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3.2.5.2 Design o f insert and PCR

The principle of the design process is to create a construct 

containing all common variation within a region of interest. In 

this case, the region of interest was that surrounding the 5 SNPs 

upstream of the prom oter of PTBP2 which covered 

approxim ately ISOObp. Two inserts were designed, one 

containing rs4950013 and the second containing the remaining 4 

SNPs (rs l5 9 1 8 6 8 , rs3908925, rs l5 9 1 8 6 6  and rs l5 9 1 8 6 5 ). PCR 

primers for both inserts were designed using Primer 3 and 

modified so that they contained the consensus site sequence for 

the restriction enzymes Mlul and B Igll (thereby allowing ligation 

in to the reporter vector ;Table 3 .3; restriction enzyme 

consensus sites are italicised in red). As the primers are 

incorporated into the PCR product, the PCR product sequence is 

changed to match the correct restriction site consensus 

sequence.

Table 3 .3 . Primers sequences used in PCR of the PTBP2 Inserts  

1 and 2 for insertion into the pGL3-prom oter vector. Restriction 

enzym e consensus sites are italicised in red.

FORWARD PRIMER with M lu l consensus site REVERSE PRIMER w ith BlgH  consensus site

Insert 1 ACGcan m r c L L T ic r r  i a ^ a t l a g  11 AGArCTTTCCTAATTCCTTGACCCTCT

Insert 2 4CGCG7CCAGAGGAGGGAGACAGATA AG4rCTTTCTAAGCAAAAGCCAAGGT

For insert 1 incorporating rs49500134, two HapMap CEU 

individuals, each homozygous for a different allele, were 

selected for cloning. PCR was used to amplify the target 

sequence from 20ng genomic DNA. Standard reactions 

consisted of 5pmol each prim er (Inv itrogen), lOOnmol dNTPs 

(S igm a), IX  reaction buffer, 1 unit of Taq polymerase (Qiagen) 

and 20ng gDNA. PCR conditions were: 95°C  for 30 seconds
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followed by 40 cycles of 95°C for 10 seconds, 52°C for 10 

seconds and 72°C for 45 seconds, followed by 1 minute at 72°C. 

Of the four variants of interest in insert 2, rs l591868 was in 

complete LD with rs3908925 and rsl591866 was in complete LD 

with rs l591865 (both r^= l;F igure  3.11). In order to capture as 

much of the variation as possible we used DNA sequence from 

three HapMap individuals who were homozygous for the three 

most common haplotypes fo r these SNPs in order to construct 

the reporter vector(Figure 3.11). PCR reactions were carried out 

as for insert 1 but with an annealing temperature of 62°C.
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Figure 3.11. SNPs in Insert 2; rs l591868  was in complete LD 

with rs3908925 and rs l59186 6  with rs l591865  ( r 2 = l ) .  DNA 

sequence from 3 HapMap individuals homozygous for the three 

common haplotypes for these SNPs was used in the vector 

construction. The risk-allele for schizophrenia is on the same 

haplotype as the "CCCC" haplotype.

After the PCR reaction the products were separated by gel 

electrophoresis on a 1% agarose gel. DNA was extracted from 

the agarose in order to remove primers, nucleotides, enzymes.
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mineral oils, salts, agarose, ethidium bromide etc using QIAquick 

gel extraction kit(Table 3.4) .This process uses a silica 

membrane for binding of DNA in a high-salt buffer and elution in 

a low salt buffer.

Table 3.4 . Protocol for extracting DNA from  agarose gel using 

Q IAquick gel extraction k it(Q iagen).

1. Cut DNA band from gel.

2. Weight cut DNA band and add 3 volumes of Buffer QG to 1 volume 
of cut DNA band.

3. Incubate at SO X for 10 min (or until gel dissolves).

4. Add 1 cut DNA band volume of isopropancl.
5. Place in silica membrane column and centrifuge at full s p ^ d  for 1 

min.
6. Discard HovMhrough.

7. Add 0.5ml Buffer QG and centrifi^e at full speed for 1 min.
8. Discard flow-through.

9. Add 0.75ml Buffer PE and centrifuge at full speed for 1 min.
10. Discard flovMhrough and centrifuge at full speed for 1 min.
11. Elute DNA v/ith 30p! Buffer EB and centrifuge at full speed for 1 min.

3.2.5.2 .1  A-tailing reaction

The addition of a string of adenine allows for more success in 

cloning into the pGEM-T Easy vector (below). A poly-A tailing 

reaction adds additional adenine nucleotides to the end of a PCR 

product. The protocol used for poly-A tailing is shown below 

(Table 3.5). A-tailing was carried out on PCR fragments for gene 

reporter constructs and the products gel extracted using the 

QIAquick gel extraction kit (Table 3.4).
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Table 3.5. Poiy-A tailing protocol

Poly-A Tailing 
Reaction

Reagents Program

PCR Construct 10^11

70°C  for 30 mins
PCR Buffer 2 Mi

dATP 0.8  Ml

Taq 1 Ml

H 2O 16.2 Ml

3 .2 .5 .3  In te rm ed ia te  Vector

During a PCR reaction, Taq polymerase adds an extra adenine 

nucleotide at the end of the PCR product. The pGEM-T vector 

(Pronnega) is a linear vector with a thym ine nucleotide overhang 

at each end (Figure 3.12).The combination of the thymine (T) 

overhang on a pGEM-T Easy vector and adenine (A) overhang on 

a PCR product facilitates sticky-end cloning of the PCR product 

into the vector. Once inserted, the vector is circularised 

providing a stable cloned template.
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Figure 3.12. The pGEM-T Easy vector has a T overhang at each 

end of the vector. This allows easy cloning of PCR fragments 

which have an A-overhang at each end as a result of DNA 

polymerase activity.
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After the  poly-adenosine  PCR was  gel ex t rac ted ,  the  inserts were  

ligated into the  in te rmedia te  vector (figure 3.12).

3.2.5.4 Ligation

Ligation links two DNA s t rands  to g e th e r  by utilising the  DNA 

ligase enzym e activity. It works  by forming two covalent 

phosphodies te r  bonds be tween the  3'hydroxl ends  of one 

nucleotide and  the  5 'phospha te  end of another .  A molar ratio 

was  used to de termine  the  m ass  of the  insert  and the  vector to 

be added  to the  ligation reaction.  For example  in a 1:1 ratio, an 

equal nu m b er  of molecules of the  insert  and  th e  vector are  

required.

A formula which tak es  into account the  length of the  insert  and 

the  vector,  the  desi red vector m a ss  and the  ratio required Is 

used to de te rm ine  the  m ass  of the  Insert  to be used:

Insert Mass=Ratio (3 /1 0 )  * (Insert length/length of the 
vector) * Vector mass

The T-Easy vector was  optimised to a ratio of 3:1 insert : vector 

and ligations were  performed for all PCR products  under  the  

conditions outlined in Table 3.6.
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Table 3.6 . Reagents and protocol used for DNA ligation

Reager^ Program

T4 DNA Ligase 
Buffer (lOx)

Ligation Protocol
Vector Ip l (50ng)

PCR Product Molar Ratio
3 :1 /1 0 :1

15'C for 3 hrs

T4 DNA Lgase 0.5|jl

H20 Make Up to 10pl

3 .2 .5 .5  Transform ation

Transformation is the introduction of foreign DNA into bacterial 

cells. Plasmids were transformed into competent JM109 

(Promega), using a 'heat-shock' protocol (Table 3.7)

Table 3.7 . Transform ation protocol for JM 109 Com petent Cells

1 Prechill lube on ice

2. Preheat SOC Media to 42^0

3 Thaw cells on ice. When thawed, gentty mix and aliquot 
50ul of cells into prechilled tubes

4, Add iOng experimental DNA to tube. Gently flick tube 
several times.

5, Incubate on ice for 10 minutes

5. Heat-pulse the tubes In 42 'C  water bath for 45  seconds

7. incibate on ice fortvro minutes

8 Add OSml SCX; Media

9 lnci*>ate at 3 7 *0  for one hour

10. Centrifuge for two minutes and resuspend in -200 ijl

11. Plate out onto agar plate containing 10Opg/ml carbenicillin 
antibiotic and incubate overnight at 37 ‘ C

SOC media (Table 3.8) is used in the transformation procedure 

because it is nutrient rich and is thought to aid in the recovery of 

cells after heat-shock better than normal LB media.
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Table 3.8 . SOC Media recipe

Ingredients (p er IL )

Tryptone 20g

Yeast Extract 5g

NaCI lOg
SOC Media IM  KCL 2.5nnl

IM  MgClj 10ml

MgSOa 10ml

IM  Glucose 20ml

3.2 .5 .6  Colony Selection and Growth

Up to 10 Colonies for each plasmid were selected and inoculated 

in 100 |jl of LB media (Table 3.9) containing lOOmg/ml 

carbenicillin antibiotic. These mini cultures were covered with a 

PCR plate seal pierced with air-holes and incubated overnight 

with shaking (ISOrpm) at 37°C. 95 pi o f these mini cultures 

were used to inoculate an overnight growth in 3ml of LB media, 

containing lOOmg/ml carbenicillin antibiotic. PCR using one 

primer from the original DNA fragment PCR and one for the T- 

Easy vector [p u c /m l3 ] was performed using the conditions 

described earlier in order to screen colonies. DNA from each of 

the mini cultures was used as target in each reaction and 

products were then electrophoresed on a 1% agarose gel. 

Plasmids were extracted from each successful growth using the 

PureYield plasmid MiniPrep system (Promega) which is designed 

to purify 1.5-7.5|jg of plasmid DNA according to the 

manufacturer's protocols.
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Table 3.9 . LB Media recipe

Ingredients (per IL)

LB Media Tryptone 20g

Yeast Extract 5g

NaCI lOg

3 .2 .5 .7  Restriction Digest

Restriction digest was used to prepare both the insert and the 

pGL3 vector for ligation. Restriction enzymes are enzymes which 

cleave particular nucleotide sequences of DNA, called consensus 

sequences. Consensus sequences are usually palindromic, 

meaning it reads the same on the reverse strand as on the 

forward strand. Each restriction digest enzyme has its own 

consensus sequence which is typically four to eight base pairs 

long. Restriction enzymes can produce two different DNA ends - 

sticky and blunt. Sticky ends have an overhang whereas blunt 

ends are straight cut. It is easier to ligate molecules with 

complementary sticky ends rather than blunt ends. Restriction 

digests at the Mlul and Blg ll sites were carried out on the 

purified plasmids from the miniprep in order to excise the insert 

from the intermediate vector and on the pGL3-Promoter vector 

to prepare it for ligation with the excised insert. Reactions were 

carried out as described in Table 3.10.
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Table 3 .10 . Protocol for Restriction Digest reaction

Restriction
Digest

Reaction

Reagents Program

Digestion
Buffer 2mI

37*C for4
hours

Restriction
Enzyme 1MI

BSA 0.2mI

DNA Up to 500ng

H 20 Up to 20(jl 
reaction

Digests were then gel separated on a 1% agarose gel(Figure 

3.13) and DNA was extracted from the agarose using the 

QIAquicl< gel extraction kit as previously described (Table 3.4).

lOObp
ladder

•4-Insert
2

Figure 3 .13 . Gel electrophoresis of the restriction digest of the  

in term ediate vector containing In s e rt 2 cut w ith  M lu l and B Ig ll.
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3.2.S.8 Transformation into Pgl3

Extracted and purified insert and the Pgl3 promoter vector 

underwent molar ligation as previously described (section 

3.2.5.4).JM109 (Promega) competent cells were transformed 

using the heat shock protocol described in Table 3.7. Colonies 

were screened using PCR with a primer from the insert and a 

primer specific to the vector. Original primers and initial PCR 

conditions were used. Plasmids were extracted from each 

successful growth using the PureYield plasmid MiniPrep system 

as previously described and sequence fidelity was confirmed 

using PCR restriction digest and fluorescent DNA sequencing.

3 .2 .5 .9  DNA sequencing and confirmation of 

insert orientation

DNA sequencing uses a sim ilar process to standard PCR. 

Fluorescently labelled ddNTPs are used in addition to standard 

dNTPs. This causes the extension of the primer to term inate 

randomly as a ddNTP is incorporated into the sequence, creating 

a different length fragment for each base in the sequence. The 

reaction is then separated and analysed on an ABI 3130 Genetic 

Analyser (Applied Biosystems). The sequence of reactions 

required for DNA sequencing can be seen in Figure 3.14. After 

the initial PCR, a clean-up step is required to remove 

unincorporated primers and dNTPs. The microCLEAN PCR clean 

up kit was used (Microzone Ltd). DNA sequencing was 

performed using the ABI BigDye Terminator (v3.1) Cycle 

Sequencing Kit (Applied Biosystems). Post sequencing clean up 

was carried out using the BigDye XTerminator Purification Kit 

(Applied Biosystems).
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PCR=3t

m icroCLEA N

R ea e en ts Protocol

PCR Product Spin @ 2000-4000g for 40 m ins 
Place plate upside down onto tissue paper 

Pulse centrifuge to 40g for 30 secs 
Resuspend pellet in io p .1 H2OmicroCLEAN lO^il

I

BigDye
S e q u e n c in g

R ea c tio n

R ea a e n ts P ro e ra m
microCLEAN

product 5Hl

95°C 20 sec 
95°C 30  sec} 
53°C 3 0 s e c } x 2 5  
6o°C  3 rains}

BigDye Reaction 
Mix V 3 .1 iMl

5X BigDye 
Rfiaction Buffer 2^1

Sequencing
Prim er

(20pmcl/^Il)
in l

H2O to lo u l

B igDye X- 
T e r r a in a to r  
P u r if ic a tio n  

K it

R * aee n ts Program
Sequencing

Product 10|xl Vortex plate for 30  mins 
Spin @ lo o o g fo r  2 mins 

Transfer su p ern a tan t to clean p late and 
ru n  on ABI 3130 Genetic Analyser

SAM Solution 4 5 Hl
X -Term inator

Solution 10(ll

Figure 3.14. DNA Sequencing Protocol

Sam ples were analysed using SeqScape v2 (Applied Biosystems) 

and Finch Trace Viewer (Geospiza) and Multalin. Figure 3.15  

below shows the electropherogram and sequence alignments for 

the two alleles of rs4950013 in insert 1 and Figure 3 .16  shows 

the sequence results for the three plasmids containing insert 2 

representing r s l5 9 1 8 6 8 ,  rs3908925, r s l5 9 1 8 6 6  and r s l5 9 1 8 6 5 .
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Figure 3.15. This figure shows the chrom atogram  and sequence 
alignm ents for insert l.Two inserts w here the DNA sequence 
w as homozygous for both alleles a t rs4950013 w ere cloned into 
the  pGL3 prom oter vector.
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Figure 3.16. This figure shows the sequence alignm ents for the 
th ree  inserts representing the haplotypes a t rsl591868 , 
rs3908925, rsl591866  and rsl591865  which w ere cloned into 
the  pGL3 reporter vector.
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Each construct was then transfected into the human neuronal 

cell line SH SY-5Y and the non-human non-neuronat cell line 

CHO-Kl.

3 .2 .5 .10  Cell culture

Two different cell lines were used; Chinese hamster ovarian cells 

(CHO K l)  and Human neuroblastoma (SH-SY5Y). Cells were 

grown using Roswell Park Memorial Institute (RPMI) medium 

containing 2mM glutamine and 10% foetal bovine serum (FBS) 

and stored at 37°C in 5% CO^. The cells were split every 3-4 

days as outlined in Table 3.11.

Table 3 .11 . Protocol used for splitting of SH SY-5Y and CHO K l 

cell lines. Cells w ere split every 3 -4  days.

1. Pour media into waste

2. Wash cells with 10ml PBS

3. Add 5ml trypsin

4. Incubate at 37°C for approx 5 mins

5. Add equal volume media to cells (5ml) 
to deactivate trypsin

6. Centrifuge @  1300rpm for 2 minutes in 
15ml falcon tube

7. Pour off supernatant and resuspend 
cells in 10ml media

8, Add 9ml media + 1 ml cell suspension 
to t\(VO new flasks for a 1 in 10 dilution

3.2.5.11 Transfection

Transfection is the introduction of foreign material (e.g. DNA) 

into a eukaryotic cell. A lipid based transfection protocol using 

Lipofectamine 2000 (Invitrogen) was used which takes 

advantage of the ease with which liposomes can fuse with the
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cell membrane. Lipofectamine uses a cationic llpid system for 

the delivery o f DNA into cells. It is reported to transfect a wide 

variety of cell lines with high efficiently. The protocol used for 

Transfection of plasmids into the cell lines in this study is shown 

in Table 3.12.

Table 3 .12 . Protocol used for transfection of plasmids into CHO 

or SH SY5Y cell lines.

1.
Plate 0.5-2 x 10^ cells in SOOpI growth medium 
\jvithoLit antibiotics into 24 Vtfel! place and 
incubate for 24 hrs

2. Dilute DNA in 50pl serum free media

3 Mix Lipofectamine gently

4.
Mix Lipofectamine /  well in 50 |j I serum free 
media (i.e. for 3 wells, dilute 9|jl Lipofectamine 
in 150[jl media)

5. Incubate Lipofectamine for 5 mins at room 
temperature

6. Combine diluted DNA and diluted 
Lipofectamine and mix gently

7. Incubate for 20 mins at room temperature

8. Wash 24 well plate with 400ijl PBS

9,
Add 400fjl heat-inactivated serum media to 
each well

10. Add 10Ojji DNA-Lipofectamine mix to each well

11. Incubate at 37°C for 48 hrs

Cells were co-transfected with either 1.5ug test construct or 

empty Pgl3 plasmid and 3ng Renilla plasmid.Transfections were 

performed in experimental and biological triplicate for each 

reaction.

3.2.5.12 Luciferase Assay

The Dual-Luciferase Reporter Assay System (Promega) was used 

to measure luminescence from each transfection condition. The 

protocol fo r this is shown in Table 3.13 . The Wallac Victor 

lum inometer was used to measure luminescence.
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Table 3.13. Protocol used to measure luminescence using the 

Promega Dual-Luciferase Reporter Assay System.

1, Wash cell in 400ijl PBS

2. Add lOOfjl lysis buffer to each well and leave at 
room temperature for 10 mins

3. Transfer 20|jl lysed cells to 96-well luminorrieter 
plate

4, Add 100|jl Lucifierase Assay Reagent to each well 
and mix

5, Measure firefly luminescence from each well using 
luminometer

6, Add 100[jl Stop-Glo solution to each well and mix

7. Measure Renilla luminescence from each well 
using a luminometer

The relative expression level of each vector is then determined  

by dividing the firefly luminescence by the Renilla luminescence 

and then compared using a student's t test.
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3.3  Results

In order to capture as much variation as possible at the PTBP2 

locus, seven nnutations of potential functional innportance (one in 

the UTR, one intronic and the rest exonic) that had not 

previously been genotyped in the HapMap CEU sample were 

tested for heterozygosity (Figure 3.17)
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Figure 3 .17 . This figure shows the location along the PTBP2 

transcript of the 7 SNPs of potential functional im portance that 

w ere tested for heterozygosity in a discovery sample of fifteen  

Irish  schizophrenia cases.

Out of these seven variants, only rs ll2 7 2 0 8 2  (16bp deletion in 

intron 8) was found to be polymorphic in this sample. This 

polymorphism was then genotyped as before in the 90 Hapmap 

CEU samples. The genotype information was merged with 

already available Hapmap data to examine the LD relationship 

between this variant and those SNPs associated at PTBP2 in the 

ISC SZ GWAS. R s ll27 208 2  was found to be in high LD (r^=0.8) 

with just one other SNR 120kb away rs ll l6 5 6 9 9  (located 

approximately 40kb upstream of Exon 1) which was not 

genotyped as part of the ISC GWAS. There was no LD between 

either of these variants and those strongest associated in the 

GWAS (Figure 3.1).
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3.3 .1  Analysis o f cis-acting variation a t  

PTBP2

3.3.1.1 Allelic expression imbalance

Using a polymorphism located within the mRNA sequence as a 

marker, quantitative methods of allelic discrimination can be 

applied to subjects who are heterozygotes for the marker 

variant. Two SNPs were used here; rs6699932 testing the 

combined full-length and exon 10 spliced transcripts and 

rs273885 which captured the full length transcript only.

3.3.1.1.1 rs6699932

AEI was not detected in any individuals heterozygous for the 

marker SNP rs6699932 which picked up both transcripts (spliced 

and unspliced-see Figure 3.18)
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Figure 3 .18 . Scatter plot of the AEI assay results for the 30  

lym phoblast cell line samples tested using the m arker SNP 

rs6699932  . Positive AEI (A E I values > 0 .6  (n = 4 )  or < 0 .4  

(n = l ) )  was not observed in any of the 30 individuals tested.
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3.3.1.1.2 rs273885

Eight individuals showed evidence of AEI at PTBP2 using the 

nnarker SNP rs273885 which picked up only the unspliced 

transcript (Figure 3.19). rs273885 is located in the large 3'UTR 

unique to the unspliced transcript.
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Figure 3 .19 . Scatter plot of the AEI assay results for the 43  

lym phoblast cell line samples tested using the m arker SNP 

rs273885. Positive AEI (A E I values > 0 .6  (n = 4 )  or < 0 .4  (n = l ) )  

w ere observed in 8 individuals.

I downloaded HapMap genotypes for SNPs in the region lOOkb 

upstream and downstream of PTBP2 inclusive which included 

153 SNPs polymorphic in the 90 HapMap individuals. These 153 

SNPs are captured at an r^>0.9 by 39 tagging SNPs (labelled 

Tagging groups "1 -39" for the purposes of this study) which 

were used in the kappa analysis. The gene wide analysis using 

Kappa-coefficients revealed significant association of AEI of the 

unspliced transcript as measured by rs273885 with 5 of the 

tagging SNPs although the correlations were not particularly 

high. The highest significant correlations for each tagging SNP 

are listed in Table 3.14 which details the results including Kappa 

coefficient, z-values and p-values for SNPs with significant 

correlations.
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Table 3 .14 . Kappa coefficient results for PTBP2 rs273885  AE I. 

Kappa coefficient, z-values and p-values are shown for SNPs 

w ith significant correlations.

Tagging
Group

Marker Kappa-
coefficient

Z score P value #SNPs tagged 
(r2>0.9)

1 rs54790 0.252537 2.374053 0.008797 34

2 rsl2740489 0.279015 2.288296 0.01106 2

3 rsl2143545 0.186969 2.056241 0.01988 2

4 rsl2081429 0.186969 2.056241 0.01988 1

5 rs lll55687 0.12766 1.671961 0.047266 1

3 .3 .1 .2  Evidence from  online databases

3 .3 .1 .3  The Dixon e t a! study (mRNA by SNP  

brow ser)

Expression levels of PTBP2 were determined using four 

independent probes in the U133-Plus 2.0 in the Dixon et at study 

that provided the mRNA by SNP browser data. The 

"1554614_a_at" probe targeted the spliced (missing exon 10) 

PTBP2 transcript, "218683_at" targeted the the full-length 

unspliced PTBP2 transcript and 236962_at and 1560271_at 

targeted exon 8 and intron 9 respectively (Figure 3.20).
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Figure 3.20. This figure shows the targeted binding sites of the 

four probes on the U133 2.0 Plus expression array for PTBP2 

used in the Dixon et a! study. The spliced and unspliced 

transcripts of PTBP2 are indicated by a red circle.

The authors considered a LOD score >2 as a nominal level of 

association and a LOD score >6 as significant genome-wide after 

correction fo r multiple testing. When an average of the four 

probes targeting PTBP2 was taken no SNP either in c/s- or in 

trans- showed evidence of influencing PTBP2 expression on a 

genome wide significant level. However, when looking at each 

probe individually I found 13 SNPs spanning the PTBP2 gene 

using probe 1554614_a_at, tha t targeted the spliced PTBP2 

transcript tha t had a LOD score of >6 (Figure 3.21).
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Figure 3 .21 . mRNA by SNP brow ser is available as a 

downloadable database. This figure shows the results  

generated from  the data for PTBP2 using a probe targeting the  

spliced PTBP2 transcript. Each dot represents a SNP fo r which a 

LOD score has been calculated relating to its effect on gene 

expression. LOD scores > 6  are considered evidence of a 

significant effect on gene expression. M ultiple SNPs on 

chromosome 1 (m arked by red circle) appear to be affecting  

expression levels of PTBP2.

No SNPs from the other three probes used in the study, 

including 218683_at which was targeting the full length PTBP2 

transcript showed any such genome wide significant results. This 

could indicate that these SNPs may be acting in cis- to regulate 

the spliced PTBP2 transcript expression and or regulation of its 

splicing.

3 .3 .1 .4  HapMap GENEVAR

Normalised PTBP2 expression levels from the HapMap CEU 

sample were downloaded from

http ://w w w .sanger.ac .uk /hum gen /genevar/. This data was 

generated using the Illumina W6 probe G I_10863996 -S  which 

targets a region in the 3'UTR only in the full length transcript 

(Figure 3 .22 )
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Figure 3 .22 . This figure shows the targeted binding sites of the  

W G -6_array probe G I_ 1 0 8 6 3 9 9 6 -S  which targets the long 

unspliced PTBP2 transcript.

Genotypes for all relevant nnarkers within upstream and 

downstream of the PTBP2 gene inclusive were obtained for the 

HapMap CEU sample, and analysed for association with 

expression levels using qtlsnp. Markers analysed included the 39 

tagging SNPs across the PTBP2 gene which included those 

associated in the ISC GWAS. Several of the tagging SNPs 

showed a statistical level of association with PTBP2 expression 

levels in the CEPH sample including some of those identified as 

eQTLs in the mRNA by SNP browser and as significant in the AEI 

analysis. Table 3.15 below lists the groups of SNPs significantly 

identified as potential eQTLs in either the AEI analysis, mRNA by 

SNP browser data or GeneVar data. I f  these SNPs (or any within 

the Tagging LD group) had been included in the ISC GWAS their 

p-value is also given and any SNP groups not tested or not 

significant in any forms of the analysis are indicated by a or 

"ns" respectively.
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Table 3 .15 . SNPs at the PTBP2 locus associated w ith variations  

in PTBP2 expression in the AEI, Genevar or mRNA by SNR 

browser analysis.

Tagging
Group

Marker Position Kappa Coef 
(P value)

LOD
(P_value)

GeneVar
P-value

GWAS
(P-value)

#SNPs tagged 
(r2>0.9 )

1 rs54790 96888199 0.25 (0.009) 7.6(3x10-9) 0.02 0,160 34

2 rsl2740489 97066380 0.28 (0.01) 4.3 (8x10-6) 0.02 0.782 2

3 rsl2143545 97048826 0.19 (0.02) - ns - 2

4 rsl2081429 97090838 0.19 (0.02) - ns - 1

5 rsl 1165687 96872355 0.13 (0.05) - ns 0,002 1

6 rsl0875032 96970919 ns 9.1 (8x10-11) 0.01 0.002 23

7 rs lll65699 96918145 ns - 0.01 - 1

8 rs559734 97077456 ns - 0.019 0.556 1

9 rs969952 96873455 ns - 0,02 0.374 1

10 rs665538 97063119 ns - 0.02 0.624 4

11 rsl325755 96868061 ns 5.3 (9x10-7) ns 0.099 5

12 rsl 146569 96874647 ns 4.3 (9x10-7) ns - 1

3.3 .2  Further investigation o f cis-acting 

variation at PTBP2

In my AEI data, expression of the full length PTBP2 transcript 

showed evidence that its expression was under c/s-acting 

influence. The complex LD at the locus prevents the 

identification of a single functional variant as five groups of 

tagging SNPs gave significant correlations with the imbalance. 

Two of these groups (1 and 2) were also significantly associated 

with differential expression of PTBP2 in two independent studies 

of gene expression in lymphoblastoid cell lines (Genevar and the 

mRNA by SNP browser). In addition there were several other 

tagging groups of SNPs at the locus implicated as potential 

eQTLs in the Genevar and the mRNA by SNP browser. Further 

investigation of the complex LD within and surrounding the 

PTBP2 showed evidence of weak LD between some of these
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potentially c/s-acting SNP groups and those associated in GWAS 

{r^ =0.25-0.53).

To investigate this further and to try  and confirm the differential 

expression results from the online data we examined the mRNA 

expression levels of PTBP2 in 90 HapMap lymphoblastoid cell 

lines using real-time PCR. Two probes were used; one targeting 

both the spliced and unspliced transcript and one designed to 

target the full length transcript only. GAPDH was used as an 

endogenous control. As expected the assay detecting jus t the 

unspliced transcript found lower concentrations of PTBP2 

transcript than tha t detecting total expression (approximately 

14-fold difference; Figure 3.23)

20n

15-

o
<3 10 -

5 -

PTBP2 G ene Expression

Figure 3 .23 . Mean gene ACt expression levels for the probes 

targeting  the unspliced and combined (both the full length and 

alte rn ative ly  spliced) transcripts of PTBP2 in 90 CEPH samples. 

ACt value is inversely proportional to the level of relative  

expression. A one cycle difference in ACt represents a two-fold  

change in expression and therefore  indicating an average 14- 

fold difference betw een the two.
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3.3 .3  eQTL analysis o f PTBP2 in HapMap 

LCLs

HapMap SNP genotype data was analysed using qtlsnp as 

described earlier on the expression results from both probes. 

Similar to the previous analysis on differential expression at 

PTBP2 I found a number of tagging SNP groups to be 

significantly associated under various models. Again the LD 

around the PTBP2 gene makes it difficult to decipher a true 

functional SNP both within ( a^ > 0 .9 ) the groups and between 

them as there is some LD between many of the groups. Three of 

the tagging groups implicated in Table 3.15 were also associated 

in the whole gene expression analysis of PTBP2, as well as some 

additional associations. The significant results are presented in 

Table 3.16. Expression results for SNPs tha t tag three of the 

groups (1, 6 and 9) and also have additional evidence of 

association from other expression studies are plotted in section 

3.3.4.
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Table  3 .1 6 . eQTL id en tified  a t PTBP2  in H apm ap LCLs using tw o  

probes ta rg e tin g  both spliced and unspliced transcrip ts  

to g e th e r(c o m b in e d ) and th e  unspliced tran scrip t.

Tagging
Group

Marker Model A1 A2
Genotype

Mean Expression 
(Standard Deviation) Probe

used
P value

N i l N12 N22 11 12 22

1 rs57490 Dominant G T 7 81 9,7(0.62) 10.5(0.58) Combined 0.02

6 rsl0875032 Co Dominant G T 21 44 23 10.0(0.79) 9.4(0.780 10.6(0.83) Combined 0.02

9 rs969952 Dominant A G 29 59 10(0.79) 9.5(0.82) Combined 0.04

13 rs2220948 Co Dominant A G 33 40 15 13.6(1.2) 13.3(0.89) 14,0(0.72) Unspliced 0.032

14 rs l 1165699 Dominant A T 66 14 9.88(0.78) 9.1(0.79) Combined 0.011

15 rsl2024594 Dominant A G 71 19 9.9(0.91) 9.13(1.5) Unspliced 0.03

3 .3 .4  Tagging Groups o f SNPs associated  

with d ifferentia l expression in m ore than  

one study o f expression a t PTBP2.

Group 1 represented in Figure 3.24 by the SNP rs54790 consists 

of 34 SNPs in high LD (/^>0.9) tha t are located along the PTBP2 

locus from upstream of the promoter to intron 11. In all 

expression analysis carried out the minor allele was associated 

with an increase in PTBP2 expression. There was no evidence of 

association between any SNPs in this group with schizophrenia in 

the ISC GWAS.
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Figure 3 .2 4 . eQTL analysis o f rs 5 4 7 9 0  w hich rep resen ts  a group  

of SNPs located across th e  PTBP2  locus (Tagg ing  group " 1 " ).  

