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Summary

Common genetic variation is integral to the genetic architecture of schizophrenia, but until
recently, the sample sizes and computational advances needed to detect them did not exist.
Through the formation of international consortia such as the PGC, variants associated with
schizophrenia can now be robustly detected, however it has come at the cost of phenotypic
detail. As a result, genetics specific to more homogenous patient groups, for example
individuals with treatment resistance, have remained a challenge to identify. In addition, the
heterogenous nature of schizophrenia cohorts, the disorder itself, and the significant
overlap with patients of other major psychiatric disorders, has made the identification of
‘schizophrenia-unique’ variation and neurobiology challenging. To achieve more
personalised medicine approaches in schizophrenia, the stratification of individuals into

more genetically and phenotypically homogenous groups will be vital.

| first examined the genetic differences between schizophrenia and bipolar disorder, using a
recently published research method, the CC-GWAS. | identified 27 loci that were
differentially associated with schizophrenia and bipolar disorder, with follow up

interrogation of the summary statistics pointing to 26 of them being ‘schizophrenia-unique’

loci.

Following this | shifted the focus from cross-disorder to within, in an attempt to identify
common genetic variation specific to treatment-resistant schizophrenia (TRS). | performed a
direct case-case GWAS of ~40,000 individuals with TRS and non-TRS, identifying a genome-

wide significant locus that was positively associated with TRS.



Finally, I investigated the relationship between clozapine and neutrophil counts, identifying
a significant association between clozapine:norclozapine ratio and absolute neutrophil
count, as well as associations with a small set of pharmacogenomic variants associated with

the metabolism of clozapine.

This thesis therefore examined multiple ways in which patients with schizophrenia can be

stratified into more homogenous subgroups, and the findings could have meaningful

implications for research and, with time, patient care.
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Abbreviations

A list of the abbreviations used throughout this thesis are given below. Due to the sheer

number, gene abbreviations will be defined within the body of text only.

Abbreviation

Definition

5-HT2A

AMD

ANC

AUROC

CADD

DNA

DSM

Dz

ENIGMA

eQTlL

FST

GWAS

H?l

HEIDI

HIPO

HRC

HWE

K

5-hydroxy-tryptamine subtype 2A

Age-related macular degeneration

Absolute Neutrophil Count

Area under the receiver operating characteristic
Combined Annotation Dependent Depletion
Deoxyribonucleic acid

Diagnostic and Statistical Manual of Mental Disorders
Dizygotic

Enhancing Neurolmaging Genetics through Meta-Analysis
Expression quantitative trait loci

Fixation index

Genome wide association study

SNP-based heritability on the liability scale
Heterogeneity in dependent instruments

Heritability informed power optimisation

Haplotype Reference Consortium

Hardy Weinberg Equilibrium

Lifetime disorder prevalence
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Abbreviation

Definition

K

LAVA
LD

LOD

M

MAC
MAF
MHC
MOSTest
MRI
MTAG
mtCOJO
mz
Neff
NIMH
NMDA
Non-TRS
OLS

OR

pcp
PGC
PRS

Qc

Lifetime population prevalence
Local Analysis of [co]Variant Annotation
Linkage disequilibrium

Logarithm of Odds

Estimated number of independent causal variants

Minor Allele Count

Minor Allele Frequency

Major histocompatibility complex
Multivariate omnibus statistical test
Magnetic resonance imaging
Multi-trait analysis of GWAS
Multi-trait conditional and joint analysis
Monozygotic

Effective sample size

National Institute of Mental Health
N-methyl-D-aspartate

Non treatment resistant schizophrenia
Ordinary least squares

Odds ratio

Phencyclidine

Psychiatric Genetics Consortium
Polygenic risk score

Quality control
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Abbreviation

Definition

Rg
SCHEMA
SEM
SMR
SNP
TOPMED
TRS

UTR

Genetic correlation

Schizophrenia Exome Sequencing Meta Analysis
Structural equation modelling

Summary-based mendelian randomisation
Single nucleotide polymorphism

Trans-Omics for Precision Medicine
Treatment-resistant schizophrenia

Untranslated region



Table of Contents

SUMIMARY ...ttt ssssssassssssetettessssssss s s s ssssssssssaseessssssssssssssssssssssnssseeseenessssssssssssssssnns I
PERSONAL ACKNOWLEDGEMENTS.....ccciiiiiiiiiiiiiiiiiiiineeniiiiiiieiniinsssssssssssiiiieesssnnssssssssssssssssssssseene v
ACKNOWLEDGEMENT OF WORK BY OTHERS.......ccciiiiiiiiiiiiiiiiiiiiiiniiniinssssssssssssssseesssnssssssssssssnes Vv
PUBLICATIONS RESULTING FROM THIS WORK.......ccccoiinnntniiiiiiiiiiiininnsssssssniniinisssssnnssssssssssssssssssssseeenns Vi
ABBREVIATIONS. ....ciiiciiiiiueniiiiiiiiiiiiiinississssssssassssisiiesteesissssssssssssssssssssssteeetesssssssssssssssssssssssssseeaseesssssssssssns Vil
TABLE OF CONTENTS ...cciiiiiiiiinnenniiiiiiiiieiiiiisiisssssssasssssiiieieessiiisssssssssssssssssmieeeeessiiissssssssssssssssssaseessssssssses X
LIST OF FIGURES......cciiiiiiiiiiiiiiiiiniineetiiiiiiiiiinsisssssssssssssssssssssseesssssssssssssssssssssssssssssesssssssssssssssssssssnnsssssnsennes Xi
LIST OF TABLES .....ccoiiiiiiiiiiiiiiiiiinieeiiiiiiieiinssisssssssssssassssssssssseesssssssssssssssssssssssssessesssssssssssssssssssssnsnssasnaennes Xin
INTRODUCTION ...ccciiiiiiiiiiiiiiiiiiciiissnneesiiiiiiieiessiiisissssssssssssmmiiettesiiiiss s ssssssssiiiiateesieissssssssssssssssssaeanes 1
THESIS AIMS AND STRUCTURE ....ccuuiiiiiiiiiiiiiiiinnscnneensiiiininsiesissssssssssssssssssssssssseessssssssssssssssssssssssssssssesees 32

RESEARCH CHAPTER ONE: IDENTIFICATION OF DISORDER-SPECIFIC LOCI AND GENES THROUGH CASE-CASE

GENOME-WIDE ASSOCIATION STUDIES: AN APPLICATION TO SCHIZOPHRENIA AND BIPOLAR DISORDER..... 34
CHAPTER SUMMARY ...tttiiittetinttessiitteesiste e sbat e s s eiba e s ebba e s s aab e e e s e aab e s e s aabb e e s s bb e e e s abb e e et bba e e e s bbeeesnbaeeesnbbeessbaeeesnnns 34
{1 Y0 01U T T TP PPOPT 35
CASE-CASE GWAS (CC-GWAS) IMETHOD OVERVIEW ....eeeeuuvieeeitreeeesireeeeeisseeeesseeeeesssesaesissssessssssesesssssssessssesenssesesssnes 39
RESEARCH CHAPTER AIMS 1.eittieiiittieiiittes et e s ettt e eise e e s st e e e s ebae e e s mbe e e s s b bt e e s aba e e s s bbb e e s s b e e e s s bb e e e s sabaeesennaeesaannaeas 44
IVIETHODS .ttt s e et e s a e e e s b b e e e s e b bt e e s bbb e e e s b bt e e e e b e e e e e bbb e e s sab e e e s e b e e e s naee s 45
RESULTS ettt st e st e e s a e e s a b e e e s e bt e e s bbb e e e s b bt e e s b e e e s e b a e e e e b et e s e e e e s eraee s 57
DISCUSSION ...ttt ettt ettt s e e s e bt e e s b bt e e s bbb e e s s b bt e e s bbb e e s s bbb e e s ab b e e s e bb e e e s sab e e e s e nra e e s snnae s 70
CHAPTER CONCLUSION .uuttttiinttessiitieesieteessbtt e s s sbae e e bbae s s aabe e e s e ab e s e s aabb e e e s bb e e e s aabae e e s mba e e s sbbeeesaabbeeesnbeeessabaeeesnnns 82

RESEARCH CHAPTER 2: AN INTERNATIONAL GWAS META-ANALYSIS OF TREATMENT RESISTANT

L0 5 170 o = 84

CHAPTER SUMMARY.....cettttttuieeeertetttnaeeeeesssstnneseeessesssnnaeeesssssssnnaesessssssssnseeesssssssnesessssssssnmeeesssssssssesessssssssnneeeesssssnnnn 84



INTRODUCGTION «.eetttutunieeeeeetrunieeeeeeressssaaseesssssssnseessssssssnnsesessssssnnsesesssssssnnsesesssssssnnesesssssssnnsesessssssssnnsessssssssnnneeessens 85

CHAPTER AIMS AND HYPOTHESES ..ceuuvtiiiiiitetiittte sttt st e s ib e s iia e s st e e s esae e s s saa e e s sbbe e e sabae e s snbbeessnaeessnnns 90
IVIETHODS .ttt e et e s a e e e s bbb e e s e b bt e e s bbb e e s s bbb e e s e b e e e s e b e e e e sab e e e s e ra e e s ernee s 90
RESULTS ettt ettt st e e s e e e e s bbb e e e s b bt e e s b b e e et bbb e e s s b bt e e s abr e e e s b at e e e s ba e e e ennne 103
DISCUSSION ..ttt ettt ettt et s b e e s s e b e e s e bb e s et bbb e e s s bbb e e s e aba e e et bbb e e s s bb e e e s anbae e e srabeessbaeeennnne 108
CONCLUSION «.eetteeiiittee sttt st e sttt aa e st e e e a e s e e b e e s s et e e e ab e e e s e ba e e e s ab e e e s e bb e e e s abb e e e sbb b e e s e abbe s e sanbbeeesnbeeesans 117

RESEARCH CHAPTER 3: ASSOCIATION OF CLOZAPINE METABOLISM WITH ABSOLUTE NEUTROPHIL COUNT IN

TREATMENT RESISTANT SCHIZOPHRENIA CASES .......cocteiteiiteirtecreeerencrenstescressrassrsssssssesssasssssssasssnsssnsssnssanns 118
CHAPTER SUMMARY.....ccetttuuieeeeetrtstnaeeeesessssnnesesssssssnaeeessssssssnesesssssssssneeessssssssnnsessssssssnaeeessssssssnnsesessssssnsnessessssnnns 118
INTRODUCTION ..eetvtuuueeeereetrunaeeessessssnsesesssssssnnesesssssssnnesessssssssnesessssssssnnsesssssssnnnsessssssssnneeeesssssssnnsesessssssnnneeeesens 119
CHAPTER AIMIS e ettttueeeeeeetttteeeeeeessstnaeeessssssnnesesssssstsnesessssssssnnsessssssssnnsessssssssnnsessssssssnneeeesssssssnnsesessssssnnesesssssnnnn 126
IVIETHODS vrvteeeeeeeittieeeeeeeettteaeeeeetrast i aeeeesessssaaseessssssnnsasessssssnannsasssssssnnnnsesssssssnnnsesesssssnnnneeesssssssnnseeessssssnnnneeesens 126
RESULTS wettuueeeeeetttttieteeeeetetauaeeeestrsstnaesesssssssanaseessssssnnasesssssssannseesssssssnnnsessssssssnnsesessssssnnneeesssssssnnsesesssssnnnneeeesens 131
DISCUSSION ... eeeeerttteeeeereeetataeeeestrestaaeeessessssanasesssssssnnasesssssssnnnsessssssssnnnsessssssssnnsesessssssnnnseesssssssnnseeesssssnnnnneeesens 134
CHAPTER CONCLUSION «.evvttuueeeerertsueeeeesesessnnesesssssssnneesessssssssnesessssssssnnesessssssssnnsessssssssnneseesssssssnneesesssssssnesesssssnnnn 138

DISCUSSION AND CONCLUSION ....ccteeirenereecrenermncrensracrsssesssesssasssssssasssssssssssassssssssssasssssssasssnsssasssnsssnsssnssnnns 139
SUMMARY OF RESULTS 11tuuuetieetrttuueeeeereeessniieseesessssneeeeesssssssesessssssssneeessssssssnesessssssssnamesessssssnsneeesssssssnsaesessssssnnneens 139
KEY CONTRIBUTIONS AND NOVEL FINDINGS ..ccevvvuuieieerirttiiieeeeeeeersnieeeeessesstnnaeesssesssnnsessssssssnmeeeesssssssnesesessssssnnneeeesees 141
STRENGTHS AND LIMITATIONS ..evvtuuueeeeeeetruueieseeererssneeeeessesssnnesessssssssnaeeesssssssnasessssssssnsesesssssssnseessessssnsneeesssssssnnnees 142
POTENTIAL RESEARCH / CLINICAL APPLICATIONS ...ceueveteeeseeessssteresssssesesssssesssssesssssssssssasssessssssessssssssessssssesssssesessssens 149
FUTURE WORK...cettttteieeeeetttiieeeeeetttutesesesessssteeseesessstnnasesssssssansesssssssnnnnsessssssssnnsesessssssnnneeesssssssnnseseessssnnnneeessens 154
CONCLUSIONS ..eevtttueeeeeeetssueeeeesessssaaeeessssssnnnasesssssssnnaeessssssssnnsessssssssnnseessssssssnnsessssssssnnseeesssssssnnsesessssssnnneseessssnnnn 156

APPENDIX ....ceieiiieiireitteereetteetteserescrescrasssassssssesssesssesssasssssssassssssssssssssssssssssasssssssasssnssssssssssssssasssnsssasssasssnsenns 158
APPENDIX 1: DISCUSSION OF TOP GENES FROM RESEARCH CHAPTER L .uuuuniiiiiiiiiiieeeeeeeeeiieeeeeeeevenieeeeeeerssaneeeeesessnnnnnnns 175
APPENDIX 2: FULL PRS RESULTS IN CARDIFF COGS, RESEARCH CHAPTER 1 .. ceeiiiiiieeeeeieiiiieeeeeeeevtneeeeeeeesbnneeeeesesnnnnnnnns 180
REFERENCES ...eeettvttuueeeeereestsnaeeeessssssnnsesessssssssnesesssssssnnesesssssssnnnsessssssssnnsessssssssnnsessssssssnneseesssssssnnsesessssssnnneeeesens 158

Xi



List of Figures

Figure 1: Karyotype plots 24
Figure 2: Manhattan Plot of the CC-GWAS results 56

Figure 3: Results from the genetic correlation analysis of the CC-GWAS results with 15 other traits 63

Figure 4: LAVA Results 68
Figure 5: Manhattan plot of TRS versus non-TRS case-case GWAS 105
Figure 6: Regional Association plot for the genome-wide significant locus 106
Figure 7: A diagram of a liver cell with an overview of clozapine metabolism and transport 123

Xii



List of Tables

Table 1: An overview of the input parameters used for the CC-GWAS analysis. ........cccevrriicicnrirsncnnnnneeeeennnnnns 47
Table 2: The 27 regions that surpass p-value threshold of 5e-08...........ccccevccrmmrrreeiiiiiiiiiiiiciiesssssnnnnneeeeennennn 58
Table 3: CC-GWAS Results for the 27 loci identified by LD-based clumping of the CC-GWAS Resultss ........... 59
Table 4: Genetic Correlation Analysis of schizophrenia vs. bipolar disorder CC-GWAS..........cccovvvvmmmeereereennns 62
Table 5: The FINEMAP versus CC-GWAS reSuUlts. .......ccciviiiieeiiiiiniiniiiniinniiisssseesssssssssssssssssssssssssssssessssssns 65
Table 6 Summary table of significant results from the CC-GWAS PRS analysis in Cardiff COGs.......ccccceeereenns 70
Table 7 List of CC-GWAS loci with a single prioritised gene..........cccccvveiivmiiiiiiiiiiiiiininieennereesee 72
Table 8:The genome-wide significant results from the original CC-GWAS paper.......ccccceveeeeccrrrrnnnnnneeeeennnnnns 73
Table 9: Results for the 12 loci identified in the original CC-GWAS PAPEr ......ceereeeeeiiiiiiiiiiciicsssssssnnnnseeeesnennns 75
Table 10: The OLS weights calculated for each iteration of the TRS versus non-TRS CC-GWAS........cccccceveeens 81
Table 11: Full list of all samples collected for this analysis........cccceeeiieiiiiiiriccrnmreeeetniircc s cesseeeeeeeeseeee 92
Table 12: A list of how treatment status was defined within each sample........ccccccevveciiiiiiirreeeeeeeennennennn. 100
Table 13 The genomic inflation factor (lambda) of each input GWAS separately ........ccccoeevvvremeeerrenneenennnnn. 103
Table 14 GWAS results for the five GWS SNPS.........ccccciviiiieiiiiiiiiriiinsrrsssessssssssss s sssasse s sassessssses 106
Table 15: LD-based clumping results for the top ten loci, including gene information...........cccccceviiuunnnnnnne. 107
Table 16: Pharmacogenomic SNPs used in the regression analyses .........cccccceeerriiiiiiiiiiiisninsssnneeeeeeeeeeneennns 129
Table 17: Covariates used in the correlation and regression analyses.........cccccevceeriiiisineeniniiisinneinsnssieeennnnans 131
Table 18: Spearman’s rank correlations of several variables with ANC .........cccccureieciieiiiiiiiinnneeeeeeneennnnenne 132
Table 19: Results of the three regression analyses with ANC as OUtCOME .......ccceviiiiiiiiiiininnssnnnneeeeeeneeeennnnas 134
Table 20: Full PRS results from research chapter 1, age at onset of pSychosis..........cccceiirerrrrrnneeeeeennennennnn. 180
Table 21: Full PRS results from research chapter 1, negative symptoms of diminished expressivity............ 181
Table 22: Full PRS results from research chapter 1, disorganised symptoms.........ccceeeeeiieirrrvrnnneeeeennennennnns 182
Table 23:Full PRS results from research chapter 1, Use of other non-prescription drugs........ccccceeeeererrennnn. 183

Xiii



Introduction

The introduction of this thesis will provide an overview of research methods and techniques
that have been instrumental in progressing our understanding of neuropsychiatric genetics,
each of which will be followed by a summary of current findings in the schizophrenia
genetics field. Whilst all the methods outlined in this section continue to be of utility today,
it has been ordered chronologically to demonstrate the progression of the field as
computational and technological advances have been made. Due to their relevance for the
work completed in the thesis, the methods and findings discussed here will focus on
common genetic variation, although it is well established that variants with a wide range of
population allele frequencies, penetrance and effect sizes play a role in the overall genetic

risk of schizophrenia.