The m inor a lle le  C of rs 5 4 7 9 0  is associated w ith  an increase in 

PTBP2  expression

Group 6 represented in Figure 3.25 by the SNP rsl0875032 

consists of 23 SNPs in high LD (r^>0.9) that are located at the 

PTBP2 locus stretching fronn upstream of the promoter to the 

UTR. The major allele was associated with an increase in PTBP2 

expression in the mRNA by SNP browser but heterozygous 

individuals showed increased PTBP2 expression in the Genevar 

and HapMap eQTL analysis. SNPs in this group were weakly 

associated (p = 0.005) in the ISC GWAS data.
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Fig ure 3 .2 5 . eQTL analysis o f r s l0 8 7 5 0 3 2  w hich represents  a 

group o f SNPs located across th e  PTBP2  locus (Tagging group  

" 2 " ) . In d iv id u a ls  heterozygous a t th is  locus show ed h igher 

PTBP2  expression  levels than  hom ozygous individuals.

Group 9 (Figure 3.26) is a singular SNP association at 

rs969952. The nnajor "A " allele a t rs969952, located upstream of 

PTBP2, was associated w ith lower PTBP2 expression in our data 

and in the Genevar data. This SNP was not associated w ith 

schizophrenia in the ISC GWAS (p = 0.374).
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Figure 3 .2 6 . eQTL analysis o f rs 9 6 9 9 5 2  (Tagging group "9 " ) .  

The m a jo r  'A' alle le  a t  rs 9 6 9 9 5 2  Is associated w ith  lo w er PTBP2  

expression in our data.

3 .3 .5  Luciferase Gene reporter Assay

I found three groups of SNPs that showed evidence of having an 

effect on PTBP2 expression, however the complex LD 

surrounding PTBP2 made it difficult to asses where the true 

functional eQTL signal was coming from. In an attem pt to 

investigate these findings further I selected SNP(s) from two (1 

and 6) of the three groups that were implicated in more than 

one study of differential expression at PTBP2 to test in vitro  for 

association with PTBP2 expression in both human neuronal and 

non-human, non-neuronal cell lines. Rs969952, the single SNP 

in group 9 tha t was associated with PTBP2 expression in the 

Genevar and in the Hapmap eQTL analysis was located at a 

distance too far upstream of the promoter to be tested using the 

vector chosen for the gene reporter analysis.
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In deciding which SNPs of the  group to invest igate  I reasoned 

th a t  given th a t  th e  s t ro n g es t  association signals were  located 

ju s t  ups t ream  of the  PTBP2 promoter,  any  potentially regula tory 

SNPs may  be in close proximity.  Innocent! e t  also recently 

showed th a t  th e re  is an enr ichm ent  of eQTLs in gene  promoters  

and UTRs. For this reason  I selec ted r s4950013 ,  which is located 

approximate ly  9kb up s t ream  of the  PTBP2 p rom ote r  and was 

part  of tagging group "1". I selected r s l5 9 1 8 6 8  and rs3908925  

( r ^ = l ) ,  located 7kb ups t ream  of the  PTBP2 p rom ote r  and par t  of 

tagging group "6". Both were  also weakly associa ted with PTBP2 

in the  ISC GWAS (p = 0 .006  and p = 0 .0 0 5  respectively) however,  

they  a re  in m o d e ra te  LD with the  strongly associa ted  SNPs at  

the  g ene  {r^=Q.2) and  it is not cer tain if t h e s e  signals rep resen t  

weak but independen t  association results.  In addition, I also 

tes ted  r s l5 9 1 8 6 6  and r s l5 9 1 8 6 5  ( r ^ = l )  as  they  were  a m o n g s t  

the  m os t  st rongly associa ted  GWAS SNPs in the  ISC 

(p = 5 .53x10-07  and  p = 2 .91x10-07  respectively) and located in 

close proximity to SNPs in g roups  "1" and "2". Two inser ts  were  

designed to t e s t  all 5 SNPs; insert  1 for the  g ene  repor te r  a ssay  

contains rs4950013  and the  o ther  four SNPs a re  located in close 

proximity to one  a n o th e r  (within 150bp) the reby  allowing 

analysis in one  f ragment .  There  is w eak  LD be tween  rs4950013  

(insert  1) and the  4 SNPs in insert  2 (Figure 3.27).
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Figure 3 .27 . LD at the SNPs tested for association w ith PTBP2 

expression using Luciferase gene reporter assays

3.3 .5 .1  In s e rt 1: rs 49 50 01 3

A Luciferase reporter assay was used to assess the effect of both 

homozygous genotypes at rs4950013 (GG v TT) on PTBP2 

expression in neuronal SH-SY5Y and non neuronal (CHO) cell 

lines. Activity was measured relative to the PGL3 promoter 

vector. In SH-SY5Y cells, the relative activity of the construct 

harbouring the 'G ' allele was 1.4 times higher than that of the T ' 

allele (p = 0.005; Figure 3.28). This is in agreement with data 

from the eQTL studies whereby the 'G ' allele (m inor allele) was 

also associated with higher PTBP2 expression. In the CHO cells 

the relative activity of the construct harbouring the 'G ' allele was 

again higher than that of the T allele however this was not 

significant (Figure 3.29).
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Figure 3 .2 8 . R elative a c tiv ity  o f th e  rs 4 9 5 0 0 1 3  constructs o f 

PTBP2  in th e  neuronal S H -S Y 5Y  cell line. The G a lle le  o f th is  

polym orphism  show ed h ig h er re la tiv e  activ ity  to  th e  T a lle le  

com pared to  control S H -S Y 5Y  cell lines (p  = 0 .0 0 5 , Mann  

W h itn ey  te s t) . The graph show s th e  m ean of the  data  and  

standard  e rro r o f th e  m ean, * *  = p va lu e  < 0 .0 1 .
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Fig ure 3 .2 9 . R elative  a c tiv ity  o f th e  rs 4 9 5 0 0 1 3  constructs of 

PTBP2  in th e  non neuronal CHO cell line. No s ig n ifican t 

diffe ren ce  w as found w hen th e  construct conta in ing  th e  G a lle le  

w as com pared to  th a t o f th e  T a lle le . The graph shows th e  

m ean of the  data  and standard  e rro r o f th e  m ean.

3 .3 .5 .2  In s e rt 2: rs l5 9 1 8 6 8 , rs3908925 ,

rs15 9 1 8 6 6  and rs1 5 9 1 8 6 5

A Luciferase reporter assay was used to assess the effect of 

three haplotypes incorporating the polymorphisms rs l591868, 

rs3908925, rs l591866 and rs l591865. There was no significant 

difference found between the three haplotypes ATTG, CCTG and 

CCCC in either the CHO (Figure 3.30) or SH-SY5Y (Figure 3.31) 

cell lines or when the "risk" CCCC haplotypes was tested against 

other two.

135



CHO

o<
(t>>
i
01 0 .5 -  
CH

ATTG CCTG CCCC

Figure 3 .30 . Relative activity of the constructs for the  

polymorphisms rs l5 9 1 8 6 6 , rs l5 9 1 8 6 5 , rs l5 9 1 8 6 8  and 

rs3908925  in non neuronal CHO cell lines. No significant 

difference was found between the three haplotypes tested. The 

graph shows the mean of the data and standard error of the  

mean.
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Figure 3 .31 Relative activity of tlie  constructs for the  

polymorphisms rs l5 9 1 8 6 6 , rs l5 9 1 8 6 5 , rs l5 9 1 8 6 8  and

rs3908925  in neuronal SH-SY5Y cell lines. No significant 

difference was found between the three haplotypes tested. The 

graph shows the mean of the data and standard error of the  

mean.
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3.4 Discussion

Functional characterisation of risk loci associated with disease 

through GWAS is necessary in order to understand the biological 

mechanisms that result in disease phenotype. Several databases 

and bioinformatics tools can assist in evaluating the functional 

causes of genetics variation however it is still necessary to 

validate these findings biologically if possible. The purpose of 

this study was to examine if variants associated in GWAS in the 

functionally interesting gene PTBP2 were acting in c/s- to 

influence its expression using a combination of publicly available 

expression data and data generated in-house through molecular

techniques such as AEI, whole gene expression analysis and

Luciferase gene reporter assays.

The most obvious potential functional effect of a sequence 

variant is to impact the coding gene transcript. Therefore, it was 

important to assess if any of the associated SNPs at PTBP2 were 

in high LD with coding variants. DbSNP reported 6 exonic coding 

SNPs within the PTBP2 transcript. HapMap data was available for 

only one, rs6699932, a synonymous coding SNP located in exon 

11 which is in high LD (r^>0.85) with the most strongly

associated SNPs in the ISC GWAS. The remaining 5 SNPs,

including three non-synonymous SNPs in exon 3 of the gene, 

were all found to be monomorphic in an Irish test sample 

(n=15) indicating tha t they are unlikely to be common 

polymorphisms in the population. Assessment of two deletions 

found that one located upstream of the gene was monomorphic 

and the second in intron 8 of the PTBP2 transcript was 

polymorphic but not in any LD with the highly-associated SNPs 

in the ISC GWAS.

If  the associated variants are not located within or disrupting the 

coding sequence then it's possible tha t they are instead playing
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a regulatory role and impacting on transcript expression. I 

attempted to look for evidence of c/s-acting variants by testing 

for evidence of AEI. Given tha t PTBP2 is predominantly 

expressed in neurons and in most other tissues is spliced to a 

non-functional isoform (missing exon 10), two different coding 

SNPs were used as proxies for AEI in order to distinguish 

between c/s-acting SNPs that were isoform specific.

There was no evidence of AEI when expression from both 

transcripts was tested, however I did find evidence of moderate 

AEI (in 8 individuals) when I tested only the unspliced 

(functional) transcript. It is possible tha t the presence of both 

transcripts affected the sensitivity of the experiment and thus 

AEI was not detected using the SNR located in both transcripts, 

but it could also mean there are c/s-acting SNPs exerting an 

effect on the full length unspliced transcript only. In addition to 

exon 10 the unspliced PTBP2 transcript also contains a longer 

3'UTR, as is typical of transcripts expressed in the brain^^®, and 

it is possible tha t sequence variants located here could be 

influencing PTBP2 expression by affecting binding sites for other 

RNA binding proteins or micro RNAs. There is certainly evidence 

to indicate that the 3'UTR plays a regulatory role in the 

expression of PTBP2 as it contains binding sites for miR-133 and 

miR-124 that are known to influence its expression in muscle^®^ 

and neuronal cells^®  ̂ respectively. A scan of the region using 

MicroSNiPer^^®, an online tool that predicts the impact of a SNP 

on putative microRNA targets, indicated that the proxy SNP used 

to test for AEI in the unspliced transcript (rs273885) itself 

disrupts the binding site of 3 other microRNAs. In addition, the 

region just upstream of the 3'UTR along with a large region 

surrounding exon 10 were found to be targets of another RNA 

binding splicing regulator F0X2 in a CLIP-seq experiment^®^. 

Attempts to map the source of the AEI to local SNPs within or 

surrounding PTBP2 highlighted 5 SNPs (representing tagging
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groups 1-5) with moderate agreement between heterozygosity 

and AEI (kappa >0.2). Alone, these SNPs could not have been 

interpreted as anything more tha t suggestive but interestingly 

many SNPs in these tagging groups were associated with 

differential gene expression of PTBP2 in the subsequent gene 

expression analysis of HapMap samples and in the mRNA by SNR 

browser data.

The expression assays of PTBP2 confirmed that both spliced and 

unspliced PTBP2 transcripts were present in the HapMap LCLs 

and there was a 14-fold increase in expression for the probe 

detecting both transcripts compared to the probe that just 

detects the unspliced full length transcript. From the eQTL 

analysis using the Genevar data and data generated in-house 

there was strong overlap between the SNPs associated with 

differential expression of the PTBP2 transcripts.

Combining the results across all the different expression 

analysis, 3 groups of tagging SNPs replicated across the mRNA 

by SNP browser, Genevar, AEI and Hapmap eQTL data (Group 1, 

Group 6 and Group 9) each representing a number of SNPs 

stretching across the locus. Innocenti et recently showed 

that up to 30% of eQTLs fail to replicate when tested in an 

independent data set therefore the fact tha t many of these SNPs 

were implicated at eQTLs in online data and data generated in 

this study is suggestive tha t they are true eQTLs. A luciferase 

reporter assay in neuronal cells testing rs4950013 (part of 

Group 1) which is located in a conserved region upstream of the 

PTBP2 promoter agreed with data from the eQTL studies 

whereby the 'G ' allele was associated with higher PTBP2 

expression. rs4950013 is in low LD (r^=0.08) with the strongly- 

associated GWAS SNPs. Analysis of the sequence surrounding 

rs4950013 using TFsearch

(http://www.cbrc.jp/research/db/TFSEARCH.htm l) showed that
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the G allele resulted in the disruption two potential transcription 

factor binding sites indicating tha t it is a possible functional SNP 

at this locus.

Given the negative results from the second gene reporter assay 

its unlikely tha t rs l591868 or rs3908925 are themselves 

involved in c/s-acting regulation of PTBP2 however it is still 

possible tha t others in high LD (part of Group 6) are functional.

3.4.1 PTBP2 eQTL in brain tissue

The m ajority of the eQTL analysis conducted in this study is 

based on experiments carried out using lymphoblastoid cell lines 

however given that PTBP2 is predominantly expressed in 

neuronal brain cells it is interesting to examine if there is any 

evidence of such c/s-acting activity in these tissues. The 

SNPExpress database^^^

(http://people.chgv.lsrc.duke.edU/~dg48//SNPExpress/downloa 

d.php) allows researchers to asses the effect of a particular SNP 

on exon and gene expression level changes in both PBMC and 

cortical brain tissue. The results are interesting for this gene. 

Four SNPs were found to be nominally associated with 

differential PTBP2 expression in the brain; rsl2024594 

(P=0.003), which was also identified as a potential eQTL in my 

Hapmap expression analysis, rs6701736 (P=0.04) which is in 

high LD with rs2220948 (Group 13) identified in my analysis, 

rs6699242 (P=0.04) which is strongly associated in the ISC 

GWAS (p = 9 .01x10-07) and the synonymous coding SNP 

rs6699932 (P=0.04) located in exon 11 which is in complete LD 

with rs6699242. Further analysis o f independent brain gene 

expression datasets will be required to replicate and fully tease 

out the potential impact of SNPs on c/s-regulation of PTBP2 in 

the brain.
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3.4.2 Trans- acting effects

In addition to examining potential c/s-acting influences on gene 

expression, I also assessed if SNPs associated with 

schizophrenia at PTBP2 in the GWAS could be influencing the 

expression of other genes in trans. Rs6699942, one of the 

strongest associated SNPs in GWAS (p = 9 .01x10-7) and 

rs6699932 had a strong association with the expression of the 

neuropeptide GAL in brain tissue (p = 1.42 x 10-5).

As discussed in Chapter 2 one of the biggest lim itations to this 

study is the tissue source used in the AEI and eQTL analysis. 

Regulation of expression throughout the brain will no doubt offer 

more complexities than in the LCLs used, particularly given that 

PTBP2 is predominantly expressed in the brain. In fact Boutz et 

noted tha t the presence of the unspliced PTBP2 mRNA 

transcript does not necessarily correlate with presence of PTBP2 

protein in certain cell types and therefore the c/s-acting 

mechanisms detected in tissues other than the brain may play a 

role in its mRNA transport or protein stability. The m ajority of 

eQTL studies have been carried out using LCLs and to date only 

four have been carried out on brain Reports of overlap

between eQTLs found in LCLs and brain vary from 30-50% and 

any findings must be replicated in the biologically relevant tissue 

before disease susceptibility can be tru ly confirmed and the 

heterogeneity of brain tissue further complicates this. The eQTL 

results from rs l591868 and rs3908925 studied in insert two 

failed to replicate in the neuronal cell lines in this study 

indicating the ir effects are potentially tissue specific whereas the 

same allele at rs4951003 had a significant effect on PTBP2 

expression in both the LCL and SY-SY5Y cell lines. I t  is also 

im portant to consider that given the number of SNPs analysed in 

the QTL analysis (n = 39) some findings could be false positives 

resulting from multiple testing or artefacts of the genotyping
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process or the expression assay. It  is also possible tha t some 

SNPs may be involved in regulation of the gene through trans

acting means as total gene expression, unlike AEI, is affected by 

frans-acting regulation which can include RNA preparation, 

environmental effects or hormones^®^.

In conclusion, PTBP2 is clearly a complex gene under the 

regulation of a variety of mechanisms; from alternative splicing 

(via PTBPl), microRNAs, and in this study I also found evidence 

of several novel eQTLs influencing its expression. Its role ( if any) 

in the genetics of schizophrenia however is unclear as I found no 

strong evidence that the most strongly associated SNPs from the 

ISC GWAS (p < lx lO ^ ) were altering mRNA expression levels. 

Further follow-up investigation of these SNPs and the LD 

between those identified as eQTLs in order to give a more 

complete map of genetic variation at this locus will be necessary 

to fully elucidate their role, if any, in PTBP2 regulation. Indeed 

further refinement of the association signal at PTBP2 in larger 

samples is necessary to determine if the gene displays allelic 

heterogeneity and to investigate fully the mechanism of action of 

risk SNPs. Given PTBPZ's important role in the regulation and 

splicing of an array of genes in the brain, some of which have 

been associated with psychiatric illness it remains an interesting 

candidate for further analysis.

143



4 RNA Im m unoprecipitation analysis of 

PTBP2

4.1  In tro d u c tio n

4.1.1 Regulating the transcriptome

The fate o f a eukaryotic cell is inherently determined not alone 

by its genetic material, but by gene expression and the 

processes involved in regulating and maintaining necessary

levels of gene and protein expression, both during its

development and in response to environmental stimuli^®^'^^\ 

Transcription factors play a role in regulating the synthesis of 

RNA by binding to c/s-acting regulatory DNA sequences. Whilst 

most studies of gene expression are carried out under the 

assumption tha t subsequent levels of mRNA are a proxy for 

protein/gene expression within given cells or tissues, there is an 

emerging realisation that levels of mRNA in a given cell do not 

always correlate with corresponding protein levels^®^' and

these discrepancies are believed to be a result of post- 

transcriptional regulation by RNA Binding Proteins (RBPs)^® '̂

Post transcription, human mRNAs are subject to a wide range of 

processes tha t include 5' capping, alternative splicing,

polyadenlyation, RNA editing, RNA export, stability and

localisation (Figure 4.1), which ultimately determines the levels 

of proteins in a celP̂ "̂ '̂ ®®. These processes are predominantly 

carried out and tightly regulated by networks of RBPs, which in 

turn often work alongside and/or are under the influence of non

coding RNAs such as microRNAs^®^.
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Figure 4.1. Transcriptional control of mRNA transcripts within a 

cell by a combination of transcription factors, RNA binding 

proteins(RBP) and non coding RNAs(eg miRNA). Taken from  

Keane et al, 2007

4.1.2 RNA binding proteins (RBPs)

RBPs are generally either of the type tha t are ubiquitously 

expressed, bind to almost every nnRNA and play a role in basic 

gene expression events or are those that are cell-specific with 

specific RNA targets and functions. They bind to sequence 

specific CIS- acting motifs within the untranslated, intronic or 

coding regions of an mRNA transcript forming what is known as 

a ribonucleoprotein complex (RNP). These c/s-acting motifs are 

generally unique and determine which RBPs will bind and the 

mode of regulation or process involved^^^.Many post- 

transcriptional processes (e.g. splicing, polyadenylation) have 

sets of both "core" and "auxilia ry" elements which function both 

to regulate normal house-keeping post-transcriptional processes 

(e.g. the spliceosome components) or those needed under 

certain conditions (splicing enhancer or repressor elements)^®^.
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Many RBPs have the ability to shuttle between the nucleus and 

the cytoplasm allowing them to have several roles from splicing 

in the nucleus to coordinating transport and localisation of the 

transcript in the cyptoplasm^^®. There are at present an 

estimated 800 to 1,000's of RBPs, all characterised by the 

presence of an RNA binding domain of which there are numerous 

forms; from an RNA recognition motifs (RRM) to a KH domain or 

zinc finger^°°. RBPs generally associate with multiple species of 

mRNA and studies have shown that the encoded proteins of 

these mRNAs often are functionally related^^®. The mRNA targets 

of an RBP can vary in different cell types and under different 

conditions. RBPs often also interact with other RBPs and 

transcription factors^^®' RBPs have been associated with 

several diseases caused by mutations in the binding targets of a 

particular RBP target or through aberrant functioning of the RBP 

itself^°^. Diseases with a neurological function are particularly 

affected by RBP, given the important role they play in the brain. 

Examples include Fragile X, Parkinson's disease and Myotonic 

Dystrophy as well as several cancers^°°'

4 .1 .3  Functions o f RNA binding proteins

RBPs play numerous roles in the fate of an mRNA transcript.

4.1.3.1 Alternative splicing

As discussed in chapter 3 with regards the RNA binding protein 

PTBP2, the majority of mRNA trancripts are alternatively spliced 

and this process is in part regulated by SR and hnRNP RNA 

binding proteins. These proteins generally regulate specific 

mRNA targets that are distinct but often functionally related^^^. 

Several RNA binding proteins, such as PTBP2, function 

specifically in the brain and given the high prevalence of RNA 

splicing that occurs there^^°, defects in RBPs invoved in 

alternative splicing are known to be involved in several
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nerological diseases including POMA and PNS (Paraneosplastic 

neurologic syndromes) and Spinal muscular atrophy^°^'

4 .1 .3 .2  Polyadenylation

The addition of a Poly A tail to the 3' end of an mRNA molecule 

is necessary for nuclear transport, translation efficiency and 

stability of the mRNA. This function is itsesif under the influence 

of specific enzymes and RBPs tha t recognise sequence specific 

elements in the 3'UTRs of almost every mRNA e.g. the Poly (A )- 

binding protein N1 (PABPNl) which stimulates the activity of 

Poly (A) polymerase. In addition, most genes also contain 

additional enhancer or regulatory sequences which promote the 

binding of additional RBPs specific to that particular 

mRNA^°‘̂ .Many genes also contain more than one 

polyadenlyation site thus giving rise to alternative 

polyadenlylation, whereby transcripts can have the same protein 

sequence but differ in the ir UTR. This allows differential 

regulation by different sets of RBPs and/or microRNAs and may 

be particu larly im portant in the brain given tha t mRNA 

transcripts in the brain usually have longer UTRs^® .̂

4 .1 .3 .3  RNA modification

RNA editing is the most prevalent form of RNA modification. I t  is 

predominantly catalysed by a group of RNA binding proteins 

known as the ADAR proteins (Adenosine deaminases acting on 

RNA). In general, a c/s-acting non-coding element along with the 

adenine base to be edited provides the target site for the ADAR 

enzyme^°°. An example of how RNA editing can impact a gene is 

the serotonin 5HT2C receptor, which contains 5 ADAR-edited 

sites that can cause codon changes resulting in the production of 

up to 24 different protein isoforms^°^.
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4.1 .3 .4  mRNA export and localisation

The export of a compieted mRNA transcript to the cytoplasm is 

in part regulated by a group of RNA binding nuclear-export 

proteins Antigen peptide transporter 1 (TAPI) and NTF2-like 

export factor (NTF2). These along with other export factors 

associate with distinct populations of mRNAs transcripts. 

Localisation of mRNA transcripts to specific regions of a cell 

when necessary is also regulated by RBPs binding to c/s-acting 

elements in the 3'UTR of an mRNA transcript^^°' ^°\This allows 

for rapid response to local stimuli and is particularly im portant in 

neurons. Examples of this include the Zipcode-binding protein 

(ZBP l) involved in the localisation of 6-actln mRNA and 

members of the familial mental retardation proteins (FMRPs)^°°.

4.1 .3 .5  mRNA stab ility /turnover

Many RBPs also play an im portant role in regulating the stability 

and life (decay) of an mRNA transcript and there are several c/s- 

acting sequences located in the untranslated or coding 

sequences of mRNAs tha t allow binding of RBPs involved in 

decay, e.g. the ARE-binding proteins known to bind to AU-rich 

elements (AREs) in the 3'-UTR both stabilise and promote mRNA 

degradation by recruiting the RNA decay machinery in up to 5% 

of all genes^°®.

4.1 .3 .6  Translation

Controlling gene expression within a cell Is dependent on RBPs 

as part of a regulatory system in order to control a cells 

response to changing environmental circumstances and during 

development. Several master regulatory RNA binding proteins 

coordinate the expression of distinct sets of mRNA targets to  up 

or down regulate their expression while no visible change occurs 

at the level of transcription e.g. Fragile X mental retardation
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protein (FI^RP) which is involved in translational regulation at 

synapses and ZBPl which, in addition to playing a role in the 

localisation of B-actin, is also involved in its repression^^°'

4.1 .4  Methods o f identifying RNA-protein 

interactions

Despite the ir frequency and the innportant role they play in post- 

transcriptional regulation, the sequence motifs and binding 

targets of many RNA binding proteins are still not very well 

characterised. This is interesting given that 

impairments/mutations occurring within these genes could have 

a huge disruptive effect, potentially impacting any number of 

genes under the ir regulatory influence. Given tha t these binding 

proteins play important roles in splicing, transcription, 

translation, localisation, stability etc., their binding targets and 

actions make them jus t as interesting as the widely-studied DNA 

binding proteins. Methods to interrogate the targets of RBP are 

continuously improving and the advent of second generation 

sequencing technologies is allowing researchers to probe these 

targets at a much greater resolution than previously possible^®^

Traditional methods of analysing RNA-protein interactions 

included using in vitro techniques such as RNA electrophoretic 

mobility shift assays (REMSAs), UV cross-linking and systematic 

evolution of ligands by exponential enrichment (SELEX)^®°'

REMSAs are an RNA variation on electrophoretic mobility 

shift assays (EMSAs) tha t are used to analyse transcription 

factor binding sites in DNA. They work on the premise that 

riboprobes with proteins bound will m igrate slower under gel 

electrophoresis than those unbound. Using REMSAs it is possible 

to determine the number of RNAs bound to a particular protein 

and investigate what sequences compete for binding^^®. Another 

method of analysing RNA-protein interactions involves UV-
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crosslinking of RNA to proteins, removal of any unbound RNAs, 

and subsequent analysis of the bound RNA fragments using 

sodium dodecyl sulphate-polyacrylam ide gel electrophoresis 

(SDS-PAGE). SELEX allows the identification of the nucleotide 

sequences (aptamers) recognised by a protein of interest and 

can be performed on a large library of randomly generated RNAs 

however there are many issues with specificity of binding 

targets^”®'

All of these methods, whilst effective in their application, allow 

little room for novel RNA-protein binding interactions to be 

identified. Experiments are generally carried out one at a time 

and because of the in vitro test environment, there is no 

guarantee tha t the RNA-protein interactions are genuine. 

Biochemical in vivo methods such as yeast-three-hybrid solved 

this issue and have been successful at identifying targets of 

RBPs but still do not allow the screening of large numbers of 

potential targets at the one tim e^^\

In addition to these in vitro  and in vivo methods, computational 

approaches can be powerful in the analysis of potential RNA- 

binding sites and targets using bioinformatic algorithms 

designed fo r the rapid identification and prediction of c/s-acting 

binding motifs. Caution must be taken when interpreting results 

however as RNA binding sites are generally only 4-12 

nucleotides in length and it is possible for every pre mRNA 

transcript to contain several of these motifs. Also the 

computational approaches do not take RNA in vivo structure into 

account. Any findings from these methods will still require a 

follow up in vivo^^^'

Chromatin immunoprecipitation followed by analysis of the 

immunoprecipitated product using microarrays or high 

throughput sequencing (known as ChlP-chip or ChlP-seq) is a
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widely u sed  m e th o d  for identifying t h e  binding t a r g e t s  of  DNA 

binding pro te ins .  A varia t ion  on th is  t e c h n iq u e  can  also be  u sed  

to  identify t h e  global  binding t a r g e t s  of RNA binding p ro te in s  and  

is known a s  RIP-CHIP or  RlP-seq^®^' ^“ .The principle of  RIP (RNA 

innnnunoprecipi tat ion) is identical to  t h a t  of  ChlP.  An a n t ib o d y  for  

a par t i cu la r  RNA binding protein  of  in t e r e s t  is u sed  to  pull o u t  

t h e  pro te in a n d  a n y  a s s o c ia t e d  RNA m olecu les  t h a t  a r e  bound  to  

it. Purification of t h e s e  RNAs a n d  s u b s e q u e n t  ana ly s i s  using 

m ic ro a r ra y s  or by seq u e n c in g  can  th e n  be u sed  to  identify its 

binding t a rg e t s .

Similarly to  ChIP,  RIP can  be  p e r fo rm e d  by revers ib ly  c ro s s -  

linking t h e  RNA a n d  pro te ins  us ing UV or  a chem ica l  s u b s t a n c e  

s uch  a s  fo rm a ld e h y d e  (know n  a s  CLIP-seq or HTS CLIP), 

followed by part ial RNA digest ion  a n d  size se lec t ion  to e x t r a c t  

t h e  binding site f rom t h e  full leng th  RNA t r a n s c r ip t  a n d  s t r in g e n t  

purifying s t e p s  to  r e m o v e  non-c ros s - l inked  RNA^^^' This 

in c re a s e s  t h e  stabili ty of  t h e  RNA prote in  c o m p lex  and  

c o u n t e r a c t s  a n y  false  pos i t ives  f rom potentia l  r e - a s s o c ia t io n s  of 

RBP and  RNA a f t e r  cell lysis^®^'^^^' It d o e s  h o w e v e r  h a v e

t h e  potentia l  to  in t roduce  a la rge  a m o u n t  of  b a c k g ro u n d  and  

s e q u e n c e  bias th r o u g h  l ink ing-induced  p ro te in -p ro te in  

in te rac t ions  a n d  s u b s e q u e n t  co-pur if icat ion of mRNA t a r g e t s  of 

o t h e r  RBPs. It al so m a y  no t  be  com ple te ly  revers ib le  a n d  could 

af fec t  cell lysis^®\ Var ia t ions  of  CLIP al so ex is t  in t h e  form of 

iCLIP^^^ a n d  PAR-CLIP^^^. ICLIP al lows resolut ion of  t h e  cross -  

linked si te  a t  t h e  nuc leo tide  level w h e r e a s  PAR-CLIP 

(P h o to a c t iv a tab le -R ib o n u c le o s id e -E n h an ce d  Cross-l inking  and  

Im m u n o p re c ip i t a t io n )  offers  g r e a t e r  resolu t ion of  t h e  cross-  

linked RNA. How t ightly t h e  RNA binding pro te in b inds  to its 

t a r g e t s  will d e t e r m i n e  w h e t h e r  cross-l ink ing is n e c e s s a r y .  An 

a d v a n t a g e  of RIP o v e r  CLIP is t h a t  it a l lows th e  to ta l  RNP 

com plex  to be  r eco v e re d ,  permi t t ing  t h e  identif ication of n o t  only

151



the mRNA targe t  of the RBP but other non-coding RNAs or 

proteins involved its regulation^^®.

Immunoprecipitated RNAs can be analysed using microarrays or 

second generation sequencing. Microarrays are useful to carry 

out protein-DNA interactions but there are difficulties in 

monitoring the efficiency of probe hybridisation, cross 

hybridisation and normalisation of transcript levels in relation to 

transcript abundance. Probe design is based on known 

sequences  and thereby limits the extent of novel gene/t ranscript  

and splice discovery tha t  is possible. Sequencing on the other  

hand allows not only for a more accurate quantification of the 

immunoprecipitated RNA transcripts and the elucidation of 

consensus sites, but also importantly requires no prior sequence 

knowledge thereby allowing the discovery of novel binding 

targets.