Schizophrenia

In the mid-late 19" century, psychosis, manifesting in the form of hallucinations and
delusions, was treated as a secondary disorder that could not exist in isolation, but instead
had to be preceded by a period of primary psychiatric illness; most commonly ‘melancholia’
(most closely linked to modern day major depression) or ‘mania’ (most closely linked to
modern day bipolar disorder). However, this view came to be challenged by western
psychiatrists, who systematically documented the symptoms of thousands of their patients,
ultimately concluding that whilst psychosis could indeed develop in the context of abnormal
mood, for at least a subset of patients, this initial disruption was absent *. This culminated
with the concept of dementia praecox, first put forward by Emil Kraepelin in the late 19t

century 2, which posited for the first time in European literature that psychotic symptoms



could develop in the absence of a disturbance of mood, and also identified the key role of
cognitive deficits within the disorder. Kraepelin reviewed and amended this concept
multiple times through a series of textbook revisions, and in the early 20t century, it
became the foundation of the work of Eugen Bleuler, ultimately culminating in the concept
of schizophrenia that we know today 3. Coined from the combination of Greek words
‘schizo’ (split), and ‘phrene’ (mind), the term schizophrenia was meant to describe a state of
fragmented and disorganised thinking. Unfortunately, popular culture has more commonly
conflated the term with the idea of ‘split personality’, leading to a high degree of
misunderstanding and stigma surrounding the condition, summarised effectively by Robert

Kolker in his publication Hidden Valley Road *:

"Bleuler chose this new word because its Latin root—schizo—implied a harsh,
drastic splitting of mental functions. This turned out to be a tragically poor
choice. Almost ever since, a vast swath of popular culture—from Psycho to

Sybil to The Three Faces of Eve—has confused schizophrenia with the idea of
split personality. That couldn’t be further off the mark. Bleuler was trying to

describe a split between a patient’s exterior and interior lives—a divide
between perception and reality. Schizophrenia is not about multiple
personalities. It is about walling oneself off from consciousness, first slowly
and then all at once, until you are no longer accessing anything that others

accept as real.”

Schizophrenia: Overview

Today, schizophrenia is classified as a severe neuropsychiatric disorder of (often) chronic

course that causes substantial disruption to the lives of patients. Onset of symptoms



typically occurs in early adulthood >, with manifestation of the characteristic psychotic
symptoms often being preceded by a period known as the prodrome °. In this stage of
illness, a patient may exhibit a wide range of psychological or behavioural symptoms, such
as social withdrawal, sleep disruption, memory issues and motivational deficits 7. A formal
diagnosis of schizophrenia is made based on the presence of symptoms that can be
categorised into three broad groups, although there are a number of papers utilising factor
analytic approaches that have suggested these symptom groups can be broken down into
smaller, more specific symptom domains 819, The first group of symptoms are so-called
positive symptoms, which represent an addition of thoughts or behaviours not normally
seen in healthy individuals. The most common are delusions, where the individual will hold
a belief with absolute conviction despite a lack of evidence to support it, and hallucinations,
where the patient will report smelling, hearing, seeing etc. sensations or things that are not
there, the most common form in schizophrenia being auditory. In addition, the individual
may exhibit disorganised thoughts and behaviours, for example positive thought disorders
(pressure of speech, incoherence, derailment etc.) and inappropriate affect (the display of
emotions that do not match the situation and context). The next group are negative
symptoms, which in contrast represent a loss or detraction from behaviour observed in
healthy individuals. Another factor analysis study in 2021 posited that these can be split
further into two domains: negative symptoms of diminished expressivity, for example alogia
(poverty of speech), and affective flattening (detached or reduced reactions to a situation
that would normally elicit an emotional response), and negative symptoms of diminished
motivation and pleasure, for example apathy and anhedonia (an inability to feel pleasure) 1.
The final group of symptoms, and commonly the most disruptive to normal functioning, are

cognitive symptoms, which can include slow thinking, poor concentration and difficulty



integrating thoughts, feelings, or behaviours. To make a diagnosis of schizophrenia based
upon the guidelines set out by the DSM-V manual 2, a patient must display at least two of
five key symptoms (delusions, hallucinations, disorganised speech, disorganised behaviour,
and negative symptoms), with at least one of them being one of the first three symptoms
listed. These symptoms need to have been present for a clinically significant amount of
time, and organic causes of psychosis and psychosis related to substance abuse must be

ruled out, for a formal diagnosis of schizophrenia to be made.

Schizophrenia has the potential to be a debilitating condition for patients and can have a
substantial impact on the family members of those affected. A 2-year study of employment
patterns in 1208 individuals with schizophrenia in the UK, France and Germany observed an
employment rate of approximately 21.5%, with only 9.4% able to support themselves
through their earnings alone without external help from either family or national benefit
systems 3. A more recent, registry-based study conducted in Norway of 8399 individuals
with schizophrenia observed a combined full-time and part-time employment rate of
10.24% for males and 9.8% for females 4. A systematic review of the international literature
focusing primarily on more economically developed countries (MEDCs) reported a higher
figure of 12-39%, although this is still significantly lower than the general population °.
Individuals with schizophrenia have also been demonstrated to be at increased risk of
making poor dietary choices, for example through the increased consumption of sugars and
processed foods, and are at higher risk of obesity, nutritional deficiencies and metabolic
disorders . They are also at increased risk of exercising less, with a recent systematic
review of 35 studies representing a total of 3,453 individuals observing that 56.6% of

participants achieved the recommended 150 minutes of moderate physical activity per



week, a figure that could well be inflated due to over half of the included studies relying on
self-report 7. The lower levels of exercise observed in schizophrenia patients versus controls
is not fully understood, but factors could include the sedative effects of some antipsychotic
medications, as well as certain key symptoms of schizophrenia itself such as lack of
motivation and difficulties organising oneself. The increased prevalence of smoking in
individuals with schizophrenia has also been well-documented: a review conducted by the
National Institute of Mental Health (NIMH) of smoking prevalence and practices in
individuals with psychiatric disorders reported a lifetime smoking prevalence of 69.4% in
patients with psychotic disorders, versus 39.1% in individuals with no history of psychiatric
disorders 8. This increase in smoking has been attributed to attempts by patients to self-
medicate and find relief for some of their symptoms and medication side effects, although
this is by no means the only explanation for the link °. All of these factors, as well as others,
play a significant role in a stark reduction in life expectancy, with a 2017 systematic review
covering 247,603 patients from all continents with the exception of South America reporting
a reduction in life expectancy of approximately 15% 2°. A substantial proportion of this
excess mortality can be attributed to suicide, with an estimated suicide rate in patients with
schizophrenia of 5% 2122, It has been reported that up to 40% of schizophrenia patients
attempt suicide at least once within their lifetime 23. A wide array of demographic and
psychosocial risk factors have been identified, including longer duration of untreated
psychosis, higher levels of premorbid functioning and major life events 24. The economic
cost of schizophrenia, both directly through hospital admissions, community care etc. and
indirectly through reduced labour and unpaid care by friends and family etc. is vast,

accounting for 3.5% of national healthcare expenditures 2> and with an overall total cost of



£11.8 billion a year in the UK alone %°. This is despite a low estimated lifetime prevalence of

0.7% in the general population %’.

The pathophysiology of schizophrenia, even now, remains poorly elucidated, and cannot be
attributed to major disruption or abnormalites in a single brain structure, as is the case with
some neurological disorders such as Parkinson’s disease, nor is it a mendelian disease
attributable to a single or small number of genes. There are no diagnostic biomarkers for
schizophrenia, and diagnosis is based solely on symptoms. Neuroimaging studies have
identified a wide range of structural abnormalities in schizophrenia, both in the white
matter tracts and grey matter nuclei of the brain, but questions still remain regarding when
these abnormalities occur, how they progress or remain static throught the course of the
disorder, and what micoranatomical disturbances are causing them 2. In addition, major
brain abnormalities are not common in people with schizophrenia; a study in 2013 of 1379
MRI scans found that only 11.1% of people with schizophrenia had clinically relevant
pathology, not significantly different from the percentage in controls, 11.8% 2°. In addition,
until recently, there has been significant variability across the results of neuroimaging
studies. There are several factors that could explain this, including the limited sample sizes
of many studies, the use of different imaging modalities and the amalgamation of samples
who have been diagnosed with a range of psychotic / affective diagnoses, not just
schizophrenia 3. In addition, another review of the schizophrenia imaging literature has also
pointed to antipsychotic medications, smoking and time in disease course being significant
potential confounders 31. These difficulties have been overcome somewhat by recent, large
scale meta-analyses of MRI imaging by collaborations such as the ENIGMA (Enhancing

Neurolmaging Genetics through Meta-Analysis) consortium, which has reported



associations between schizophrenia and smaller hippocampus, amygdala, thalamas, nucleus
accumbens and intracranical volumes, alongside increased pallidum and lateral ventricle
volumes 32 Part of the work of this consortium has been to conduct research on individuals
who have not received pharmaceutical treatment yet, as well as in individuals who have not

yet been diagnosed.

In terms of neurobiological abnormalities in schizophrenia, again, there is limited current
understanding, but there are a number of theories at least partially supported by current
evidence. One of the first theories to be posited was the dopamine hypothesis. Dopamine is
a neurotransmitter of the catecholamine family, alongside adrenaline and noradrenaline.
There are four major dopaminergic pathways in the brain: the mesolimbic, the mesocortical,
the nigrostriatal and the tuberoinfundibular. Collectively, these pathways have been
implicated in a wide range of functions, including executive function, broader cognition,
feelings of reward and pleasure, and voluntary motor movements. In schizophrenia, the
pathways most implicated are the mesocortical and mesolibmic. Both of these pathways
originate in the ventral tegmental area of the midbrain, just medial to the substantia nigra,
before projecting to the prefrontal cortex and ventral striatum respectively. The classical
dopamine hypothesis of schizophrenia stated that hyperactivity of dopaminergic neurons
leads to the development of an array of schizophrenia symptoms , and was conceived based
on the observation that the first typical antipsychotics, haloperidol and chlorpromazine,
were antagonists of the D2 subtype of dopamine receptors 33. It is also well-documented
that antipsychotic DRD2 occupancy is significantly correlated with the dose required to exert
therapeutic effects 34. Over time, the hypothesis has been amended, with positive

symptoms being attributed to hyperactivity of the mesolimbic pathway, and hypoactivity of



D1 receptors in the mesocortical pathway being associated with negative and cognitive
symptoms 3°, Other theories have been developed over time in an attempt to better explain
the diverse symptom profile of schizophrenia patients. One such theory was the glutamate
hypothesis of schizophrenia, based partially on the observation that N-methyl-D-aspartate
(NMDA) receptor antagonists, such a phenicyclidine (PCP) and its derivative ketamine, could
induce behaviours similar to the positive symptoms of schizophrenia 3°. This led to the
theory that NMDA receptor hypoactivity in the prefrontal cortex of the brain led to the
manisfestation of psychotic symptoms. A recent review pointed to both of these
hypotheses, alongside a third theory of hyperactivity of serotonergic 5-HT2A receptors in
the cerebral cortex, playing an interconnected role in the development of positive

symptoms in schizophrenia, as well as to a lesser extent negative and cognitive symptoms

37

The role of genetic risk factors in schizophrenia is, at this point, undeniable. Schizophrenia
has been shown to be a highly heritable disorder, with 60-80% of variation in the disorder as
a phenotype being accounted for by inherited genetic factors 38, It has also been shown to
be highly polygenic, involving genome-wide genetic variation of a wide range of allele
frequencies and effect sizes #1. Evidence for this genetic component has come from an
extensive range of literature, spanning from the early 20" century family and pedigree-
based studies to the international, collaborative GWAS and whole genome sequencing
studies of today. An overview of a subset of these methods, and how they have been
applied to schizophrenia to better elucidate the genetics of the disorder, will be given

below. Whilst outside the remit of this thesis, it is worth noting that a number of



environmental risk factors have also been identified for schizophrenia, for example obstetric

complications, urbanicity and patterns of migration 42,

Family, Twin and Adoption Studies

At the start of the 20" century, decades even before the elucidation of the double helix
structure of DNA, the genetic component of psychiatric disorders was being demonstrated
through a group of three related observational study designs: twin, family, and adoption.
Twin studies, the advent of which is often credited to Francis Galton in 1875, assess the rate
of concordance amongst monozygotic (MZ) twins, who are 100% genetically identical, and
dizygotic (DZ) twins, who are 50% identical, in an attempt to quantify the genetic
component of a disorder. Whilst a higher rate of concordance amongst monozygotic twins is
suggestive of a genetic element, it is difficult to separate this from the effect of the greater
degree of shared environment between MZ twins versus DZ twins. Shared environment is
also a limitation present in family-based studies, where the relatives of an affected
individual, at varying degrees of relatedness, are assessed for a clinical history of psychiatric
disorders. The observation that psychiatric disorders would often be present in multiple
family members could once again hint at, but not confirm, the role of genetics in disease
risk. In order to pick apart the genetic and environmental influences, adoption studies
assess concordance rates in both related individuals living apart in separate home
environments, and non-related individuals living in the same environment. The heritability
of psychiatric disorders was first demonstrated through these study types, long before the
advent of molecular genetic techniques, and by exploiting international collaboration and

health registries and electronic records, their utility has only grown with sample size.



Family, Twin and Adoption Studies: schizophrenia

The first study to demonstrate the heritability of schizophrenia was a sibling study
conducted in 1916 by Ernst Ridin, who undertook an investigation of 2,732 siblings of 755
probands diagnosed with schizophrenia #3. Riidin observed a familial relationship between
schizophrenia and other psychoses, a substantially lower risk in the parents of probands
than siblings, and a segregation pattern that did not conform to what would have been
expected for a mendelian condition. This would prove to be consistent with other family
studies conducted in the first half of the 20t century, such as the study conducted in 1938
by Francis Kallmann, who assessed 1087 patients with schizophrenia and close to 12,500 of
their relatives, observing evidence of a family history of schizophrenia in 10% of cases 4.
This study represented a number of methodological improvements over the 1916 sibling
study conducted by Riidin, including the examination of second and third degree relatives
instead of focusing only on siblings, as well as dividing the schizophrenia patients into four

more homogenous subgroups #.

The earliest twin studies of schizophrenia %¢47, have been criticised for a number of
methodological reasons, for example the high prevalence of premature twins included in
the studies 8. Later twin studies >°° demonstrated more robustly the high concordance
rates amongst both monozygotic and dizygotic twins and a meta-analysis of twin studies
conducted between 1963 and 1987 reported concordance rates of 48% and 17% for MZ and
DZ twins respectively 1. These rates were very similar to another meta-analysis of twin

studies conducted between 1992 and 1999, 41%—65% for MZ and 0%—28% for DZ twins °2.
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The first adoption study conducted in schizophrenia was led by Leonard Heston in 1966, and
examined the offspring of mothers with schizophrenia being raised in the foster home
system >3, This study of 58 children found an age-corrected rate of schizophrenia of just over
16% in the offspring of the mothers with schizophrenia, with no occurrences in the children
acting as controls. The observation of higher rates of schizophrenia in the adopted away
offspring of schizophrenia patients versus the adopted away offspring of healthy parents
has been reproduced in several consequent studies >*>° etc. Other studies, such as the one
conducted by Wender and colleagues in 1976, examined the rate of schizophrenia in
children from healthy parents adopted by parents who went on to develop schizophrenia,

and found no evidence of increased risk °’.

Through the utilisation of registry data and other forms of information, it is now possible to
conduct large-scale family, twin and adoption studies with sample sizes that would have
been unattainable at the time the classical studies were undertaken. For example, in a
Danish study of just over 31,500 twin pairs, concordance rates for schizophrenia were 33%
and 7% in MZ and DZ twins respectively, and heritability was estimated at 79% °8. However,
as integral as these study designs were to the field of schizophrenia genetics throughout the
20 century, and continue to be of importance today, they cannot point to specific genes or

genomic loci that are associated with schizophrenia.

Linkage Studies and LOD Scores

Genetic linkage studies again utilise family-based data collected from large, affected
pedigrees, but this time to detect chromosomal segments that are transmitted together

(i.e., co-segregate) with the disease phenotype of interest. Once a large pedigree has been
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established and both affected and unaffected individuals from within the family have been
genotyped, they can be assessed to see if certain genetic markers occur at a higher rate
within affected individuals than unaffected. If this is the case, the chromosomal region
where that marker resides could contain a gene linked to the pathology of the disease. The
method relies on the process of recombination, whereby portions of DNA are exchanged
between chromatids during meiosis. If a genetic marker is in proximity of a disease-
associated locus, the rate of recombination between the two will be low, and the likelihood
of both being inherited together is increased. In the traditional, parametric approach, the
probability that an etiologically important gene is linked to a genetic marker is assessed via a
LOD (Logarithm of the Odds) score. The LOD score is a numeric comparison of the likelihood
of obtaining the test data to the likelihood of observing the same data purely by chance. By
convention, a LOD score of > 3 is considered suggestive evidence of linkage, as this score is
analogous to a 1000 to 1 odd that the result did not occur by chance, or a p-value of 0.05

after accounting for the linkage structure of the human genome.

Linkage Studies and LOD Scores: Schizophrenia

With the benefit of hindsight, given its non-mendelian mode of transmission, the linkage
study design was not particularly appropriate for use in the investigation of schizophrenia.
However, a large number of linkage studies were conducted, and a small number of regions
did gain support from multiple sources *°. These included 22q12-q13 9961, 8p22-p21 6253 and
6p24-p22 4%, amongst others. However, there have also been a number of studies that
have failed to replicate these regions, including in the case of the 22q12-q13 region, a study
by the same authors who first reported it °. A meta-analysis approach was applied in 2009

to a collective sample of 3255 family pedigrees containing 7413 probands, which observed
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genome-wide evidence for loci on chromosomes 2q and 5q and suggestive evidence for

chromosome 8p when restricting to a European only sample 7.

Candidate Gene Studies

Before it became possible through the development of array-based genotyping to examine
the entire genome simultaneously, researchers would instead investigate variants within a
single or small list of predefined genes for association with the disorder of interest. The
selection of these candidate genes was based upon a priori knowledge or hypothesis of
biological relevance to the disease phenotype, for example their role as therapeutic drug
target. Unlike the family-based studies previously discussed, candidate gene studies relied
on a case-control design, where an exposure, in this case genetic variants, is investigated in
a group of people who have the outcome of interest, as well as a group who do not. Whilst
case-control matching, for example in terms of sex, age, ethnicity or other relevant factors,
will not necessarily be enough to prevent confounding 8, it is considered standard practise.
This is because it increases the precision of estimated effect sizes in the fully controlled
statistical model and allows for control of unmeasured confounders that are correlated (in
the population) to the measured confounders. In this framework, if a genetic variant is
present at higher frequencies in the case group than the control group, the genetic variant

could be associated with the outcome under study.

Candidate Gene Studies: Schizophrenia

The candidate gene study was a driving force in the field of neuropsychiatric genetics during
the latter half of the 20" century, and schizophrenia was no exception. Indeed, between

1965 and 2006, 1064 schizophrenia candidate gene studies were published ©°, the genes
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with the highest number of studies being DRD2, COMT, DRD3, HTR2A and BDNF °.
However, whilst the influence of the candidate gene literature in psychiatry should not be
diminished, many of the findings of these early papers have proved unreproducible. A study
in 2017 concluded that variants in the 25 most studied schizophrenia candidate genes,
including the gene of the primary therapeutic drug target, DRD2, were no more associated
with schizophrenia than variants in groups of noncandidate genes 7%, reaching a similar
consensus to an earlier invited review of the same 25 genes ’2. The work of Johnson and
colleagues also involved the examination of an extended list of 86 candidate genes, all of
which had been studied at least five times and had not originally been implicated by GWAS.
There was some evidence to suggest these 86 genes were more associated with
schizophrenia than other genes, and several of the most studied candidate genes (NOTCH4,
DRD2, KCNN3, GRM3 and TNF) were more strongly associated with schizophrenia that
would be expected purely by chance when investigated in isolation. However, with the
benefit of hindsight, it has become apparent that many candidate gene studies were simply
too underpowered to detect associations of small effect size. Another fundamental issue for
these studies was that, at a time when known biological relevance was needed for the
selection of potential candidate genes, the biology of psychiatric disorders was largely
unknown, an issue compounded by the particularly high degree of heterogeneity observed
in schizophrenia. As a result, it was not often possible to select, with any great level of
certainty, a functionally relevant gene. Positional candidate gene studies 73, in which the
locus specific association testing was supplemented with evidence from linkage studies to
better elucidate disorder related regions, did attenuate these limitations somewhat. For
example, a series of studies conducted in 2002 identified four candidate schizophrenia risk

genes with more compelling evidence: PRODH 74, DTNBP1 4, NRG1 7> and G72 7. However,
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a convincing argument could still be made that hypothesis—free approaches, looking for
disease associations within a greater number of genes, regardless of suspected biological

relevance, would be more appropriate.

Genome Wide Association Studies

The potential utility of a study design that would allow testing for associations between
disorders and genetic variants across the entire genome simultaneously, without the need
to select target genes based on supposed biological relevance, was first discussed in 1996 7.
At the time of that publication, five years before the first human genome was sequenced 78,
it was a theoretical proposal, as the technology required to first identify hundreds of
thousands of SNPs for study, and then test for their association with a disorder in thousands
of people, had not at that stage been fully realized . However, with the development of SNP
genotyping arrays, the first of which was prototyped by Affymetrix in 1998 allowing for the
simultaneous genotyping of 500 SNPs 7°, and the successful completion of the human
genome draft in 2001, the foundations of genome wide association studies, commonly

referred to simply as GWAS, were laid.

An important concept to be aware of when interpreting the results of a GWAS is that of
linkage disequilibrium (LD). LD refers to the non-random association of alleles in a
population due to the lack of chromosomal recombination between nearby haplotypes. It
leads to variants in close proximity to each other being inherited together at higher rates
than would be expected by chance. LD will therefore lead to many non-causal variants, with
no effect on disorder aetiology, being significantly associated with a phenotype because of

their elevated levels of correlation with the true causal variant. In this way, any SNP

15



analysed in a GWAS is acting as an index for a region of the genome, and any inferences
regarding causality should be made with regards to the region, or locus, and not the SNP
specifically. Whilst LD is beneficial in the sense that it means it is not necessary to sequence
the whole genome to identify genomic loci associated with the disorder under study, at
least in the case of common genetic variation, it also has important implications when it

comes to interpreting the results of a GWAS.

Fundamentally, GWAS are very similar to classic case-control epidemiological studies, where
individuals with the disorder of interest (cases) are compared to a well-matched control
group, to identify risk factors; in the case of GWAS, primarily common genetic variants. This
is because, at low minor allele counts (MAC), the assumptions of logistic regression models
are no longer met, and power and error rate are both impacted significantly 8. Prior to
association testing, it is vital to complete a rigorous quality control (QC) procedure. Errors in
genotyping data can arise for a large number of reasons, including sample contamination or
poor-quality DNA samples being collected, incomplete DNA hybridisation to the array, and
issues with the DNA probes on the array itself. Any of these could cause spurious
associations to arise within the data, and so it is paramount that QC protocols be stringent
enough to account for these, whilst not being unnecessarily conservative and leading to

genuine associations being excluded.

The largest commercially available arrays now contain over 4 million markers for study, but
millions more can be assessed through the process of imputation. This is a process by which
unobserved genotypes i.e. SNPs that were not present on the array, can be statistically

inferred via comparison of the sample genotypes to a collection of known haplotypes,
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accessed via publicly available resources such as the International HapMap Project 21, 1000
Genomes # the Haplotype Reference Consortium 8, and TOPMED 8, In brief, genotyped
samples are compared to reference haplotypes at points where SNPs overlap in order to
predict, taking advantage of linkage between markers, what SNP alleles would be present in
regions not directly genotyped by the array. By doing this, genome-wide coverage can be
massively increased, and disorder-associated SNPs not included on the array can still be

investigated. At this point, the association testing can be conducted.

In the majority of cases, GWAS studies of binary phenotypes, such as disorder states, make
use of a series of logistic regression models, where each SNP is assessed for statistically
significant differences in allele frequencies between cases and controls. To ensure
differences in allele frequencies due to genetic ancestry and other variables do not affect
the results, a set of principal components will often be added as covariates to the regression
model. Principal components are a set of newly generated variables that aim to reduce the
dimensionality of data, or how many attributes or variables a dataset has, whilst still
retaining as much information about the data as possible. In the case of GWAS, principal
component analysis is performed on the genotypes of the study cohort and mostly reflect
genetic variation due to ancestry. Individuals with similar values for the top principal
components i.e. Those that explain the highest proportion of variation in the sample, will
tend to have a similar genetic ancestry. Following completion of the regression analyses,
each SNP will be assigned an odds ratio (OR) and a p-value. If the case cohort has been
coded as 1 and the controls as 0, as is customarily done, an OR of greater than one is
indicative of the effect allele being more common in the case cohort, and thus suggests that

the SNP is tagging an area of the genome that is associated with the disorder phenotype.
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Due to the millions of statistical tests that are conducted in a standard GWAS, a stringent p-
value threshold is selected to control for false positive results; ordinarily, a threshold of
5x10%is used to denote ‘genome-wide significance’. This threshold was first put forward by
the authors of the 1996 paper outlining the theory of GWAS and is the p-value required to
retain a < 5% false positive rate when completing 1,000,000 tests, a rough (but still
considered valid) approximation for the number of uncorrelated SNPs across the genome

after accounting for LD 77.

The GWAS method was first successfully implemented in a study of age-related macular
degeneration (AMD) in 2005 8. That study, which investigated 116,204 SNPs from across
the genome in a cohort of 96 cases and 50 controls, identified a significant association at
one SNP. This was found to be an intronic polymorphism within the complement factor H
(CFH) gene; to this day, this remains one of the most strongly associated AMD genetic
variants identified. Whilst this success cannot be diminished, statistically significant
associations were still relatively infrequent in the early years of GWAS. However, as
genotyping costs reduced, and the formation of international consortia such as the
Psychiatric Genomics Consortium allowed for the development of sample sizes that had
never previously been attainable, associations of common risk alleles of small effect with
disorders could now be robustly detected. As of the time of writing, over 5100 GWAS have
been published, reporting more than 270,000 statistically significant associations %¢. A brief

overview of GWAS in schizophrenia will be given below.
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GWAS: schizophrenia

One of the first GWAS to be conducted in schizophrenia was completed in 2008, in a sample
of 479 cases and 2937 controls 8. The gene with the strongest evidence of association with
schizophrenia in this study was ZNF804A, which encodes for a zinc finger binding protein
expressed ubiquitously across the brain. The association was strengthened when a case
cohort of bipolar disorder was added to boost the sample size, suggesting that it is a
pleiotropic locus that is associated with psychotic disorders more broadly. Although the
precise function of this protein is still not fully understood, a study conducted in 2016
suggested that the protein played a key role in neurite formation, the maintenance of
dendritic spines and synaptic plasticity . Dendrites are branch-like appendages that project
from the cell body of neurons, receiving electrochemical signals from the axon terminals of
surrounding neurons and conducting it to the soma, or cell body. In the year following this,
three GWAS of schizophrenia were published 81, all of which implicated an area on
chromosome 6 known as the major histocompatibility complex (MHC). This area, roughly
3.6MB in length, is a genetically complex region containing approximately 224 genes. The
area is also known to have high levels of LD, making it difficult to identify specific causal
genes when an association is detected in this region. However, the area is known to contain
a large number of immunity related genes, pointing to a possible role of immunity-related
processes in schizophrenia aetiology. Other notable loci included an intronic marker within
TCF4, a transcription factor involved in foetal neurological development 92, and NRGN,
which encodes for a protein expressed within dendritic spines that regulates the availability
of calmodulin at the post-synaptic membrane. Calmodulin is an intermediate calcium-
binding messenger protein that acts as a signal transducer for a number of proteins that

cannot themselves directly bind to calcium. These GWAS represented previously unmatched
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sample sizes at the time of their publication but were still restricted in terms of statistical
power. In 2011, the schizophrenia working group of the Psychiatric Genome-Wide
Association Study (GWAS) Consortium (PGC) conducted its first GWAS on a total of 51,695
individuals °3. This GWAS identified seven loci associated with schizophrenia, five of which
were previously unreported. The most robust evidence was for an association within a
microRNA, MIR137. This is a known regulator of neuronal development and adult
neurogenesis, and four other schizophrenia loci achieving genome-wide significance in this
study contained predicted targets of MIR137, lending evidence to the hypothesis that
MIR137 dysregulation could contribute to the schizophrenia phenotype. Other genome-
wide significant results included loci within CACNA1C, encoding a subunit of L-type voltage
dependent calcium channels, and ANK3, a gene encoding for an ankyrin protein found at the
Nodes of Ranvier, the periodic gaps in the myelin sheath of some neurons that allows for
rapid electrical transmission along axons. The combination of the dataset from this study
and an additional Swedish cohort increased the sample size to 59,318 and led to the
identification of 22 schizophrenia associated loci, over half of which were novel . Genome-
wide significant associations were found at a number of loci involved in calcium channel
signalling, including the previously reported CACNAI1C locus, as well as additional L-Type
calcium channel units. Loci containing calcium homeostasis modulator genes, such as
CALHM1, were also implicated. The MHC on chromosome 6 was again implicated, as was
MIR137. In addition, 14 of the implicated genes from this study were targets of MIR137,
including calcium channel genes (CACNB2), gene expression regulators (VARS) and
immunity-related genes (HLA-DQA1). This study also estimated that a total of 8332
independent SNPs contribute to the genetic risk for schizophrenia, and account for about

50% of overall heritability.
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These studies culminated in the second GWAS conducted by the schizophrenia working
group of the PGC, a landmark study of 36,989 cases and 113,075 controls °°. The aim of the
working group was to combine all currently available genotyped schizophrenia samples into
a single analysis, theorising that the major limiting factor in schizophrenia GWAS to this
point was sample size. This proved to be correct, and using the newly combined PGC cohort,
108 genomic loci were identified, including for the first time the main therapeutic target of
antipsychotics, DRD2. A number of associations were also observed within genes of
glutamatergic transmission, calcium channel signalling, synaptic function and plasticity, and
neurodevelopment. This GWAS has since been followed by a series of large-scale GWAS. The
first, conducted in 2018 on a sample of 40,675 cases and 64,643 controls, identified 145
independent loci, 93 of which were significant in the 2014 study 6. This was followed in
2019 by what was at the time the largest study of schizophrenia in East-Asians conducted,
with 22,778 cases and 35,362 controls °’. This identified 21 genome-wide-significant
associations in 19 genetic loci, and a meta-analysis with European datasets from the PGC
identified 208 associations in 176 loci, 53 of which had not been reported previously. The
most recent GWAS conducted by the schizophrenia working group of the PGC built on these
samples further, amalgamating data from 76,755 cases and 243,649 controls 8. This
identified 287 genomic loci associated with schizophrenia disease risk, including overlap
with 107 of the 108 loci from the original PGC paper. This GWAS, released in conjunction
with a rare variant analysis by the Schizophrenia Exome Sequencing Meta-Analysis
(SCHEMA) Consortium %, represents not just the largest schizophrenia GWAS to date, but
also the most ancestrally diverse, comprising 74.3% European, 17.5% East Asian, 5.7%

African American and 2.5% Latin American individuals. By combining the results of two gene
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100 and summary-based mendelian randomisation

prioritisation techniques, fine-mapping
(SMR) 192 the authors published a list of 120 unique prioritised genes, 106 of which were
protein coding. Some genes of particular interest were GRIN2A, which encodes for a subunit
of glutamatergic NMDA receptor, and transcription factor SP4, which is both regulated by
NMDA transmission and plays a role in the regulation of NMDA receptor abundance 1°2. This
GWAS, like many before it, identified concentrations of genes with suspected roles within
the pre- and postsynaptic locations, with further genes being linked to synaptic
organisation, differentiation, and transmission. It also found evidence for enrichment of
schizophrenia risk genes in almost all tested brain regions, pointing to abnormal neuronal
function throughout the whole brain versus a small number of specific brain structures. The
GWAS listed here not only highlighted the importance of large-scale collaboration in
attaining the sample sizes required to identify disorder associated loci, demonstrated neatly
by the sheer number of genome wide significant loci identified in the most recent PGC

GWAS versus the first (Figure 1), but also the complex genetic architecture of schizophrenia,

and the sheer polygenicity of the disorder.