4.1 .5  RNA binding proteins stud ied  using  
RIP/CLIP

The technique of identifying global binding targets  of RBPs in 
vivo using immunoprecipitation-based methods followed by 

array based identification of mRNA targe ts  was first described by 

Tenenbaum et . They used this method to show tha t  the 

Hu, EIF4E and PABP RNA binding proteins associate with unique 

clusters of mRNA transcripts in P19 embryonal carcinoma stem 

cells. They also showed tha t  the composition of mRNAs 

associated with the Hu proteins changed dramatically upon 

induction of neuronal differentiation indicating tha t  these  RBP act 

in a cell specific manner.  Since then several other  groups have 

gone on to explore the functions and targets  of several other  

RBPs using this method^°\ Die et were the first to

modify this protocol so tha t  proteins were cross-linked to their 

RNA targets .  They carried out CLIP on a neuronal specific
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splicing regula tor NOVAl in o rde r  to g en e ra te  a brain-wide map 

of its mRNA ta rge ts .

Combining RIP and  CLIP with second generat ion sequencing has  

also been recently used to fur ther  invest igate  the  role th a t  RBPs 

play in post-transcr iptional regulation. RIP/CLIP seq has  been 

carried out for a small n u m b e r  of RBPs, including a num ber  

involved in splicing regulation, e.g.  F0X2 (CLIP-seq)^®^, SFRSl 

(CLIP-seq)^^^ PTBPl (CLIP-Seq)^^^ TDP-43 (RIP-SEQ)^^^ and 

PCR2 (RIP-SEQ)^^°.

Sanford et carried out CLIP-seq on the  splicing regula tor 

SFRSl in hum an  embryonic  kidney cells and  identified 23 ,632 

binding si tes which included mRNA, miRNA and intergenic 

transcr ipts .  They were  able to validate 73%  of a validation 

s u b se t  of predicted ta rge ts .  They were  also able to identify a 

purine-rich consensus  motif, which is p re sen t  in a majority of 

exonic,  intronic, ncRNA, and  intergenic t ranscr ip ts  co 

precipitated by SFRSl.  Yeo et carried out CLIP-seq on the  

cell type-specific splicing regula tor F0X2 in hum an  embryonic  

s tem  cells (hESCs) and  identified F0X2 binding clusters in 1,876 

protein-coding genes ,  suggesting th a t  7%  of hum an  genes  are  

subjec ted  to F0X2 regulation in hESCs. Interestingly,  many  of its 

t a rg e t s  included o ther  t issue-specific splicing regula tors ,  

including PTBP2. They also found th a t  it associa ted with different 

mRNA ta rg e t s  in o ther  cell types.

Xue et carried out a g e n o m e  wide analysis of cross-l inked 

PTBPl-RNA interactions and  in addition to identifying PTBPl 

t a rg e t s  in HeLa cells, they  also were  able to  identify th a t  the re  is 

a positional a spec t  to PTBPls m ethod  of splicing which 

influences w he ther  PTBPl binding results  in inclusion or 

exclusion of a given exon. Sephton  et al^̂  ̂ carried out RIP-seq 

on the  TAR DNA-binding protein 43 (TDP-43) in order  to gain
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insight into its neuronal RNA targets.  They found tha t  many of 

its 4,352 ta rge ts  were other RBPs including PTBP2 and found 

evidence to suggest  tha t  some of TDP-43's RNA targets  are co

regulated by PTBP2 as there was an enrichment of PTBP2 

binding sites in their target  mRNAs. Finally, Zhao et carried 

out RIP-seq for the Polycomb repressive complex 2 (PRC2) RBP 

in mouse embryonic stem cells and found tha t  between 5 -25%  

of all murine transcripts can bind to PRC2.

4.1.6 Challenges in RIP or CLIP experiments

One of the biggest challenges when performing ChIP or RIP 

experiments is selection of an antibody tha t  can specifically 

ta rge t  and bind to your protein of interest. Despite the fact that  

several hundred antibodies are available commercially, quality 

can vary, and not all are suitable for RIP/CHIP experiments.  One 

means  of combating this, is by adding an epitope tagged 

antibody onto a given protein^®^' This is a short peptide 

sequence ranging from 10 to 15 amino acids long to which high 

affinity antibodies have been well characterised. Epitope tags 

can be placed on either the N- or C- terminus of the protein to 

minimize any potential disruption in tertiary structure and thus 

function of a protein. One of the most commonly used tags  to 

purify and detect recombinant expressed proteins is the 

polyhistidine or 'His-tag'  because due to its small size it is 

thought  to confer minimal disruption to normal protein function. 

It is also likely tha t  epitope tagging improves antibody 

accessibility as the target  RNA binding protein may be buried 

inside the mRNP complex^^^.

Another challenge in these  types of exper iments is in the  

analyses of results, ensuring that  the reactions have been 

enriched for the  target  RNAs of the RBP and are not just  

purifications of the RNA content of a given cell population. There
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is no c o n s e n s u s  a s  y e t  on t h e  m o s t  ap p ro p r ia t e  control  to  u s e  in 

o r d e r  to  e n s u r e  this.  The  m o s t  co m m o n ly  u sed  ty p e s  of  cont rol  

s a m p l e s  a r e  an  al iquot  of  t h e  RNA s a m p l e  r e m o v e d  prior  to  t h e  

im m unoprec ip i ta t ion  s t e p  (know n a s  " input" ) ,  ca r ry ing  o u t  a 

m o c k  im m unoprec ip i ta t ion  w h e r e  no an t ibody  h a s  b e e n  u sed  or  

us ing a ne g a t iv e  control  an t ibody ,  such  a s  IgG a s  it is n o t  known 

to  be  involved in nuc leotide  binding or  c h ro m a t in  modificat ion.

CLIP a n d  RIP s e q u en c in g  r e a d s  a r e  a n a ly se d  differently.  W hen  a 

prote in  h a s  been  c ross - l inked  to  RNAs prior  to  

im m unoprec ip i ta t ion ,  only RNAs which a r e  bound  a t  the i r  specif ic 

binding s i tes  to  t h e  prote in will be  im m u n o p re c ip i t a t e d  a n d  t h e  

RNA is s u b j e c t e d  to  partial  d iges t ion  to  r e m o v e  t h e  r e s t  o f  t h e  

full length  RNA t r a n s c r ip t  reducing  RNA size to  a p p ro x im a te ly  50 

nuc leo t ides  a n d  al lowing b e t t e r  identif icat ion of  under ly ing  

binding si tes .  To ana lyze  s e q u e n c in g  r e a d s  from th is  ty p e  of  

e x p e r i m e n t  " p e a k "  calling a l g o r i th m s / s o f t w a re  a r e  u sed  to  scan  

al igned r e a d s  for highly signif icant  en r iched  reg ions  (p e a k )  of  

high co v e ra g e .  The a lgo r i thm s  t h a t  a r e  d e s ig n e d  to  identify 

p e a k s  or  binding s i tes  a r e  cal led p e a k  f inders  or  p e a k  d e t e c t o r s  

a n d  t h e r e  a r e  s eve ra l  available^^"^. In RIP t h e  s a m p l e  cons i s t s  of 

no t  only t h e  b o und  mRNA bu t  o t h e r  c o m p o n e n t s  of t h e  RNP 

com p lex  e .g .  snRNPs and  t rans la t ion  fac to rs  a n d  possibly o t h e r  

mRNAs a n d  th e r e f o r e  can  be a n a ly se d  similar  to  an  RNA seq  

e x p e r i m e n t ,  a s  t h e  en t i r e  t r a n s c r ip t  is p re s e n t .  C o v e r a g e  or  

RPKM levels a c ro s s  given mRNA t r a n s c r ip t s  can  t h e r e f o r e  be 

ca lcu la ted .

Following ana lys i s  of t h e  r e a d s  g e n e r a t e d  f rom a RIP or  CLIP 

seq u e n c in g  e x p e r i m e n t  a n o t h e r  cha l lenge  r e m a in s  in 

in te rpre t ing  th e  resu l t s  biologically. The  main  objec t ive  of  a n y  

such  e x p e r i m e n t  is to  gain an  u n b ia se d  ins ight  into t h e  binding 

t a r g e t s  a n d  regu la to ry  ne tw o rk s  t h a t  a r e  occur r ing in t h e  cell 

e n v i ro n m e n t  being t e s t e d .  A nnota t ion  of  t h e  t r a n s c r i p t s  or  p e a k
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locations can be carried out using online databases such as 

UCSC^^^ or EnsembP^^. There is also an extensive array of 

bioinformatic tools and databases for the biological and 

functional analysis of groups of genes and/or pathways. The 

m ajority use annotation information from The Gene Ontology 

(GO) project or Kyoto Encyclopaedia of Genes and Genomes 

(KEGG) and/or an integration of both. Enrichment analysis tools, 

which estimate overrepresentation of particular GO gene 

categories or KEGG pathways in a gene list are also abundant^^^ 

and are useful to prioritise particular genes or biologically related 

groups of genes. The GO database 

(http://www.geneontology.org)^^® uses a vocabulary of 

functional terms which describe gene attributes/products. It 

allows the assignment of genes into three categories; molecular 

function, biological process and cellular component. Currently 

GO has information on 37,957 human gene products (as of 

29/08/11). KEGG^^^ ( h ttp ://w w w .genom e.jp /kegg /) integrates 

genetic and biochemical information allowing the analysis of 

gene function in term s of pathways based on molecular 

interaction and reaction networks related to metabolism, other 

cellular processes and human diseases. It currently contains 

information maps for 407 pathways (as of 30/8/2011). Several 

enrichment tools exist for the analysis of gene lists, differing by 

the statistical mode of analysis used, the reference genome to 

which the gene list is compared, the annotation files used and 

the corrections for multiple testing. Each have the ir own 

lim itations and advantages and the general consensus is the 

employment of multiple tools in order to avoid false positives^^°.

4 .1 .7  Aims and study outline

The RBP PTBP2 discussed in detail in chapter 3 is highly 

expressed in neuronal cells and plays a role in the regulation of 

alternative splicing. In addition to this it also plays a role in
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other aspects of post transcriptional regulation such as RNA 

stability and translation. Given the association between PTBP2 

and schizophrenia in the ISC GWAS, the transcriptional network  

of mRNAs that are regulated by PTBP2 represent interesting 

candidate genes for involvement in schizophrenia aetiology. The 

aims of the study described in this chapter were:

(i) To investigate the PTBP2 transcriptome using RNA 

immunoprecipitation (RIP) of PTBP2 mRNA complexes in a 

neuronal cell line followed by second generation sequencing of 

bound RNAs. To date there have only been two published studies 

that have successfully carried out this type of RIP-seq 

experim ent (for the RBPs TDP-43^^^ and PRC2^^^). Here, I 

targeted PTBP2 using a PTBP2 antibody and also by using an 

epitope tagged antibody approach, giving me the opportunity to 

directly compare the performance of both methods for this 

relatively novel functional genomics technique. The TDP-43^^^ 

and PRC2^^  ̂ RIP seq studies prior to this have both used tagged  

antibodies only.

(ii) By using RIP-seq to generate a transcriptional profile of 

PTBP2, I can use this data to probe the schizophrenia GWAS 

data further and test if the set of genes regulated by PTBP2 are 

enriched for association signals for the disorder.

Two different antibodies targeting the PTBP2 protein in a 

neuronal cell line will be used to target the PTBP2 protein and its 

associated RNAs. The resulting immunoprecipitated RNAs will be 

purified and sequenced using an Illumina Genome analyiser and 

aligned back to the reference genome. Gene Ontology and Kegg 

pathway analysis will be used to asses and annotate these 

potential PTBP2 targets. Lastly these genes will be assessed for 

enrichment of associated SNPs in the international schizophrenia 

consortium GWAS data using the SNP ratio test.
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4 .2  M aterials and Methods

4.2.1 Antibody Selection

A commercially available anti-PTBP2 antibody (Ribonomics) 

which had been validated for use in immunoprecipitation 

reactions was used in this experim ent along with positive (Anti- 

SNRNP70) and negative (IgG ) control antibodies. In addition to 

the anti-PTBP2 antibody a commercially produced 

(GeneCopoeia) plasmid containing a protein coding DNA insert 

that encodes a full-length PTBP2 protein and a His-tag at its 3' 

end (Figure 4 .2 ) was also used. The antibody for the His-tag is 

well characterised and of high affinity and therefore may 

increase the likelihood of a successful pull-down of PTBP2 

binding targets. Using two antibodies also serves as type of 

control as if both are of good quality; there should be a high 

correlation between the bound RNA targets for both methods.

Vector Features
pR eceiver-M 01(a ,x ,y ) Promoter CMV

Hos; Cell Mammalian

Bac'.enai selection antibiolic

Marmnalian selection marker Yes

Tag N-His

S V 4 0  P o l y A  s i g n a l

Figure 4.2. PTBP2 expression clone with His-tag
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4 .2 .2 H is-tag vector transform ation

This His-tag plasmid was transformed into competent JM109 

competent cells (Promega), using the 'heat-shock' 

transformation protocol described in Table 3.7. The cells and 

plasmid are mixed together, cooled on ice then subjected to a 

heat-shock, followed by a further two minutes on ice. This 

causes pores in the cell surface to open, allowing the plasmid to 

enter. SOC media (Table 3.8) was added as described (section 

3.2.5.5) and plated out onto agar plates containing antibiotic 

and incubated overnight at 37°C

4 .2 .3  Colony Selection and Growth

10 Colonies were selected and inoculated in 100 (j I of LB media

(Table 3.9) containing lOOmg/ml carbenicillin antibiotic. These

mini-cultures were covered with a PCR plate seal pierced with 

air-holes and incubated overnight with shaking (ISOrpm) at 

37°C. 95(jl of these mini cultures were used to inoculate an 

overnight growth in 3ml of LB media, containing lOOmg/ml 

carbenicillin antibiotic. Plasmids were extracted from each 

successful growth using the PureYield plasmid MidiPrep system 

(Promega) according to the manufacturer's protocols.

4 .2 .4  Cell culture

Human neuroblastoma SH-SY5Y cells were grown using Roswell 

Park Memorial Institute (RPMI) medium containing 2mM 

glutamine and 10% foetal bovine serum (FBS) and stored at 

37°C in 5% CO^. Each immunoprecipitation experiment required 

approximately 2.0 xlO^ cells or one 225cm^ flask. Four flasks 

were used so that four RIP assays could be performed using the 

PTBP2 antibody, His-tag antibody, positive control antibody 

(Anti-SNRNP70) and negative control antibody (IgG). One of the 

flasks was transfected, (as described in section 3.2.5.11) with
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the PTBP2 His-tag vector prior to RIP lysate preparation. 

Transfection is the introduction of foreign material (e.g. DNA) 

into a eukaryotic cell. A lipid based transfection protocol using 

Lipofectamine 2000 (Invitrogen) was used which takes 

advantage of the ease with which liposomes can fuse with the 

cell membrane. It is reported to transfect a wide variety of cell 

lines with high efficiently.

4 .2 .5  R IP

RIP was carried out using the EZ-Magna RNA binding protein 

immunoprecipitation kit (Millipore).

4 .2 .5 .1  Lysate preparation

Each 225cm^ flask was washed twice with 10ml ice-cold PBS, 

this was followed by the addition of another 10ml ice-cold PBS 

and subsequent scraping of cells and transfer to a 15ml tube. 

Each tube was centrifuged at 1500 rpm for 5 minutes at 4°C in 

order to collect the cells. The supernatant was discarded and the 

cell pellet re-suspended in an equal volume of complete RIP lysis 

buffer (Table 4.1).

Table 4 .1 . Complete RIP Lysis Buffer recipe

Complete RIP lysis buffer

RIP lysis buffer lOOiJl

Protease Inhibitor 
cocktail

0.5ul

RNase inhibitor 0.25mI

The mixture was pipetted up and down repeatedly until the cells 

were dispersed and the m ixture appeared homogeneous. The 

lysate was then incubated on ice for a further 5 minutes in order
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for th e  hypotonic RIP buffer to swell the  cells. This lysate was  

then  immediately stored a t  -80°C.

4.2.5.2 Preparation of magnetic beads for 
immunoprecipia tion

Protein A/G magnet ic  beads  were  re -suspended  and dispersed 

by pipetting.  50|jl of magnet ic  beads  suspension  w as  added  to a 

1.5ml tube  for each RIP reaction and washed by adding 0.5ml 

RIP wash  buffer and vortexing briefly. A m agnet ic  s ep a ra to r  was 

used to collect the  beads  and the  su p e r n a ta n t  discarded.  The 

b ead s  were  washed in this fashion a fur ther  two t imes  before a 

final re -suspens ion  in lOOpI of wash  buffer. 5pg of antibody 

(specific to each RIP reaction) was  then  added to the  tube  and 

incubated for 30 minutes  with rotation at  room tem p e ra tu re .  

Tubes  were  then centrifuged briefly before being placed on the  

magnet ic  sepa ra to r  and the  su p e r n a ta n t  discarded. Beads were 

subsequent ly  washed  twice with O.SmIs of wash  buffer.

4.2.5.3 Immunoprecipiation of RNA-binding 
Protein-RNA complexes

900[jl of RIP immunoprecipitation buffer was  added  to each 

tube .  The RIP lysate was  th aw ed  quickly and  centr ifuged a t  4°C 

for 10 minutes.  lOOul of su p e r n a ta n t  was  added  to the  beads -  

antibody complex in RIP immunoprecipitat ion buffer (Table 4.2).
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Table 4 .2 . RIP Im m unoprecip itation Buffer

RIP Immunoprecipiation buffer

RIP Wash buffer 860 Ĵl

0.5M EDTA 35ul

RNase inhibitor 5(jl

All tubes were incubated with rotating overnight at 4°C. The 

following day tubes were placed on the magnetic separator and 

the supernatant discarded. Each tube was washed six times 

using RIP wash buffer.

4 .2 .5 .4  Purification o f RNA

The immunoprecipiate was suspended in 150|jl of proteinase K 

buffer (Table 4.3) and incubated at 55°C for 30 minutes with 

shaking to digest the protein. After incubation the tubes were 

placed again on the magnetic separator and the supernatant 

collected and transferred to a new 1.5ml tube. 250ul of RIP 

wash buffer was then added to each tube, followed by 400[jl of 

phenol:chloroform :isoamyl alcohol.

Table 4 .3 . Proteinase K buffer recipe

Proteinase K Buffer

RIP Wash buffer 117 ijl

10% SDS ISui

Proteinase K ISpI

Tubes were vortexed for 15 seconds followed by centrifugation 

at 14,000rpm for ten minutes at room temperature to separate 

the phases. 300|jl of the aqueous phase was removed and 

placed in a new tube followed by the addition of 50|jl of Salt 

Solution I, 50|jl of Salt Solution II, 5[jl of precipitate enhancer 

and 850pl of absolute ethanol. The tubes were stored at -80°C
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overnight to precipitate the RNA. The following day the reactions 

were centrifuged at 14 ,000 rpm for 30 minutes at 4°C  and the 

supernatant discarded. The pellet was washed with 80%  ethanol 

and centrifuged at 14000 rpm for 15 minutes at 4°C , the 

supernatant was discarded and the pellets were left to air dry 

before re-suspension in ZOpI of RNase-free w ater and storage at 

-80°C .

4.2 .6  Sample preparation for sequencing

Imm unoprecipitated RNA's were quantified using a Quibit 

Fluorometer. The His-tag, anti-PTBP2 and positive control 

samples were at a concentration of 4ng /p l, 3ng/|jl and 2ng/pl 

respectively and the negative control was at too low a 

concentration to give a reading. Illumina cDNA sequencing 

libraries were prepared for the His-tag and anti-PTBP2 samples 

according to the Illumina mRNA Sequencing Sample Prep Guide 

with the exceptions of the purification and fragm entation steps.

4 .2 .7  RNA sequencing sample preparation  

guide

An overview of the procedures involved in a typical RNA seq 

experim ent is show in (Figure 4 .3 )
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Purified Poly A mRNA is fragmented
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i
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Convert to cDNA library
i
t

Sequencing adaptors added to each fragment

C3AAGGACCAJCAiAAAr .̂\.->..̂ ^H 'Md*
33A  CaG AuT r  C r .  X 3  C «• V 5  rT u A ^w G G  ̂  

AT\jAArtCATTAAA7T̂ AAAĈ TA7>W. Generate short sequence reads(40bp+)

„,MP»T^ A''9" reference genome

Figure 4 .3 . An overview  of the steps involved in a typical RNA 

seq experiment^^^.

4.2.7.1 Synthesis of the first strand cDNA.

This process transcribes the cleaved RNA fragm ents into first 

strand cDNA using reverse transcriptase and random primers 

(Table 4 .4 )
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Table 4 .4 . Protocol for the synthesis of the firs t strand cDNA.

1. Add 1 fil Random Primers to mRNA sample, incubate at 65°C forS minutes and place 
on ice

2. Make a master mix of 4nl 5X First Strand Buffer, 2 l̂l 100 mM DTT, 
0,4iil 25 mM dNTP Mix and O.Sjii RNase inhibitor and add to sample,

3. Incubate at 25°C for 2 minutes

4. Add 1̂ 1 superscript II  to tlie  sample

5, Incubate at 25°C for 10 minutes, 42°C for 50 minutes and 70°C for 15 minutes

6, Place tube on ice

4.2 .7 .2  Synthesis o f the second strand cDNA

This process removes the RNA template and synthesises a 

replacement strand generating a double stranded cDNA. The 

protocol is outlined in Table 4.5.

Table 4 .5 . Protocol for the synthesis of the second strand cDNA.

1, Add 62 ,8  1̂ ultra pure w ater to the first strand cDNA synthesis mix

2, Add lOjil GEX Second Strand Buffer and l,2^il 25 mM dNTP Mix ,m ix well and 
incubate on ice for 5 minutes

3. Add Ipl RNaseH and 5)il DNA Pol I and mix well

4. Incubate at 16°C for 2,5  hours

5, Purify using QIAquick PCR purification kit(Q iagen) according to the manufacturers 
instructions

4 .2 .7 .3  End repair and 3 ' end adenylation

This process converts the overhangs into blunt ends using T4 

DNA polymerase and Klenow DNA polymerase (Table 4.6). The 

3' to 5' exonuclease activity of these enzymes removes 3' 

overhangs and the polymerase activity fills in the 5' overhangs. 

An "A" base is then added to the to the 3' end of the blunt
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phosphorylated DNA fragments, using the polymerase activity of 

Klenow fragment. Tliis prepares the DNA fragments for ligation 

to the adapters, which have a single 'T' base overhang at their 

3' end .

Table 4 .6 . Protocol for End repair and 3 ' end adenyiation

1. Prepare master mix consisting o f :
50|jl eluted DNA from second strand synthesis reaction,27.4pl Water, IO ijI lOX 
End repair buffer, 1.6ijl 25 mM dNTP Mlx,5|jl T4 DNA polymerase, l( jl Klenow 
DNA polymerase and 5|jl T4 PNK

2. Incubate at 20“C for 30 minutes

3. Purify using QIAquick PCR purification kit(Qiagen) according to the 
manufacturers instructions

4. Add Sul A-tailing buffer, lOul ImM Datp and 3ul Klenow exo to 32ul of eluted 
DNA

5. Incubate at 37°C for 30 minutes

6. Purify using MinElute PCR purification kit(Qiagen) according to the manufacturers 
instructions

4 .2 .7.4 A dapter Ligation and cDNA purification

This process ligates illumina sequencing adaptors to the ends of 

the DNA fragments, preparing them to be hybridised to a single 

read flow cell, the ligated products are then purified on a gel and 

size selected for downstream enrichment (Table 4.7).
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Table 4 .7 . Protocol for Adapter Ligation and cDNA purification

1. P repare  m a s te r m ix  co n s is tin g  o f :
23 [ji e lu te d  DNA fro m  a d e n ly a tio n  re a c tio n ,2 5 ( jl 2X R apid T4 DNA L igase  B u ffe r , 
l | j i  PE A d a p te r O llgo  M ix, Ip l  T4  DNA L igase

2. In c u b a te  a t room  te m p e ra tu re  fo r  15 m in u te s

3. P u rify  using M inE lu te  PCR p u rific a tio n  k it(Q ia g e n ) acco rd ing  to  th e  m a n u fa c tu re rs  
in s tru c tio n s

4. Run 10 pi o f  e lu te d  DNA on a 2 %  a g a ro se  ge l fo r  50  m in u te s  a t  12CV

5. Exicse re g io n  o f ge l co n ta in in g  m a te ria l in th e  200bp  ( + / -  25bp ) range

6. P urify  using Q IA q u ick  PCR p u rific a tio n  k it(Q ia g e n ) acco rd ing  to  the  
m a n u fa c tu re rs  in s tru c tio n s

4 .2 .7 .5  Enrichment o f cDNA templates

This process amplifies the cDNA in the library using PCR 

performed with two primers that anneal to the ends of the 

adaptors (Table 4.8)

Table 4 .8 . Protocol for the Enrichment of cDNA tem plates

1 Prepare master mix consisting of :
30pl eluted DNA from purification reaction, 10[j ! 5X Phusion Buffer, l | j l  PCR 
Primer PE 1.0, l | j l  PCR Primer PE 2.0, 0.5|jl 25 mM dNTP Mix, 0,5 jil Phusion 
DNA Polymerase, 7iJl Water

2. 30s at 98°C
10s a t  98°C 1
30sat65°C  f  ^
3 0 sa t7 2 “C
5 min at 72°C

3. Purify using QIAquick PCR purification kit (Qiagen) according to the
manufacturers instructions

4 . Validate and quantify the eluted DNA

lONm stock solutions of each library were made and 15Pm- 

30Pm was used for cluster generation on the Illumina Cluster 

Station. Sequencing was performed by Dr. Elaine Kenny on an 

Illumina Genome Analyzer I I  using 40bp single reads using 

standard protocols. Two lanes of sequencing was conducted for 

each sample.
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4 .2 .8  Analysis o f sequencing reads

The alignment of the sequencing reads and peak calling was 

carried out by Dr. Paul Cormican.

TopHat version 1.1.4 (h ttp ://tophat.cbcb.um d.edu/) was used to 

map the 40bp reads to the human reference genome (NCBI 

build 36.1). As a means of normalising for the depth of 

sequencing in both samples RPKM (reads per kilobase per million 

reads) values were calculated by dividing the total number of 

reads mapping to a transcript divided by the total number of 

mapped reads for the sample multiplied by the transcript length
175

In an attem pt to examine the targeted RNAs for evidence of a 

PTBP2 binding site (i.e. CT rich, e.g. CUCUCU), peak calling 

software MACS (Model-based analysis of ChlP-Seq)

(http://liulab.dfci.harvard.edu/MACS/README.htm l) was used 

through the Galaxy server (h ttp ://m ain .g2.bx.psu.edu/) to 

identify potential peaks in the PTBP2 His-tag sample. This 

software is designed for use RNA fragments that have been size 

selected and purified and thus in order to avoid as much 

background as possible and in the absence of a control 

comparison, only peaks in intronic regions were considered. 

PTBP2 is known to bind to exonic, intronic and untranslated 

regions of an RNA transcript however as part of PTBP2s role as 

an alternative splicing regulator it binds to intronic elements 

upstream and downstream of the targeted exon and therefore 

peaks within intronic regions were deemed more likely to be 

true. These results were compared to those of Boutz et who 

mapped potential alternative binding targets of PTBP2 using 

microarrays.
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4 .2 .9  Analysis o f PTBP2 binding targets

4.2.9.1 SNP ratio test (SRT)

The SRT tool can be used to perform pathway analysis in GWAS 

data^®' and is freely available for download from

http://sourceforge.net/projects/snpratiotest.The original ISC 

GWAS association data was used to create 1000 simulated files 

whereby the case-control status of individuals in the original 

data were randomised 1000 times and an association analyses 

was carried out on each using PLINK. File manipulations were 

carried out using PERL in a unix enviornment.
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4.3 Results

Sequence analysis and alignment of the two samples generated 

a large number of reads mapping to over 16,000 transcripts. 

Table 4.9 lists the number of reads generated and aligned for 

both the His-tag and anti-PTBP2 samples.

Table 4 .9 . Num ber of reads aligned in the His-Tag and Anti- 

PTBP2 antibody samples.

#  Reads His-Tag Antibody Anti-PTBP2 Antibody

Total 46146883 22494664

Uniquely mapped 21081456 11219834

Uniquely mapped minus 
duplicates

1404108 568491

RPKM (reads per kilobase per million reads) values were 

calculated as a means of normalising for the depth of sequencing 

in both samples^^^ and there was a high degree of correlation 

between the two datasets (r^=0.9). (Figure 4.4) shows a 

correlation plot of the RPKM values for both samples.
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Figure 4.4. Pearson correlation plot between RPKM values for 

the His-tag (RPKM_HIS) and the Anti-PTBP2 antibody 

(RPKM_ANTI). R=0.9.

Figure 4.5 shows an example of read alignment across the gene 

BLCAP, for the two antibodies. This gene had evidence of PTBP2 

binding at both intronic and exonic regions of the transcript. 

When regulating splicing, PTBP2 is believed to bind to intronic 

clusters upstream or downstream of the regulated exon.
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m i l l  I
iiiiii II Mil I

Anti-
PTBP2

Antibody

Figure 4 .5 . This figure displays an exam ple of sequencing reads 

mapping a t the potential PTBP2 targ et gene BLCAP for both the  

His-tag and Anti-PTBP2 antibodies. Note the higher num ber of 

reads alighned at this positio for the His-tag sample. Reads 

alighning to  intronic and exonic regions are indicated by a red 

and blue circle respectivly.

Given the higher number of reads aligned for the His-tag 

antibody, the high degree of correlation between the two 

samples and the likelihood that this antibody had a higher 

affinity for the targeted protein, only the results from the His-tag 

sample were used in the functional characterisation analysis of 

PTBP2 binding targets below. Coverage values based on the 

number of aligned reads across each individual base and length 

of the target transcript were calculated using purpose written 

peri scripts (Dr Paul Cormican) and ranked accordingly. Overall 

there were 16,386 transcripts to which at least one read aligned
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in the His-tag sannple. In order to try  and nninimise background, 

any transcript with less than 2X coverage was filtered out 

leaving a final number of 1,314 transcripts identified as binding 

targets of PTBP2.

4.3 .1  Functional charactarisation o f PTBP2

Targets

I chose three different enrichment tools for the analysis of 

potential PTBP2 targets; PANTHER (Protein 

ANalysis Through Evolutionary Relationships)^^^, WebGestalt^^^ 

and ToppFun^^"^ which all vary slightly in their methodology of 

functionally profiling a given gene list to a human gene 

reference list and in statistically determining over- or under

representation of given classification categories. Any GO term or 

KEGG pathway significantly enriched using all three tools are 

presented.

4 .3 .2  Gene ontology analysis

The Gene Ontology database was used to search for terms 

associated with the given gene list and the subsequent list of GO 

terms was analysed using the three enrichment tools. Further to 

this the set of significant GO terms significantly enriched using 

all three tools were analysed using REVIGO^^^ (Reduce and 

visualise GO) which applies a clustering algorithm to lists of GO 

terms in order to reduce the redundancy and give a graphical 

overview of the results based on p-value and related terms.

4.3.2.1 Molecular Function

GO Molecular function terms refer to activities carried out by the 

product of a given gene or by assembled complexes of gene 

products. Table 4.10 lists the 13 GO terms enriched in the list of 

PTBP2 target genes in all three enrichment tools. There were a
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significantly associated number of ribosonnal associated RNAs 

and ribonucleoproteins. Of particular interest was the result that 

DNA/RNA binding, translational regulation and splicing were all 

significantly associated terms given PTBP2's major role in mRNA 

splicing and the fact tha t RNA binding proteins commonly 

regulate other regulatory proteins.

Table 4 .10 . GO term s related to Molecular function th a t are 

significantly enriched in the PTBP2 ta rg e t dataset.