Post GWAS Analysis

GWAS have been instrumental in the advancement of our understanding of the genetics of
schizophrenia, but they represent only the first step of an investigation. It is commonplace
for researchers, following the completion of a GWAS, to perform a series of subsequent
analyses to better elucidate the biological or functional meanings of the GWAS results. A

subset of possible downstream analyses will be outlined below.
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Gene |ldentification

The characteristic peaks of a Manhattan plot, a visualisation of GWAS summary statistics
that allows for the assessment of each SNP’s association with the phenotype of interest

simultaneously, are caused by clusters of adjacent variants all displaying statistically

significant associations with the phenotype, as a result of LD. In this way, GWAS can point to

genomic regions from which an association signal is coming but cannot identify either the
true causal SNP or disorder associated genes without further interrogation of the results.
Complicating the matter further is the fact, whilst the closest gene to a GWAS signal is
indeed often the most credible gene candidate, this will not always be the case. A number
of methods have been developed to identify disorder-related genes from the results of a

GWAS.
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Figure 1: Karyotype plots, showing the number of genome wide significant loci identified in the
original schizophrenia GWAS conducted by the PGC in 2011 (Top, highlighted in orange), and the
newest GWAS conducted in 2022 (Bottom, highlighted in dark blue)



Gene ldentification: Schizophrenia

The most recent schizophrenia GWAS from the PGC 8 utilised two primary methods to
identify and prioritise genes: FINEMAP 1% and SMR 19!, FINEMAP is a Bayesian fine mapping
method that involves the calculation of posterior probabilities for each genome-wide
significant SNP, in an attempt to predict which is most likely to be the true causal variant.
Using a shotgun stochastic search approach, iterations of the same locus will be repeated
with a single candidate SNP added, removed, or exchanged, and each of the configurations
are then compared to identify the most likely causal variant(s). The wider list of 628 genes
(all of which contained at least one credible SNP) was refined following this by the selection
of genes that contained at least one non-synonymous or untranslated region (UTR) variant
that had an individual posterior probability of > 0.1. In 61 instances, the full 95% credible set
of SNPs were restricted to within the boundaries of a single gene. SMR was used to assess
whether the genome wide significant signals identified in the GWAS co-localised with
expression quantitative trait loci (eQTLs) from both adult and foetal brain tissues as well as
whole blood. The HEIDI (heterogeneity in dependent instruments) test 19 was used to reject
co-localisations that occurred due to LD between eQTL variants and schizophrenia-
associated variants. Following the implementation of further prioritisation techniques, for
example chromatin conformation analysis, a further 55 genes were prioritised. By
combining the findings of both FINEMAP and SMR, the authors of the 2022 GWAS

developed a final list of 120 prioritised genes, 106 of which were protein coding *.

Polygenic Risk Scores

A common follow-up analysis to GWAS is the generation of a polygenic risk score (PRS). This

involves taking the summary statistics of a GWAS and using them to calculate the genetic
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liability to a trait in a separate, independent cohort. Each SNP is assigned a ‘weight’ based
upon their estimated association with the phenotype of interest, and then the sum of these
weights is calculated for each individual in the sample based on the number and
combination of SNPs that they possess. It is common practice to then take these calculated
scores and test for associations with disorder related traits, for example age of disease
onset, measures of symptom severity, and outcomes such as educational attainment and

employment status.

The application of polygenic risk scores in clinical settings can be thought of in terms of both
their validity (how accurately does the PRS predict the phenotype it has been derived to
predict) and their utility (what improvements in patient care / clinical decision making will
the use of the PRS bring). The clinical validity of PRS can be assessed in a number of ways,
for example the calculation of the median area under the receiver operating characteristic
curve (AUROC), a model performance metric that assesses the predictive value of
classification models. A review of the utility of PRS both personally and in a clinical setting
identified 3 broad classes of PRS-informed interventions: therapeutic interventions, disease

screening and life-planning 103,

Polygenic Risk Scores: schizophrenia

Due to schizophrenias extensive polygenicity and relatively low prevalence in the
population, as well as the fact that diagnosis is based solely on symptoms, it is unlikely that
PRS will ever be useful in the context of diagnosis. However, there are a range of other
applications of PRS that have the potential to be of more significant use. For example, in

research, it may be useful to have a quantitative approximation of disorder liability. In the
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most recent PGC schizophrenia GWAS %8, when comparing the lowest centile of the PRS to
the highest, the individuals with the highest 1% of PRS had an odds ratio for schizophrenia
of 39, and an odds ratio of 5.6 when compared to the remaining 99% pooled together.
Another key potential application of PRS is in patient stratification, and the definition of
more homogenous patient subgroups. For example, in a study comparing bipolar and
schizophrenia cases, bipolar disorder PRS were significantly associated with increased
prevalence of manic symptoms in schizophrenia cases 194, In another study focusing on
suicide attempt, a key factor in the reduced average life expectancy observed in
schizophrenia, PRS for major depression were significantly positively associated with suicide
attempt in cohorts of schizophrenia, bipolar disorder and major depression patients 1%.
These findings suggest that common variants, to a certain extent, may be associated with
specific symptom groups and outcomes, rather than disorders specifically. Lending further
credence to this was a study that calculated schizophrenia PRS in 22g11.2 deletion carriers
both with and without schizophrenia. The PRS was found to be significantly higher in
carriers with psychotic symptoms that those who did not experience psychosis 1%. Another
study in 2021 investigating whether genetic liability for schizophrenia is associated with
specific symptom groups observed that schizophrenia PRS were associated with increased

disorganised symptoms domain scores and decreased current cognitive ability, but not with

the other symptom groups 2.

PRS has also been explored as a method of predicting treatment response. Schizophrenia
PRS was found to be significantly associated with 12-week treatment outcomes in first-
episode psychosis, with high PRS being associated with less improvement following

antipsychotic treatment, and low PRS cases being almost twice as likely to be treatment
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responders %7, In a study that examined disease progression over the course of 20 years,
higher schizophrenia PRS was significantly associated with more severe negative symptoms,
greater overall disease severity and higher levels of cognitive function 1%, These studies
demonstrate how in the future it may become possible to better tailor treatment options to
patients based on their PRS for schizophrenia. For example, if it is determined that a patient
has a high likelihood of being treatment resistant, they can be prescribed clozapine in the
first instance, rather than following two unsuccessful treatment trials with other anti-

psychotic medications.

In addition, PRS has demonstrated the importance of trans-ancestry cohorts, with polygenic
risk scores based on European samples being far less predictive of schizophrenia in Asian
samples %’. In this study, despite the genetic correlation between the Europeans only
analysis and Asians only analysis being extremely high at 0.98, polygenic risk models based
on the summary statistics of one genetic ancestry perform far worse when used in other
genetic ancestries. When PRS were calculated for the East Asian cohort using the European-
only summary statistics, despite the European effective sample size being close to triple that
of the East Asian cohorts, the variance in schizophrenia risk explained by the PRS was
reduced by a third. This was attributed to the fact that, whilst the majority of common
variants were present in both ancestries, the allele frequency and LD structure could vary
significantly, for example the complete lack of association found at the MHC region in the
East Asian cohorts. This demonstrated the importance of building large cohorts of a wide
range of genetic ancestries, as despite the high genetic correlation, there are still significant

ancestry-related differences.
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Finally, PRS have demonstrated very effectively that the genetic architecture of
schizophrenia does not exist in isolation; large proportions of the common variants
implicated in schizophrenia have also been linked to a wide range of other disorders. A
study in 2014 demonstrated a substantial sharing of risk alleles between schizophrenia,
bipolar disorder, autism spectrum disorder, major depression and obsessive compulsive
disorder 1%, All of these disorders were demonstrated to be genetically correlated again
several years later by the brainstorm consortium, whom compiled the summary statistics of
25 of the largest available GWAS to investigate the overlap of a wide range of psychiatric
and neurodegenerative disorders 110, Of these disorders, the most extensive overlap with
schizophrenia was found with bipolar disorder, autism spectrum disorder and intellectual
disability, an umbrella term used to describe limits in an individual’s ability to learn and

function at the expected level for their age.

GWAS Limitations

Whilst the impact that this method has had in schizophrenia research cannot be denied, it is
important to be cognisant of several limitations when interpreting GWAS results. The first is
that whilst GWAS results can be used in the identification of a locus of potential interest, it
cannot formally identify the causal variant or gene without a formal fine-mapping effort.
The use of generic commercial SNP arrays means that the variant(s) actually associated with
the target phenotype may not even be genotyped, and the association signal may be
wrongly attributed to another variant. Establishing causality can be even more challenging
when the signal is coming from non-coding regions, where the functional importance of

such variants can be difficult to discern 111
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Another important limitation to consider is the multiple testing burden that is necessitated
by the study design. Whilst a genome-wide significance threshold of 5x10® is adopted to try
and account for this, this is a Bonferroni corrected p-value that maintains a false positive
rate of 5% based upon 1 million independent tests. It is not uncommon for modern GWAS
to be conducted on ~8 million SNPs, and this number will likely only increase as GWAS
moves from SNP arrays to whole genome sequencing (WGS) data, the current gold
standard. The problem with multiple testing is therefore two-fold; whilst it could be argued
that genuine signals are being disregarded because they do not reach the threshold, there is
also an argument that as the size of GWAS increases, the current threshold is not stringent
enough; indeed, some believe that as genotyping coverage improves, a higher threshold will
become necessary 2. Whilst this limitation can be overcome somewhat through increases
in sample size boosting statistical power, there are some important caveats for this. For
certain rare phenotypes, it will only ever be possible to gather limited samples for study,
and it is also important that the drive for large sample sizes does not result in the inclusion
of poorly characterised individuals who may end up obscuring the genuine causal signals.
This is a concept that will be discussed extensively throughout research chapters one and

two.

In addition to this, whilst it is a major focus of current research efforts, the majority of
GWAS published to date in psychiatry have been primarily conducted in samples from
European ancestries. Whilst restricting a sample to a single ancestry is beneficial in terms of
controlling for population stratification, it immediately reduces the generalisability of the
results found in these studies. For example, In the largest East Asian GWAS of schizophrenia

to date, although the common variants were highly correlated in the Asian and European
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samples, there were some notable differences in terms of allele frequency; most significant
of which was the association at the locus containing CACNA2D2 (a calcium channel subunit),
where the minor allele frequency (MAF) in the Asian cohort was 45% versus 0.7% in the
European %’. The association between schizophrenia and the MHC region of the genome
was also not genome-wide significant in the analysis restricted to just East Asian
participants, pointing to another ancestry specific difference. This is just one example of the
importance of including individuals from a diverse range of genetic ancestries in GWAS
samples, and accounting for population stratification in ancestrally diverse samples was a

major point in the quality control procedures of research chapter two.

The final limitation of current GWAS work in psychiatry that will be discussed here is that,
despite its unprecedented success in identifying common variants associated with
psychiatric disorders, these variants still only account for a reasonably modest proportion of
overall heritability. There are a few reasons that this may be happening. The one of most
relevance to this thesis is that, in an effort to increase sample sizes to the level required to
detect common variants of small effect, case cohorts may have become more
heterogeneous, for example by employing a broader range of diagnostic methods to identify
cases. Where historically recruitment to a case cohort would have most likely involved a
standardised research diagnostic interview, it is now commonplace to also define cases
based on clinical notes and diagnoses, as well as in some instances self-report. The potential
effect of this was demonstrated in a study of major depressive disorder in the UK biobank
113 The heritability of depression defined via ‘minimal phenotyping’, which relied on a series
of self-report questions, was significantly lower than the heritability of a more strictly

defined MDD phenotype, based on the Mental Health Questionnaire (MHQ). In the context
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of schizophrenia, self-reported diagnosis may prove to be more accurate due to the
increased stigma that still surrounds the disorder versus depression, however sample
heterogeneity has undoubtedly been introduced by the inclusion of individuals with
treatment resistant schizophrenia in general schizophrenia samples. Although the literature
is divided on whether TRS constitutes its own disorder subtype or is a matter of disease
severity, recent large-scale studies have demonstrated that common genetic variation
specific to TRS does exist 114, On top of this, schizophrenia is a highly heterogeneous
disorder in many other aspects, including symptom profiles, prognosis, response to
individual antipsychotic medications and several measures of outcome such as cognition. As
previously mentioned, it also displays significant genetic overlap with many other major
psychiatric disorders. This has made the implementation of more personalised medicine

approaches to schizophrenia treatment difficult.

Thesis Aims and Structure

As discussed, schizophrenia as a disorder is highly heterogeneous, a concept that Bleuler
himself appeared to be cognisant of with his use of the term “Group of Schizophrenias” 3.
The amalgamation of extremely large samples through international collaborations such as
the PGC has been fundamental to the success of identifying genetic variation associated
with schizophrenia as a broad phenotype, but genetics specific to more homogenous
patient groups, for example individuals with TRS, have remained difficult to elucidate. In
addition, the heterogenous nature of schizophrenia samples, as well as their significant
overlap with patients of genetically correlated disorders, has made the identification of

‘schizophrenia-unique’ loci, and as such schizophrenia specific neurobiology far from
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straightforward. Advances in personalised medicine approaches in schizophrenia will rely
heavily on the identification of more genetically and phenotypically homogenous subsets of
patients, as well as the stratification of individuals according to their response to

antipsychotic treatment. It is gaps in this literature that this thesis will attempt to address.

This thesis has three research chapters. The first is an examination of the genetic differences
between schizophrenia and bipolar disorder, through the use of a recently published
research method, the CC-GWAS 1>, Following this, research chapter two focuses on the
genetic differences between TRS and responsive schizophrenia (referred to throughout this
thesis as non-TRS). Finally, the third research chapter will shift the focus to be solely TRS and
will utilise pharmacokinetic and haematological data to better characterise the relationship
between clozapine and neutrophils, in an attempt to improve understanding of the
mechanisms underlying one of clozapine’s most serious adverse side effects,

agranulocytosis. A general discussion and conclusion chapter will follow.
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Research Chapter One: Identification of Disorder-Specific Loci
and Genes through Case-Case Genome-Wide Association

Studies: An Application to schizophrenia and bipolar disorder

Chapter Summary

In psychiatry, schizophrenia and bipolar disorder are the most closely genetically correlated
disorders, overlapping significantly in terms of symptoms, risk genes, outcome, and familial
patterns of inheritance. Nevertheless, they remain diagnostically distinct disorders, with
unique core symptoms and different effective treatment options. Previous studies of the
genetic differences between schizophrenia and bipolar disorder have been hampered by the
need to use individual level genetic data. Genotype data of this nature is not easily
accessible for most, and requires very stringent sample matching in terms of, for example,
genotyping array and cohort ancestry. However, more recently, an array of methods have
been developed that allow for cross-disorder analyses using GWAS summary statistics,
large-scale iterations of which are publicly available for all major psychiatric disorders as a
result of international efforts to combine research cohorts such as the PGC. One such new
method is the CC-GWAS !°, which was developed to identify common variants that are
differentially associated between correlated pairs of disorders. The analysis outlined within
this chapter identified 27 genome wide significant loci, 24 of which can be quite confidently
considered loci unique to schizophrenia. Common genetic variants in these loci, on top of a

pleiotropic background shared with bipolar disorder and psychiatric conditions more widely,
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might contribute to biological processes leading to the preferential development of

schizophrenia over bipolar or other related disorders.

Introduction

Bipolar disorder

Bipolar disorder is a major psychiatric disorder characterised by recurrent periods of mania
and depression. There are two main subtypes of bipolar disorder; If the mania is severe, for
example with psychotic features, this is characterized as Type 1, whilst less severe manic
symptoms (termed hypomania) with concomitant periods of depression, distinguishes Type
2. Depressive episodes may also be present in patients with Type 1 bipolar disorder, but it is
not a necessary feature for diagnosis. Bipolar disorder, much like schizophrenia, is a highly
heritable disorder, with heritability estimates of 60-85% '® and has a complex genetic
architecture. In the most recent GWAS conducted by the bipolar disorder Working Group of
the PGC, 64 genome-wide significant loci were identified, 33 of which were novel
discoveries that had not been reported previously 7. Much like the findings discussed in
the introduction regarding schizophrenia, the bipolar disorder risk alleles discovered in this
GWAS were enriched in gene sets involved in synaptic signalling, as well as other highly

brain-expressed genes.

Pleiotropy / Phenotypic Overlap of Psychiatric Disorders

It has been well established that psychiatric disorders tend to be highly heritable, with very
high proportions of variation in the disorders being attributed to genetic variation. For

example, in a Swedish national study of eight psychiatric disorders in 4,408,646 full and half
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siblings, all of the disorders were found to be moderately to highly heritable, with
schizophrenia, bipolar disorder, autism spectrum disorder and attention deficit hyperactivity
disorder all displaying heritability of 51-80%, the highest being for ADHD “°. Another study,
which meta-analysed 2,748 publications of 17,804 phenotypes, collectively representing
14,558,903 twin pairs, demonstrated similarly high levels of heritability for a wide range of
psychiatric phenotypes, with over half the examined studies focusing on psychiatric traits 3°.
It has also been well established in past research that there is a high degree of genetic
correlation between this set of disorders, the highest level existing between schizophrenia
and bipolar disorder, which have a positive genetic correlation of 0.68 112, A study in 2019 of
232,964 cases of eight disorders identified a set of 109 loci that were associated with at
least two psychiatric disorders 119, 23 of these loci had pleiotropic effects on four or more of
the eight disorders, including one that was associated with all 8 of the disorders; this was a
locus on chromosome 18, indexed by SNP rs8084351 and attributed to the DCC gene. The
protein coded for by this gene is a cell adhesion molecule that mediates axon guidance of
neuronal growth cones and is vital for the proper developmental of neuronal projection
fibres in the brain’s white matter. Whilst this study and a large amount of other literature
exists detailing the genetic similarities of psychiatric disorders, they remain diagnostically
distinct disorders, with differences in representation i.e., Mania is not observed in
archetypal schizophrenia, and treatment regimens. Whilst antipsychotic medications are
used in the treatment of bipolar disorder in some cases, mood stabilisers such as lithium
and valproate (also used as an anticonvulsant) are more commonplace. As such, genetic
differences between disorders are likely to exist, and these have proven to be far more
difficult to elucidate than genetic similarities. If specific genes that differentiate the

psychiatric disorders could be identified, it could lead to the disorder-specific aetiology
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being better understood, ultimately resulting in the identification of novel drug targets in a
field of medicine where treatment options have remained more or less static since the first

psychiatric medications were developed.

Investigating Genetic Differences: Current Literature

The literature regarding specific genetic differences between schizophrenia and bipolar
disorder is limited, but a small number of studies have been published to date. In 2011, a
study of 506 bipolar cases, 523 schizophrenia cases and a shared cohort of 505 controls
were used to assess 302,482 SNPs for differences in allele frequencies amongst cases 1.
One of the main aims of this work was to identify variants that, in the presence of a
sufficient number of other pleiotropic risk variants, would cause one or the other disorder
to develop. The results implicated voltage dependent calcium channel genes as being
potentially interesting for follow-up analysis, but none of the variants surpassed genome-
wide significance. In 2014, a cross-disorder analysis was conducted in 7129 schizophrenia
cases versus 9252 bipolar disorder cases %, Whilst, again, no significant loci were identified
with differential allele frequencies between cases, PRS analysis showed that bipolar disorder
PRS were only associated with the manic factor in schizophrenia cases. Finally, in 2018,
another case-case GWAS was conducted in a much larger cohort of 23,585 schizophrenia
cases and 15,270 bipolar disorder cases 2. With the boosted sample size, 2 genome-wide
significant loci were identified as having divergent effects on schizophrenia and bipolar
disorder (discussed further below). Both of these studies relied on access to individual-level

genetic data, which is not readily available and restricts sample size due to the need for the

cohorts to be strictly matched in terms of ancestry and genotyping array. Methods that rely
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on more readily available data formats, for example GWAS summary statistics, could

therefore be highly advantageous in cross-disorder analyses.

A large number of methods have been developed recently to utilise GWAS summary
statistics in the analysis of multiple disorders. For example, MTAG, or multi-trait analysis of
GWAS, allows for the analysis of multiple related traits and can also account for overlapping
samples 122, HIPO, or Heritability Informed Power Optimisation, takes information from
across phenotypes, but also across individual SNPs, to significantly increase the number of
genome-wide significant associations that can be detected. 23, The Multivariate Omnibus
Statistical Test (MOSTest), developed for the multivariate analysis of regional brain
morphology, identified 347 genomic loci associated with regional brain morphology in
26,502 participants of the UK Biobank, more than any previously reported study 1?4,
However, these methods are primarily focused on the improved detection of genetic
similarities and pleiotropic loci between disorders by combining related traits together, not
the genetic differences. Identifying loci with divergent effects on related traits is one listed
use case for the Genomic SEM method 1?°, but again, it was primarily designed to analyse
the joint genetic architecture of related complex traits. Another paper used a method called
mtCOJO, or multi-trait conditional and joint analysis 12°, to identify disorder specific SNP
associations in psychiatric disorders by adjusting the summary statistics for each disorder
for the effects of genetically correlated traits 1?’. Using the largest schizophrenia GWAS
available at the time °¢, of the 130 genome-wide significant SNPs from this study, the
significance of five was increased after adjusting for four other psychiatric disorders, and an
additional eight showed an increase in effect size. In addition, 10 SNPs that were not

significant in the original GWAS became significant in the conditional analysis. At the time of
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publication, this was the only example, to the best of knowledge, of a method that could
utilise GWAS summary statistics to identify disorder specific loci. However, in 2021, a new
method was published, that claimed to be able to effectively identify loci with divergent
effects on disorder pairs through the utilisation of GWAS summary statistics . This was

called the CC-GWAS, and an overview of the method will be given below.

Case-Case GWAS (CC-GWAS) Method Overview

The CC-GWAS, or case-case genome wide association study, tests for differences in allele
frequency between cases of two disorders using the summary statistics of two individual
case-control GWAS !>, For ease of explanation, a disorder pair will be referred to as A and B
throughout this section. The method first converts the odds ratios for SNPs (i.e., from
logistic regression in a case-control GWAS) to standardised observed scale betas based on a
50:50 case: control ascertainment (equation 5, 128). Following this, it applies a set of weights
to these betas, the calculation of which are based on one of three different methods. The
first are termed ‘OLS weights’, and their proposed function is to minimise the expected
squared difference between estimated and true A1B1 (Al = cases of disorder A, B1 = cases
of disorder B) effect sizes. These weights rely on a population-level quantity that the authors
refer to as FST....., defined as the average normalised squared difference in allele
frequencies of causal variants. This FST... is calculated based on a number of input
parameters selected by the user of the method: The SNP-based heritability on the liability
scale for both disorders (h2l,A and h2l,B), the lifetime population prevalence (K. and Ks) of
both disorders, the genetic correlation (R;) and the estimated number of independent causal

variants (m). An important assumption of the CC-GWAS method is that all ‘m’ SNPs impact
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both disorders with effect sizes that follow a bivariate normal distribution. The OLS weights
are then calculated based on this FST..... measure, with the addition of the sample sizes, the
degree of sample overlap (overlapping controls increase the power of the method by
allowing for a more direct comparison of the cases of both disorders) and the variance and
covariance of the error terms of the calculated betas. These weights represent the primary
CC-GWAS method; however, they were demonstrated through simulations by the authors
to be susceptible to type | error in situations where the SNP has a non-zero effect size in the
case-control GWAS, but an effect size of zero in the CC-GWAS. These are referred to by the
method authors as ‘stress test’ SNPs, and in order to mitigate this, a second set of weights,
known as exact weights, are also automatically calculated. These weights are sample-size
independent and are based upon only the population prevalence (1-K. for disorder A, and -
1+K: for disorder B). In addition to this, there is a third option, known as Delta weights. In

129 it was referred to as a ‘naive’ method of

the preprint version of this paper on BioRxiv
particular interest to individuals who wanted to examine subtypes of the same disorder. In
the finalised, published version of the paper, this designation is no longer present, and it is
simply referred to as a ‘simple method’ that allocates a weight of +1 to disorder A and -1 for
disorder B. The recommended p-value threshold for significance is different for each of the
methods; 5E-08 for betas calculated using OLS weights, 1E-04 for the exact weights, and 1E-
05 for delta weights. The summary statistics generated by the different methods are also
recommended for different follow-up analyses; for clumping based on LD and polygenic risk

score analysis for example, the OLS weighted results are recommended, and for genetic

correlation analysis, the exact weighted results are preferred.
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Following completion of the CC-GWAS analysis and the calculation of the betas and p values
for each SNP, filtering is applied to any candidate CC-GWAS SNPs that surpass the 5E-08
threshold in the OLS weighted analysis. This filtering is designed to identify and discard false
positive associations that can arise due to the differential tagging of a causal stress test SNP.
There are three sets of criteria used in the filtering step, and the SNP is discarded when at
least one of the three sets of criteria are met. The different sets of criteria are designed for

varying sizes of input case-control GWAS.

For each candidate SNP, the 1Mb region around it is screened for the SNP with the largest
product of case-control z-scores. This is selected as the potential stress test SNP (SNP
max.zAzB). The first round of filtering is intended for GWAS of intermediate sample size, and

consists of three steps:

1. The identified stress test SNP is likely to have the same population allele
frequencies amongst both case cohorts, reflected by an exact-weighted p-value
larger than 1E-04.

2. The stress test SNP is likely to be the causal SNP, reflected by absolute case-
control z-scores almost as large as the largest absolute case-control z-scores in
the region for both disorders.

3. The z-scores for the candidate CC-GWAS SNP in the case-control GWAS and
the identified stress test SNP have a pattern consistent with differential tagging,

defined as:
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(zAccowas/zZAmax.z4z8) — (zBccowas/ZBmax.zazB) | < 1

Equation 1: Stress Test SNP Testing

All of these criteria must be met for the candidate SNP to be filtered out. If one or both of
the GWAS are ‘underpowered’, with a Neff of less than 40,000 (a threshold set by the
authors themselves), the stress test SNP is selected based on the largest maximum absolute
case-control z-scores summed across the two disorders, and the candidate SNP is once again
filtered out if the stress test SNP is likely to have the same population allele frequencies
among cases of both disorders, reflected again by an exact weighted p-value larger than 1E-

04.

If both input GWAS are well powered (Neff > 40,000), a different single criterion is applied,
and is dependent on the power of the CC-GWAS compared to the power of the input GWAS.
If it is significantly lower, the exact-weighted z-score of the candidate SNP will be much
smaller than the z-scores of the input GWAS, and the candidate SNP will be filtered out
accordingly. Once these steps have taken place, the analysis is complete, and the summary

statistics are outputted.

The resulting summary statistics are supposedly analogous to performing an individual level
case-case GWAS of a disorder pair. They do not represent SNPs associated with disorder A
unique of disorder B (such as in genomic SEM 12°) but rather any SNP with a significant
difference in allele frequency between the cases of the two disorders in either direction. No
formal assessment of the nature of the association of each SNP is given by the method, for

example if there is a zero effect in disorder A and a non-zero effect in disorder B, or effects
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in both disorders but in opposing directions. However, investigation of the odds ratios and
p-values from the input case-control GWAS can often provide further elucidation, and the
onus is on the user of the method to perform post-CC-GWAS analysis to investigate any

significant loci further.

130 were analysed, and 12

In the original study, schizophrenia *®and bipolar disorder
significant loci were identified. Of these, 5 were significantly associated with schizophrenia
in the input GWAS, and the remaining 7 were deemed ‘CC-GWAS specific’. This designation
was assigned to a locus by the authors if none of the SNPs surpassing genome-wide
significance had an rz > 0.8 with any of the genome-wide significant SNPs in the input case-
control GWAS. They highlighted one of these loci as being of particular interest. The locus,
defined by lead SNP rs1054972 on chromosome 19, is located within an exon of KLF16. The
protein encoded for by this gene plays a role in transcription factor activity, and has been
shown in in vitro study to act as a repressor of neurite outgrowth and axonal regeneration in
central nervous system neurons 131, The index SNP was non-significant in both of the input
case-control GWAS, but based upon the p-values, it is suspected by the authors that this
locus is associated with schizophrenia, rather than bipolar disorder, and could potentially be
involved in the previously suggested mechanism of excessive synaptic pruning in
schizophrenia 132, In total, pairwise analyses of schizophrenia and seven other
neuropsychiatric disorders were conducted, identifying 313 significant CC-GWAS loci
summed across each of the pairs of disorders, resulting in 196 independent loci and 72 CC-

GWAS specific loci. The CC-GWAS method does therefore seem to be a reliable, effective

method for identifying loci that are differentially associated with pairs of disorders, even
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between disorder pairs that are moderately to highly heritable, such as psychiatric

disorders.

Research Chapter Aims

Since the publication of the method, new GWAS of both schizophrenia and bipolar disorder
have been conducted by the corresponding working groups of the PGC, representing
significant increases in sample size over the GWAS used in the original paper. In addition,
whilst the original paper examined the genetic differences across eight major psychiatric
disorders, no follow-up analysis of the identified loci was conducted. In this chapter, the CC-
GWAS method will be used in a focused investigation of the genetic differences between
schizophrenia and bipolar disorder, to both identify disorder specific loci and genes that
could offer novel biological insights into the aetiology of either or both disorders, and act as
a validation of the method itself, investigating what analysis can be performed on the CC-

GWAS summary statistics. In brief:

1. CC-GWAS analysis of schizophrenia and bipolar disorder will be performed,
leveraging the increased power of the newer, much larger phase 3 PGC case-control
GWAS, in order to maximise the power of the CC-GWAS method.

2. Following on from this, a series of follow up analysis will be performed on the
resulting summary statistics. This included LD-based clumping of the results to
identify GWS loci, polygenic risk score analysis, fine mapping, genetic correlation

analysis and investigation of the results using the LAVA method.

The primary results discussed here are for the analysis of schizophrenia vs. bipolar disorder.

However, the method was also used in an attempt to identify common variation specific to
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treatment-resistant schizophrenia (TRS) versus non-TRS. Although it was quickly realised
that the two disorder subtypes were too highly genetically correlated for the CC-GWAS
method, the analysis of TRS vs. non-TRS provided some key insights into the method itself,
and so will be briefly discussed here. It also provides context for the next chapter of this
thesis; when the disorders of interest are extremely highly correlated, a direct case-case

GWAS using individual level data remains the gold standard.

Methods

All statistical analysis, data curation and data visualisations presented here were, unless
otherwise specified, completed using the programming language R (v4.0.2) through the GUI
RStudio (2021.09.0 Build 351). All the work that is about to be presented was completed by
myself independently under the supervision of Dr. Pardifias and Professor Walters, unless

otherwise specifically indicated.