Molecular Function GO TERM
ToppGene

P-vaiue
WebGestalt

P-value
PANTHER
P‘ Value

Structural constituent of ribosome G0:0003735 5.757E-41 6.22e-38 4.22E-47

Nucieic acid binding; DNA binding/RNA 
binding translation factor activity

G0:0003676 1.75E-20 5.85G-15 3.07E-22

Binding G 0;000548s 2.682E-5 1.711E-2 1.41E-17

Protein binding G0;0005515 1.595E-3 7.27e-16 6.53E-16

Structural molecule activity G0:0005198 1.433E-15 2.77E-03 2.28E-13

NADH dehydrogenase activity G0:0003954 7.943E-12 5.128-13 4.90E-13

Oxidoreductase activity G0;0016491 3.503E-6 6.23e-07 5.41E-10

RNA splicing factor activity, 
transestenfication mechanism

G0:0031202 5.241E-10 6.46e-l0 9.30E-11

Translation factor activity, nucleic acid 
binding

G0:0005198 2.682E-5 1.31e-07 6.47E-09

RNA binding 00:0003723 2.324E-25 4.68e-20 9.94E-09

Translation regulator activity G0;0008135 1.395E-3 3.25e-05 8.70E-08

Translation initiation factor activity GO:OOa3743 1.595E-3 3.25e-05 4.65E-07

DNA binding G0;0003677 9.722E-4 4.08e-05 3.31E-03

As can be seen in the REVIGO clustering graph (Figure 4.6) 

below, the most significant terms were those involving 

association with the ribosome and those involved in DNA/RNA 

binding.
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Figure 4 .6 . REVIGO map of GO Molecular Function term s  

enriched in PTBP2 targets. Bubble colour represents the  

significance of the p -value(red=strongly  associated) and the  

bubble size indicates the frequency of the GO term  in the  

underlying GOA database.Related functions are linked w ith  a 

line and the line w idth indicates the degree of sim ilarity.

4.3 .2 .2  Biological Processes

Biological process refers to molecular events such as protein- 

protein interactions or co-regulation relationships with a defined 

beginning and end. Table 4.11 lists the 16 GO Biological 

processes terms enriched in the list of PTBP2 target genes. 

There were numerous significant processes involved in various 

aspects associated with RNA metabolism such as splicing, 

processing and translation.
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Table 4.11. GO terms related to biological processes that are 

significantly enriched in the PTBP2 target dataset.

Biological process GO TERM ToppGene
P'value

WebGestalt
P-value

PANTHER
P-value

Translational elongation G0:0006414 6.193E-42 4 48E-45 3.90E-45

Translation G0:0006412 2.676E-44 2.05E-42 1.63E-42

Proten mKabdic process GO:OOl9538 4.498E-4 9.43E-18 3.35E-14

Primary metatx)lic process G0:0044238 3.486E^ 5.89E-09 1.24E-18

RNA processing G0:0006395 3.197E-6 3.26E-09 3.32E-27

Cellular protein metabolic process G0:0044267 l.lS lE -4 9.43E-18 1.42E-17

Cellular metabolic process G0:0044237 2.173E-S 2.54E-17 2.30E-17

Cellular macromolecular complex subunit organization & 
assembly

G0:0034621 3.130E-44 6.64E-15 6.71E-15

Splicing G0:0000375 L533E-25 6.46E-18 9.30E-23

Nucleosome assembly G0:0006334 2.496E-10 1.39E-12 1.32E-12

Establishment or maintenance of chromatin architecture G0:0006325 2.875E-3 4,68E-12 4.01E-U

Protein complex assembly G0:0006461 1.958E-2 1.71E-U 2.07E-10

Generation of precui'sor metabolites and energy G0:0006091 1.727E-24 9.98E-22 2.15E-10

Nucleobase, nucleotide and nucteic acid m^abolic process G0:0006139 1.084E-3 1.48E-08 2.86E-09

Protein transport 00:0015031 1.785E-3 8.09E-12 2.97E-04

Intracellular protein transport G0:0006886 5.761E-5 1.67E-11 3.57E-04

The REVIGO clustering of the Biological processes terms (Figure 

4.7) highlights the relatedness of many of the associated terms 

with regards RNA processing.
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Figure 4.7. REVIGO map of GO Biological Processes terms 

enriched in PTBP2 targets. Bubble colour represents the 

significance of the p-value(red=strongly associated) and the 

bubble size indicates the frequency of the GO term  in the 

underlying GOA database.Related functions are linked with a 

line and the line width indicates the degree of similarity.

4 .3 .2 .3  Cellular Component

GO cellular component term s refer to where the biological 

processes and molecular functions take place. Table 4 .12  lists 

the GO cellular component term s enriched in the list of PTBP2 

target genes and the REVIGO clustering is shown in Figure 4 .8 . 

The results suggest that the m ajority of PTBP2 target genes 

function as part of macromolecular /  ribonucleic complexes 

and/or within the cytoplasm.
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Figure 4 .8 . REVIGO map of GO Cellular Component term s  

enriched in PTBP2 targets. Bubble colour represents the  

significance of the p-value (red=strong ly  associated) and the  

bubble size indicates the frequency of the GO term  in the  

underlying GOA database. Related functions are linked w ith  a 

line and the line w idth indicates the degree of sim ilarity.

Table 4 .12 . GO term s related to Cellular Components th a t are  

significantly enriched in the PTBP2 ta rg e t dataset.

Cellular Component GO TERM
ToppGene

P-value
W ebGestalt

P-value
PANTHER
P-value

Macromolecular complex G0:0032991 3.130E-44 1.69E-61 2.85E-61

Intracellular part G0:0044424 3.146E-40 1.61E-45 2.85E-45

Cytoplasm G0:0005737 3.796E-2 3.52E-44 8.38E-44

Ribonucleoprotein complex G0:0030529 5.343E-47 1.07E-43 8.43E-44

Ribosomal subunit 00:0033279 1.734E-23 2.61E-41 2.74E-41

Cytosolic ribosome G0:0022626 2.527E-36 3.96E-41 3.55E-41

Cytoplasmic part GO: 0044444 5.596E-30 1.31E-40 4.06E-40

Intracellular organelle part GO: 0044446 3.148E-16 2.18E-39 2.91E-39

Organelle part G0:0044422 2.029E-19 1.05E-38 1.40E-38

Cellular macromolecular complex assembly G0:0034622 9.138E-17 7.44E-15 6.77E-15

Mitochondrion GO:0C05739 1.277E-24 2.99E-21 1.36E-04

Protein complex G0:0043234 5.518E-4 5.40E-19 6.14E-02
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4.3.3 KEGG pathway analysis

Whilst the GO pathways give an insight into the types of genes 

potentially targeted by PTBP2, is it also useful to determine if 

these genes are not jus t related or similar with regards to 

function but also if they are involved in particular biological 

pathways. I f  variants within PTBP2 affect its ability to interact 

with its given targets, it may have a greater consequence if this 

gene plays a role in a known biological pathway.

The list of potential PTBP2 target mRNAs were tested for 

enrichment in the KEGG pathway database using the three 

enrichment tools used in the GO analysis. (Table 4.13)lists the 

pathways enriched in the PTBP2 target list along with the 

corresponding p-value for each tool. PTBP2 targets were found 

to be significantly associated using all three enrichment tools 

with 7 KEGG pathways including three associated with disease 

(Huntington's, Parkinson's and Alzheimer's) and the spliceosome 

pathway.

Table 4 .13 . KEGG pathways enriched in the gene list of 

potential PTBP2 targets

KEGG pathway KEGG 
Pathway ID

ToppGene
P-value

WebGestalt
P-value

PANTHER
P-value

Ribosome hsa03010 1.028E-29 1.30E-63 4.30E-04

Huntington's disease hsa05016 1.299E-16 2.23E-43 1.18E-04

Wnt signalling pathway hsa04310 1.535E-16 1.846E-2 l.OOE-03

Parkinson's disease hsa05012 3.423E-16 1.56E-39 3.72E-04

Alzheimer's disease hsaOSOlO 2.583E-13 1.31E-37 9.93E-04

Spliceosome hsa03040 4.038E-5 1.17E-14 6.22E-04

Proteasome hsa03050 3.194E-2 2.41E-10 1.50E-03
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4.3.4 Analysis in the ISC data

PTBP2 was identified as a susceptibility gene for schizophrenia in 

the ISC GWAS^°\ The ISC found evidence to support the 

polygenic theory tha t potentially thousands of very small 

individual variants of small effects could be contributing to 

disease susceptibility and suggest tha t these individual variants 

could affect various aspects of brain development and function 

contributing to disease. Given that PTBP2 is involved in the 

splicing and regulation of network of numerous genes in the 

brain, it is interesting to asses if targeted genes showed 

evidence of association in the ISC GWAS data. A quantile- 

quantile (QQ) plot can be used to visualise a systematic 

departures from the null expectation of uniform p-values from a 

genomic analysis. Under the null hypothesis of no association at 

any locus, points would be expected to follow the slope line. 

Deviations from the slope line correspond to loci tha t deviate 

from the null hypothesis and might be interesting to investigate 

further.

Figure 4.9 below shows the QQ plot for all SNPs in the ISC data, 

based on the CMH test which has been conditioned on eight 

distinct sample collection sites. There is an obvious deviation 

from the diagonal indicating a number of strongly associated 

SNPs.
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iSC GWAS

Figure 4 .9 . Q-Q plot for all SNPs in tlie  ISC GWAS based on the  

CMH test

Figure 4 .1 0  displays the QQ plot for all SNPs located within 

genes identified as potential binding targets of PTBP2 in my RIP- 

seq analysis. There is also a deviation from the diagonal here 

indicating that there are associated SNPs in the data.
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PTBP2 RIP Targets

« •

Figure 4.10. Q-Q plot for all SNPs located within genes 

identified as potential binding targets of PTBP2 in this study.

The QQ plot of PTBP2 targets indicates that there are loci in this 

gene list significantly associated with schizophrenia. In order to 

test w hether there was a higher proportion of significantly 

associated SNPs within these targeted genes than would be 

expected by chance I used the SNP ratio test (SRT)^^. The SRT 

tests for significantly associated pathways (e.g. KEGG pathways, 

or user defined) in GWAS data calculating by the ratio of 

significant to non-significant SNPs in a pathway and then 

comparing that ratio to ratios observed in 1000 simulated 

datasets. These simulated datasets are created by randomizing 

the case/control status of individuals in the original dataset, 

while preserving the overall ratio of cases to controls. An 

empirical p-value is calculated for each pathway based on the 

simulated datasets. In order to carry out the SRT I treated all 

SNPs within the PTBP2 target genes (# 1 ,3 1 4 )  as part of one 

pathw ay/network.
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The SRT result for the PTBP2 pathway is displayed in Table 4 .14 . 

The ratio of significant to non-significant SNPs in the set of 

PTBP2 binding targets was 1:14. This ratio or higher (i.e. more 

associated SNPs present) was observed in 109 out of 1001 

simulations (p = 0 .1 0 8 ), indicating that the PTBP2 pathway as 

defined by my RIP-seq experim ent was not significantly enriched 

for SNPs associated with schizophrenia.

Table 4.14. SRT results for the PTBP2 binding targets 

"pathway".

Pathway ID
#  times simulated 

ratio > original GWAS 
ratio

the total number of 
simulations

p-value

PTBP2 RIP SEQ 109 1001 0.108

4 .3 .5  Peak Finder results

The MACS software identified 3 ,457  peaks in 2 ,213  genes in the 

sequencing data from the His-tag sample. Only 125 of these 

genes overlapped with data from the expression-based analysis 

above. This figure is low but a large num ber of the genes in the 

original list were microRNA, small RNAs etc. and therefore would 

have been omitted when peaks were filtered for intronic regions 

only. DNA sequence was downloaded for each of the peak co

ordinates in fasta form at and these sequences were submitted to 

MEME (Motif-based sequence analysis tool) to try and detect a 

binding m otif for PTBP2. MEME uses an algorithm called 

expectation maximization to find short patterns of nucleic acids 

that occur more frequently in an input sequence than would be 

expected by chance. It  gives each m otif identified an e-value, 

which is a conservative estimate of how likely it is that the motif 

is not just a statistical artefact. The two motifs with the lowest 

e-values, representing the highest accuracy are shown in Figure
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4.11  and Figure 4 .12 . These motifs are presented in MEI^E LOGO 

form at which displays to what extent residues are conserved at 

each position. The height of the individual letters in a stack is 

the probability of the letter at that position. Motif 1 is CT 

enriched which is interesting given PTBP2 predicted binding sites 

are known to be pyrimidine rich. Motif 1 occurred at 477 sites 

(E-value 2 .7  x 10 -3 2 ) and Motif 2 occurred at 29 sites (E-value  

7 X 10-3 ).

Figure 4 .11 . M otif 1 had an e value of 2.7 x 10 -32 . I t  was 8 

nucleotides in length and occurred in 477  of the submitted  

sequences.
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Figure 4.12. Motif 2 had an e value of 7 x 10-3. I t  occurred in 29 

of the submitted sequences and was 8 nucleotides in length.

4.3 .6  Comparison to other PTBP2 

immunoprecipitation studies

o the r studies have attempted to identify the binding targets of 

PTBP2. In an attem pt to asses the validity of the results I looked 

at data from the Boutz et study of PTBPl and PTBP2 binding 

targets. They selected ~1,300 exons based on their likely 

functional significance as targets and tested them for evidence 

of dependent splicing by PTBP2 and PTBPl or both using a 

microarray-based alternative splicing assay with oligonucleotide 

probes tha t hybridize to exon-exon junctions. They identified 

788 exons where they identified a change between when PTBP2 

knockdown and control and of these they listed 81 genes where 

a predicted splicing event had an FDR <0.01 and/or they were 

able to validate the results by PCR. Of these 81 genes, 10 were 

present in the list of potential binding targets generated from 

the expression-based sequence analysis {AP2B1, A Z IN l, CADMl, 

CLSTNl, CLTA, C SN KlA l, HNRNPD, MFGE8, PTPRA and SFRS9). 

In comparison, the list of binding targets generated from the 

MACS peak finder contained 21 of these genes {AHCTFl, 

ANKRD12, A Z IN l, CACNAIB, CADMl, CLASP2, CLSTNl, EXOCl, 

KIAA1267, M AGIl, MAP2, MBNLl, NC0A6, PBXl, RTFl, 

SMAPl, SNX14, SPAG9, STRN3, TMEM183A and XPO l). 

The MACS result only contained information for potential PTBP2
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binding to intronic regions. As PTBP2 is a splicing regulator, one 

would expect that this dataset should contain a higher number 

of splicing targeted PTBP2 RNAs from the Boutz study. However, 

the peak finder set of genes (n = 2 ,213 ) is almost double the 

gene number from the sequence analysis and thus there is 

greater chance of false positive matches with the Boutz data.

Sephton et carried out a RIP analysis for the RBP TDP-43 in 

rat cortical neurons and found evidence to suggest that PTBP2 

might regulate the same RNA targets. Out of the 4 ,352  genes 

that passed their quality filters, the human version of 356 are 

also in my gene list of all potential PTBP2 targets and 795 are in 

the list generated using the MACS peak finder. Out of 53 

identified PTBPl splicing targets in the CLIP seq study by Xue et 

al 7 were also identified as potentially targets of PTBP2 in 

both the original and MACS peak finder datasets. This is 

encouraging as both genes are known to regulate overlapping 

and distinct sets of genes and although the figure is small, the 

CLIP-seq study was carried out in HeLa as opposed to neuronal 

cell and it is possible that m any of the genes in the list of 53 are 

not expressed in the neuronal cell line used in this study^^^.
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4.4 Discussion

There is growing evidence tha t contrary to the central dogma of 

molecular biology whereby DNA is transcribed into RNA which in 

turn is translated into protein, there is an additional layer of 

regulation at the RNA level. This idea that RNAs function as both 

regulatory molecules as well as carrying information for protein 

synthesis stems from the realisation that (a) levels o f mRNA in a 

given cell do not always correlate with corresponding protein 

levels^®^' (b) thousands of large and small non-coding

RNAs have been discovered^^® and (c) although only 2% of the 

genome is protein coding, 70-90%  may be transcriptionally 

active^^^. Much of this extra layer of regulation of RNA 

metabolism is co-ordinated by RNA binding proteins (RBPs) 

which associate with other RNAs in the cell forming 

ribonucleoprotein complexes^°°. These RNA binding proteins play 

roles in almost every aspect of RNA metabolism from splicing to 

translation and therefore understanding their targets and 

transcriptional profiles is not alone interesting from a 

transcriptomics angle but may provide insight into the aetiology 

of several human diseases. Second generation sequencing 

technologies are providing an unprecedented insight to the RNA 

profile of a cell or tissue at a much higher resolution and 

sensitivity than microarrays. Using these technologies for the 

study of transcriptome wide RNA-protein interactions is a 

developing area but as methods develop and improve, in time 

they will provide much insight into the complexity of RNA 

metabolism and post transcriptional regulation. The aim of this 

study was to carry out RNA immunoprecipitation and second 

generation sequencing in order to gain insight into the 

transcriptional profile and binding targets of PTBP2, a brain 

specific RNA binding protein tha t plays a major role in the 

regulation of alternative splicing and other aspects o f RNA
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m e ta b o l i s m  a n d  h a s  b e e n  implica ted  by GWAS a s  a poten tia l  risk 

g e n e  for  s ch izophren ia .

Finding a n  a n t ib o d y  of  su i tab le  affinity a n d  specificity for  a 

p ro te in  of  in t e r e s t  is o n e  of  t h e  b ig g e s t  cha l lenges  w hen  

c onduc t ing  a n y  kind of  im m unoprec ip i ta t ion  e x p e r im e n t .  Even 

t h e  m o s t  specif ic of a n t ibod ie s  will inevitably g e n e r a t e  s o m e  

e x t e n t  of  non-specif ic  binding.  For th is  e x p e r i m e n t  bo th  a 

com m erc ia l ly  ava i lable anti -PTBP2 a n t ibody  (Ribonomics)  along 

with an  e p i to p e  H is - tagged  PTBP2 a n t ibody  w ere  used .  The 

e p i to p e  t a g ' s  m a jo r  a d v a n t a g e  is t h a t  it is well c h a ra c te r i s e d  

with a high binding affinity. A po ten tia l  d r a w b a c k  is t h a t  whilst 

t h e  t a g  is unlikely to  af fec t  t h e  t a g g e d  pro te in ' s  biochemical  

p r o p e r t i e s  d u e  to  the i r  small  size,  it is possible  and  m u s t  be 

c o n s id e re d  w h e n  ana lys ing  resu lt s .  Although t h e  benef i ts  and  

l imitat ions  of using t a g g e d  p ro te ins  a r e  often outl ined in CHIP 

a n d  RIP s e q u e n c in g  s tu d ie s  t h e r e  h a v e  b e e n  few (if any )  s tud ie s  

w h e r e  bo th  an  a n t ibody  t a g g e d  pro te in  a n d  an  an t ibody  

t a rg e t in g  an  e n d o g e n o u s  protein h a v e  b e e n  u sed  al lowing 

c o m p a r i s o n  of  t h e  s u b s e q u e n t  d a t a .  In th is  e x p e r i m e n t  I found a 

high cor re la t ion  b e t w e e n  t h e  RNA t a r g e t s  a s s o c ia ted  with both  

a n t ib o d ie s  ( r ^ = 0 .9 )  a n d  th e r e f o r e  th is  s u g g e s t s  t h a t  t h e  His- tag  

did n o t  h a v e  a m a jo r  im p ac t  on PTBP2's binding capabil i t ies .  The 

overal l  yield f rom t h e  im m unoprec ip i ta t ion  of h is - tag  an t ibody  

w a s  s u p e r io r  to  t h a t  of  t h e  PTBP2 a n t ib o d y  which indica te s  t h a t  

it shou ld  be  se lec ted  if j u s t  o n e  a n t ibody  is u sed  in fu tu re  

e x p e r i e m e n t s .

Working on t h e  p r e m i s e  t h a t  t r u e  PTBP2- in terac t ing t r a n s c r ip t s  

would h a v e  h ighe r  r e a d  dens i t ie s  t h a n  b a c k g ro u n d ,  I c h o o s e  

only t h o s e  g e n e s  with g r e a t e r  t h a n  2x c o v e ra g e  a c ro s s  t h e  

t r a n s c r i p t  for m y  funct ional  c h a ra c te r i sa t io n  an a ly se s .  It is 

poss ib le  t h a t  th is  w a s  o v e r - c o n s e rv a t iv e  a n d  t h a t  o th e r  po tential  

t a r g e t s  or  c o m p o n e n t s  of  t h e  PTBP2 t r a n s c r i p to m e  h a v e  b een
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missed however it was deemed necessary in order to minimise 

background and false positives. In order to complete the PTBP2 

transcriptional profile and investigate other recovered RNA 

targets that m ight represent true binding targets, replication of 

the RIP and sequencing experiments is necessary.

The 1,314 transcripts remaining after filtering of sequencing 

results gave an interesting insight into the PTBP2 transcriptome. 

A number of the RNA transcripts identified encode structural 

components of the ribosome or participants of ribonucleoprotein 

complexes. This is expected given that RIP can also detect RNAs 

that do not directly bind to a particular RBP but may form part of 

the larger RNP complex. In  addition to this, PTBP2 has been 

shown to play a role in ribosome recruitment and translation^^®' 

Other groups of functionally related RNA transcripts include 

those involved in translation initiation, small nuclear and non

coding RNAs which again are all consistent as components of the 

immunoprecipitation of ribonucleoprotein complexes^®^'

There were also several components of the spliceosome and 

splicing related factors which is again not surprising given 

PTBP2's role as a master regulator of alternative splicing in 

neuronal cells^^^. Given tha t PTBP2 has been associated with 

schizophrenia, it was interesting tha t TCF4, a gene significantly 

associated with schizophrenia in GWAS (genome wide significant 

in meta analysis, p = 4 .1x10-9)^°^' is amongst its targets as 

well as the

Dopamine beta-hydroxylase (DBH) and sodium neurotransporter 

(SLC6A2) genes, both of which have been implicated in early 

candidate gene studies of schizophrenia There were also a 

large number of reads mapping to PTBPl. This is interesting 

because although PTBPl protein is not normally expressed in 

neuronal cells, PTBPl mRNA can often be present, indicating it 

undergoes some form of post-transcriptional regulation that 

prevents translation. In non-neuronal cells PTBPl regulates the
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expression of PTBP2 by promoting the skipping of PTBP2 exon 

10 which causes the m ajority of PTBP2 mRNA to be degraded by 

PTBPl is known to auto regulate its own expression in a 

sim ilar manner however it may be possible that PTBP2 is 

involved and could explain the binding of PTBP2 to PTBPl 

here^^l

The RNA transcripts identified as potential binding targets of 

PTBP2 were analysed using both GO term and KEGG pathway 

data. Whilst these ontology tools have the potential to provide 

researchers with valuable information on a gene or list of genes, 

results must be interpreted with caution. It is worth 

acknowledging the "code of evidence" which accompanies GO 

annotations, as they provide information on how the particular 

term  has been linked with a given transcript, i.e., 

experimentally, computationally or author statement. It is 

generally considered that those tha t have been validated 

experimentally are of higher quality^^°. Some transcripts are 

often associated with more than one GO term and because GO is 

hierarchical, a gene that is in one category is automatically part 

of all its parent classifications. It  is also im portant to be aware of 

biases in the test data. For example in this experiment, the cell 

line used was a neuronal cell line and therefore using the entire 

human genome as a reference to check for enrichment may 

have exaggerated the results as the data only contained 

information on RNA transcripts present in the brain. Given the 

large number of GO terms being tested, it is im portant to correct 

for the number of tests being carried out^^°. The three tools used 

in this study apply a stric t Bonferroni correction for multiple 

testing. As I was not assessing the results under any changing 

experimental conditions, using these tools in this study provided 

a means to functionally characterise the set of potential PTBP2 

targets.
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The GO term analysis showed that there was enrichment of 

RNAs involved in various aspects of RNA metabolism; splicing, 

translation and DNA/RNA binding which is consistent with what 

is known about the PTBP2 function (section 3.1). It  has been 

shown that RNA binding proteins commonly associate with both 

functionally related genes, other RNA binding proteins and 

regulatory proteins such as transcription factors^^®' A CLIP- 

seq study of PTBPl binding targets in HeLa cells found similar 

evidence tha t PTBPl is also widely involved in RNA 

metabolism^^\

KEGG pathway analysis found 7 significantly enriched pathways. 

Identification of the ribosome, spliceosome and proteosome 

pathways reflects the large number of RNA targets with these 

functions in the target gene list. Identification of the 

Huntington's, Alzheimer's and Parkinson's disease pathways as 

being enriched for PTBP2 targets suggest that PTBP2 is involved 

in the regulation of the RNA transcripts involved in these disease 

pathways. It is interesting that these are all neurological 

diseases and the seventh KEGG pathway identified, the Wnt 

signalling pathway, has also been previously implicated in 

schizophrenia pathogenesis^'^''. It  is possible tha t signals in the 

KEGG analysis have been exaggerated because only transcripts 

expressed in neurons were being tested and therefore the 

results warrant cautious interpretation.

The peak finder analysis offered another means of analysing the 

immunoprecipitated reads and similar to the original analysis, 

identified a number of interesting binding targets. For example, 

several peaks were detected again in the TCF4 gene and in 

ZNF804A, the strongest replicated gene for schizophrenia from 

GWAS^°°. Peak finders are designed to identify enriched peaks of 

sequence reads relative to background. The RNA in this 

experiment contained sequence data along the length of
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transcripts and therefore any enriched peal< could jus t represent 

a particularly highly expressed gene, duplicated region or a PCR 

bias. However, I was able to use these data to look for binding 

motifs in intronic regions, indicative of PTBP2 binding to pre- 

mRNAs and the results suggest that a proportion of sequences in 

the peak finder data do contain a potential PTBP2 binding site.

The results from analysis of PTBP2 binding targets in the ISC 

data indicate that there are a number of genes with significantly 

associated SNPs in the PTBP2 target list. The SRT result however 

was not significant (p = 0.108) which means that these target 

genes do not represent a pathway or network of PTBP2- 

regulated genes enriched for association with schizophrenia in 

this dataset. Many of the genes in the list are not direct targets 

of PTBP2 but rather are part of the RNP complex (e.g. splicing 

factors, ribosome components,) and therefore considering these 

as part of the overall pathway may have weakened any potential 

signal.

One of the m ajor caveats to this study is the lack of a sequenced 

control and biological replicates. Whilst there was too little or no 

RNA detected using the bioanalyser in the negative control 

sample, sequencing this sample may have helped distinguish 

true background noise from potential target RNAs, although one 

could argue that the two different antibodies act as a control for 

one another. A quality check of immunoprecipitated RNA using 

western blot is also generally recommended in these types of 

analysis but is not always performed^^^. Prior knowledge of 

definite PTBP2 targets or component of an mRNP would also 

have been useful as its presence could have been assessed 

using RT-PCR. Alternatively cross-linking of the PTBP2 protein to 

its targets would have also resulted in less background and a 

more specific set of targets. Finally, it is worth noting tha t RNA 

binding proteins can often re-associate with the ir binding targets
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a f t e r  cell lysis which would resu l t  in false  r e p r e s e n t a t i o n  of  RNA- 

prote in  complexes^"^^. Taking all t h e s e  f ac to r s  into cons ide ra t ion ,  

for a n y  RNA im m unoprec ip i ta t ion  s tu d y  such  a s  thi s ,  a 

replicat ion e x p e r i m e n t  to  conf irm t h e  binding t a r g e t s  identif ied 

in th is  s tu d y  should  be  carr ied  o u t  with su i tab le  cont rols .

In conclus ion,  th is  s tu d y  involved RNA im m unoprec ip i ta t ion  of 

t h e  PTBP2 pro te in  in neurona l  cells us ing  tw o  dif ferent  a n t ibod ie s  

followed by s e c o n f  g e n e ra t io n  s e q u e n c in g  of  its bound  RNA 

t a r g e t s .  O ver  1 ,300  potentia l  binding t a r g e t s  a n d  c o m p o n e n t s  of 

PTBP2 r ibonuc leopro te in  c o m p le x e s  w e re  identif ied, s o m e  of 

which a r e  e x t r e m e ly  in te res t ing  with r e g a r d s  to  sch izophren ia .  

Functional  profiling of t h e  a s s o c ia t e d  t a r g e t s  found  ev id en ce  to 

s u g g e s t  t h a t  m a n y  t r u e  binding t a r g e t s  of  PTBP2 w e re  iso la ted  

a s  t h e r e  w e re  m a n y  RNAs d e t e c t e d  t h a t  a r e  known to  be 

involved in PTBP2 reg u la ted  p ro c e s s e s  e .g .  splicing f ac to r s  etc.  

In add it ion  t h e  resu l t s  conf irm ed  s o m e  previous ly  implica ted  

potent ia l  PTBP2 t a r g e t s  from o th e r  CHIP and  RIP s tud ie s .  Whilst 

fu r th e r  t e s t ing  a n d  replicat ion a r e  n e c e s s a r y  to  confirm th e  

resu l t s  it h a s  offered an  in te res t ing  insight  into t h e  m e th o d o lo g y  

itself a s  well a s  t h e  t r a n s c r i p to m e  of PTBP2.Given PTBP2's 

im p o r t a n t  role in t h e  regula t ion  of a l t e rna t ive  splicing in n e u r o n s  

fu r th e r  t r a n s c r i p to m e  profiling will be e x t r e m e ly  va luab le  in 

o r d e r  to  a s s e s  its po tent ia l  role in sch izophren ia  a n d / o r  o th e r  

d i s e a s e s .
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5 RNA Seq as a method of SNP 

detection

5.1 In troduction

The transcriptome consists of all RNA transcripts, coding or non

coding, expressed within a given cell or tissue. Its annotation 

and quantification has been the subject of extensive 

investigation for several decades. Studying the transcriptome in 

disease tissue can give an im portant insight into the functional 

properties of specific RNA transcripts and thereby provide a 

clearer understanding of the underlying disease processes.

In the past, the predominant means of studying the 

transcriptome was carried out using methods such as northern 

blots, RT-PCR, expressed sequence tags (ESTs), serial analysis 

of gene expression (SAGE) and most commonly in recent years 

using hybridisation based methods such as microarrays^"*^. These 

methods, in particular microarrays, have been successfully used 

to carry out gene expression profiling, protein-DNA interactions, 

SNP and CNV detection e.g. the HapMap project and alternative 

splicing^"*^. They are however, not w ithout lim itations; difficulties 

in monitoring the efficiency of probe hybridisation, cross 

hybridisation as a result of repetitive regions and issues relating 

to the normalisation of transcript levels in relation to transcript 

abundance are common. Probe design is inherently based on 

known sequences therefore lim iting the extent of novel 

gene/transcript and splice discovery tha t is possible and 

although tilling microarrays are now available, cross

hybridization is still an issue^”̂®.

The development of second generation sequencing technologies 

is rapidly changing transcriptome analysis as researchers 

acknowledge the benefits of RNA sequencing (RNA-seq). Given
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tha t this method has featured in over 300 publications (Pubnned 

June 2011) since first applied in 2008, it is evident tha t RNA-seq 

is revolutionising how researchers study the transcriptome^^®. 

This nnethodology, which involves the direct sequencing of cDNA 

libraries, allows not only for a more accurate quantification of 

RNA transcripts in a given cell or tissue^^"* but importantly 

requires no prior sequence knowledge thereby allowing the 

discovery of new genes, transcripts, alternative splice junctions, 

fused sequences and novel RNAs^^®. RNA-seq has not alone been 

used to examine differential gene expression for different genes 

and tissues^®^ but has also been applied to the study of allelic 

differences in expression^^^' transcriptome characterisation^'*®' 

analysis of RNA-protein interactions^®^ and analysis of 

alternative splicing^^\ Again, this technology is not w ithout its 

lim itations and challenges; although costs are falling, RNA-seq is 

still a great deal more expensive than microarrays even w ithout 

considering the extent of sequencing required to ensure 

sufficient gene coverage in the target cell, the potential need for 

biological replicates of results and importantly the computational 

resources needed to handle the large amounts of data 

generated. In addition, the heterogeneity of coverage across a 

transcript can cause bias in gene expression estimates and 

distinguishing novel RNAs and transcripts and modifications from 

sequencing errors or artefacts of the library preparation can be 

difficult.

5.1.1 RNA-seq data analysis

RNA-seq has a large number of applications, accompanied by an 

equally vast array of accompanying software tools for their 

analysis. Depending on the application several factors must be 

considered: (i) Computational resources - some alignment tools 

are designed to perform quicker than others and use less 

memory. As an alternative, it is now possible to analyse RNA-

195



seq data using the Galaxy public server at h ttp ://usega laxy.org. 

(ii) Reference genonne - if the reference genome of the organism 

of interest is not available then the software used must be able 

to carry out de novo alignment, (ill) Read length - as it becomes 

more common to use longer read lengths and paired end reads 

alignment software must be updated to handle the analysis, (iv) 

Expression and quantification - some software tools are 

specifically designed for the transcript assembly and have 

features which allow for the analysis of differential 

expression and regulation, (v) Alignment methods - issues arise 

when dealing with splice junctions and duplicate reads. Ideally, 

RNA-seq data would be aligned to the transcriptome however 

alternative splicing events can occur in different tissues and/or 

under different circumstances making it difficult to create a 

"reference" transcriptome. The transcriptome is still believed to 

be incomplete so, in order to avoid loss of information, RNA-seq 

reads are instead forced to map to the reference genome.This 

creates difficulties at splice junctions as each sequence spanning 

a splice junction differs from that of the genome. Reads that 

span an exon boundary (and therefore fail to map) can be 

aligned against synthetic sequence fragments containing the 

upstream and downstream sequences of known splice sites and 

some software packages can align reads w ithout any previous 

knowledge about the splice sites. Duplicate sequence reads can 

be removed before or after alignment and depending on the type 

of analysis being carried out, choosing one method over the 

other can result in loss of information or exaggeration of 

sequence coverage.

5.1 .2  Source o f RNA

The source of RNA (either poly A or total RNA) used in an RNA 

sequencing experiment can come from any species, cell or 

tissue. Whilst collecting primary human cell or tissue samples for
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the extraction of RNA would be the preferred option for any kind 

of RNA analysis in disease research, this is not always possible. 

Depending on the tissue of interest sampling can be invasive (or 

in psychiatric or neurological disorders only available post 

mortenn and even then this tissue is extrennely sensitive), costly, 

time consuming, cells can be difficult to isolate and maintain and 

it is difficult to control for exposures e.g. to medications^^^. Cell 

lines offer an advantage to this as they come from the same 

source, are more uniform in expression and they offer an 

unlimited source of patient DNA and RNA to use for gene 

expression/functional studies such as RNA seq^^^. Large 

collections of cell line repositories exist e.g. the Coriell Institute 

for Medical Research (h ttp ://ccr.co rie ll.o rg /) and European 

Collection of Cell Cultures (ECACC,

http://www.hpacultures.org.uk/collections/ecacc.jsp), where 

researchers can gain access to cell lines for many diseases and 

cell types.

One of the most commonly used cell line is tha t of EBV 

transformed lymphoblast cell lines (LCLs). The source is a blood 

draw that is not particularly invasive^^°' The HapMap 

collection of LCLs is an excellent resource of LCLs; as well as 

giving researchers access to a collection of robust cell lines on a 

large number of individuals, it has the additional benefit of 

providing access to vast amount of corresponding genotype 

information. The m ajority of human eQTL studies have been 

carried out using these cell lines and they have provided huge 

insight into various aspects of gene expression. In the study of 

psychiatric illnesses they have been used to screen several 

potential regulatory variants in the absence of brain tissue^®^' 

These LCLs have also been shown to be a reliable source 

material for SNP genotyping^^®. In the past few years there have 

been a huge number of RNA sequencing studies carried out on a 

large number of different cell types, e.g. from primary celis^ '̂^,
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single cells^^^' from disease cells^^^' and from control

collections^^^' including HapMap LCLs^^®'

Illumina have also recently released a Body Map dataset 

consisting of raw RNA-seq data from 16 human tissue types, 

including adrenal, adipose, brain, breast, colon, heart, kidney, 

liver, lung, lymph, ovary, prostate, skeletal muscle, testes, 

thyroid, and white blood cells freely available for researchers to 

use in the ir analysis (GEO accession: GSE30611).

5 .1 .3  A pplications o f  RNA sequencing

5.1 .3.1  Transcript annotation and novel transcript 
discovery

RNA-seq allows direct sequencing of whatever transcripts are 

expressed in a given tissue and as a result gives more accurate 

annotations of existing transcripts and the identification of novel 

transcripts. Consistently in RNA-Seq studies researchers are 

finding tha t 30-40%  of all loci with mapped reads are in areas 

outside known annotated regions^^^' For example,

Mortazavi et carried out RNA-seq on adult mouse muscle, 

brain and liver tissues and identified 17,000 reads tha t mapped 

to previously un-annotated regions of known genes, 

predominantly the 3' and 5' untranslated regions. Cloonin et 

had sim ilar results upon RNA-seq of undifferentiated mouse 

embryonic stem cells and embryoid bodies, where over two 

thirds of the reads generated were outside of known exons. 

Sultan et observed sim ilar results in their analysis of human 

embryonic kidney and B cell line where 34% of their reads 

mapped to non-annotated genomic regions. It is therefore clear 

tha t a substantial proportion of the transcriptome consists of 

novel protein coding transcripts or exons, extended untranslated 

regions of known transcripts and non-coding RNAs, the 

proportion of which is under much debate^®^'
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5.1 .3 .2  Alternative splicing analysis

The use of RNA-seq to monitor and to try  and understand the 

complexity behind splicing is another huge application of RNA- 

seq, especially given tha t errors in alternative splicing are 

estimated to impact on between 15-60% of human diseases^®^. 

It has already been used to identify thousands of novel splice 

junctions and we now know that up to 95% of human multi-exon 

transcripts are alternatively spliced with on average at least 7 

splicing events per gene^®^ and that many alternative splicing 

events are tissue specific^^^.

5.1 .3 .3  Differential gene expression analysis

RNA-seq allows the reliable quantification of transcript levels 

within a given cell/tissue under any given condition^^^' and 

has been found to be as effective as microarrays at 

quantitatively measuring gene expression^^'^. It has been used to 

study differential gene expression in several diseases including 

Alzheimer's disease^®"  ̂ and schizophrenia^®^. It has also been 

used in combination with sequence data to study the effects of 

genetic variation on gene expression both through allelic 

expression imbalance and eQTL analysis. Heap et conducted 

a genome-wide analysis of allelic expression imbalance (AEI) in 

human primary CD4+T cells using RNA-seq and identified a 

number of SNPs associated with imbalance of gene expression. 

Similarly Pickrell et and Montgomery et al^^  ̂ combined RNA- 

seq data with HapMap sequence data and found evidence of 

eQTLs influencing the alternative splicing and/or transcript 

expression of over 1,000 genes. Many of the eQTLs were located 

close to their regulated transcripts and acted in an allelic specific 

manner.
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5.1 .3 .4  Small RNA discovery

RNA-seq has been used in the discovery, identification and 

categorisation of several small RNA classes and species including 

mIrcroRNAs, small interfering RNA and Piwi-interacting RNAs^ "̂ .̂ 

Differential expression analysis of these small RNAs has also 

been carried out. For example, Moreau et found evidence of 

reduced miRNA expression levels in post-mortem brain tissue 

samples from schizophrenia and bipolar samples in comparison 

to controls.

5 .1 .3 .5  RNA editing

RNA editing is a post-transcriptional mechanism of base re

coding through insertion, deletion or modification of nucleotides 

and has been associated with a number of diseases, including 

several neurological disorders^^®'^^®. In humans the two most 

pre-dominant forms of this occur as an Adenosine (A) to Inosine 

(I) changes in mRNA, tRNA and miRNA and Cytidine(C) to 

Uradine (U) in mRNA. In both cases the product has altered base 

pairing properties, adenosine typically base pairs with uradine in 

RNA, whereas inosine is sim ilar to guanosine and base pairs with 

cytidine. Cytidine base pairs with guanine, whereas uradine base 

pairs with adenosine. Editing can impact on the protein sequence 

or transcript expression. Li et screened over 36,000 A-I 

editing sites in human gDNA and cDNA from a number of tissues 

and identified 239 sites where editing appeared to have taken 

place.

5.1 .3 .6  RNA-protein interactions

Interactions between RNA transcripts and proteins can be 

investigated by immunoprecipiation of the transcript protein 

complex and subsequent sequencing of the RNA^^\ This method 

has been used to identify binding targets of the F0X2 splicing
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regulator^®^, Polycomb repress ive complex 2 (PRC2)^^° and 

PTBPl^^^

5.1.3.7 Variant discovery

As with transcr ip tome analysis,  h igh- th roughput  genom e-w ide  

analysis of DNA sequence  variation has  predominate ly  been 

performed using array technology in th e  form of SNP chips but is 

being superseded  by next-genera t ion  sequencing.  Although not 

yet  replacing SNP array  technologies ,  nex t-genera t ion  

sequencing does  offer the  opportuni ty  to de tec t  all variants  

p re sen t  and not jus t  a ssay  the  variants  ta rge ted  by th e  p re 

designed arrays.  Whole-genome sequencing is being applied in 

the  1000 G enomes  (h t t p : / / w w w .1 0 0 0 g e n o m e s .o r g / ) project  to 

expand  on resources  such as  HapMap by sequencing multiple 

population samples  to identify > 9 5 %  of th e  variants  with a MAF 

> 1 % ,  as  well as  to identify > 9 5 %  of th e  variants  with a MAF 

> 0 .1 %  in exonic regions'*^ This is particularly impor tan t  for 

re sea rchers  studying complex d iseases  a s  it is now believed 

post-GWAS tha t ,  for many  disorders,  a substant ia l  proportion of 

their  heritability may be a result  of ra re  variants  in the  form of 

SNPs, indels or CNVs

While whole g enom e  sequencing remains  the  m os t  

comprehens ive  m ean s  of variant detection it is still costly and 

not ye t  feasible in a large nu m b er  of samples^^^. An in te rmedia te  

option is exom e  sequencing^^^ on the  premise  th a t  th e  majority 

of d isease  related muta tions  a re  located within coding sequences  

(approximate ly  1 -2% of the  genome) .  From Mendelian d isease  

we know th a t  muta tions  causing amino acid changes  accoun t  for 

~ 6 0 %  of d isease  mutations^^'*. While RNA-seq is primarily 

considered a method of g ene  express ion analysis,  it is also a 

form of exom e  sequencing with the  capacity to de tec t  sequence  

variation in those  genes  t h a t  a re  exp ressed  in the  sample.
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Therefore, a major advantage of RNA-seq is to offer a 

convergent approach to disease research by providing 

information for gene expression/characterisation and also coding 

sequence variation plus potential insight into post translational 

processes such as RNA editing.

The RNA sequencing in this study was carried out in HapMap 

LCLs. As discussed earlier, there are several issues with the 

availability of suitable tissue in which to perform RNA analysis 

for psychiatric illnesses. Even if post mortem tissue is available, 

the brain is extremely heterogeneous making isolation of 

particular cell types difficult and gene expression is known to 

vary widely in different regions. Advances in IPS technology may 

offer a solution to this in the future but currently LCLs offer a 

reliable means of assessing potential functional variants and 

gene profiles in psychiatric research.

5 .1 .4  Aims and study outline

The aim of this study was to investigate the specificity and 

sensitivity of RNA-seq as a tool for SNP detection. A number of 

studies have reported on the viability of SNP detection using 

RNA-seq but the purpose of this study is to determine the

best approach for RNA-seq SNP analysis by evaluating the 

performance of different alignment strategies and SNP-calling 

methods in comparison to extensive available online sequence 

variation data such as 1000 Genomes data. I aim to do this by 

calculating the sensitivity and specificity for a range of tools 

currently available for sequence alignment and SNP calling. 

Specificity addresses the question: how likely is a SNP detected 

by RNA-seq to be a true variant in the DNA sequence? 

Sensitivity addresses the question: how likely is RNA-seq to 

detect a coding SNP if it is present in a transcribed gene? The 

ability to use RNA sequencing fo r both expression quantification

202



and sequence information would be of huge value to the study of 

complex diseases.

HapMap individual NA12878 will be sequenced using 40bp reads 

in 3 lanes of an Illumina flow cell using 60bp reads in 1 lane. The 

reads from the 40bp lanes can be combined so tha t in all four 

samples will be used in the SNP analysis; one lane of 40bp, two 

combined lanes of 40bp reads, three combined lanes of 40bp 

reads and one lane of 60bp reads. All sequenced reads will be 

aligned using two different duplicate removal strategies (pre or 

post alignment) and two different alignment tools, Maq and 

Tophat. Maq and Samtools SNP calling algorithms will be used 

on each sample. Sensitivity and Specificity analysis will then be 

conducted using data from dbSNP, Hapmap and the 1000 

genomes project.
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5.2 M aterials and Methods

5.2.1 Centre d'Etude du Polymorphisme
Hu main (CEPH)

Cell lines from selected HapMap CEU samples obtained from the 

Corriell Institu te  were cultured in Roswell Park Memorial 

Institute (RPMI) 1640 media supplemented with 15% foetal 

bovine serum (FBS) at 37°C and 5% C02in 75cm^ flasks.

5.2 .2  RNA extraction

RNA was extracted from ~10^ cells using the RNeasy extraction 

system (Qiagen) according to the manufactures' protocol for the 

HapMap individual NA12878.

5 .2 .3  Checking RNA quality using 

Bioanalyser

RNA-seq requires tha t the starting material of RNA must be of 

high quality as use of degraded RNA can result in low yields, 

overrepresentation of the 5' ends of RNA molecules or failure of 

the overall protocol. It  is therefore necessary to check the total 

RNA integrity after isolation. This can be assessed by running it 

out using formaldehyde 1% agarose gel stained with ethidium 

bromide alongside a RNA6000 ladder. High quality RNA should 

show a clear 28S rRNA band at 4.5kb that should be twice the 

intensity of the 18S RNA band at 1.9kb This 2:1 ratio (28S;18S) 

is a good indication that the RNA is completely intact. Partially 

degraded RNA will have a smeared appearance, lack the sharp 

rRNA bands, or will not exhibit the 2:1 ratio of high quality RNA. 

Completely degraded RNA will appear as a very low molecular 

weight smear. Whilst this is an effective means of checking the 

RNA integrity it relies upon visual inspection of the gel and
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interpretation of the band intensity and also requires up to 

200ng of RNA in order to be visualised using Ethidium bromide.

An increasingly more common alternative is the Agilent 2100  

Bioanalyser (Agilent Technologies), a microfluidics-based 

platform whereby small amounts of RNA samples are separated 

in the channels of the microfabricated chips according to their 

molecular weight and subsequently detected via laser-induced 

fluorescence detection. The result is visualized as an 

electropherogram where the am ount of measured fluorescence 

correlates with the am ount of RNA of a given size. In addition to 

assessing RNA integrity, this autom ated system also provides a 

good estimate of RNA concentration and purity (i.e. rRNA 

contamination in mRNA preparations) in a sample and as little as 

l | j |  of 10ng/|jl is required per analysis. The RNA integrity 

num ber (R IN ) is used as the m easurem ent of integrity and a RIN 

value of greater than 8 is considered to be high-quality RNA 

(Figure 5 .1 ).

RIN = 9.21 0 - -
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Figure 5 .1 . Electropherogram  showing RNA of high quality

The RNA sample for HapMap individual NA12878 was analysed 

using the Agilent 2100 Bioanalyzer (Agilent Technologies) and 

was deemed to be of sufficiently high quality with little 

degradation; RIN values of 9 .5  (Figure 5 .2 ). The 28S band was

205



also found to be of a higher intensity than the 18S band (Figure 

5 .3 ).
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Figure 5 .2 . Bioanaiyser electropherogram  of RNA from  

individual N A 12878 showing it is of sufficiently high quality  

w ith  an RIN of 9.5.
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Figure 5 .3 . Total RNA gel like-im age produced by the  

Bioanalyzer showing the 28S and IB S  bands.
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5 .2 .4  RNA sequencing sample preparation  

guide

Illumina cDNA sequencing libraries were prepared according to 

the Illumina mRNA Sequencing Sample Prep Guide detailed 

below (1004898 Rev. D).

5.2.4.1 Purification of RNA

This step is necessary to purify the poly-A containing mRNA 

molecules using poly-T oligo-attached magnetic beads. The 

protocol is outlined in Table 5.1 below.

Table 5.1. Protocol for the purification of RNA

1. Dilute lOng of total RNA for each sample to 50ul with nuclease-free water

2. Wash 15nl of Sera-mag oligo(dT) beads twice with 100 nl of Bead Binding Buffer, 
remove supernatant and resuspend in 50 (il o f Bead Binding Buffer

3. Add 50 )il o f total RNA sample

4. Rotate tubes at room tem perature for 5 minutes

5. Remove supernatant and wash with 200 ĵI o f washing buffer

6, Add 50 fil o f 10 mM Tris-HCI

7. Incubate at 80°C for 2 minutes to elute the mRNA from the beads

8. Place sample on magnetic stand , transfer supernatant to a tube containing 50 nl of 
Binding Buffer and wash beads with 200)il of washing buffer

9. Incubate mRNA samples at 65°C for 5 minutes to disrupt the secondary structures 
and add to the washed beads

10. Rotate at room temperature for 5 minutes and remove supernatant

11. Wash beads with 200 jil o f washing buffer

12. Add 17 pi o f 10 mM Tris-HCI and incubate at 80“C for 2 minutes to elute the mRNA 
from the beads

13. Place tubes on a magnetic stand aliquote the supernatant (mRNA) to a 200 pi thin- 
wall PCR tube on ice.

5.2.4.2 Fragmentation of mRNA

This fragments the mRNA into small pieces. The protocol is 

outlined in Table 5.2.
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Table 5.2. Protocol for the fragm entation  of mRNA

1. Add 4 n! of 5X Fragmentation Buffer to the purified mRNA

2, Incubate at 94°C for 5 minutes

3. Add 2̂ 1 of stop solution and transfer to a fresh tube

4. Add 2 |il of 3 M NaOAC, 2 fil of Glcogen and 60 jil of 100% ETOH

5, Incubate at -80°C for 30 minutes

6, Centrifuge at 14,000 rpm for 25minutes at 4°C

7. Remove EtOH from the RNA pellet

8. Wash pellet with 300 n! of 70% EtOH and leave to air dry for 10 minutes at room 
temperature

9, Re-suspened in 11.1 fil RNase-free water

5.2 .4 .3  Synthesis of the first strand cDNA.

This process transcribes the cleaved RNA fragments into first 

strand cDNA using reverse transcriptase and random primers 

(Table 5.3)

Table 5.3. Protocol for the synthesis of the first strand cDNA.

1. Add 1 jil Random Primers to mRNA sample, incubate at 65°C forS minutes and place 
on ice

2, Make a master mix o f 4jil 5X First Strand Buffer, 2 |il 100 mM DTT, 
0.4^il 25 mM dNTP Mix and 0.5ul RNase inhib itor and add to sample,

3. Incubate a t 25°C for 2 minutes

4. Add Ipl superscrip t I I  to the sample

5, Incubate at 25°C fo r 10 minutes, 42°C for 50 minutes and 70°C for 15 minutes

6, Place tube on ice

5.2 .4 .4  Synthesis o f the second strand cDNA

This process removes the RNA template and synthesises a 

replacement strand generating a double stranded cDNA. The 

protocol is outlined in Table 5 .45 .4 .
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Table 5 .4 . Protocol for the synthesis of the second strand cDNA.

1. Add 6 2 .8  \ i \  u ltra  pure  w a te r  to  th e  firs t s trand  cDNA synthes is  m ix

2. Add lO fil GEX Second S tran d  B u ffe r and 1.2^1 2 5  mM dNTP Mix ,m ix  w ell and  
in cubate  on ice fo r 5 m inutes

3. Add 1^1 R N aseH  and 5 îl DNA Pol I  and  m ix w ell

4, In c u b a te  a t 16°C  fo r 2 .5  hours

5, Purify using Q IA q u ick  PCR purificatio n  k it(Q ia g e n ) according to  th e  m a n u fac tu rers  
instructions

5 .2 .4 .5  End repair and 3 '  end adenylation

This process converts the overhangs into blunt ends using T4 

DNA polymerase and Klenow DNA polymerase (Table 5.5). The 

3' to 5' exonuclease activity of these enzymes removes 3' 

overhangs and the polymerase activity fills in the 5' overhangs. 

An "A" base is then added to the to the 3' end of the blunt 

phosphorylated DNA fragments, using the polymerase activity of 

Klenow fragment. This prepares the DNA fragments for ligation 

to the adapters, which have a single 'T' base overhang at the ir 

3' e n d .
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Table 5 .5 . Protocol for End repair and 3 ' end adenylation

1. Prepare master mix consisting of :
50|jl eluted DNA from second strand synthesis reaction,27.4 |j ! Water, lOpi lOX 
End repair buffer, l.Gpl 25 mM dNTP Mix,5|jl T4 DNA polymerase, Ip l Klenow 
DNA polymerase and 5ijl T4 PNK

2 . Incubate at 20°C for 30 minutes

3. Purify using QIAquick PCR purification kit(Qiagen) according to the 
manufacturers instructions

4. Add Sul A-tailing buffer, lOul ImM Datp and 3ul Klenow exo to 32ul of eluted 
DNA

5 . Incubate at 37°C for 30 minutes

6 . Purify using MinElute PCR purification kit(Qiagen) according to the manufacturers 
instructions

5 .2 .4 .6  A dapter Ligation and cDNA purification

This process ligates illumina sequencing adaptors to the ends of 

the DNA fragments, preparing them to be hybridised to a single 

read flow cell, the ligated products are then purified on a gel and 

size selected for downstream enrichment (Table 5.6).
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Table 5.6 . Protocol for Adapter Ligation and cDNA purification

1. Prepare master mix consisting o f :
23|jl eluted DNA from adenlyation reaction,25^1 2X Rapid T4 DNA Ligase B u ffe r, 
l | j |  PE Adapter Oligo Mix, Ip l T4 DNA Ligase

2. Incubate at room tem perature for 15 minutes

3, Purify using MinElute PCR purification kit(Q iagen) according to the manufacturers 
instructions

4, Run 10 |jl o f eluted DNA on a 2% agarose gel for 60 minutes at 120V

5, Exicse region of gel containing material in the 200bp (+ / -  25bp) range

6. Purify using QIAquick PCR purification kit(Q iagen) according to the 
manufacturers instructions

5.2.4.7  Enrichment of cDNA templates

This process amplifies the cDNA in the library using PCR 

performed with two primers that anneal to the ends of the 

adaptors (Table 5.7)

Table 5.7. Protocol for the Enrichment of cDNA tem plates

1 Prepare master mix consisting o f :
30pi eluted DNA from purification reaction,lOjjl 5X Phusion Buffer, Ip l  PCR 
Primer PE 1.0, l | j l  PCR Primer PE 2 .0 ,  O.SijI 25 mM dNTP Mix, 0 .5  (i! Phusion 
DNA Polymerase, 7^1 W ater

2, 3 0 s a t 9 8 ° C
1 0 s a t 9 8 ° C  1
3 0 s a t 6 5 ° C  f  ^  ̂=
3 0 s a t 7 2 ° C  ^
5 min a t  72°C

3. Purify using QIAquick PCR purification kit (Qiagen) according to the
manufacturers instructions

4. Validate and quantify the eluted DNA

Sequencing was carried out by Dr. Elaine Kenny on an Illumina 

Genome Analyzer I I  using read lengths of 40bp and 60bp.

5 .2 .5  Analysis o f sequencing reads

The work detailed below was carried out in consultation with and 

where indicated solely by Dr. Paul Cormican.

211



5.2.5.1 Duplicate reads

Duplicate reads in sequence data can occur during the 

PCR/library preparation steps, from sequencing artefacts such as 

poly-A and poly-N reads, noise in cluster detection and from 

genomic DNA shearing at the same location in different 

molecules^^^. This can lead to an exaggeration of coverage levels 

and impact the accuracy of variant calls. To avoid this, where 

duplicate reads are detected, only one copy of the read is kept 

and duplicates are generally removed either pre- or post

alignment. The difference between pre- and post-alignment 

strategies is as follows: Duplicate reads dropped pre-alignment 

have exact identical sequence whereas those dropped post

alignment are reads tha t map to the same position in the 

genome or transcriptome, i.e. have the same start and end 

coordinates, but can contain sequence differences internally. 

There is no gold standard method to deal with duplicates. 

Removal of duplicates pre-alignment will miss duplicate reads 

tha t are derived from the same cDNA fragment but contain 

sequencing errors, therefore resulting in an underestimation of 

duplicate reads. Removal of duplicates post-alignment could 

exclude a read containing the second allele of a SNP and thus 

will result in loss of valuable information. To determine the best 

method of dealing with duplicates this data was analysed by 

removing duplicates pre-alignment (strategy A) and post

alignment (strategy B) in order to asses the impact on the 

number and quality of SNP calls.

5.2 .5 .2  Alignment and SNP calling

The read alignment and SNP calling detailed in this section was 

carried out by Dr Paul Cormican.

Two publicly available sequencing alignment software tools were 

used to analyse the data; Maq (Mapping and Assembly with
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Quality) and TopHat.  I^aq.0 .7 .1  ( h t t p : / /m a q . s o u rc e fo rg e .n e t / ) 

m aps  short  reads  to a re fe rence  g e n o m e  and is predominate ly  

used in the  analysis of genomic  s eq u en ce  da ta .  It deals  with 

t ranscr ip tome da ta  by mapping  any  reads  th a t  span  an exon 

boundary  (and therefore  fail to m ap)  agains t  synthet ic  s equence  

f ragm en ts  containing the  u p s t re am  and dow nst ream  sequences  

of known splice sites. Using Maq offers two options for SNP 

calling. SNPs can be called using Maq itself or reads  aligned 

using Maq can be conver ted  into SAM (Sequence  

Alignment/Map) format  and SAMtools v l . 4  

(h t tp : / / s a m to o l s . so u r ce fo r g e .n e t / ) can be used to call variants  

(as used in the  1000 G en o m es  project) . TopHat  version 1.1.4 

( h t tp : / / to p h a t . c b c b .u m d .e d u / ) also m aps  reads  to a reference  

g e n o m e  and calls SNPs but it is much fas te r  than  many  o ther  

exist ing a lignment tools (including MAQ) and does  not rely on 

known splice sites,  the reby  allowing the  detection of novel exon 

boundaries.  Due to concerns  t h a t  the  anno ta ted  t ranscr ip tom e is 

incomplete,  conventional approach  of aligning RNA-seq reads  to 

the  reference  g e n o m e  (NCBI build 36 .1) was  taken.  This was 

done  for both Maq and TopHat. In addit ion,  in o rder  to t e s t  its 

performance,  reads  were  aligned to a refe rence  transcr ip tome.  

This was  performed using TopHat.

To summarize ,  four a l ignment  and  SNP calling m e thods  were  

used (Figure 4 .4  below): (1) Maq a lignment to the  g e n o m e  and 

Maq SNP calling (MAQ m ethod) ,  (2) Maq a lignment to the  

g e n o m e  and SAMtools SNP calling (MS m e thod) ,  (3) TopHat 

a lignment to the  g e n o m e  and TopHat  SNP calling (THG method)  

and (4) TopHat a lignment to the  t ranscr ip tom e and TopHat SNP 

calling (THT method) .

To a s s e s s  the  quanti ty of s eq u e n c e  reads  t h a t  m apped  using 

Maq and TopHat to individual g en es  or exons,  each gene  and 

exon was  given a coverage  value based on its length and
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number of reads aligned across each individual base using 

purpose written peri scripts (Dr. Paul Cormican). The purpose of 

this was to determine if analysis at the level of the exon would 

provide a more accurate assessment of the sensitivity of SNR 

calling using RNA-seq data. To study the performance of SNP 

detection at varying coverage levels I assigned each exon into 

one of six categories based on its coverage; >60X, 59-30X, 29- 

20X, 1 9 - l lX ,  10-5X, 4-2X. Ensembl(release 60) exon

coordinates were used. Candidate SNPs identified by MAQ were 

filtered for those with a phred quality score >30 a read depth >3 

and a minimum consensus quality score of 20. SAMtools derived 

SNP calls were generated using version 0.1.9 with default pileup 

settings and filtered to exclude variants with SNP quality scores 

< 30.

5 .2 .6  Calculation o f specificity and sensitivity

SNP calls passing filtering were examined for concordance with 

the 1000 genomes release from March 2010 

(http://browser.1000genom es.org/index.htm l), HapMap phase II 

and dbSNP build 130. The different metrics of RNA-seq SNP 

detection tha t I wanted to measure were the number of SNPs 

called per sample and the specificity and sensitivity of those SNP 

calls. Specificity was calculated as the number of true positives 

divided by the number of true positives plus the number of false 

positives. A true positive was any SNP present in both my 

sample data and the corresponding 1000 Genomes, HapMap or 

dbSNP data tha t had the correct genotype or in the case of 

dbSNP had the expected alleles at tha t position. A false positive 

SNP call is where the genotype in our data did not match 1000 

Genomes or HapMap, or was not present in dbSNP. To perform 

sensitivity analysis I identified SNPs that had known genotypes 

from either 1000 Genomes or HapMap data and were located 

within exon boundaries where there was exon sequence
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coverage  g rea te r  than  2X in my da ta .  Sensitivity was  calculated 

a s  the  nu m b er  of t rue  positives divided by the  n u m b e r  of t rue  

positives plus the  nu m b er  of false negatives .  A t rue  positive was  

where  the  expected geno type  was de tec ted .  A false negative is 

where  I ei ther did not de tec t  a SNP a t  t h a t  position or did de tec t  

a SNP but the  geno type  did not match.
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5.3 Results

An overview of the analysis strategies and metliods applied to 

each sample to identify the best performing methods of RNA-seq 

SNP detection is presented in (Figure 5.4)

RNA-seq Data

strategy A: 
Duplicates dropped 

Pre-alignment

Strategy B: 
DupHcates dropped 

Post-allgnment

MAQ/SAMtools 
-Genome 

2 (MS)

TOPHAT-Genome
(THG)

Figure 5.4. This figure outlines the analysis strategies and 

methods used to identify the best perform ing methods of RNA- 

seq SNP detection. Data was analysed by rem oving duplicates  

pre-alignm ent (s trategy A) and post-alignm ent (s trategy B). 

Reads w ere aligned and SNPs called using four d ifferen t 

m ethods (1 )  Maq alignm ent to the genom e and Maq SNP 

calling (MAQ m ethod), (2 )  Maq alignm ent to the genome and 

SAMtools SNP calling (MS m ethod), (3 )  TopHat alignm ent to the  

genom e and TopHat SNP calling (THG m ethod) and (4 ) TopHat 

alignm ent to the transcriptom e and TopHat SNP calling (THT  

m ethod).

NA12878 was sequenced to produce three lanes (A-C) of 40bp 

single reads (lane A = 11683367, lane B = 13980330 and lane C 

= 15120659 reads) and one lane (D) of 60bp single reads (lane 

D = 13758446 reads; (Table 5 .8 ).Data from lane A is denoted as
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Ix40bp sample data. Data from lanes A and B combined is 

denoted as 2x40bp sample data. Data from lanes A, B and C 

combined is denoted as 3x40bp sample data. Data from lane D 

is denoted as lx60bp sample data. Table 5.8 details the number 

of duplicate reads detected for each lane of sequencing data for 

NA12878.