Case Control GWAS Datasets

Schizophrenia GWAS: The GWAS used here is the most recent study conducted by the
schizophrenia working group of the PGC. At the time of the analysis, the article was in
preprint 133, and has since been published %8. In the time between preprint and publication,
an additional set of 7,386 cases and 7,008 controls of African American and Latino
ancestries were added. However, the summary statistics used at the time of this analysis did
not yet contain these individuals, and so the results discussed here are based upon the
European and East Asian PGC cohorts only (named the “core PGC dataset” in the published

paper). The summary statistics used in this analysis also did not contain the 1,979 cases and
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142,626 controls from deCODE genetics. This analysis was based on a set of 90 datasets that
included 31,914 cases and 47,176 controls that had not been included in previous GWAS °°,
for a total sample size of 67,390 cases, 94,015 controls and 7,585,076 SNPs. The precise
makeup of the case cohorts varied, but in general, were a combination of patients with
either a schizophrenia diagnosis, or schizoaffective disorder, which is a related disorder
where psychotic symptoms and mood disturbances co-occur during the same episode. For

the rest of the chapter, this GWAS will be referred to as PGC3 SCZ for ease.

Bipolar disorder GWAS: The most recent GWAS conducted by the bipolar disorder Working
Group of the PGC (from here, referred to as PGC3 BD) was used in this analysis 7. It
contained a total of 57 bipolar disorder cohorts, primarily of European ancestry, collected in
five waves by the bipolar disorder working group. The summary statistics were generated
based on a total of 41,917 cases, a combination of bipolar disorder type 1 and type 2,
371,549 controls and 7,825,140 SNPs. The number of controls was boosted significantly by
the inclusion of the deCODE genetics cohort, which added 192,602 controls to the sample

alone.

A total of 664 cases and 45,497 controls overlapped between the two GWAS, as determined
by Professor Stephan Ripke and colleagues following the deduplication of the schizophrenia
and bipolar disorder GWAS; only the number of overlapping controls can be inputted as a
parameter in the CC-GWAS methods, unless a third case-case GWAS is added, the so-called

CC-GWAS+.
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CC-GWAS Parameters

In order to conduct the method, in addition to the number of cases, controls and degree of
control overlap, it is necessary to input the following parameters: the lifetime disorder
prevalence (K), the SNP-based heritability on the liability scale (H?l), the genetic correlation
(Rg) and the estimated number of independently associated causal SNPs (m). An overview

of the parameters used can be seen in Table 1 and were justified as follows:

PARAMETER SCHIZOPHRENIA BIPOLAR DISORDER
CASES 67390 41917
CONTROLS 94015 371549
K 1% 2%
H:| 0.18 0.186
RG 0.68
M 7350
CONTROL OVERLAP 45497

Table 1: An overview of the input parameters used for the CC-GWAS analysis of schizophrenia and
bipolar disorder. ‘K’ = lifetime disorder prevalence, ‘H2I’ = the snp-based heritability on the liability
scale, ‘Rg’ = the genetic correlation between the disorder pairs and ‘M’ = the estimated number of
independently associated causal SNPs. Further justification of these parameters is provided in-text.

The lifetime disorder prevalence and SNP-based heritability on the liability scale were taken
directly from the corresponding paper of each GWAS (K=1% and H2I=0.18 for schizophrenia
133 and K=2% and H?=0.186 for bipolar disorder 7). The genetic correlation (0.68) was
again calculated via LD score regression 134, and the m number selected (7350) was
calculated based upon the average of the estimates for schizophrenia and bipolar disorder
put forward in the MiXeR paper 13° (8300 and 6400 for schizophrenia and bipolar disorder
respectively). This was based on the suggestion of the CC-GWAS authors that if the m is
estimated/known to be different between the disorders you are analysing, you should take

an average of the two. The selection of the MiXeR paper as the reference of choice came
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from the analysis of TRS vs. non-TRS using this method, where several m’s were selected in
order to test the effects of changing the m number of the results, the selection of which can

be considered quite arbitrary. Details of this will be discussed later in this chapter.

CC-GWAS Analysis

Schizophrenia was assigned as disorder A. No SNPs were deleted based upon missing values
in the dataset, and no SNPs were deleted based on a MAF <= 0.01. No SNPs were deleted
based on an odds ratio of > 2 or < 0.5, however 190,437 SNPs were deleted based on the
Neff being < 2/3 of the maximum Neff. This resulted in a final number of 7,394,639 SNPs

available for analysis in schizophrenia.

Bipolar disorder was assigned as disorder B. Again, no SNPs were deleted based on
missingness, however 375 SNPs were deleted based on MAF <= 0.01. No SNPs had an odds
ratio of > 2 or < 0.5, but 232,992 SNPs were deleted due to their Neff being < 2/3 of the
maximum. Altogether this resulted in 7,590,773 SNPs available for analysis in bipolar

disorder.

There was a total of 7,341,513 overlapping SNPs between the two datasets. No SNPs were
deleted based on discordant chromosome or base pair positions between the datasets, and
none were deleted based on differences in allele names. All references alleles were aligned
correctly between both datasets and no reference alleles required changing. This is to be
expected, as both GWAS were conducted using RICOPILI 13, the standardised QC,

imputation and association testing pipeline utilised in the majority of PGC primary analyses.
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Following the deletion of all strand ambiguous SNPs, of which there were 1,112,227, there

was a final number of 6,229,286 SNPs available for the CC-GWAS analysis.

The OLS weights calculated for the analysis were 5.30e-01 for schizophrenia, and -5.17e-01
for bipolar disorder. The exact weights (sample size independent weights, calculated as 1-KA
for disorder A and -1+KB for disorder B) were 9.9e-01 for schizophrenia and -9.8e-01 for

bipolar disorder.

LD-based Clumping of Loci

The LD-based clumping of loci was conducted via PLINK V1.07 37, The LD reference used
was the European ancestry-specific dataset available from phase 3 of 1000 genomes 82, with

a gene locations list based on GRCh37 (accessed and downloaded via: https://www.cog-

genomics.org/static/bin/plink/glist-hg19). The physical distance threshold for clumping was

set to 3000kb, the significance threshold for index SNPs was set to p < 1e-04 and the LD
threshold for clumping was r?=0.1. A locus was considered to be significant if the p-value
was less than 5e-08, in line with the p-value threshold used on the OLS-weighted CC-GWAS
summary statistics. The less stringent threshold was selected primarily to be in line with the
parameters used in previous PGC studies %%, but also to provide a list of nominally significant

loci that may warrant further investigation in spite of not obtaining GWS.

SNP-based Heritability and Genetic Correlation Analysis

SNP-based heritability on the observed scale was calculated via LD score regression using

the LDSC software V1.0.1 134, In all instances, the LD reference was the European ancestry-
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specific data from phase 3 of 1000 Genomes #2. Prior to analysis, SNPs with an INFO score <
0.9 were excluded, and the datasets were trimmed to contain only those that are present in
the third phase of the International HapMap Project 138, This is a reference set of 1,440,616

SNPs genotyped in 1,184 individuals from 11 global populations.

For the genetic correlation analysis, the online resource LD-hub

(http://ldsc.broadinstitute.org/, V1.9.3 was used 3. In this project, the following trait

groups were selected for analysis; smoking behaviour, psychiatric disorders, neurological
diseases, education, personality traits, cognition and sleeping. The MHC is removed for all
traits in LD-Hub, and all summary statistics included on the site are publicly available, non-
sex stratified and predominantly based on cohorts of European genetic ancestry. As such,
they are an appropriate match for each of the GWAS being used in this project. It is however
worth noting that there is significant overlap between the cohorts of the GWAS used here
140

and the GWAS that have been uploaded to LD-hub for schizophrenia ®°, bipolar disorder

and the cross-disorder analysis conducted by the PGC in 2013 118

Locus-Specific SNP-based Heritability and Local Genetic Correlation Analysis

(LAVA)

Local univariate SNP-based heritability’s and bivariate local genetic correlations were
conducted using LAVA (Local Analysis of [co]Variant Annotation) **!, a method and
accompanying R package that first calculates the local SNP-based heritability of a locus for
the phenotypes of interest, in order to confirm that there is sufficient genetic signal for
bivariate analysis, before conducting local genetic correlation analysis. Known sample

overlap is provided to the software so that it may be modelled as a residual covariance,
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removing potential upward bias caused by unaccounted for sample overlap. To reduce the
overall number of tests conducted, but to avoid filtering out potentially interesting loci by
being too stringent, a p-value threshold of 0.05 had to be surpassed by both disorders in the
univariate analysis in order for the local genetic correlation to be calculated. By default, a
minimum of two SNPs has to be present in the defined locus for LAVA to process it.
Although primarily designed to detect loci that are shared between disorders, it also has
potentially very interesting applications in the detection of differentially associated loci, in
particular loci where the association is present in both disorders in opposing directions i.e.,

Associated with increased risk of one disorder whilst being ‘protective’ against another.

The loci were the same used in the original paper, which is a list of 2495 loci spanning the
whole genome. They are each roughly 1Mb in length, generated using the European 1000

Genomes data #2. The minimum number of SNPs per locus was set to 2500.

FINEMAP: schizophrenia

Fine-mapping of the PGC3 SCZ loci had already been completed by Dr Antonio Pardifas as
part of the publication, which allowed for a comparison of the 255 loci fine-mapped as part
of the analysis (for simplicity, referred to as FINEMAP loci from this point forward). It was
hypothesised that, given how schizophrenia specific the CC-GWAS results appeared to be,
there would be a significant amount of overlap with the FINEMAP loci, both in terms of base
pair boundary and genome-wide significant SNPs. The FINEMAP loci could also be used to

further refine the list of genes identified by the CC-GWAS analysis.
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FINEMAP loci were provided by Dr Pardifias for this stage of the analysis. The MHC region
was not fine-mapped in PGC3 SCZ, and so only 25 CC-GWAS loci could be compared. There

were three broad research questions in this portion of the analysis:

1. How much of the total FINEMAP posterior probability of each locus is contained
within the boundaries of each clumped CC-GWAS locus?

a. Compare the BP boundaries of the CC-GWAS loci with the FINEMAP loci.

b. Determine what proportion of the total posterior probability of a FINEMAP
locus was accounted for by SNPs from just within the CC-GWAS BP
boundaries.

2. How much of the total FINEMAP posterior probability of each locus is contained
within CC-GWAS significant SNPs?

a. Taking the full FINEMAP locus credible set, what proportion of the total
posterior probability is accounted for by SNPs that were found to be GWS in
the CC-GWAS analysis?

3. Do any of the CC-GWAS significant SNPs within each locus have:

a. Have alisted impact of missense, reside within a UTR region, or have a CADD

score of > 20, denoting particularly high levels of pathogenicity?

b. Have a “posterior probability” or “posterior inclusion” values > 0.5?

FINEMAP: bipolar disorder

Fine mapping had not been completed as part of the PGC3 BD GWAS, and so was conducted

for the purposes of this thesis using publicly available summary statistics. Locus information
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for the 64 significant loci from the GWAS was taken from the supplementary material, and
all loci were fine mapped. The analysis was conducted using FINEMAP v1.4 1% using the
software’s default parameters, for a single causal SNP at each locus, as the modelling of
multiple causal signals per locus is error-prone without LD information computed using the
GWAS sample itself. The LD reference was the publicly available European subset of the
Haplotype Reference Consortium 8. The loci were then compared against the CC-GWAS loci

in the same way as the schizophrenia fine mapped loci.

Polygenic Risk Score Analysis: Risk Factors and Patient Outcomes in Cardiff
COGS

Following on from the examination of the CC-GWAS loci, it was then decided that PRS
should be generated using the CC-GWAS summary statistics as the base dataset. The
primary aim of this was to determine whether the scores would offer any additional
information above using the input case-control GWAS summary statistics. The hypothesis
was that if the CC-GWAS results did indeed represent primarily a schizophrenia signal
unique of its signal shared with bipolar disorder, they may display a stronger association

with schizophrenia-associated variables than full schizophrenia GWAS PRS.

Cardiff COGS (Cardiff Cognition in Schizophrenia) is a primarily schizophrenia prevalence
cohort made up of individuals with treatment resistant schizophrenia (TRS) and non-TRS,
determined by the evidence of a lifetime prescription of clozapine (Total SCZn =817, TRS =
315, non-TRS = 502). As part of the ascertainment of this cohort, a detailed research

diagnostic interview was conducted with each participant, and a wide range of risk factors
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and patient outcome variables are available for analysis, as described previously 42, Due to
its relatively large sample size and deep level of phenotypic information, it was considered a

good target cohort in which to conduct PRS analysis.

Cardiff COGs makes up part of the PGC schizophrenia cohort, so firstly the CC-GWAS analysis
had to be repeated using summary statistics generated with Cardiff COGs participants
removed. The summary statistics were then trimmed to contain only SNPs with an INFO
score of > 0.9 in Cardiff COGs, an MAF > 0.1, and non-ambiguous SNPs only. In addition, the
MHC region was removed due to the high levels of LD present. PRS were then generated
using PRSice-2 v2.3.3 143 at three p-value thresholds: 1, 0.05 and 5E-08. Clump-kb was set to
250kb, clump-p was set to 1, and clump-r2 was set to 0.1. Of the 6,199,369 SNPs present in
the CC-GWAS summary statistics, 3,880,365 SNPs were used to generate the PRS in Cardiff

COGs.

To act as a comparator, schizophrenia and bipolar disorder PRS were generated using the
same parameters described above. The base dataset for schizophrenia was PGC3 SCZ with
Cardiff COGs removed, and for bipolar disorder the whole PGC3 BD could be used due to

there being no overlap.

Following generation of the PRS, a series of regressions were conducted to assess the
relationship of CC-GWAS PRS and a number of phenotypic variables. These included age at
onset of psychosis, symptom domains, as outlined by Legge and colleagues !, substance
misuse, treatment resistance, course of illness, premorbid social adjustment, and

educational attainment. As a base model, the dependent variable would be the phenotype,
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the independent the PRS, with the addition of seven covariates: Principal Component 1 -5,
generated in PLINK v1.07 137, gender, and age at interview. In addition, where appropriate,
additional covariates known to be associated with the phenotypic variable under study were
added to the model; for the substance misuse and educational attainment variables, year of
birth was also added, and for course of illness, duration of illness was added. Due to the
nature of the phenotypic data, linear, logistic, and ordinal regression models were used as

appropriate.
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Figure 2: Manhattan Plot of the CC-GWAS results. The black line denotes a P-value of 5E-08. Generated using the 'ggman' R package in RStudio
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Results

In total, 3099 SNPs were found to be associated with case-case status (schizophrenia cases

versus bipolar cases; surpassing the author’s recommended p-value threshold of < 5e-08

when utilising the OLS weights). Of these, 3 were filtered out based on potential differential

tagging of a stress test SNP (details of this in the method overview section); all three were

within 4Kb of each other on Chromosome 18. In total, there were therefore 3096 candidate

CC-GWAS SNPs remaining at the end of the analysis. In Figure 1, a Manhattan Plot of the CC-

GWAS summary statistics, calculated based upon the OLS weights, can be seen.