Table 5.8. Number of reads generated for the 3 lanes of 40bp 

(A -C ),l lane of 60bp(D) and combined 2x40bp(A+B) and 

3x40bp(A+B+C) sequencing carried out for the sample 

NA12878 under each of the duplicate removal strategies and 

analysis methods used.

N A 1 2 8 7 8
A lig n m e n t

M ethod
A B C D A + B A + B + C

Strategy A lx40bp lx40bp lx40bp lx60bp 2x40bp 3x40bp

♦Reads 11683367 13980330 15120659 13758446 25663697 40784356

♦Duplicates 4664071 5788920 6812780 5912784 10452991 17265771

♦Remaining reads 7019296 8191410 8307879 7845662 15210706 23518585

♦Reads mapped Maq 5843222 6737003 6949099 5923917 12580424 19529311

TopHat Genome 4969211 5718430 5962800 5572821 10573502 16363748

TopHat
Transcnptome

4760358 5486117 5638420 5397672 10248972 15892649

Strategy B

♦Reads 11683367 13980330 15120659 13758446 25663697 4C784356

♦Reads mapped Maq 8870668 10534194 11477927 9624325 19404397 30882430

TopHat Genome 6912022 8194341 8987749 8442452 14987651 23781161

TopHat
Transcriptome

7076824 8435424 9170742 8792725 15520469 24713197

♦Reads remaining 
after duplicates 

removed
Maq

4870071 5534168 5863971 5024342 8341999 11004940

TopHat Genome 4260111 4835177 5153571 4823125 7303216 9652669

TopHat
Transcrfptome

3948315 4472803 4727852 4522363 6652161 8654114

5.3.1 Gene and exon coverage

The number of protein coding genes and exons for which at least 

one read mapped for each of the NA12878 samples are listed in 

Table 5.9 along with the number of protein coding exons with 

greater than 2x coverage. With regard the number of genes and 

exons for which at least one read mapped, both strategies gave
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similar numbers  however the total number  of exons with greater  

than 2X coverage was slightly higher using strategy A (by an 

average  of 2% across samples).

Table 5.9. This table lists the numbers of of protein coding 
genes and exons for which at least one read mapped using the 
different alignment methods along with the number of protein 
coding exons with greater than 2X coverage

A t lea s t 1 read MAQ THG THT

Protein Coding Genes A1 B1 A3 B3 A4 B4

lx40bp 14987 14995 14199 14195 14626 14636

2x40bp 15820 15803 14900 14907 15395 15402

3x40bp 16316 16315 15337 15341 15823 15829

lx60bp 14922 14925 14404 14406 14613 14621

Protein Coding Exons
1x40bp 123216 123321 119608 119642 123166 123169

2x40bp 132536 132570 129007 129054 131633 131666

3x40bp 137139 137202 133716 133734 136166 136212

lx60bp 113547 114031 121672 121705 125768 125752

Coverage >2X MAQ THG THT

Protein Coding Exons A1 B1 A3 83 A4 B4

lx40bp 77387 76234 84091 83114 85821 84911

2x40bp 98346 95923 100154 99664 101389 99594

3x40bp 107232 104277 109068 106703 108489 105999

lx50bp 74368 73987 93632 93201 98962 98612

Using Strategy A, the lx40bp  sample generated at least one 

read for 14,987 protein coding genes and 123,216 protein 

coding exons using Maq, 14,199 genes and 119,608 exons using 

THG and 14,626 genes and 123,166 exons using THT. When I 

looked at the overall number  of protein coding exons with 

g reater  than 2X coverage I observed 77,387 exons using Maq 

and this increased to 84,091 using THG and 85,821 using THT. 

The number  of protein coding genes to which a t  least one read 

mapped increased by an average of 5% in the 2x40bp sample 

and 8% in the 3x40bp sample across all alignment methods. The
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number  of protein coding exons to which at  least one read 

mapped also increased by an average of 7% in the 2x40bp 

sample and 11% in the 3x40bp sample across all alignment 

methods. When jus t  protein coding exons with g rea ter  than 2X 

coverage are considered the increase is much greater  with an 

increase of 27% and 39% in the  2x40bp and 3x40bp sample 

respectively using Maq and an average increase of 19% and 

27% using both TopHat methods. In comparison to the lx40bp 

sample,  the lx60bp sample generated  data on a larger number 

of protein coding genes and exons using TopHat but less using 

Maq. Overall the lx60bp sample generated at  least one read for 

14,922 protein coding genes and 113,547 protein coding exons 

using Maq, 14,404 genes  and 121,672 exons using THG and 

14,613 genes  and 125,768 using THT. When I looked at  the 

overall number  of protein coding exons with g reater  than 2X 

coverage in the lx60bp sample I observed 73,997 exons using 

Maq and this increased to 93,644 using THG and 99,574 using 

THT.

For the sensitivity analysis (section 5.3.4) each exon was 

categorised based on its coverage; >60X, 59-30X, 29-20X, 19- 

I IX,  10-5X, 4-2X. Figure 5.5 shows the number of exons in each 

of the categories for which sequence data  was available using 

s tra tegy A on the lx60bp  sample.
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Figure 5.5 . This figure displays the num ber of exons at varying  

coverage levels in the lx 6 0 b p  sam ple using the three  

alignm ent methods; MAQ (Maq alignm ent to the genom e), 

THG(TopHat alignm ent to the transcriptom e) and THT (TopHat 

alignm ent to the transcriptom e).

As expected the extra lanes of sequence data increased the 

nunnber of exons with higher coverage using all alignment 

methods. Figure 5.6 shows the number of exons at varying 

coverage levels using the MS method on all samples. Similarly 

the extra sequence lanes and the longer read length had an 

effect on the numbers of SNPs called using the various methods. 

Figure 5.7 shows the increase in the number of SNPs called 

using the lx60bp sample in comparison to the lx40bp, 2x40bp 

and 3x40bp samples using the MS method.
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Figure 5.6. This figure displays the number of exons a t  varying 
coverage levels for the MS alignment method in the  lx60bp  
sample in comparison to the lx40bp, 2x40bp and 3x40bp 
samples
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Figure 5.7. This figure displays the number of SNPs called using 

the lx60bp  sample in comparison to that using 40bp reads from  

a single lane (lx 4 0 b p ) of sequencing data and by combining 

two (2x40bp) and three (3x40bp) lanes of data

5.3 .2  Specificity

The num ber of SNPs called using each of the methods using 

strategy A, the num ber with available genotypes from HapMap 

or 1000 genomes and the specificity for each of the NA12878  

sequencing samples is displayed in the tables 

below ;lx60bp;(Tab le 5 .1 0 ), lx40bp(Tab le 5 .11 ), 2x40bp(able  

5 .12 ) and 3x40bp(Table 5 .13 ) .Overall the specificity 

performance of each of the samples was very similar therefore  

for ease of presentation I will only give details on the lx60b p  

sample in the text.
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Table 5.10. SNP information and specificity for the IxGObp sample

S tra te g y  A: lxOOt>p All HET HZ PC HET( PC) HZ( PC ) < lOX > — lOX < 1.0X( PC) > —lOX(PC)

Al-MAQ-G**norr»«( MAQ)
#SNPs called 12924 4586 8338 9240 3757 5483 6436 6488 4194 5046
#of SNPs witH GT availabl«( HapMap/lOOOg ) 10470 3976 6494 8244 3397 4847 5327 5143 3753 4491
# in dbSNP 1368 320 1048 771 232 539 587 781 337 434
4teNoval 1086 290 796 225 128 97 522 564 104 121
Spacificity (not includinu dbSNP) 72«yo 86% 64% 81% 90% 75% 67% 77% 74% 87%
Specificity (including dbSNP) 83°/o 93% 77% 89% 96% 84% 76% 89% 82% 95%
A2-MAQ/Samtools-Ganom«( MS )

#SNPs called 14021 5053 8968 9846 4089 5757 7339 6682 4645 5201
^of SNPs with GT available( HapMap/lOOOg ) 11137 4306 6831 8693 3658 5035 5878 5259 4099 4594
# in dbSNP 1469 378 1091 fl29 271 558 666 803 363 466
#Noval 1415 369 1046 324 160 164 795 620 1 83 141
Specificity (not Including dbSNP) 69°/o 85% 61% 79% 89% 72% 59% 76% 71% 86%
Specificity (including dbSNP) 80% 92% 73% 87% 96% 81% 68% 88% 78% 95%
A3-TOPHAT-Genonte(THG )

;rSNPa called 22529 5413 17116 9971 4306 5665 12962 9567 4480 S491
^of SNPs wItH GT available( HapMap/lOOOg ) 10931 4487 6444 0509 3832 4677 5520 5411 380/ 4 702
# in dbSNP 1513 402 1111 /98 283 515 720 793 341 457
#Novel 10085 524 9561 664 191 473 6722 3363 332 332
Specificity (not Including dbSNP) 43% 82% 30% 78% 89% 69% 34% 55% 70% 84%
Specificity ( including dbSNP) 49®A» 90% 37% 86% 95% 78% 39% 63% 78% 92%
A4-TOPHAT-Transcriptome(THT )

#SNPs called 1241 1 5107 7304 11780 5366 6714 584 7 6564 5533 6247
#of SNPs with GT available( HapMap/lOOOg ) 91 73 4088 5085 9131 4083 5048 4041 5132 4024 5107
»  in dbSNP 1 154 394 760 1 065 685 680 498 656 467 598
«eNovel 2084 625 1459 1 584 598 986 1308 776 1042 542
Specificity (not Including dbSNP) 6 7% 80% 58% 70% 80% 63% 56% 76% 59% 80%
Specificity (includino dbSNP) 76% 87% 68% 79% 94% 73% 65% 86% 68% 90%

*ALL” total number of SNPs called, HET^Heterozygous, HZ“ Homozyoous, PC*Proteln Coding, </>1 ox=coverage was </> 10X
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Table 5.11. SNP information and specificity for the lx40bp  sample

S tra itteg y  A l - l x 4 0 t j p All MET HZ PC HET(PC) HZ(PC) c  rox > = io x <10X (P C ) > = 10X(PC)

Al*-MAQ~G«nom«( MAQ)

^rsNPs called 8845 2713 6132 6567 2370 4197 4753 4092 3508 3059

# o f  SN Ps w ith  GT availab l«(H apM ap/lO O O g) 7071 2418 4653 5891 2161 3730 4025 3046 3166 2725

94̂ in dbSNP 1026 214 812 577 3 68 409 445 581 285 292

# N o v e l 748 81 667 99 41 58 283 465 57 42

Spaciriclty (n o t  Including dbSN P) 70% 89% 62% 80% 91% 74% 69% 77% 74% 87%

Sp acificity  (inc lu d ing  dbSN P) 82% 97% 76% 89% 98% 84% 78% 86% 82% 97%

A 2-M A Q /sam too ls-G enom e( MS )

9trSNPs called 9592 3060 6532 7168 2640 4528 5577 4015 4064 31 04

4»of SN Ps w ith  GT a v a ila b l« (H a p M a p /1 0 0 0 g ) 7G97 2689 5008 6373 2385 3988 4610 3087 3601 2772

#  in dbSNP 1034 252 782 617 195 422 502 532 329 288

#N o v a l 861 119 742 1 78 60 1 1 8 465 396 134 44

Sp «cificlty  (n o t including dbSN P) 69% 87% 60% 77% 90% 70% 65% 75% 70% 87%

Sp ecific ity  (inc lu d ing  dbSN P) 80% 96% 72% 86% 97% 80% 74% 88% 78% 96%

A3-TOPHAT-G«nom«(THG)

# S N P s called 16365 3292 13073 6964 26«»6 4268 10671 5694 3779 3185

4^of SN Ps w ith  GT avaliabltt(H apM ap/lO O O g) 71 19 2637 4482 5863 2347 351 6 4 123 2996 31 86 2677

#  in dbSNP 1050 265 785 581 200 381 551 499 287 294

4̂  No vel 8196 390 7806 520 149 371 5997 2199 306 214

S p ecific ity  (n o t including dbSN P) 37% 80% 2 7% 74% 87% 66% 30% 50% 68% 82%

S p ecific ity  (inc lu d ing  dbSN P) 44% 88% 33% 83% 94% 75% 35% 59% 76% 91 %

A4-TOPHAT-Ttanscriptom e(THT)

# S N P s called 9527 3260 6267 8925 3224 5701 5509 4018 5193 3732

9t̂ of SN Ps w ith  GT ava ilab le( HapM ap/lOOOg ) 6580 2509 4071 6555 2 50 7 4048 3624 2956 34 77 2811

in dbSNP 858 243 615 784 237 547 462 396 436 348

N ovel 2089 508 1581 1586 480 1 106 1423 666 1 144 442

S p ecific ity  (n o t including dbSN P) 60% 77% 52% 64% 7 7% 5 7% 52% 71% 55% 77%

S p ecific ity  (inc lu d ing  dbSN P) 69% 84% 62% 73% 0 5% 66% 61% 81% 64% 86%
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Table 5.12. SNP information and specificity for the 2x40bp sample

S t r a t e g y  A l - 2 x 4 0 b p All HET HZ PC HET( PC) HZ(PC) < lOX > —lOX dO X (P C ) =»«10X( PC)
Al- MAQ-G*noma( MAQ )
4»SNPs call«d 14549 5149 9400 10118 4283 5835 631 1 8238 3809 6309
#of SNP« with GT availabl«( HatpMap/lOOOg ) 11824 4555 7269 9070 3894 5176 5330 6494 3302 5432
# in dbSNP 1486 391 1095 834 288 546 519 967 285 549
# Novel 1239 203 1036 214 101 113 462 777 99 212
Specificity (no t including dbSNP) 72‘Vo 88% 63% 82% 90% 75% 66% 76% 73% 86%
Specificity (including dbSNP) 82% 96% 75% 90% 97% 85% 75% 88% 80% 95%
A2-M AQ/aam tool» - Genom e( MS )
#SNPa called 15587 5594 9993 1071 ? 4600 6112 7528 8059 4368 6344
#of SNPs with GT availabl«( HapMap/lOOOg ) 12505 4873 7632 948 7 4140 534 7 5992 6513 3681 5456

in dbSNP 1505 436 1069 869 313 556 631 874 341 528
4* Novel 1577 285 1292 356 147 209 905 672 213 143
Specificity (no t including dbSNP) 70O/O 8 7% 61% 80% 90% 72% 61% 78% 69% 87%
Specificity (including dbSNP) BQo/o 94% 71% 88% 96% 82% 69% 89% 77% 95%
A3-TOPHAT-G«nome(THG)
9iesNPs called 27740 6120 21G20 10605 4672 5993 15386 12354 4124 6481
#of SNPs w ith GT avallable( HapMap/lOOOg ) 11628 4690 6938 881 1 4007 4804 5317 6311 3218 5259

In dbSNP 1577 450 1127 851 325 526 683 894 323 528
# Novel 14535 980 13555 943 340 663 9366 5149 459 484
Specificity (no t including dbSNP) 3 7 ^ 0 76% 25% 76% 85% 67% 27% 49% 65% 82%
Specificity (including dbSNP) 42% 83% 31% 84% 92% 76% 31% 56% 73% 90%
A4-TOPHAT-Ttan»cripto me(THT )
#SNPa called 15265 6202 9063 14351 6103 8248 6999 8266 6570 7781
#of SNPs with GT available(H apM ap/lO O O g} 9687 4327 5360 9644 4318 5326 3726 5961 3587 5703
# in dbSNP 1250 443 807 1151 428 723 510 740 486 665
#Novel 4328 1432 2896 3556 1357 2199 2763 1565 2375 1181
Specificity (no t including dbSNP) 57% 59% 49% 61% 70% 54% 45% 74% 4 5% 74%
Specificity (including dbSNP) 66% 76% 58% 69% 77% 63% 52% 83% 52% 83%
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Table 5.13. SNP information and specificity for the 3x40bp sample

S t r a t e g y  A l-3x^Obp All HET HZ PC HET(PC) HZ(PC) <iox > — iox < 10X (P C ) > > 1 0 X ( PC)

A l-M A Q -G enom «(M A Q )

call«ici 19132 7113 12019 1 2261 5662 6599 7613 11519 3634 8627

SIMP0  w ith  GT a v a lla b l« (H a p M a p /1 0 0 0 o ) 15385 61 73 9212 1 0901 5082 5819 62 19 9 1 66 3097 7420

In «ll>SfMP 1899 560 1339 101 1 391 620 608 1291 272 739

^  N o v e l 18*»8 380 1468 349 189 160 786 1062 153 196

S p e c if ic ity  ( n o t  in c lu d in g  dbSNP> 7 1 0 / 0 86% 62% 82% 89% 760A, 6 2 0/0 770/0 7 1 0 / 0 87%

S p ec if ic ity  (in c iu d ln g  <fl>SNP) 8 10/0 94% 74% 90% 96*Vb 8 6 0/0 70% 88°A> 78% 96%

A2~M A Q /sa m to o l» -G e n o m « ( MS )

;(^SNPe ca lled 20S31 7658 1 2873 1 2814 5973 6841 9289 1 1 242 4 1 82 8632

^ € k f  S N P s w ith  GT avalla l> le( H apM ap/lO O O g ) 16171 6522 9649 1 1234 5297 5937 7020 9151 3436 7405

^  in  dbSN P 1897 590 1307 1 027 401 626 724 1 173 310 717

9̂  N o v e l 2463 546 1917 553 275 278 1545 918 319 234

S p ec if ic ity  (n o t  in c lu d in g  db SN P ) 690/0 85% 590A> 80% 680/b 73% 56% 7 9 0 / b 6  7 0 / 0 8 70/0

S p ec if ic ity  (in c lu d in g  dbSN P} 780/0 92<% 70% 88% 95% 830/0 64 0/0 89% 74% 95%

A 3-TO PH A T-G enom e(TH G )
4^SNPs ca lled 35904 8505 27399 12856 6082 6774 1 8205 1 7699 4000 8856

aCTof SNPa w ith  GT a v a ila b le (  H apM ap/lO O O g ) 15040 6235 8805 10508 5083 5425 6168 8872 2992 7134

In dbSN P 1992 607 1385 1 032 424 608 774 1218 304 728

N o v el 18872 1663 17209 1316 575 741 11263 7609 596 720

S p ec if ic ity  (n o t  in c lu d in g  db S N P ) 360/0 7 3% 250/0 75% 83% 6 8 0/0 2 5% 4 8% 620/0 81o/b

S p ec if ic ity  (In clu d in g  dbSN P ) 420/0 80o/b 30 0/0 83% 90% 770/0 290/0 55% 690/0 90 0/0

A<l-TOPM AX -TtM nsc:riptom«(THT )

^ S N P s ca lled 19674 8882 10792 1 8476 8707 9769 804 1 1 1 633 7472 1 1004

^ o f  SN Pa w ith  GT a v a ila b le (  H apM ap/lO O O g ) 1 1443 5444 5999 1 1387 5431 5956 3AAA 7999 3301 7671

^  In dbSN P 1518 608 910 1 405 585 820 507 1011 472 933

4^Novel 6713 2830 3883 5684 2691 2993 4090 2623 3579 2105

S p ec if ic ity  (n o t  in c lu d in g  db SN P ) 53% 61o/b 470/0 56% 620/0 520/0 330/0 670/0 360/0 7Q0/0

S p ec if ic ity  ( in c lu d in g  db SN P ) 61% 68% 550/0 64% 690/0 60 0/0 40 0/0 75% 4 2% 790/0



5.3.2.1 Specificity IxGObp sample

Given the amount of data generated using both strategies, for 

practical reasons I will only present the sensitivity and specificity 

results using Strategy A. The details on all analyses using 

strategy B are available in the appendices (Tables A-H) and a 

comparison of the strategies is included in the discussion.

Figure 5.8 displays (a) the number o f SNPs called for each of the 

methods and (b) the subset of this SNP number tha t are located 

within defined protein coding exons. MAQ, MS and THT called 

12,924, 14,021 and 12,411 SNPs respectively. For each of these 

sets of SNP calls, the heterozygous to homozygous (het:hom o) 

ratio is relatively sim ilar for MAQ and MS (35:65), and 40:60 for 

THT. However, THG calls a much larger number of variants 

(22,529) and the het:homo ratio is dramatically different 

(20:80) due to a large increase in homozygous SNP calls. When 

I concentrate on variant calling within protein coding regions, all 

four methods perform similarly with SNP numbers in the range 

of 9,420-11,780. The THT method detects the most SNPs. The 

het:homo ratio is relatively sim ilar across all four methods 

(40:60).
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Fig ure 5.8 . This figure displays the num ber of SNPs called for 

each of the methods; MAQ(Maq alignm ent to the genome and 

Maq SNP calling), MS(Maq alignm ent to the genome and 

SAMtools SNP calling), THG(TopHat a lignm ent to the  

transcriptom e and TopHat SNP calling) and THT(TopHat 

alignm ent to the transcriptom e and TopHat SNP calling). All 

refers to the to ta l num ber of SNPs called and PC to those 

located w ithin protein coding exons only. The proportion of 

heterozygous/hom ozygous SNP calls is also displayed.

The specificity of the SNP calls for each of the four methods is 

displayed in(Figure 5.9). The percentage of variants that match 

expected genotype calls based on 1000 Genomes and HapMap 

data was 72% (MAQ), 70% (MS) and 69%(THT) rising to was 

82% (MAQ), 80% (MS) and 76% (TNT) if allele calls that match 

dbSNP are also included. THG had a lower specificity of 43% 

using 1,000 Genomes and HapMap data and this only rose to

228



4 9 %  upon inclusion of the additional data from dbSNP. If  only 

variants called within protein coding exons were considered, the 

THG method starts to perform at a similar level to the other 

three methods. Including dbSNP data, SNP call specificity is 

calculated as 89%  (MAQ), 87%  (M S), 86%  (THG) and 79%  

(THT).

1x60bp

■ I  Specificity (lOOOgenomes+HapMap)
□  Specificity (including db SNP)
□  False positives (all)

100 PC All PC All PC All PC

90 -  _____

' M  jji
Figure 5 .9 . This figure displays the specificity of the SNP calls 

fo r each of the four methods MAQ, MS, THG and THT.The 

specificity fo r SNPs identified in lOOOgenomes and Hapmap  

(ind icated in black) increases w hen variants from  dbSNP are  

included (g rey ). All refers to the total num ber of SNPs called 

and PC to  those located w ith in  protein coding exons only.

Consistently for the all methods the specificity was greater when 

base coverage at a SNP position is greater than lOX. For 

exam ple, specificity measured for protein coding SNPs and 

including matching to dbSNP is 82%  for SNPs with less than lOX 

coverage versus 95%  for those with greater than lOX coverage 

(M AQ), 78%  versus 95%  (M S), 78%  versus 92%  (THG) and 

68%  versus 90%  (THT; Figure 5 .10 ).
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Figure 5 .10 . This figure displays the specificty of the various 

alignm ent methods MAQ, MS,THG and THT along with  

readdepth.A t greater than 8X the specificty is > 8 0 %  for all 

m ethods and a fte r lO X reaches a plateau.

The specificity of SNP calls at heterozygous sites consistently 

performs better than at honnozygous sites. For example, 

specificity of heterozygous versus homozygous calls measured 

for protein coding SNPs including matching to dbSNP is 96% 

versus 84% (MAQ), 96% versus 81% (MS), 95% versus 78% 

(THG) and 94% versus 73% (THT). These data indicate that 

very high proportion of SNPs detected in RNA-seq data are true 

variants and the likelihood of a SNP being correct increases if 

the sequence coverage is high and if it is a heterozygous call.

5.3 .3  Previously unidentified/potentially  

novel variant analysis

For each of the samples there were substantial number of SNPs 

called for which there was no record of in available 1000

230



Genomes, HapMap or dbSNP data.  Although these  SNPs had 

been classified false positive results in our specificity analysis, 

some may represent variants tha t  have not previously been 

recorded in analysis of these  samples by 1000 Genomes as a 

result of insufficient or zero coverage a t  these particular loci in 

the sequence data.  In order  to quantify what proportion of these 

potentially novel variants may be true variants;  raw sequence 

reads from the 1000 Genomes were accessed at  these  loci to 

look for evidence of a non-reference allele(s). The number  of 

novel RNA-seq SNPs identified tha t  did not match dbSNP or 1000 

Genomes data was presented In the tables numbered 4.10-4.13.  

1000 Genomes sequence data was available for 78-88% of novel 

SNP sites identified by the different methods. I divided these 

novel sites into heterozygous and homozygous calls based on 

the RNA-seq data .  The number  of novel homozygous calls in 

protein coding regions that  matched 1000 Genomes is 9/80 

(11% (MAQ)), 18/137 (13% (MS)), 11/422 (3% (THG)) and 

99/881 (11% (THT)). The number  of novel heterozygous calls in 

protein coding regions in my data tha t  matched 1000 Genomes 

is 31/94 (33% (MAQ)), 37/128 (29% (MS)), 31/155 (20% 

(THG)) and 19/510 (4% (THT)). This suggests  tha t  a small but 

appreciable proportion of these  RNA-seq variants,  particularly 

heterozygous calls, represent  true SNPs within the RNA-seq data 

tha t  were not detected to date by 1000 Genomes project 

analysis.

5.3.4 Sensitivity

To perform sensitivity analysis I identified SNPs that had known 

genotypes  from either HapMap or 1000 Genomes data  and were 

located within the  boundaries of exons tha t  had sequence 

coverage >2X. Sensitivity was calculated as  the number  of true 

positives divided by the number  of true positives plus the 

number  of false negatives.  A true positive was where I detected
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the expected genotype in genomic sequencing data. A false 

negative is where I either did not detect a SNP at that position 

or did detect a SNP but the genotype did not match. For 

example in the lx60b p  (Table 5 .14  )280  known SNPs are 

expected to be found in the group of exons with greater than 

60x coverage. Of these 207 were identified in the RNA-seq data 

using MAQ; sensitivity = 2 0 7 /2 8 0  = 74% .

Table 5.14. This table lists the number of expected SNPs (from  

genomic sequencing data) within exon coordinates at varying 

coverage levels and the sensitivity calculated for the RNA seq 

data on the lx60bp sample using the different methods.

lx 6 0 b p S e n s it iv i ty

C o ve ra g e # e x p e c te d
SNPs

A ll HET HZ PC UTR C o d ing

60x 280 74% 69% 82% 78% 89% 80%

30x 627 85% 83% 88% 87% 93% 95%

MAQ
20x 835 79% 74%. 87% 80% 77% 93%

2 0 x - l lx 2,149 76% 71% 85% 79% 78% 91%

lOx-Sx 4,508 60% 48% 80% 62% 58% 73%

4x-2x 5,433 34% 20% 54% 36% 32% 48%

60x 280 71% 66% 79% 75% 84% 82%

30x 627 83% 82%' 85% 86% 91% 93%

MS
20x 835 79% 74% 88% 81% 78% 93%

2 0 x - l lx 2,149 78% 75% 84% 81% 81% 93%

10x-5x 4,508 63% 54% 80% 65% 61% 77%

4x-2x 5,433 37% 25% 56% 40% 35% 53%

60x 324 85% 84% 87% 85% 85% 94%

30x 927 86% 85% 87% 88% 90% 94%

20x 1,066 83% 79% 91% 84% 79% 92%

THG 2 0 x - l lx 2,548 77% 72% 85% 80% 78% 87%

10x-5x 4,741 57% 48% 74% 60% 59% 66%

4X‘ 2X 5,068 30% 20% 46% 32% 32% 39%

60x 493 86% 89% 81% 85% 78% 96%

30x 1,165 87% 86% 88% 87% 86% 95%

20x 1,280 80% 76% 88%. 81% 74% 91%

THT 20X-11X 2,611 75% 69% 85% 75% 71% 86%

10x-5x 4,556 57% 47% 72% 57% 54% 67%

4x-2x 4,215 32% 22% 47% 32% 32% 38%

Similarly to the specificity analysis, only data from the lx60bp  

sample is detailed in the text however the number of expected 

SNPs within exon boundaries at varying coverage levels and the
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sensitivity of each of the methods is presented for all samples; 

lx60bp (Table 5.14),lx40bp (Table 5.15), 2x40bp(Table 5.16) 

and 3x40bp (Table 5.17)

Table 5.15. Sensitivity results for lx40bp  sample using the 

different alignment methods.

lx40bp Sensitivity

Coverage #expected
SNPs

All HET HZ PC UTR Coding

60x 173 73% 71% 77% 78% 82% 92%

30x 340 74% 71% 79% 80% 89% 91%

MAQ 20x 606 76% 74% 82% 80% 77% 92%
20X-11X 1,331 73% 69% 79% 75% 74% 88%
10x-5x 3,714 53% 40% 75% 56% 52% 66%
4x-2x 5,838 28% 16% 48% 30% 26% 40%

60x 173 69% 67% 73% 74% 82% 81%
30x 340 74% 71% 77% 79% 89% 90%

MS
20x 606 76% 74% 79% 80% 78% 92%

20x-llx 1,331 75% 72% 80% 77% 75% 90%
10x-5x 3,714 57% 46% 77% 60% 55% 71%

4x-2x 5,838 32% 21% 50% 35% 29% 46%

60x 113 76% 76% 77% 77% 80% 85%
30x 338 84% 85% 83% 85% 88% 91%

20x 607 80% 76% 89% 83% 79% 89%
THG 20x-llx 1,535 74% 69% 81% 75% 75% 82%

10x-5x 3,685 54% 44% 72% 56% 54% 62%
4x-2x 5,399 27% 18% 40% 28% 26% 33%

60x 119 88% 98% 76% 88% 91% 97%
30x 471 86% 87% 83% 86% 82% 95%
20x 621 82% 81% 84% 83% 84% 92%

THT 20x-llx 1,699 74% 67% 86% 74% 66% 85%
10x-5x 3,769 53% 42% 73% 53% 48% 64%
4x-2x 4,945 31% 21% 45% 31% 28% 39%

233



Table 5.16. Sensitivity results for 2x40bp sample using the 
different alignment methods.

2x40bp Sensitivity

C overage # ex p ec te d
SNPs

All HET HZ PC UTR Coding

eox 576 75% 73% 78% 81% 87% 91%

30x 1,248 81% 79% 84% 84% 81% 1 97%

m aq
1,249 82% 79% 86% 85% 86% 1  94%

20x-llx 3,025 71% 65% 83% I  75% 73% 87%

10x-5x 5,036 52% 41% ! 72% i 56% 51% 69%

4x-2x 5,166 28% 15% 47% ] 31% 28% 1 41%

60x 576 71% 69% 74% 77% 85% 86%

30x 1,248 79% 78% 83% 1 82% 81% 96%

20x 1,249 62% 81% 84% 86% 87% 94%

20x-llx 3,025 73% 68% 82% 77% 74% 89%

10x-5x 5,036 56% 46% 72% i  60% 55% i 74%

4x-2x 5,166 31% 19% 49% 1 34% 31% 1  45%

60x 491 62% 81% 84% ! 84% 86% 1  90%

30x 1,317 81% 79% 85% 1  83% 81% 1  91%

20x 1,340 82% 79% 88% i  85% 84% ; 91%

THG 20x-llx 2,989 73% 68% 81% 74% 73% : 61%

10x-5x 4,890 51% 42% 66% 53% 51% 1  63%

4x-2x 4,779 26% 16% 42% 28% 28% 34%

60x 669 68% 907o ! 85% 1  88% 86% 1  96%

30x 1,436 85% 84% 1 87% 1 86% 83% 94%

20x 1,468 83% 78% 89% 83% 77% 93%

THT 20X-11X 3,030 70% 65% 1 80% 70% 66% B4%

10x-5x 4,457 56% 46% 71% 56% 52% 1 68%

4x-2x 4,064 30% 20% 1 46% 31% 29% I  38%
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Table 5.17. Sensitivity results for 3x40bp sample using the 

different alignment methods.

3x40bp S ens itiv ity

Coverage #expected
SNPs

All HET HZ PC UTR Coding

MAQ

60x 1,252 80% 78% 82% 84% 88% 94%

30x 1,962 85% 84% 88% 88% 89% 97%

20x 2,032 77% 73% 84% 82% 79% 93%

2 0 x - llx 3,698 71% 65% 82% 75% 71% 87%

lOx-Bx 4,927 52% 40% 70% 56% 52% 71%

4x-2x 4,426 27% 16% 44% 30% 28% 42%

MS

60k 1,252 76% 75% 78% 81% 85% 91%

30x 1,962 54% 82% 86% 87% 89% 96%

2Cx 2,032 77% 73% 83% 82% 80% 93%

2 0 x - llx 3,698 72% 68% 81% 77% 73% 89%

10k-5x 4,927 56% 46% 70% 60% 55% 75%

4x>2x 4,426 29% : 19% 46% 33% 30% 45%

THG

60x 1,142 83% ! 81% 88% 85% 86% 91%

30x 2,085 83% 1 80% 88% 85% 84% 1 92%

20x 1,975 78% ! 74% 87% 81% 79% 1 88%

2 0 x - llx 3,692 65% ! 58% 77% 68% 65% I 78%

10x-5x 4,719 46% 35% 61% 48% 47% 58%

4x-2x 4,140 21% ! 13% 33% 22% 23% ! 26%

THT

60x 1,445 89% i 89% 87% 89% 90% ' 96%
30x 2,324 84% i  82% j  88% 85% 79% j 95%

20i 2,061 78% ■ 74% 84% 78% 74% 90%

20x‘ l l x 3,375 72% 56% 1 80»« 72% 67% 1 86%

lOx-Sx 3,927 55% ; 46% 1 70«/b 56% 52% 1 68%

4x-2x 3,613 32% 23% 1 46% 32% 32% ! 40%

5.3 .4 .1  Sensitivity - lx 6 0 b p  sample

Figure 5.11 displays the sensitivity for each of the methods for 

the lx60b p  sample. All methods perform similarly with the 

percentage of expected variants called equalling 79%  (MAQ), 

79%  (M S), 85%  (THG) and 81%  (THT) when coverage is >20X , 

falling to 33% (M A Q ), 37%  (MS), 29% (TH G ) and 31% (TH T) 

when coverage is between 4-2x .
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Figure 5 .11 . This figure displays the sensitivity for each of the 

four methods and varying coverage levels; MAQ,MS, THG and 

THT.

I categorised SNPs based on whether they were located in a 

coding or UTR region of a gene and whether they were 

heterozygous or homozygous. I found that the sensitivity of SNP 

detection is increased for SNPs located in coding regions 

compared to UTRs (

Figure 5 .12 ) and for homozygous compared to heterozygous 

SNP calls (Figure 5 .13 ).
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Figure 5.12. This figure displays the sensitivity for the MS 

method based on whether the SNP called was located within a 

coding exon or the untranslated region of a gene.
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Figure 5.13. This figure displays the sensitivity for the MS 

method based on whether SNP calls were homozygous or 

heterozygous
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The sensitivity and specificity data presented thus far is based 

on analysis with duplicate reads removed pre-alignment 

(Strategy A). I have also performed the analysis with duplicate 

reads removed post-alignment. I found that removing duplicates 

pre- or post-alignm ent does not affect SNP detection in terms of 

specificity and sensitivity for any of the four methods. However 

where there is a difference is in the number of true SNPs called. 

For exam ple, for protein coding SNPs MAQ performs better when 

duplicate reads are removed post-alignment (4%  more matching 

SNPs) but each of the other three methods performs better 

when duplicate reads are removed pre-alignm ent (average 5%  

more matching SNPS). In comparison to the lx60b p  specificity 

measurem ents, analysis of the lx40b p , 2x40bp and 3x40bp 

data produced similar results using the MAQ, MS and THG 

methods but the THT method underperformed with specificity 

dropping from 79%  (lx 6 0 b p ) to 73%  (lx 4 0 b p ), 69%  (2x40bp) 

and 64%  (3x40bp). In comparison to the lx60bp  sensitivity 

m easurem ents, the 2x40bp and 3x40bp produced similar results 

however there was a slight decrease with the MAQ and MS 

methods for the lx40b p  sample dropping from 80%  (lx 6 0 b p ) to 

72%  (lx 4 0 b p ).

5 .3 .5  Distance o f SNPs to exon boundaries

I also assessed whether the position of a SNP relative to the 

start or end of an exon boundary had an effect on how likely it 

would be detected and found that SNPs located within 5 base 

pairs of an exon boundary were less likely to be identified in our 

data.

Figure 5 .14  displays the results from this analysis from the THG 

lx60b p  data for exons with 5x coverage or greater. The 

sensitivity was less than 10%  for SNPs located on an exon
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boundary itself increasing to 4 0 %  if located within 2 base pairs 

and 50%  if located within 5 base pairs of the start or end of an 

exon.

100%

>

cu
</3

□  SNPs not detected 

■  SNPs Detected90%  - -

80%  - -

6 0 %  - -

50%

40%  - -

30%  - -

20%  - -

<2  <5 <10  <20  <30  <40  <60  <60  <70  <80  <90  <100

Distance to exon boundary (bp)

Figure 5 .14 . This figure shows the sensitivity relative to the  

how close in base pairs a SNP was to  the start or end of an exon 

w ith at least 5X coverage. SNPs w ith in  the first 5 bases of an 

exon boundary w ere  less likely to be detected.
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5.4 Discussion

This study examined next-generation transcriptome sequencing 

(RNA-seq) as a method of exonic SNP detection in LCLs. Many 

disease samples are now biobanked as LCLs and RNA from these 

cell repositories are routinely used for scientific investigation. As 

well as data on expression and splicing, RNA-seq data can be 

used for SNP detection. I t  is therefore important to quantify the 

specificity and sensitivity of RNA-seq for SNP analysis. These 

results are also relevant to non-LCL derived RNA, e.g. from a 

different cell line type or from a disease tissue sample, because 

they inform on the param eters required for accurate exonic SNP 

calling in RNA-seq data.

I explored different strategies for RNA-seq SNP detection by 

dropping duplicate sequence reads either pre- or post-alignment 

and then using different alignm ent tools (Maq and TopHat), 

different reference data for alignment (genome and 

transcriptome) and different SNP-calling algorithms (Maq, 

SAMtools and TopHat;Figure 5 .4 ). Removing duplicate reads 

either pre- or post-alignm ent had little effect on SNP detection in 

terms of specificity and sensitivity but dropping reads pre- 

alignment did succeed in identifying more true SNPs for three of 

the four SNP-calling methods (MS, THG, and THT).

The m ajor difference between the four combinations of 

alignment and SNP-calling methods was the num ber of SNPs 

identified and the specificity or accuracy of those SNP calls. 

TopHat alignm ent to the genome (THG method) identified ~ 7 8 %  

more SNPs than the other methods but specificity was only 43%  

compared to an average specificity of 76%  for the other three  

methods. This difference was driven by the large number of false 

positive SNPs called by the THG methods outside of annotated 

protein coding regions. When just considering variants in protein
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coding exons,  THT identifies th e  m os t  SNPs (n = l l , 7 8 0  for 

lx 6 0 b p  sample) and  the  accuracy  of th e se  SNP calls is up to 

79% .  While the  MS method d e tec t s  less SNPs for th e  s a m e  

sample  (n= 9 ,8 4 6 ) ,  the  proportion of t h e se  variants  t h a t  a re  t rue  

is higher  a t  87%. These  n u m b e rs  highlight th a t  aligning to the  

t ranscr ip tome will identify m ore  t ru e  positive SNPs but will also 

identify more  false positive SNPs. When more  da ta  is added ,  

coverage  and  thus  SNP n u m b e r  increases.  For the  3x40bp 

sample ,  the  MS method d e tec ts  12 ,814 SNPs and th e  specificity 

remains  high a t  88%.  However,  for the  THT method ,  a l though 

the  SNP n um ber  increases  to 18 ,476 ,  the  specificity falls to 64%  

due again to more false positives.  Overall I found t h a t  removing 

duplicate reads  pre -a l ignment  and using Maq a lignment followed 

by SAMtools SNP calling (MS m ethod)  is the  bes t  al l-round 

m ethod  for RNA-seq SNP detection.  The vas t  majority of SNPs 

de tec ted  in RNA-seq da ta  a re  t ru e  variants ,  with confidence in 

the  SNP call increasing if th e re  is >10X coverage  a n d /o r  it is a 

he terozygous  observation.

In t h e  HapMap LCL RNA-seq da ta ,  sequence  reads  th a t  m apped  

to 14 ,613 and 125,752 protein coding exons were  de tec ted  in 

our lx 6 0 b p  sample.  The effect  of genera ting  more  sequence  

da ta  was  to increase coverage  a t  identified g enes  r a the r  than  

identify m any  extra rare  t ranscr ip ts ,  indicating th a t  this num ber  

re p re se n ts  nearly all available poly A t ranscr ip ts  expressed  

within t h e se  cell lines. If th e  total nu m b er  of protein coding 

h um an  exons  is e s t im ated  to be approximate ly  180,000^^^ then 

a substant ia l  proportion ( ~ 7 0 % )  are  expressed  in LCLs 

(increasing to 75%  in the  3x40bp sample) .  The nu m b er  of exons 

t h a t  had >2x, >10x  and >20x  coverage  was  98 ,962  (54% ),  

58 ,389  (32% )  and 33 ,387  (1 9 % )  respectively. The n u m b e r  of 

g e n e s  or exons  th a t  a re  de tec ted  does  depend  on the  a lignment 

m ethod  and w he ther  the  reads  a re  m apped  to the  reference  

g e n o m e  or a draft  t ranscr ip tom e.  The highest  n u m b e r  of
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transcripts was detected when performing TopHat alignment to 

the transcriptome.

Cirulli et al investigated the specificity of RNA-seq as a SNP 

detection method by comparing whole genome and whole 

transcriptome sequence for one individual. RNA was sourced 

from peripheral blood mononuclear cells (PBMCs). When they 

restricted their analysis to PBMC-expressed genes; they report a 

specificity of 67%, which is lower than the specificity reported 

here. This result was based on 8 lanes of sequence data and 

they report tha t specificity dropped as the quantity of sequence 

data used in the analysis increased. Where this study used just 

one lane of sequence data (equivalent to our study), specificity 

was calculated as 83%; a result closer to the levels we report 

here. In our study we had the benefit of being able to compare 

our RNA-seq data to a more complete catalogue of genomic 

variation data, which is likely to result in more accurate 

specificity calculations.

What is the cause of false positive SNP calls? Firstly, the 

m ajority of SNPs called in reads that map outside of exon 

boundaries were false positives in the data presented here and 

therefore jus t concentrating on SNPs called within annotated 

exons, particularly those tha t are protein coding, will 

immediately reduce false positive SNPs calls. Secondly, coverage 

can have a negative effect when either too low or too high. A 

large number of SNPs called in this RNA-seq data (~10% ) were 

treated as false positives even if a SNP had been called at that 

position in 1000 Genomes or HapMap as the genotype did not 

match. Low coverage particularly at heterozygous sites explains 

the m ajority of these and so at >10x coverage the proportion of 

these mismatches drops to ~4% . But like Cirulli et al I noted 

tha t with increased coverage (form the additional sequencing 

lanes) came a rise in the number of false positives, e.g. the THG
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method called 35,904 SNPs in the 3x40bp sample, 18,872 of 

which were false positive. And whist only 1,316 of these false 

positive SNPs were located in protein coding exons, this figure 

has more than doubled when compared to the number detected 

in lx40bp data (n = 512). Finally, a number of our false positive 

SNR calls were in fact true novel variants when I examined raw 

sequence data from 1000 Genomes indicating that the 

exhaustive genomic sequencing of the NA12878 samples has not 

identified all variants present.

The sensitivity analysis addressed the issue of what proportion 

of true variants will be detected in a RNA-seq SNR analysis. This 

again very much depends on coverage of the gene or exon 

irrespective of the overall quantity of data produced for a test 

sample. For all analysis methods tested here, sensitivity 

approaches 80% when there is >10X coverage but drops in a 

linear fashion to 37% if an exon has 2-4x coverage. Sensitivity 

is greater for SNRs in coding regions (91% ) compared to UTRs 

(80% ) and is greater for homozygous SNRs (86% ) compared to 

heterozygous SNPs (73% ). SNRs located within the firs t 5 bases 

of an exon boundary were also less likely to be detected. The 

number of reported protein coding SNRs within all ensemble 

exon boundaries for individual NA12878 from the 1000 Genomes 

project is approximately 16,666 (2010 03 release). Comparing 

this to data from this study; 59% were identified in the MS 

analysis of the lx60bp sample and 77% in the 3x40bp sample.

Why are all exonic SNRs not being detected (false negatives), 

even when coverage is high? SNRs for the sensitivity analysis 

were identified as variants in defined exons tha t had average 

coverage above different thresholds in the RNA-seq data. Exon 

start and end annotations, particularly those of UTR regions, 

may not be entirely correct for some transcripts. In addition, 

many exons were observed that have an overall sequence
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coverage that when averaged across the exon is above a certain 

threshold, but there are portions of the exon where coverage is 

low or zero. These may be regions of reduced mapability due to 

repetitive sequence, or sequence/structural variation or they 

may also represent examples of previously unrecorded 

alternative splicing. These are sites where expected variants are 

d ifficu lt to detect.

There are also a number of factors that affect both sensitivity 

and specificity. All calculations in this study are based on 

HapMap and 1000 Genomes data being correct. Comparison of 

available HapMap and 1000 Genomes data for sample NA12878 

identified 1,964,991 SNPs common to both datasets, however 

for 2% of these SNPs the genotypes did not match. In addition I 

identified a number of SNPs in this data where the RNA-seq 

genotype matched the HapMap SNP genotype but the SNP had 

not been reported in 1000 Genomes. Other factors to consider 

are errors in the RNA-seq data (sequencing errors or artifacts of 

the EBV cell line transformation^^"*), allelic imbalance in the RNA, 

random mono-allelic expression in clonal cell lines or

instances of RNA editing. The m ajority of sequencing errors 

should be filtered out providing the sequence/base quality is 

high enough but it is not possible to exclude all errors. Allelic 

expression differences in the RNA whereby one allele at an 

expected heterozygous site is over-expressed and appears as a 

homozygote would result in a "m is-m atch" genotype call 

between DNA and RNA. RNA-seq has been used in several 

studies for the identification these sites^^^' r n a  editing is

a post-transcriptional mechanism of base re-coding through 

insertion, deletion or modification of nucleotides and has been 

associated with a number of diseases, including several 

neurological disorders^®®'^^®. A fter cDNA synthesis these changes 

can be mis-annotated as a SNP if not using genomic sequence 

as source materiaP®^. Of the 14,021 SNPs called in the MS
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analysis of the lx60bp sample, 222 were located at a potential 

site of A-I RNA editing as detailed in the DARNED RNA editing 

database Fifty-six of these are sites of a genuine SNP, called 

in either the 1000 Genomes or HapMap genomic sequence data 

and our genotype matches accordingly. At the remaining 166 

sites the reference A allele was presumably observed in the 

genomic DNA as no SNP was identified in the 1000 Genomes or 

HaplMap data whereas there was evidence of a G allele (e ither 

homozygous G or heterozygous AG) at each site in this RNA 

data.

In a recent paper Li et identified over 10,000 exonic sites 

where the RNA sequence did not match that of the DNA of the 

same individual. Upon further investigation and re-sequencing in 

different cell types, individuals and using different technologies, 

these differences could not be attributed to sequencing errors or 

RNA editing sites. Looking at these sites in this data I found that 

in the lx60bp sample, 102 of these sites are located at positions 

where SNPs were called in the RNA-seq data and 83 of these are 

at positions where I could find no evidence of variation in either 

genomic sequence or in dbSNP (i.e. were considered to be 

sequencing errors or potentially novel variants). In the m ajority 

of these (98% ) I observed the same sequence base change 

noted in the Li et study. Although further studies are 

necessary, RNA-DNA differences (RDD) is potentially another 

im portant factor to consider in the analysis of RNA-seq SNP 

data.

I do not suggest RNA-seq as an alternative to whole exome 

sequencing because the RNA sequencing samples used here are 

derived from LCLs and sequence data and subsequent SNP calls 

will only be available on genes tha t are expressed at sufficient 

coverage levels in these cell lines. However, it is still important 

to compare the two methods. Ng et a! used target capture to
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sequence the exome of NA12878 and detected 15,051 SNPs that 

had already been identified In dbSNP. Omitting any SNPs 

detected in UTRs, potential novel variants and only considering 

those found in dbSNP, HapMap or 1000 genomes data and 

within our quality filters, I identified an average of 3,697 of 

these exome SNPs (25% ) in the 40bp sample, 4,813 exome 

SNPs (32% ) in the 60bp sample and 6,127 exome SNPs (41% ) 

in the 3x40bp sample. They also estimated tha t the total 

number of coding variants for an exome size of 30Mb for this 

individual to be 18,544 of which I identified 20%, 26% and 33% 

in the lx40bp, lx60bp and 3x40bp samples respectively. Whilst 

the proportion of variants detected using exome sequencing is 

considerably higher, the combined benefits of having both SNP 

detection and genotyping from RNA-seq plus gene expression 

and splicing information could prove to be extremely beneficial 

for disease researchers.

5.4 .1  RNA sequencing in LCLs

In chapters 2 and 3, I discussed the benefits and lim itations of 

using LCLs to investigate gene expression changes in psychiatric 

illnesses. Whilst the RNA sequencing carried out in this 

experiment was not a traditional RNA-seq expression study, i.e., 

not intended for gene expression analysis, it still gave me the 

opportunity to assess to what extent genes implicated in 

psychiatric illness are expressed in these cell lines. Using the 

3x40bp sample as a reference (as it provided the most coverage 

information) I assessed the gene and exon coverage in LCLs of a 

group of 215 candidate genes considered potentially im portant 

in autism and schizophrenia. These genes have been selected as 

part of a current targeted exon resequencing project being 

undertaken by my colleagues in the Neurospsychiatric Genetic 

Research Group and their functions predominantly relate to 

post-synaptic function. One hundred and eighty-one (84% ) of
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these genes have at least one read aligning in my data. More 

specifically, 2,179 from a total of 3,709 exons (58.7% ) have at 

least one read aligning in our data and 1,510 exons (40.7% ) 

have greater than 2X coverage. It  is useful to know the 

proportion of these candidate genes for psychiatric illnesses tha t 

are expressed at sufficiently high coverage for any future 

potential expression studies in LCLs.

In conclusion, using appropriate methods, a very high proportion 

of SNPs (>80% ) called in RNA-seq data will be true variants and 

RNA-seq SNP analysis will identify the m ajority (~80% ) of 

variants present in expressed exons provided sufficient coverage 

is available. I found that in addition to the computational benefit 

of reducing the number of reads to be processed in downstream 

steps, removing identical sequences before alignment will 

increase the proportion of true SNPs called overall. I found that 

aligning SNPs to a transcriptome in these cell lines increased the 

number of true SNPs called although the overall specificity was 

lower than when aligned to the genome. RNA-seq offers a 

convergent approach to disease research providing information 

for gene expression/characterisation and also coding sequence 

variation plus potential insight into post translational processes 

such as RNA editing.

This work has been submitted to Nucleic Acids Research- 

reviewer's comments have been given and has been invited for 

resubmission pending changes. Quinn EM, Kenny EK, Cormican 

P, Gill M, Corvin AP, Morris DW. Development of strategies for 

SNP detection in RNA-seq data: application to lymphoblastoid 

cell lines and evaluation using 1,000 Genomes data. (Submitted 

to NAR)
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6 General discussion

Schizophrenia and bipolar disorder each directly affect 

approximately 1 in every 100 adults, not to mention the greater 

impact on their family members and friends and the economic 

costs to society in generaP®^. In comparison to other complex 

diseases, the limited understanding of the pathophysiology has 

rendered the development of effective treatments and even 

diagnosis extremely difficult. Efforts to increase knowledge of 

the pathophysiology of a disease usually involves detailed 

examination of gene expression and other biological changes in 

the affected tissue or organ. In psychiatric illnesses however this 

is made difficult by the fact tha t the organ involved, the brain, is 

largely inaccessible. Even with huge developments in 

neuroscience, imaging and electrophysiological tools, the brain 

remains difficult to study and characterize. Therefore there is 

much to be learned by pursuing the genetic cause, attempting to 

identify the genetic loci involved, and using this information to 

connect molecular aetiology to disease causation.

Genetic studies of psychiatric illnesses, like many other complex 

common diseases, are driven by technological advances. When 

this thesis project began, large scale genotyping studies had just 

begun to supersede linkage and candidate gene studies, which 

despite over twenty years of research at this stage, had shown 

limited success in identifying true robust, casual variants. This 

was despite over 30 genome-wide linkage studies and ~1,700 

individual candidate genes being investigated for schizophrenia. 

In fact, prior to the advent of GWAS the only definitive findings 

for schizophrenia risk were the rare 2 2 q ll.2  deletion and the 

DISCI translocation in a large Scottish fam ily, both originally 

identified through cytogenetic studies^®.
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6.1 Genome-wide association studies

GWAS were made possible through technological advances in 

genotyping technologies that enabled the development of a 

genome-wide map of common SNPs and haplotypes (the 

HapMap), and affordable high-throughput genotyping at high 

marker density across the genome. GWAS offered an 

opportunity to examine the genomes of those affected by 

complex diseases on a scale that previously had not been 

possible and were based on the "common disease -  common 

variant" hypothesis tha t multiple common variants with a 

MAF>5% contribute substantially to the genetic basis of complex 

diseases One of the biggest advantages of GWAS, particularly 

relevant to psychiatric illnesses, was tha t they offered an 

unbiased genomic study and did not rely on assumptions about 

the poorly understood disease biology®'’ .

For a large number of complex diseases, GWAS have been 

extremely successful and hundreds of significant and replicable 

loci have been identified for complex diseases including Type 1 

and Type 2 diabetes, Crohn's disease, several cancers etc.  ̂

Similarly for psychiatric illnesses; through collaborations and 

increased sample sizes there are now a number of loci with 

strong support for involvement in schizophrenia including 

ZNF804A^°°, the MHC region of chromosome 6, TCF4 and 

NRGN^°^' but also loci in bipolar disorder ANK3 , CACNAIC 

and NCAN .

GWAS have revealed many important insights into the genetic 

architecture of psychiatric, and other complex diseases. They 

have provided evidence that a substantial proportion of genetic 

liability to many complex illnesses including schizophrenia and 

bipolar disorder is polygenic, conferred by the interaction of 

hundreds and perhaps thousands of variants in many genes^°^'
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384,385_ (3y\//^s have also confirmed tha t there is overlap between 

genetic risk factors for bipolar disorder and schizophrenia at 

several loci including ZNF804A, ANK3 and CACNA1C^°^'

Whilst to date the number of replicated loci identified for 

psychiatric illnesses such as schizophrenia is relatively small in 

comparison to non-psychiatric phenotypes such as Crohn's 

disease where over 70 loci have been identified^®®, it is 

im portant to note tha t other complex disease studies have 

benefited from much larger sample sizes. It has now been 

acknowledged that this is one of the most im portant factors in a 

successful GWAS^®' This is clearly illustrated by the recent 

results from the Psychiatric GWAS Consortium (PGC) meta

analysis of schizophrenia that included 51,695 individuals where 

seven loci, two of which had previously been implicated {MHC 

and TCF4), have reached levels of genome-wide significance^®®. 

Similarly the PGC bipolar disorder meta-analysis have replicated 

previous findings at CACNAIC and identified a new susceptibility 

locus near the 0DZ4 gene^®®. A jo in t analysis of the PGC 

schizophrenia and bipolar disorder data gave additional support 

to shared susceptibility at genes ANK3 and CACNAIC as well as 

implicating a new locus containing the gene ITIH3-ITIH4  (In ter- 

a (globulin) inhibitors H3 and H4). These results from the PGC 

support the polygenic model of multiple common variants 

conferring susceptibility to these disorders and the fact that 

larger sample sizes will be essential in order to identify 

additional common risk loci.

As more significant and robust loci are identified and replicated, 

it is hoped that a clearer picture of the biology will emerge for 

psychiatric illnesses. In this respect, recent developments in 

studies of human height are encouraging. Over 180 loci have 

been associated with height through GWAS that required 

numbers of over 180,000 individuals but what is promising is
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that these 180 loci are not random and reveal potential insight 

into the underlying biology; pathway analysis showed significant 

enrichment for biological pathways involved in abnormal skeletal 

growth^^°. In Crohn's disease, the 71 loci identified have 

revealed insight into the involvement of processes such as 

autophagy and innate immunity tha t had never before been 

implicated in the disease biology^®®. The same may be possible 

for psychiatric illnesses as more loci are identified. In bipolar 

disorder the findings at ANK3 and CACNAIC lend support to 

earlier theories implicating ion channelopathies in the 

pathophysiology of the disorder^^^. One of the most interesting 

findings from the PGC schizophrenia data involve a gene 

encoding the microRNA miR-137, which alone was the strongest 

novel finding. But in addition to this, four of the other genome- 

wide significant loci in the study contained predicted MIR137 

binding sites^®®. MIR137 is known to regulate neuronal 

development and it is possible that this is a network tha t may 

lead to new insights into schizophrenia biology.

Whilst GWAS are providing insight into the etiology of several 

complex diseases, the m ajority of the loci being identified in 

most complex diseases have been of small effect and individually 

contribute very little to the overall heritability of their associated 

traits^®\ For example, the 180 susceptibility loci have been 

associated with height only contribute to 10% of the estimated 

heritability for this tra it of 80%^^°'^^^. There are only a few 

examples of complex diseases where the loci identified 

contributed to substantial proportion of the overall heritability. 

Rare examples are age related macular degeneration and 

Crohn's disease, where 50% and 20% of the heritability have 

been explained respectively^^^

There have been several reasons proposed for this; it is possible 

that the effect sizes of risk loci themselves are underestimated.
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tha t heritability estimates have been overestimated and/or that 

there other genetic factors involved, e.g. gene-environment 

interaction, epigenetic influences or epistasis^®^ In addition, it is 

clear tha t unless sample sizes are sufficiently large many 

common susceptibility alleles with small effect sizes may go

undetected. A proportion of this missing or hidden heritability is 

also believed to be attributed to low frequency (1% < MAF < 

5% ), rare (MAF < 1%) or novel variants (SNVs, indels and 

CNVs) not captured on current GWAS genotyping platforms^®^. 

The new wave of genotyping arrays capturing lower frequency 

variants combined with imputation data from the 1000 Genomes 

and meta analysis may aid in the detection of low frequency 

variants but the ir low MAF means tha t these variants can be in 

weak LD with nearby markers, thus lim iting their ability to be 

tagged. It is likely tha t many of the variants with MAF <5%  will 

remain undetected using this method^®^'

6.2 Rare variants 

6.2.1 CNVS

Genetic studies of complex disease have in the past few years 

also revealed m ajor insights into human structural variation, 

specifically tha t it is widespread throughout the human 

genome'^'*' This has led to the hypothesis tha t as well as 

contributing to a small number of rare diseases, structural 

variation could also play a role in susceptibility to common 

diseases^®®. Whilst there are few studies showing support for 

CNVs playing a role in susceptibility to other complex 

diseases^^^, studies of neurodevelopmental phenotypes such as 

autism and mental retardation have indicated that CNVs can 

contribute to risk in a substantial proportion of these cases^^®'
399
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There was previous evidence of rare copy number variants 

contributing to schizophrenia risl< at the 2 2 q l l  locus and in the 

past few years several large scale genome-wide studies of CNVs 

in schizophrenia and bipolar disorder have also established that 

additional rare structural variants in the form of deletions and 

duplication contribute to susceptibility to these illness^®'

126, 127, 400 _ Notable CNVs associated with schizophrenia now

include deletions at lq21 .1 , 15ql3.3, exonic deletions in

Neurexinl (NRXNl),  a gene previously implicated in genetic 

association studies of schizophrenia^^”' , microdeletions

at 3q29 previously associated with intellectual disability (ID) 

and autism and implicated in linkage studies^^^'^^'*' and a 

deletion at 17ql2^^' Exonic duplications at the VIPR2 gene at 

7q36.3 have also been significantly associated with 

schizophrenia and identified in autism cases'*^, as have 

duplications at 16pl3.11^^°' and 1 6 p ll.2 ^^ ‘̂ ' It is also 

worth noting tha t CNV studies in autism have showed some 

overlap with the regions identified in schizophrenia including the 

regions at lq21 .1 , 15q l3 .3  and NRXN1‘̂ °‘’ . It has been

suggested tha t CNVs contribute to susceptibility in as many as 

4% of schizophrenia cases“̂ °° and as methods of detection 

improve it is possible tha t this percentage will turn out to be 

much higher.

There have been fewer studies of CNVs in bipolar disorder. 

Zhang et found that single rare CNVs were more frequent in 

bipolar disorder patients compared to controls (16% versus 

12.3%), and the effect was more pronounced in when the age of 

onset was <18, however they found no evidence of an 

increased overall CNV burden in cases. Grozeva et 

investigated a larger number of bipolar disorder samples and 

also found no evidence of an increased CNV burden in bipolar 

disorder cases compared to controls. In addition, they also found
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tha t deletions greater than 1 Mb were about 5 times more 

common in the schizophrenia cases. They concluded that that 

the two disorders may differ with regards CNV burden and that 

the presence or absence of CNVs may modify phenotype with 

respect to psychosis. Priebe et also found evidence to 

suggest tha t CNVs were contributing to early onset but not late 

onset bipolar disorder and suggested, as have past clinical and 

genetic studies, tha t these two forms of the illness may be 

genetically distinct.

Recent estimates of the penetrance for CNVs associated with 

schizophrenia found that aside from the deletion at 2 2 q ll.2  

which had a penetrance of 55%, most of the recently identified 

CNVs were of moderate penetrance ranging from 2% -7% ‘̂ °®. The 

full extent of the contribution of CNVs to psychiatric illness is still 

unknown, and whilst the odds ratios for many of the associated 

CNVs are higher than typically seen from associated common 

SNPs, none are individually sufficient to cause disease and other 

factors and genetic loci are also involved^®^'

6.2.2  Rare sequence variants and next 
generation sequencing

The small proportion of heritability explained by common 

variants in GWAS plus discovery tha t rare CNVs other than the 

2 2 q ll .2  deletion were contributing to disease risk has 

encouraged the field of psychiatric genetics to now study low- 

frequency (1% > MAF <5% ) and rare (MAF <1% ) sequence 

variants as putative risk factors^^°' This move is being

facilitated by the development and rapidly reducing costs of 

second generation sequencing technologies. In the first 

generation of these studies, whole genome sequencing is still 

too expensive so researchers are current sequencing exons in 

candidate genes or whole exomes to search for rare coding
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mutations that contribute to risk. In addition to cost issues, a 

second reason for sequencing exons is tha t coding mutations are 

considered easier to interpret with respect to function but it 

should be noted that this is still likely to be a significant 

challenge and any potential non-coding functional variants will 

be missed in this effort.

For psychiatric and neurodevelopmental disorders, trios studies 

of mental retardation"^®^ and sporadic autism spectrum 

dlsorders"^^” have found evidence of a role for de novo rare 

variants in disease risk. In schizophrenia, Xu et sequenced 

the exomes of 53 individuals with schizophrenia but with no 

family history, along with the ir parents and 22 unaffected 

controls and found 27 de novo mutations in cases not present in 

controls. They concluded that de novo mutations contribute 

substantially to the genetic component of schizophrenia. Another 

study by Girard et sequenced the exomes of 14

schizophrenia probands and their parents and found 15 de 

novo mutations in eight probands. These results are interesting 

but the sample sizes are yet too small to draw any significant 

conclusions. Many additional studies and functional analysis will 

be necessary in order to assess the potential contribution of 

these mutations to causality and impact on disease risk.