LD-based Clumping of Loci

In total, 27 loci surpassed genome-wide significance (P<5E-08), details of which can be seen

in Table 2. The CC-GWAS results for these loci can be seen in Table 3

CHR SNP P START STOP GENES WITHIN LOCUS
12 | rs61942639 2.62E-13 110495648 111321512 VPS29, TCTN1, RAD9B, PPTC7,
PPP1CC, IFT81, HVCN1, GPN3,
FAM216A, CCDC63, C120rf76,
ATP2A2, ARPC3, ANKRD13A, ANAPC7
6 | rs9257566 9.58E-13 26175866 32107851
12 | rs3764002 1.27E-12 108594044 108633649 WSCD2
1 | rs4950119 3.95E-11 98186229 98604137 MIR2682, MIR137, MIR137HG,
DPYD-AS2, DPYD
2 | rs1518393 7.60E-11 57942987 58500141 VRK2, FANCL
12 | rs4460848 1.26E-10 123424071 123909289 SETDS, SBNO1, RILPL2, PITPNM2,
OGFOD2, MPHOSPH9, MIR8072,
MIR4304, LOC100507091, CDK2AP1,
C12orf65, ARL6IP4, ABCB9
7 | rs37658 3.60E-10 110737149 111236477 LRRN3, IMMP2L
4 | rs13107325 3.92E-10 102865304 103388441 SLC39A8, BANK1
3 | rs1278493 3.99E-10 135669219 136508008 STAG1, PPP2R3A, PCCB, MSL2
1 | rs9425755 6.01E-10 173389102 174979635 ZBTB37, SNORD77, SNORD&1,

SNORDS80, SNORD78, SNORD79,
SNORD75, SNORD76, SNORD74,
SNORD47, SNORD44, SLC9C2,
SERPINC1, RC3H1, RABGAPLL,
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rs7838316
rs17273111
rs118031494
rs62062288

rs2097942

rs61937595

rs12562967

rs11191514

rs62039173

rs3130297
rs7048

rs35746395

rs55938136
rs10503253
rs1822616
rs17731
rs79780963

1.06E-09
1.26E-09
2.20E-09
4.01E-09

4.22E-09

5.62E-09

6.25E-09

7.65E-09

9.73E-09

1.01E-08
1.10E-08

1.34E-08

1.67E-08
1.75E-08
2.11E-08
2.79E-08
3.54E-08

27344719
17193348
133792743
43463493

104476276

57569478

6644723

104229588

4413818

29710380
43558004

180588841

43798360
4177791
55082530
3795629
104952499

27470597
17887988
133853008
44865603

105040962

57851182

7007010

104959852

4596114

32968136
44250313

181245594

43798360
4220707
55307811
3828281
10495249

PRDX6, MRPS14, LOC730159,
LOC100506023, KLHL20, GPR52,
GAS5, GAS5-AS1, DARS2, CENPL,
CACYBP, ANKRD45

MIR6843, EPHX2, CLU, CHRNA2

TBC1D5
IGSF9B

WNT3, STH, SPPL2C, PLEKHM1,
NSFP1, NSF, MIR4315-1, MIR4315-2,
MGC57346, MAPT, MAPT-IT1,MAPT-
AS1, LRRC37A4P, LRRC37A,
LRRC37A2, LOC644172, KANSL1-AS1,
KANSL1,CRHR1-IT1, CRHR1, ARL17A,
ARL17B, ARHGAP27

SRPK2, LINC01004, LHFPL3, LHFPL3-
AS2, KMT2E-AS1, KMT2E

STAC3, SHMT2, R3HDM2, NXPH4,
NDUFA4L2, MIR1228, LRP1, INHBE,
INHBC, GLI1, ARHGAP9

ZBTB48, THAP3, TAS1R1, PHF13,
LOC10050588, KLHL21, DNAJC11,
CAMTA1

WBP1L, TRIM8, TMEM180, SUFU,
SFXN2, RPARP-AS1, NT5C2, CYP17A1,
CNNM2, C100rf95, C100rf32-ASMT,
C100rf32, AS3MT, ARL3, ACTR1A
VASN, PAM16, NMRAL1, HMOX2,
DNAIJA3, CORO7, CORO7-PAM16,
CDIP1, C160rf96

ZSCAN29, WDR76, TUBGCP4,
TP53BP1, TGM7, TGMS5, STRC,
SERINC4, SERF2, SERF2-C150RF63,
RNUG6-28P, PPIP5K1, PIN4P1, PDIA3,
MIR1282, MFAP1, MAP1A, LCMT2,
HYPK, FRMDS, ELL3, CKMT1A,
CKMT1B, CATSPER2, CATSPER2P1,
ADAL

SOX2-0T, LOC101928882, FXR1,
DNAJC19

CRHR1

CSMD1
RTN4, EML6
KLF6

NT5C2

Table 2: The 27 regions that surpass p-value threshold of 5e-08. N refers to the number of SNPs that

fall within the region, START refers to the bp position on the chromosome at which the region
begins, STOP the ending base pair position, KB the total length of the region and GENES WITHIN
LOCUS details the genes that fall within the region. For readability, the ranges column for the two

loci on chromosome 6 have been left blank, due to them containing 167 and 246 genes respectively
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SNP CHR Al1A0B AlA0OP BIBOB BIBOP OLSB OLS P
rs61942639 | 12 0.025 1.64E-11 -0.00939  0.00279  0.0181  2.62E-13
rs9257566 | 6 0.0517  1.58E-36 0.0162 3.54E-07  0.019 9.58E-13
rs3764002 | 12  -0.0222  1.65E-09 0.0112 0.00033  -0.0176 1.27E-12
rs4950119 | 1 -0.0341  4.01E-20 -0.00332  0.291 -0.0164  3.95E-11
rs1518393 | 2 -0.0349  3.82E-21 -0.00446  0.16 -0.0162  7.60E-11
rs4460848 | 12  0.0365  3.20E-23 0.00664  0.0336 0.0159  1.26E-10
rs37658 | 7 0.0255  6.06E-12 -0.00446  0.171 0.0158  3.60E-10
rs13107325 | 4 -0.0391  2.90E-21 -0.00787  0.0121 -0.0166  3.92E-10
rs1278493 | 3 -0.0263  1.35E-12 0.00303  0.337 -0.0155  3.99E-10
rs9425755 | 1 0.0202  4.36E-08 -0.00892  0.0046 0.0153  6.01E-10
rs7838316 | 8 0.0285  3.72E-12 -0.00206  0.508 0.0162  1.06E-09
rs17273111 | 3 -0.0226  9.29E-10 0.00596  0.0585 -0.015  1.26E-09
rs118031494 | 11  0.0212  1.11E-08 -0.00699  0.0261 0.0148  2.20E-09
rs62062288 | 17  0.0234  7.53E-09 -0.00592  0.0597 0.0155  4.01E-09
rs2097942 | 7 -0.0259  2.69E-12 0.00158  0.612 -0.0146  4.22E-09
rs61937595 | 12 0.0292  1.32E-14 0.00151  0.632 0.0147  5.62E-09
rs12562967 | 1 -0.0139  0.000174 0.0136 1.64E-05 -0.0144  6.25E-09
rs11191514 | 10  0.0364  1.06E-22 0.00963  0.00215  0.0143  7.65E-09
rs62039173 | 16  0.0194  1.36E-07 -0.00761  0.0147 0.0142  9.73E-09
rs3130297 | 6 0.0442  8.28E-27 0.0157 8.69E-07 0.0153  1.01E-08
rs7048 | 15  0.0196  1.78E-06 -0.00912  0.00364  0.0151  1.10E-08
rs35746395 | 3 0.0264  1.02E-12 -0.000275 0.93 0.0141  1.34E-08
rs55938136 | 17  0.0235  1.23E-08 -0.00489  0.119 0.015 1.67E-08
rs10503253 | 8 -0.0245  4.37E-11 0.00193  0.535 -0.014  1.75E-08
rs1822616 | 2 -0.0156  2.40E-05 0.0109 0.000495 -0.0139  2.11E-08
rs17731 | 10  -0.0269  3.76E-13  -0.00097  0.757 -0.0138  2.79E-08
rs79780963 | 10  0.0359  2.53E-22  0.0104 0.000909 0.0137  3.54E-08

Table 3: CC-GWAS Results for the 27 loci identified by LD-based clumping of the CC-GWAS Results.
A1AO B/P refer to the summary statistics of the input schizophrenia case-control GWAS, B1B0 B/P
refers to the summary statistics of the input bipolar disorder GWAS, and OLS B/P refers to the CC-

GWAS results

As previously mentioned, interpretation of the results must be based upon the results from

the input case-control GWAS to predict whether a locus is associated uniquely with

schizophrenia or bipolar disorder. In this respect, regarding the genome wide significant

loci:
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23 / 27 index SNPs were significantly associated with schizophrenia in the input case-
control GWAS, none of which displayed genome wide significance in the bipolar
disorder GWAS, although a number were approaching this level of significance. As a
result, they have been interpreted as ‘schizophrenia unique’ loci, at least with the

current iteration of the input case-control GWAS.

In PGC3 SCZ, 14 of these genome wide significant SNPs were positively associated
with schizophrenia, and 9 negatively. Although the original input GWAS results were
odds ratios, a positive beta is analogous to an odds ratio of greater than 1, and a
negative beta is analogous to an odds ratio less than 1. If the exponent of the beta is
calculated, giving the ratio OR(A): OR(B) with the CC-GWAS weightings applied, the
results can be expressed in terms of a percentage change in effect size. For example,
for rs61942639, the most significant result, the exponent of 0.0181 is 1.0183,
indicating that there is a 1.82% increased effect size in schizophrenia relative to
bipolar disorder. The results can therefore be interpreted as 9 loci that are uniquely
associated with decreased risk of schizophrenia, and 14 that are uniquely associated

with an increased risk of schizophrenia.

The remaining 4 were not genome wide significant in either input GWAS, however
the direction of the association can be inferred from the input case-control GWAS.
For three of the SNPs (rs62039173, rs7048 and rs1822616), the SNP was more
significant in PGC3 SCZ, sub genome wide significance, the first two listed positively
associated with schizophrenia, the latter negatively. The final SNP (rs12562967) was
more significantly associated with bipolar disorder and was negatively associated

with schizophrenia and positively associated with bipolar disorder. This potentially
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could represent a bipolar disorder specific effect, or a locus with divergent effects
between the disorders, although the SNP was sub genome-wide significant in both

input GWAS.

An example of how the results could be interpreted is as follows. The effect allele of the SNP
rs7838316 on chromosome 8 was positively associated with schizophrenia in PGC3 SCZ (B =
0.0286, p=3.72e-12), and non-significantly associated with bipolar disorder (B=-0.002,
p=0.508). This SNP was found to be positively associated in the CC-GWAS, and based on the
input summary statistics, it can be inferred that the locus being tagged by this SNP is a
schizophrenia unique locus associated with increased disorder risk. Taking the exponent of
the CC-GWAS beta (1.0163), there is a 1.63% increase in effect size in schizophrenia. Based
on the LD clumping procedure, this locus contains four potential gene candidates: MIR6843,
EPHX2, CLU, CHRNAZ2. The SNP itself is an intronic variant of CHRNA2, which codes for a
subunit of nicotinic acetylcholine receptors, and was found to be positive significantly

associated in a GWAS of cannabis use disorder #*

SNP-based Heritability and Genetic Correlation Analysis

In line with the recommendation of the authors, the summary statistics generated using the
exact weights were used for this analysis. The SNP-based heritability on the observed scale
for the CC-GWAS results of schizophrenia vs. bipolar disorder was 0.0345 (SE = 0.0014), with
a genomic inflation factor (lambda) of 1.201. The lambda1000, calculated as (1 + (lambda -
1) * (1/case + 1/control) * 500) was 1.001. Of the 37 traits tested, 15 were found to be
significantly genetically correlated with the CC-GWAS summary statistics. When applying a

Bonferroni corrected p-value threshold of 0.00135 (0.05 / 37), 9 remain significant. Details
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of these traits can be seen in Table 4 and Figure 3. The results were significantly positively
genetically correlated with schizophrenia (0.805), but not with bipolar disorder (0.0856).
Whilst the CC-GWAS summary statistics should be not automatically interpreted as results
specific to the disorder assigned as disorder A, given that 23 / 27 of the loci were associated
with schizophrenia in the input GWAS, along with the high correlation with the
schizophrenia GWAS on LD-Hub and lack of association with bipolar disorder, the results of
these analyses do seem to represent mostly schizophrenia specific results. Of the 9
significantly correlated traits, 3 were negatively correlated with the CC-GWAS summary
statistics: chronotype (-0.1248), intelligence (-0.1962) and subjective wellbeing (-0.2265).
Based on our interpretation of the CC-GWAS statistics outlined above, this would mean that
as genetic risk specific to schizophrenia increases, the listed phenotypes decrease (for the
chronotype trait, this means that as risk specific for schizophrenia increases, the likelihood

of being most active in the morning decreases)

TRAIT RG SE P H2
SCHIZOPHRENIA 0.8005 0.0153 0* 0.4601
PGC CROSS-DISORDER ANALYSIS 0.5656 0.0371 2.24E-52*  0.173
AMYOTROPHIC LATERAL SCLEROSIS | 0.2383 0.0714 9.00E-04 *  0.0483
MAJOR DEPRESSIVE DISORDER 0.2063 0.0554 2.00E-04 * 0.1701
NEO-OPENNESS TO EXPERIENCE 0.1756 0.0805 0.0291 0.1063
SLEEP DURATION 0.1599 0.0369 1.50E-05*  0.0555
AUTISM SPECTRUM DISORDER 0.138 0.0481 0.0041 0.4442
ALZHEIMER'’S DISEASE 0.137 0.0685 0.0456 0.0452
NEUROTICISM 0.1263 0.0329 1.00E-04 *  0.0892
DEPRESSIVE SYMPTOMS 0.1178 0.0415 0.0045 0.0474
BIPOLAR DISORDER 0.0856 0.0407 0.0355 0.4381
ANOREXIA NERVOSA 0.0692 0.0284 0.0147 0.557
CHRONOTYPE -0.1248  0.0321 1.00E-04 *  0.1008
INTELLIGENCE -0.1962  0.0339 7.43E-09*  0.1886
SUBJECTIVE WELL BEING -0.2265  0.0348 7.72E-11*  0.0251

Table 4: Genetic Correlation Analysis of schizophrenia vs. bipolar disorder CC-GWAS and 15 other
phenotypes. A * denotes a p-value < 0.00135. The p-value for schizophrenia was so low that it was
output as 0 by LD-hub. RG=Genetic Correlation, SE=Standard Error, H2= SNP-based heritability on
the observed scale
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Figure 3: Results from the genetic correlation analysis of the CC-GWAS results with 15 other traits. The left-hand panel displays the genetic correlation (with

SE bars), and the right-hand panel displays the p-values. The dashed line denotes the Bonferroni corrected p-value threshold for significance
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FINEMAP: schizophrenia

Comparison of the CC-GWAS results with the FINEMAP results from PGC3 SCZ were
conducted to try and identify the most likely causal gene for each CC-GWAS locus based on
their overlap with a FINEMAP locus. Full results for this analysis can be seen in Table 5. The
work outlined in this section sought to address the following questions:

1. How much of the total FINEMAP posterior probability of each locus is contained

within the boundaries of each clumped CC-GWAS locus?

Two of the loci intersected with the MHC, and so could not be analysed further since this
locus was not fine mapped in the PGC3 SZ study 8. Of the remaining 25, 24 intersected /
overlapped with the locus boundaries of a FINEMAP locus as defined in the PGC3 SZ study
%8 In 17 of the loci, the full posterior probability of the FINEMAP locus was accounted for by
SNPs within the boundaries of a CC- GWAS locus. This is highly suggestive of the FINEMAP

loci and the CC-GWAS loci capturing the same genetic signal at these overlapping loci.

2. How much of the total FINEMAP posterior probability of each locus is contained

within CC-GWAS significant SNPs?

In three of the loci, the full posterior probability was contained within SNPs that had been
significant in the CC-GWAS analysis. In a further 6, over half of the posterior probability was

contained within SNPs that had been significant in the CC-GWAS.
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TOTAL NO. NO. OF FINEMAP NO. OF SNPS PP
CHR START STOP FII!\JOE(I:\:IJ‘:P OF IC?ZGIS- SNPS WITHIN BP(:UCI\(I:;‘QAI{:ESS PROPORTION OVERLAPPING CCGWAS PROPORTION
NO. FINEMAP PP CCGWAS ONLY OF TOTAL PP WITH CCGWAS SIG. SNPS OF TOTAL PP
SNPS BOUNDARIES SIG. SNPS ONLY

1 6644723 7007010 178 65 0.952 65 0.952 1 0 0 0

1 98186229 98604137 401 174 1.901 109 1.218 0.641 17 0.26 0.137

1 173389102 174979635 92 120 0.95 120 0.95 1 7 0.026 0.027

2 55082530 55307811 NO LOCUS OVERLAP

2 57942987 58500141 204 93 1.907 93 1.907 1 42 0.83 0.435

3 17193348 17887988 82 144 0.95 144 0.95 1 119 0.825 0.868

3 135669219 136508008 14 51 0.954 51 0.954 1 25 0.729 0.764

3 180588841 181245594 207 120 1.902 120 1.902 1 0 0 0

4 102865304 103388441 5 1 0.992 1 0.992 1 1 0.992 1

6 26175866 32107851 MHC REGION. NOT ANALYSED FURTHER

6 29710380 32968136 MHC REGION. NOT ANALYSED FURTHER

7 104476276 105040962 18 23 0.95 23 0.95 1 1 0.001 0.001

7 110737149 111236477 23 32 0.951 32 0.951 1 3 0.378 0.398

8 4177791 4220707 43 9 0.956 9 0.956 1 4 0.66 0.691

8 27344719 27470597 29 257 1.908 112 0.987 0.517 11 0.962 0.504
10 3795629 3828281 28 3 1 3 1 1 2 0.86 0.86
10 104229588 104959852 201 355 2.853 349 2.745 0.962 73 0.826 0.29
10 104952499 104952499 SINGLE SNP WITHIN BOUNDS OF LOCUS 18
11 133792743 133853008 216 88 3.84 40 1.03 0.268 6 0.709 0.185
12 57569478 57851182 19 1 0.994 1 0.994 1 1 0.994 1
12 108594044 108633649 108 15 1.983 3 0.984 0.496 3 0.984 0.496
12 110495648 111321512 208 1 0.994 1 0.994 1 1 0.994 1
12 123424071 123909289 405 5 5 2 2 0.4 0 0 0
15 43558004 44250313 39 46 0.951 44 0.817 0.858 0 0 0
16 4413818 4596114 128 81 0.951 81 0.951 1 19 0.16 0.168
17 43463493 44865603 68 1742 0.95 1742 0.95 1 1467 0.753 0.792
17 43798360 43798360 SINGLE SNP WITHIN BOUNDS OF LOCUS 26

Table 5: The FINEMAP versus CC-GWAS results. ‘PP’= posterior probability. Columns 1-3 contain CC-GWAS locus information, columns 4-6 contain PGC3 SCZ
FINEMAP locus information, columns 7-9 are in reference to the first question within the text and columns 10-12 are in reference to the second question
within the text.
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3. Do any of the CC-GWAS significant SNPs within each locus:

a. Have alisted impact of missense (results in a different amino acid being
encoded), occur within an untranslated region (UTR) (areas that occur on
either side of a messenger RNA (mRNA) strand that play key roles in the post-
transcriptional regulation of gene expression), or a CADD score of > 20,
denoting high levels of potential deleteriousness based on conservation

annotations?