Recent studies in other complex disorders have shown success in 

identifying both common and rare variants associated with 

disease at the same locus. A recent study of 

hypertriglyceridemia performed re-sequencing of multiple loci 

tha t had been identified through GWAS even though the effect 

sizes of the common associated SNPs in these genes were very 

small. Re-sequencing of the associated loci uncovered a 

significant excess burden of rare missense and nonsense 

mutations in these genes in cases compared to controls 

indicating that both rare and common variants at these loci were
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contributing substantially to disease risk"^^ .̂ Similarly Holm et 

identified a rare variant conferring high risk for sick sinus 

syndrome in an Icelandic population through a combination of 

GWAS, second generation sequencing of a subset of individuals 

and imputation data from the 1000 Genomes project and 

concluded that interplay between common and rare variants at 

this locus contributes to disease risk.

Sequencing studies of rare variants in complex disease is a new 

and developing area with only a limited number of studies so far. 

Issues such as the appropriate methods of analysis, estimating 

disease risk and prioritising candidates for validation will need to 

be addressed'*°^' Rare variants may have greater effect sizes 

however sample sizes will still have to be sufficiently large for 

the ir detection^^°' This will likely require future collaboration 

between research groups and meta analysis, similar to GWAS, in 

order to fully establish their role in the genetic architecture of 

complex illness.

6.3 Functional characterisation o f associated 

variants

GWAS of complex diseases have successfully identified loci for a 

number of complex diseases but the molecular basis of how 

many of these loci are contributing to disease susceptibility and 

causation is still unknown for most of these loci, even if the 

pathophysiology of the disease is fairly well understood''^®. For 

psychiatric illnesses, functional studies are further complicated 

by unknown biology and accessibility to relevant tissue in which 

to conduct analysis. Any locus tha t is contributing to disease 

causation is therefore im portant to investigate because on its 

own, or in combination with others in a pathway analysis, it 

m ight provide insight into the underlying disease biology. It  is 

not necessary for loci to have a large effect in order to have a
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therapeutic target as seen with KC N Jll in Type 2 diabetes'*^^'

The functional evaluation of all associated variants is a 

complementary and essential approach to the understanding and 

identification of true susceptibility loci.

The finding tha t the m ajority of variants associated through 

GWAS (~88% ) are not located in coding regions of genes but 

instead are located in intergenic regions, in introns or in 

untranslated regions has highlighted the im portant role of non

coding variation in the genome^. This idea tha t there were 

regulatory regions of the genome that affected transcript 

expression was not a new one but these GWAS findings have 

coincided with growing evidence indicating tha t non-coding 

regulatory polymorphisms are extremely im portant in gene 

expression and play an important role in a number of phenotypic 

tra its (morphological, physiological and behavioural) and 

im portantly in susceptibility to disease. Although it is possible 

that the associated variant is in high LD with a rare coding 

functional variant not covered on the GWAS platform"^^^, studies 

have shown that GWAS associated SNPs are enriched for eQTLs 

in LCLs^®°'

GWAS signals are hard to interpret in the absence of additional 

information and as more and more associations are identified, 

they will require functional assessment and probing for cis- and 

trans- effects sim ilar to those carried out in chapters 2 and 3 of 

this thesis. AEI and eQTL studies in other complex diseases have 

lead to im portant findings about disease biology, for example 

the 0RMD3 gene in asthma^®^, IRGM in Crohn's disease''^'’ and 

recently CXCL12 in coronary artery disease (CAD)"^^^ and PKN21 

in Type 2 diabetes"^^^. In this thesis I found evidence tha t c/s- 

acting variation was contributing to differential expression of 

genes associated with schizophrenia and bipolar disorder; ANK3, 

CACNAIC, ZNF804A and PTBP2. Whilst no definite link could be
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established between the differential expression c/s-acting 

polymorphisms and disease risk for any of the genes, it is still an 

im portant and relevant field of study. The eQTL and luciferase 

gene reporter analysis carried out for PTBP2 in chapter 3 of 

thesis highlights the difficulties of linking genetic variation with 

functional outcome; whilst there was strong evidence of c/s- 

acting regulation at PTBP2 that replicated across several 

sources, the complex LD at the locus restricted the identification 

of the true functional variants. PTBP2 has not been replicated in 

any subsequent GWAS of schizophrenia and therefore it is not 

known if there is any link between these variants at this gene 

and the disorder. As more susceptibility loci are identified for 

schizophrenia and other complex disease, replication will be 

essential to establish the credibility of the findings and to ensure 

the validity of any subsequent functional studies. These types of 

studies will also benefit from the development of more high- 

throughput functional assays"*^^. Continued compilations of 

expression data in different tissue types and for different 

diseases, generated from microarrays and through second 

generation sequencing data, such as the mRNA by SNP browser 

and the SNPExpress database used in this thesis, will facilitate 

the integration of genotype results from GWAS with gene 

expression.

For rare variants, functional characterisation may be somewhat 

easier for two reasons: (a) In GWAS the associated SNP may 

jus t be tagging the true causative variant whereas any 

associated rare variant is itself likely to responsible for any 

functional outcome (b) The effect of the rare variant

could be more functionally obvious, particularly if it is coding, 

thereby allowing a more direct assay to be performed. Several 

computational tools have been developed to allow the 

prioritization of candidate rare variants tha t have are most likely 

to have disease consequences. These tools are based on both
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evolutionary and biochennical data"^^  ̂ and many function to 

predict the possible impact of an amino acid substitution on the 

function and structure of a protein e.g. PolyPhen-2 

(http://genetics.bwh.harvard.edu/pph2/) and the identification 

of novel functional elements e.g. PHAST 

(http://com pgen.bscb.cornell.edu/phast/). However, there will 

be difficulties in carrying out eQTL and AEI analysis for rare 

variants because any specific variant will most likely only be 

present in a handful of individuals, thus limiting access to large 

number of samples of DNA and/or RNA from mutation carriers. 

It may be necessary to group individuals as 'carriers' of rare 

variants at a single locus or in a single pathway for functional 

analysis but this won't allow for the fact tha t different mutations 

can impact on gene function in different ways. In addition, 

current genotype x expression databases such as those used in 

this thesis have limited information on rare variants. The next 

generation of genotype x expression databases will require 

extensive sequencing data. My work on SNP detection using 

RNA-seq data in chapter 5 demonstrates that if expression data 

is generated using second generation sequencing technology, 

then information on a high proportion of coding variation in the 

expressed genes will also be directly available.

Second generation sequencing technologies will be invaluable for 

functional studies in years to come. Even in the space of a few 

short years, RNA sequencing studies have yielded 

unprecedented insights into the RNA world, especially splicing, 

post transcriptional and translational regulation, identification of 

new exons, new transcripts, eQTL analysis etc^^^' In

chapter 5 of this thesis, I demonstrated tha t RNA-seq is also an 

efficient tool for coding SNP detection. Second generation 

sequencing technologies also allow the identification of DNA and 

RNA binding mechanisms and pathways which may be of major 

relevance with regards studying disease. Polymorphisms that
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alter transcription factor binding and chromatin structure have 

been shown to impact on disease risk, e.g. CHIP analysis of the 

0RMD3 gene in asthma revealed tha t an associated SNP may 

exhibit its functional effects through allele specific chromatin 

remodelling'*^'^ and the disruption of the binding site of the 

SORTl transcription factor in liver was found to be involved in 

LCL-cholesterol levels in the blood and myocardial infarction''^^. 

In chapter 4 I used RIP-seq to identify potential binding targets 

of the gene PTBP2. Other recently-associated genes would be 

candidates for this type of analysis, for example TCF4, ZNF804A 

(which is believed to have DNA binding properties) and the 

newly associated MIR137.

As seen with ZNF804A, it will also be essential to fully study any 

locus using a range of different tools. My work and studies 

elsewhere^™' could not directly link the associated SNP and 

the AEI that has been detected at the locus but further 

functional assessment using EMSA revealed that the associated 

allele had altered DNA-protein binding affinity^®®. This strongly 

indicated tha t this non-coding variant is indeed functional, 

warranting further investigation of the DNA-protein binding 

event using e.g. CHIP-seq.

An exciting development in psychiatric genetic functional studies 

in the next few years will be studies of induced pluripotent stem 

(iPS) cells because it offers the opportunity of directly studying 

neural cells from affected individuals. A recent RNA sequencing 

study of differentiating neurons from control iPS cells noted 

dramatic changes in expression in several transcription factors 

and chromatin modifiers tha t have been associated with 

schizophrenia and bipolar disorder e.g. ZNF804A. The RNA-seq 

findings highlight the possibility of studying 

transcriptional/chromatin regulators involved in these disorders,
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a n d  t h e i r  d o w n s t r e a n n  t a r g e t s  a n d  it will b e  i n t e r e s t i n g  t o  e x p l o r e  

t h e  e x p r e s s i o n  of  t h e s e  a n d  o t h e r  g e n e s  in p a t i e n t  s a m p le s" ’ ®̂.

In c o n c lu s i o n ,  g e n e t i c  s t u d i e s  o f  s c h i z o p h r e n i a  a n d  b ipo la r  

d i s o r d e r  h a v e  n o w  ident i f ied  b o t h  co n n m o n  v a r i a n t s  with low 

e f f e c t  sizes^°^ a n d  r a r e  v a r i a n t s  in t h e  fo rm  of  CNVs with 

m o d e r a t e  t o  high  e f f e c t  sizes^^"*' t h a t  a r e  s ign i f ic a n t  a t  a

g e n o m e - w i d e  level a n d  r e p l i c a t e  in m u l t ip le  s a m p l e s .  It  is likely 

t h a t  a c o m b i n a t i o n  o f  b o th  c o m m o n  a n d  r a r e  v a r i a n t s  a r e  

invo lved  in d i s e a s e  r isk b u t  t h e r e  a r e  m a n y  q u e s t i o n s  r e m a i n i n g  

t o  b e  a n s w e r e d ;  w h a t  is t h e  overa l l  n u m b e r  of  v a r i a n t s ,  w h a t  

v a r i a n t s  c o n t r i b u t e  t o  b o t h  d i s o r d e r s ,  w h a t  is t h e  b r e a k d o w n  

b e t w e e n  c o m m o n  a n d  r a r e  v a r i a n t s ,  h o w  d o  t h e s e  g e n e t i c  r isk 

f a c t o r s  i n t e r a c t  wi th  e a c h  o t h e r  a n d  t h e  e n v i r o n m e n t^ ^ '  8̂7 , 42s 

F u t u r e  s t u d i e s  of  c o m p l e x  d i s e a s e  will p o t e n t i a l ly  m o v e  into 

w h o l e  g e n o m e  s e q u e n c i n g  a n d  w h o l e  t r a n s c r i p t o m e  a n a ly s i s  of  

ind ividual  p a t i e n t s .  Th is  c o m b i n a t i o n  of  f u nc t iona l  d a t a  with t h e  

r e s u l t s  f r o m  GWAS a n d  s e c o n d  g e n e r a t i o n  s e q u e n c i n g  will 

hope fu l ly  l ead  to  a g r e a t e r  u n d e r s t a n d i n g  of  t h e  m e c h a n i s m s  

b e h in d  t h e  p a t h o g e n e s i s  o f  t h e s e  d i s e a s e s  a n d  u l t i m a t e l y  lead  to  

b e t t e r  t o o l s  fo r  d i a g n o s i s  a n d  t r e a t m e n t .
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Appendices
Table A: SNP information and specificity for the lx60bp sample (Strategy B)

StrMt«yv B: lx60Up All HET HZ PC HET(PC) H2( PC) c  lOX >«iox <10X( PC) >»10X(PC)

Bl-MAQ-G«nome( MAQ )
l^SNPa callcicl 1 3884 4821 9063 9684 3944 5740 6524 7360 4 0 3 9 5645

SNPs with GT availabl«< HapMap/lOOOg ) 1 1 I 16 4162 6954 8591 3546 5045 5320 5796 3558 4 85 7

in dbSNP 1452 342 1 1 ID 807 2 44 563 589 863 344 463

1316 31 / 999 286 154 132 615 701 137 149

Specificity (not including dbSNP) 7 1 »/» 86% 63% 80% 90% 74% 65% 76% 71% 8 7%

Specificity (including dbSNP) 93% 75% 88% 9 6 % 8 3% 74% 88% 8 0% 9 5%

B3-MAQ/Siamtooli»-G«nom«( MS )

«^SNPs called 1361b 4581 9035 9530 3742 5788 7611 6005 4 8 8 0 4 65 0

^of SNPs with GT evailable( HapMap/lOOOg ) 10835 3960 6875 8470 3373 5097 6104 4731 4 3 2 7 4 143

# in dbSNP 1418 331 1087 796 246 550 688 730 384 412

Novel 1363 290 1073 264 1 23 141 819 544 169 95

Specificity (not including dbSNP) es'Vo 8 6% 60% 78% 9 0% 71% 63% 76% 70% 8 6%

Specificity (including dbSNP) 79% 9 3% 72% 86% 9 6% 80% 72% 88% 78% 9 5%

B3-TOPI1AT-Genome(THG)

«FSNPs called 2*2 2 b8 5001 17257 9718 4 006 5712 13487 8771 4 7 1 7 5001

4̂ of SNPs with GT available( HapMap/lOOOg ) 10663 4 20 3 6460 8314 3 6 0 / 470  7 5712 4951 3997 4 317

»  in dbSNP 1481 356 1125 777 255 522 767 714 371 406

# Novel 10114 442 9672 627 144 483 7008 3106 349 278

Specificity (not including dbSNP) 4 2 % 84% 29% 77% 9 0% 68% 33% 5 4% 6 9% 8 4%

Specificity (Including dbSNP) 4 8 % 9 1% 36% 85% 9 6% 77% 39% 6 2% 7 7% 9 2%

B4-TOPHAT-Transcrlptome(THT)

#SNPs called 1 1990 4 694 7296 1 1358 4652 6706 6086 5 904 5 749 5 609

» o f  SNPs with GT available( HapMap/lOOOg ) 8 950 3853 5097 8908 3848 5060 4231 4 7 1 9 4 21 2 4 696

»  in dbSNP I 122 353 769 J032 345 687 550 572 518 514

)t^Novel 1918 488 1430 1418 459 959 1305 613 1019 399

Specificity (not including dbSNP) 6 7% 82% 58% 70% 8 2% 62% 56% 78% 59% 8 2%

Specificity (including dbSNP) 76% 89% 6 8% 80% 9 0% 73% 65% 8 8% 68% 9 1%
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TABLE B: SNP information and specificity for the lx40bp sample (Strategy B)

Strat«gv B: lx40b p All MET HZ PC HET(PC) HZ( PC) •<xox >3>10X < lOX(PC) > = XOX( PC)

Bl-MAQ-Genome( MAQ)

cialled 9*442 2870 6572 6900 2482 4418 4742 4700 3439 3461
SNPe with GT availab l*(H apM ap /lOOOg) 7498 2544 4954 6 1 78 2261 39J 7 404 1 3457 3101 3077

#  in dbSNP 1069 226 843 601 177 424 426 643 269 332
#Novel 875 lOO 775 121 44 77 275 600 69 52
Specificity (not including dbSNP) 69% 88% 61% 79% 91% 73% 68% 71% 72% 86%
Specificity (including dbSNP) 81°/o 96% 74% 88% 98% 83% 77% 85% 80% 96%
B2-MAQ/S»mtooi»-G«nom«( MS)

#SNPs called 9050 2679 6371 6790 2338 4452 5696 3354 4228 2562
^of SNPs with GT availabltt(HapMap/lOOOg) 7316 2396 4920 6091 2138 3953 4742 2574 3783 2308
# in dbSNP 971 206 765 582 162 420 532 439 356 226
^  Novel 763 77 686 1 1 7 38 79 422 341 89 28
Specificity (not including dbSNP) 69% 89% 60% 77% 91% 70% 65% 74% 71% 88%
Specificity (including dbSNP) 79% 9 7% 72% 86% 98% 80% 75% 87% 79% 96%
B3-TOPHAT-Genome( THG )

#SNPs called 15677 2924 12753 6676 2448 4228 1 lOOl 4676 3999 2677
#o f SNPs with GT available( HapMap/XOOOg ) 6806 2380 4426 5633 2138 3495 4271 2535 3365 2268

in dbSNP 1022 236 786 559 181 378 610 412 319 240
#Novel 7849 308 7541 484 129 355 6120 1729 315 169
Specificity (not including dbSNP) 37% 81% 27% 74% 8 7% 66% 31% 52% 68% 82%
Specificity (including dbSNP) 43% 89% 33% 02% 94% 75% 36% 61 % 76% 91%
B4-TOPI-IAT-Transcriptome( THT)

4tSNPs called 8927 2831 6096 8332 2802 5530 5643 3284 5280 3052
#o f SNPs with GT available( HapMap/lOOOg ) 6335 2285 4050 6311 2284 4027 3838 2497 3827 2484

in dbSNP 822 219 603 748 214 534 495 32 7 459 289
^  Novel 1770 327 1443 1273 304 969 1310 460 994 279
Specificity (not including dbSNP) 61% 80% 52% 65% 81% 58% 54% 74% 58% 79%
Specificity (including dbSNP) 70% 88% 62% 74% 89% 67% 63% 84% 66% 89%
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Table C: SNP information and specificity for the 2x40bp sample (Strategy B)

Strat«civ B: 2x40l>p All HET HZ PC HET(PC) HZ(PC) -< lOX >3SlOX < 10X(PC) > = 10X(PC>

B1 'M A Q'G «nom «( MAQ)
4»SNPs call«d 1 5234 5294 9940 1 0387 4404 5983 6322 8912 3684 6703
«tof SNPs w ith GT a«/ailabl«( HapM ap/lOOOg ) 12236 4647 7589 9271 3975 5296 5322 6914 3182 5747
^  in «JbSNP 1540 405 1 135 885 298 557 495 1045 264 591
«^Nov«l 29oa 647 2351 1116 429 687 1 0 0 0 1998 382 734
S pacificily  (n o t inciudinfi dbSNP> 71 o/o 8 7°/o 62®/o 81o/o 90®/o 7 5 0 / 0 6 5 0 / 0 7 5 0 / 0 710/0 8 7 0 / 0

Specificity  (inc lud ing  dbSN P) a i ®/o 95®/o 73«Vo 9 0 ‘Vo 97% 8 4 0 / 0 7 3 0 / 0 87% 780/0 95%
B2-MAQ/ SMtTttoola* G«nom«*(MS)

«^SNPs cali«d 13991 4S67 9124 9915 4065 5850 7519 6472 4800 5115
# o f  SNPs w ith GT avaiiab i« ( HapM ap/lOOOg ) 11425 4310 7115 8880 3703 5177 6183 5242 4269 4611
^  in dbSNP 1 3 9 U 3 6 6 1032 8 1 3 267 5 4 6 6 7 0 7 2 8 3 8 4 4 2 9

«^Novel 1166 1 9 1 9 7 7 2 2 2 9 5 127 6 6 6 5 0 2 1 4 7 7 5

Specificity  (n o t including dbSN P) 71«/o 8 8 °/o 6  2^/0 8 0 % 9 1 % 7 3 0 / 0 6 5 0 / 0 7 8 % 720/0 880/0

Specificity  (inc lud ing  dbSNP) ai°/o getvo 7 4 “/o 8 8 °/o 9 7 0 / 0 820/0 7 4 0 / 0 9 0 “/o 8QOA» 960/0

B3~TOPHAT-Genome(THG)

4^SNPs called 3 0 7 0 3 8 7 7 2 2 1 9 3 1 12777 6131 6 4 4 6 2 0 5 6 6 10137 6944 5833
«^of SNPs w ith  GT av a ilab le (H ap M ap /1 0 0 0 g ) 12277 5410 6867 9389 4524 4865 6948 5329 4707 4682

in dbSNP 1741 572 1169 94 5 390 555 968 773 473 472
Tt^Novel 16704 2794 13910 2444 1218 1226 12666 4 038 1765 679
Specificity  (n o t including dbSN P) 34®/o 61°A> 24«/o 66°>fe 7 3 0 / 0 61% 260/0 510/0 560/b 78%
Specificity  (inc lud ing  dbSN P) 4 0*Vo 68°/b 29«Vo 7 3®/« 80% 69% 31% 58% 62o>b 86%
B4-TOPHAT-Tran»criptome(THT)

«rSNPs called 13479 b l4 0 8339 12625 5061 7646 6S70 6055 6570 6055
« o f  SNPfi> w ith  GT availab le( H ap M ap /lOOOg ) 916a 3930 5238 9128 3923 5205 4197 4931 4197 4931

in dbSNP 1170 372 798 1077 361 716 543 534 543 534
^t^Novel 3 14 1 838 2303 2420 777 1643 1830 590 1830 590
Specificity  (n o t including dbSN P) 61®/o 76«Vo 5 2 “/o 65®/o 77% 5 7 0 / 0 52% 7 9 % 520/fe 7 9 0 / 0

Specificity  (inc lud ing  dbSN P) 70°/o 83°/b 62<yo 7 4 0 / 0 84% 6 7 0 / 0 600/b 88% 6QO/b 88%
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Table D: SNP information and specificity for the 3x40bp sample (Strategy B)

Strategy B: 3x40bp AM HET HZ PC HET(PC) HZ(PC) < lOX > = io x <10X(PC) >- = 10X(PC)

Bl-MAQ-G«nom«(MAQ)

9VSNPS call«ct 20108 7316 12782 1 2529 5793 6736 7814 1 2294 3463 90 66

#of SNPs with GT availabla(IHapMap/].OOOg) 1 5952 6288 9664 1 1080 5157 5923 6 28 6 96 66 302 I 80 59

# in dbSNP 1972 586 1386 1035 403 632 614 1358 261 774

M Novel 2184 442 1732 414 233 181 914 1270 181 233

Spacificity (not Including dbSNP) 7 0°/o 85»»/o 6 1 % 8 1% 8 8 % 7 5 % 6 0 % 7 6 % 6 8 % 8 6 %

Specificity (including dbSNP) 7 9% 9 3 % 7 1 % 9 0 % 9 5 % 8 5 % 6 8 % 8 7 % 7 6 % 9 5 %

B2-M AQ/Samtools-G«nom«( MS )

#SNPs called 17447 6412 11035 11669 5173 6498 8 59 7 88 50 4 7 3 0 69 39

^of SNPs with GT availabl«( MapMap/lOOOg ) 14185 5623 8532 10415 467 9 5736 697 7 7208 42 0 9 62 06

m in dbSNP 1714 492 1222 961 353 608 728 986 362 599

#Noval 1548 297 1281 293 141 154 892 656 159 134

Specificity (not including dbSNP) 71°/o 8 7 % 6 2 % 8 1 % 9 0 % 7 4 % 6 4 % 7 9 % 7 2 % 8 7 %

Specificity (Including dbSNP) Sio/o 9 5 % 7 3 % 8 9 % 9 7 % 8 4 % 7 2 % 9 0 % 8 0 % 9 6 %

B3-TOPHAT-Genome(THG)

9t»SNP« called 3 12 82 7226 240 56 11753 5301 6452 184 77 128 05 4621 7132

#of SNP« wItH GT avallable(HapMap/].OOOg) 13381 5515 7866 98 24 4566 52 58 6 29 4 7087 3737 60 87

# in dbSNP 1861 530 1331 977 375 602 882 979 382 595

9VNovel 16040 118 1 14859 952 360 592 1 130J 47 39 502 450

Specificity (not Including dbSNP) 3 8°/o 76% 2 6 % 77% 8 6 % 6 9 % 2 7% 5 3 % 6 7% 8 3 %

Specificity (including dbSNP) 4 3 0 / 0 8 3 % 3 2 % 8 5 % 9 3 % 7 9 % 3 1 % 6 1 % 7 5 % 9 1 %

B4-TOPHAT-Tran»criptome<THT)

#Si^P9 called 16438 6817 9621 15390 66 97 869 3 7691 8747 7087 83 03

#of SNPs with GT availabie( HapMap/lOOOg ) 10677 48 87 5790 1 06 28 48 78 57 50 409 6 658  1 4 0 6 9 6559

# in dbSNP 1370 493 877 1265 475 790 562 808 530 735

#Novel 4391 1437 2954 3497 1344 21 53 303 3 1358 248 8 1009

Specificity (not including dbSNP) 59®/o 7 1 % 5 1 % 6 3 % 7 2 % 5 6 % 4 3 % 7 3 % 4 7 % 7 7 %

Specificity (including dbSNP) 6 7 0 /0 78 % 6 0 % 7 1 % 7 9 % 6 5 % 5 0 % 8 2 % 5 4 % 8 6 %
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Table E: Sensitivity results for IxGObp sample using the 

different alignment methods (Strategy B)

strategy
B

l x 60bp Sensitivity

MAQ Coverage ^expected
SNPs

All HET HZ PC UTR Coding

60x 82 85% 84% 87% 86% 91% 93%

30x 543 79% 77% 82% 83% 91% 87%

20x 737 85% 83% 88% 87% 90% 95%

2 0 x - llx 2,129 78% 73% 87% 80% 79% 92%

10x-5x 4,628 63% 53% 81% 65% 62% 76%

4x-2x 5,688 37% 24% 58% 40% 34% 53%

MS

60x 82 80% 75% 87% 81% 85% 93%

30x 543 76% 74% 80% 80% 89% 84%

2 Ox 737 83% 81% 87% 86% 89% 94%

20X-11X 2,129 77% 72% 86% 79% 78% 91%

10x-5x 4,628 63% 53% 80% 64% 61% 76%

4x-2x 5,688 37% 25% 56% 40% 34% 53%

THG

60x 106 84% 82% 88% 84% 79% 92%

30x 727 87% 87% 87% 88% 90% 93%

20x 1,049 85% 82% 91% 86% 85% 93%

2 0 x - llx 2,531 78% 73% 88% 80% 77% 88%

10x-5x 4,890 58% 48% 75% 60% 59% 66%

4x-2x 5,219 30% 19% 46% 32% 32% 38%

THT

60x 239 90% 96% 82% 90% 78% 99%

30x 974 86% 86% 87% 86% 86% 94%

20x 1,258 83% 81% 87% 83% 79% 92%

2 0 x - llx 2,712 74% 68% 86% 74% 69% 85%

10x-5x 4,602 57% 47% 73% 57% 55% 67%

4x-2x 4,383 32% 21% 47% 32% 32% 38%
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Table F: Sensitivity results for lx40bp sample using the 
different alignment methods (Strategy B)

stra teg y
B

lx 4 0 b p Sensitivity

MAQ Coverage # ex p ected
SNPs

All HET HZ PC UTR Coding

60x 14 79% 100% 70% 100% 100% 100%

3 Ox 247 71% 68% 76% 73% 84% 86%

20x 384 78% 78% 79% 83% 88% 91%
20X-11X 1,381 76% 73% 82% 80% 80% 92%

10x-5x 3,661 57% 46% 77% 61% 57% 72%

4x-2x 6,037 32% 19% 52% 34% 30% 44%

MS
60x 14 64% 75% 60% 75% 100% 100%

30x 247 67% 64% 72% 69% 83% 79%

2 Ox 384 76% 75% 76% 80% 85% 90%

2 0 x -llx 1,381 74% 70% 81% 77% 77% 90%

10x-5x 3,661 57% 46% 76% 60% 56% 73%

4x-2x 6,037 32% 21% 51% 35% 29% 46%

THG

60x 2 100% 100% 100% 100% 100% 100%

30x 187 82% 80% 86% 83% 90% 91%
20x 422 83% 83% 83% 83% 83% 87%

20X-11X 1,499 76% 71% 85% 77% 76% 82%
10x-5x 3,641 56% 46% 75% 58% 56% 64%
4x-2x 5,535 27% 18% 42% 28% 27% 33%

THT

60x 22 91% 92% 89% 90% 100% 100%
30x 306 89% 93% 84% 89% 90% 96%
20x 524 85% 86% 84% 85% 83% 93%

20X-11X 1,611 75% 68% 85% 75% 68% 85%
10x-5x 3,788 54% 43% 74% 54% 49% 65%

4x-2x 5,141 30% 21% 45% 31% 27% 39%
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Table G: Sensitivity results for 2x40bp sample using the 
different alignment methods (Strategy B)

strategy
B

2x40bp Sensitivity

MAQ Coverage ^expected
SNPs

All HET HZ PC UTR Coding

60x 36 78% 82% 74% 81% 75% 100%

30x 589 79% 79% 80% 83% 90% 91%

2 Ox 1,053 82% 80% 85% 85% 86% 96%

2 0 x - llx 2,682 79% 74% 86% 82% 80% 92%

10x-5x 5,503 60% 51% 77% 65% 61% 77%

4x-2x 5,753 34% 21% 54% 37% 34% 49%

MS
60x 36 75% 82% 68% 76% 75% 100%

30x 589 76% 75% 76% 79% 88% 88%

20x 1,053 79% 77% 82% 82% 83% 94%

20X-11X 2,682 76% 72% 84% 80% 78% 89%

10x-5x 5,503 59% 49% 75% 63% 59% 75%

4x-2x 5,753 33% 20% 52% 36% 33% 47%

THG
60x 21 95% 93% 100% 100% 100% 100%

30x 541 87% 86% 89% 88% 90% 92%

20x 1,107 88% 87% 88% 88% 87% 93%

20X-11X 2,777 83% 81% 87% 84% 81% 91%

10x-5x 5,254 65% 60% 73% 67% 65% 75%

4x-2x 5,314 34% 29% 43% 36% 36% 43%

THT
60x 68 84% 95% 69% 83% 40% 96%

30x 835 91% 92% 89% 91% 90% 97%

20x 1,281 83% 80% 88% 83% 80% 92%

20X-11X 2,924 75% 68% 85% 75% 70% 86%

10x-5x 4,919 57% 47% 73% 58% 54% 69%
4x-2x 4,528 32% 22% 48% 32% 31% 40%

340



Table H: Sensitivity results for 3x40bp sample using the 
different alignment methods (Strategy B)

s t r a te g y
B

3 x 4 0 b p S e n s itiv ity

MAQ C o v e rag e #  e x p e c te d  
SN Ps

All HET HZ PC UTR Coding

60x 57 79% 81% 76% 82% 87% 100%
30x 1,008 84% 84% 86% 87% 92% 95%
20x 1,563 85% 84% 88% 88% 90% 97%

2 0 x - l lx 3,696 78% 75% 85% 82% 80% 94%
10x-5x 5,920 62% 52% 77% 66% 62% 79%
4x-2x 5,256 34% 22% 51% 38% 36% 51%

MS
60x 57 74% 75% 72% 77% 73% 100%
30x 1,008 81% 80% 82% 83% 88% 93%
20x 1,563 83% 81% 86% 86% 88% 94%

20X-11X 3,696 75% 71% 83% 79% 76% 92%
10x-5x 5,920 59% 49% 75% 63% 59% 75%
4x-2x 5,256 31% 20% 48% 35% 31% 49%

THG
60x 34 71% 61% 91% 79% 75% 78%
30x 973 88% 87% 89% 88% 91% 93%
20x 1,643 86% 84% 91% 87% 86% 92%

2 0 x - l lx 3,612 78% 73% 87% 79% 78% 86%
10x-5x 5,593 56% 47% 71% 58% 57% 66%
4x-2x 4,946 27% 17% 41% 29% 29% 35%

THT
60x 148 89% 96% 78% 89% 73% 96%
30x 1,431 89% 89% 90% 89% 88% 96%
20x 1,784 86% 83% 90% 86% 83% 94%

20x l l x 3,642 74% 69% 83% 74% 68% 87%
10x-5x 4,953 59% 49% 74% 59% 56% 70%
4x-2x 4,113 32% 21% 48% 32% 31% 40%
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