In total, there were four CC-GWAS GWS SNPs that had a listed impact based on being
located within an UTR or being a missense variant: rs13107325 (missense variant in
SLC39A8), rs1043003 and rs17731 (UTR variants located in KLF6) and rs3764002 (missense
variant in WSCD2). The two missense variants also had a CADD score of > 20 (23 and 27.6
respectively).

b. Have a "posterior probability" or "posterior inclusion" values > 0.5?
In total, 4 SNPs that were GWS in the CC-GWAS analysis had a posterior probability or
posterior inclusion value of > 0. 5 signifying that these SNPs have over a 50% posterior
probability of being the causal SNP within their respective locus. These included two of the
SNPs described above, the missense variant in SLC39A8 (rs13107325) and the UTR variant in
KLF6 (rs17731). The other two SNPs were both intronic variants within R3HDM3

(rs61937595) and ATP2A2 (rs4766428) respectively.

FINEMAP: bipolar disorder

Fine-mapping of the 64 GWS loci, excluding those in the MHC, from PGC3 BD was completed

and compared to the CC-GWAS loci. However, the only overlap that occurred between the
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base pair boundaries of the PGC3 BD loci and the CC-GWAS loci were the loci within the

MHC region, and so could not be compared further.

Locus-Specific SNP-based Heritability and Local Genetic Correlation Analysis

In an attempt to identify further loci that were differentially associated between
schizophrenia and bipolar disorder, LAVA was first used to calculate the local observed
heritability for both phenotypes at 2495 regions spanning the genome (details in the
methods). This was done to determine which of the regions contain sufficient genetic signal
in both disorders to calculate the local genetic correlation. Of 2495, there was determined
to be significant (P<0.05) SNP-based heritability on the observed scale in both disorders in

1892, and so local genetic correlation analysis was then undertaken.

Applying a Bonferroni-corrected p-value threshold of 2.64e-5 (0.05 / 1892), 262 regions
were significantly genetically correlated between schizophrenia and bipolar disorder (Figure
4). All these displayed positive genetic correlations, and so none of these would be

considered as a differentially associated locus.

A potential application of the LAVA results would be for the further assessment of a CC-
GWAS significant locus. A high positive genetic correlation at a CC-GWAS locus could
potentially suggest that it is not actually differentially associated between the disorders,
although there are some important caveats. Whilst the LAVA regions were all roughly 1Mb
in length and contained 2500 SNPs at a minimum, no size constraints existed for the CC-

GWAS loci. As such, some of them are very small, to the extent that two of the loci contain
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Figure 4: Graph showing the number of loci (as defined by the authors of the LAVA software package) by chromosome that were significantly genetically
correlated between schizophrenia and bipolar disorder.
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only a single SNP. It would therefore not be appropriate to say with confidence that the CC-
GWAS locus and the overlapping LAVA region are capturing the same genetic signal. In
addition, the p-value threshold for significance was different for the two sets of loci (5E-08
for the CC-GWAS analysis, and 3.6E-05 for the LAVA regions). Nevertheless, overlap of a CC-
GWAS locus with a LAVA region could be indicative that it is not a truly divergent locus, and
if the aim is to generate a list of genes that may potentially differentiate the two disorders,

it may warrant their removal.

Of the 27 CC-GWAS loci, 10 overlapped with one or more of the 262 significant LAVA
regions. Further analysis would be required to determine if this overlap merits their

exclusion from future work.

Polygenic Risk Score Analyses: Risk Factors and Outcomes in Cardiff COGs

A summary of the results can be seen in table 6, with full regression results available in the
appendix. As stated in the methods, 3 p-value thresholds were selected (1, 0.05 and 5E-08),
and PRS were generated from schizophrenia, bipolar disorder and CC-GWAS summary
statistics. In total, 9 regressions were generated per phenotype, for a total of 99 models.
The results presented here are not corrected to account for this, as this section of the
analysis was considered to be exploratory and hypothesis generating, and the findings will
require future replication. The CC-GWAS PRS were associated with four phenotypes
associated with schizophrenia: age at onset of psychosis (negative), negative symptoms of
diminished expressivity (positive), disorganised symptoms (positive), and use of non-

prescription drugs other than marijuana (negative).
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PHENOTYPE PT_1 PT_0.05 PT_5E-08

Estimate P Estimate P Estimate P
AGE AT ONSET -0.896 0.004 -0.829  0.009 0.002 0.996
NEGATIVE SYMPTOMS 0.09 0.016 0.116  0.002 0.028 0.456
DISORGANISED SYMPTOMS 0.132 0.0001 0.151 0.0001 0.041 0.276
NON-PRESCRIPTION DRUG USE 0.049 0.6 0.05 0.582 -0.18 0.047

Table 6 Summary table of significant results from the CC-GWAS PRS analysis in Cardiff COGs.
‘Negative Symptoms’ refers to negative symptoms of diminished expressivity, ‘Disorganised
Symptoms’ refers to positive thought disorder and inappropriate affect and ‘Non-prescription Drug
Use’ refers to regular (persistently for one month or repeatedly within one year) use of
amphetamine, cocaine, heroin, LSD, solvents, benzodiazepine and ecstasy.

Discussion

In this chapter, the CC-GWAS method was used on the largest available case-control GWAS
of schizophrenia and bipolar disorder conducted to date, for a total sample size of over
575,000 individuals, in an attempt to identify common variants with significantly different
allele frequencies between the cases of both disorders. A total of 3096 SNPs, across 27
genomic loci, were identified, 24 of which can be inferred to be specific to schizophrenia. A
comparison of the CC-GWAS loci with the FINEMAP loci of PGC3 SCZ allowed for the further
prioritisation of genes contained within these loci, and also showed substantial locus
overlap between the two methods. The CC-GWAS summary statistics were found to have an
observable SNP-based heritability (0.0345), and displayed significant genetic correlations
with 9 traits, which included schizophrenia, but not bipolar disorder. LAVA analysis was
conducted in an attempt to identify further significant loci with divergent effects between
the disorders, however all of the 262 significant loci displayed a positive correlation,

conferring shared genetic signal. Finally, PRS analysis in a prevalence schizophrenia sample
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(Cardiff COGs) identified associations with a range of phenotypes, including age of onset and

disorganised symptoms, and were found to perform similarly to schizophrenia PRS.

Identified Genes

A subsection of the prioritised genes will be discussed further in the Appendix. For three of

the CC-GWAS loci, the full posterior probability of the corresponding FINEMAP locus from

PGC3 SCZ is accounted for by CC-GWAS significant SNPs and will be discussed first. For a

further five, over 50% of the posterior probability is accounted for CC-GWAS significant

SNPs, and the full credible SNP set of the corresponding FINEMAP locus falls within the base

pair boundaries of a CC-GWAS locus and will also be discussed. With the exception of two

(STAG1 and TBC1D5), each of these genes are in the final prioritised gene list generated as

part of the work PGC3 SCZ. Finally, the locus for which there was no overlap with a PGC3

FINEMAP locus will also be discussed. A summary table of the CC-GWAS locus, with the gene

determined to be most likely to be causal in each locus, can be seen in Table 7.

CHR LEAD SNP GENE

1 | rs12562967 Intergenic
1 | rs4950119 MIR137HG
1 | rs9425755 DARS2
2 | rs1518393 VRK2
2 | rs1822616 RTN4
3 | rs1278493 TBC1DS
3 | rs17273111 STAG1
3 | rs35746395 SOX2-0T
4 | rs13107325 SLC39A8
6 | rs3130297 MHC Region
6 | rs9257566 MHC Region
7 | rs2097942 KMT2E
7 | rs37658 IMMP2L
8 | rs10503253 CSMD1
8 | rs7838316 GULOP

10 | rs11191514 CNNM2

10 | rs17731 KLF6
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10 | rs79780963 NT5C2

11 | rs118031494 IGSF9B

12 | rs3764002 WSCD2

12 | rs4460848 MPHOSPH9
12 | rs61937595 R3HDM2
12 | rs61942639 ATP2A2

15 | rs7048 LCMT2

16 | rs62039173 CORO7

17 | rs55938136 CRHR1

17 | rs62062288 MAPT

Table 7 List of CC-GWAS loci with a single prioritised gene, based primarily on the results of PGC3
SCZ, as well as SNP position

Comparison of Results

Replication of Original CC-GWAS Results

In the paper outlining the CC-GWAS method %°, analysis of schizophrenia and bipolar
disorder was conducted (based upon the largest publicly available case-control GWAS for
each disorder at the time of publication °®13°). Due to both of these GWAS being earlier
studies conducted by the PGC, there is significant sample overlap between the GWAS used
in the original paper and those used in this project. It would therefore be inappropriate to
consider this section as an independent replication of the original study results. It is also
worth noting that the input parameters for the calculation of FSTcausal were different. For
example, the m number (the expected number of independently associated causal SNPs)
used in the original study was 10,000, whilst an m of 7350 was used here. This was due to
the belief that the selection of 10,000 in the original paper was somewhat arbitrary, based
only on the fact that schizophrenia and bipolar disorder are both suspected to be highly
polygenic. The m number used in this analysis was the average of the estimates reported for

schizophrenia and bipolar disorder by Frei and colleagues in the MiXeR paper 13°. MiXeR
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estimates the number of independent causal variants that account for 90% of the total
heritability of a disorder based on causal mixture modelling of GWAS summary statistics
incorporating additional information from LD structure, MAF and sample size. The
population prevalence’s, SNP-based heritability’s and genetic correlation were also
different; the justification of the selection of the input parameters in this project are given
above. In the original paper, twelve loci surpassed genome wide significance (Table 8). Five
of them were significant in the case-control GWAS of schizophrenia, whilst the remaining
seven were deemed ‘CC-GWAS specific’ i.e. They had not reached significance in either of
the input case-control GWAS. It Is worth noting however, that this does not mean the locus
has not been significantly associated with the disorders in other GWAS, just not the two that

the analysis is being conducted upon.

SNP CHR A1A0 Al1AOP B1BO B1BO P A1B1 Al1B1P CC-GWAS

BETA BETA BETA SPECIFIC
RS2660304 1 0.0285 2.18E-18  0.00334 0.472 0.0141 2.23E-09 No
RS6701877 1 -0.0182  2.37E-08 0.0111 0.0173 -0.0146 5.81E-10 No
RS9866687 3 0.0124 0.000138 -0.0145 0.0017 0.013 4.05E-08 Yes
RS1278493 3 0.0198 1.21E-09 -0.00621 0.18 0.0135 1.24E-08 No
RS7790864 7 0.0146  7.18E-06 -0.0123 0.00793 0.0132 2.18E-08 Yes
RS11778040 8 -0.0196  1.66E-09 0.0051 0.273 -0.0129 4.85E-08 No
RS12554512 9 -0.00622 0.0554 0.0225 1.28E-06 -0.013 4.06E-08 Yes
RS3764002 12 0.0162  6.05E-07 -0.0154 0.000904 0.0155 6.33E-11 Yes
RS28637922 12 -0.0162  5.96E-07 0.0171 0.000228 -0.0162 8.14E-12 No
RS9319540 16 0.0122 0.000184 -0.0149  0.00126 0.013 3.67E-08 Yes
RS1054972 19 -0.0142  1.32E-05 0.0131  0.00474 -0.0133 1.75E-08 Yes
RS11696888 20 -0.0121 0.000194 0.018 0.000105 -0.0143 1.39E-09 Yes

Table 8:The genome-wide significant results from the original CC-GWAS paper. A1A0 BETA/P are in
reference to the case-control schizophrenia GWAS used (Pardifias et al, 2018), B1BO BETA/P are in
reference to the input bipolar disorder GWAS (Stahl et al, 2019). A1B1 BETA/P are in reference to
the original CC-GWAS results (Peyrot and Price, 2021)

Table 9 displays the results for the 12 index SNPs from the original study from this current

project. One of the loci could not be analysed as the index SNP, rs6701877, was missing
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from this project. However, the base pair position of rs6701877 does reside within the BP
boundaries of one of the CC-GWAS loci outliner here, so it is possible the same association
has been identified, just with a different index SNP. Of the other 11 loci, 5 remained
significant in this current project, only one of which was a ‘CC-GWAS Specific’ loci. This was
the locus located on chromosome 12, containing a single gene, WSCD2. Very little is known
about the function of the protein product of this gene, making it difficult to predict the
biological relevance of this protein to schizophrenia. However, there is reason to believe
that this locus is not truly specific to the CC-GWAS analysis. The index SNP (rs3764002) is
now significantly associated with schizophrenia in PGC3 SCZ 8 and was also significantly
associated with schizophrenia in another GWAS of individuals with east Asian ancestry ’.
PGC3 SCZ contains ~ 20% East Asian cases, and there is considerable sample overlap
between the study conducted by Lam et al. and PGC3 SCZ. As a result, it seems
inappropriate to consider this locus as being specific to CC-GWAS, as there is reasonable
evidence to support its association with schizophrenia. This is one example of why it is

important to robustly investigate the results outputted by the CC-GWAS method.

A1A0 B1BO AlB1l

SNP CHR BETA A1BOP BETA B1BO P BETA Al1B1P REP
RS6701877 1 NA NA NA NA NA NA NA
RS3764002 12 -0.0222 1.65E-09 0.0112 0.00033 -0.0176 1.27E-12  Yes
RS2660304 1 -0.0339 5.14E-20 -0.00359 0.253 -0.0161 7.75E-11  Yes
RS28637922 | 12 0.0196 1.95E-07 -0.0106 0.000674 0.0159 2.39E-10  Yes
RS1278493 3 -0.0263 1.35E-12 0.00303 0.337 -0.0155 3.99E-10  Yes
RS11778040 8 0.0247 2.61E-11 -0.00166 0.596 0.0139 1.88E-08 Yes
RS11696888 | 20 0.0119 0.0013 -0.0107 0.000976 0.0118 2.65E-06 No
RS12554512 9 0.00891 0.0165 -0.0116 0.000222 0.0107 1.57E-05 No
RS9866687 3 -0.0101 0.00608 0.00973 0.0019 -0.0104  2.82E-05 No
RS7790864 7 -0.0114 0.00189 0.00598 0.0549 -0.00914 0.000227 No
RS1054972 19 0.0102 0.00585 -0.00373 0.251 0.00733 0.00359 No
RS9319540 16  -0.00833 0.0252 0.00399 0.202 -0.00648  0.00896 No
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Table 9: Results for the 12 loci identified in the original CC-GWAS paper (Peyrot and Price, 2021)
from the current analysis. A1AO BETA/P is in reference to the input schizophrenia GWAS (Trubetskoy
et al, 2022), B1BO BETA/P is in reference to the input bipolar disorder GWAS (Mullins et al, 2021),
A1B1 BETA/P is in reference to the current CC-GWAS analysis. REP= was the locus replicated from
the original analysis

Comparison with Ruderfer et al. Results

In the direct case-case GWAS of 20,129 individuals with bipolar disorder and 33,426
individuals with schizophrenia conducted in 2018 by Ruderfer et al, two loci were identified
with divergent effects on schizophrenia and bipolar disorder; a locus on chromosome 1, the
lead SNP of which resides within the intron of DARS2, and a locus on chromosome 20
attributed to ARFGEF2 21, In both cases, the MAF was found to be higher in bipolar disorder
cases than schizophrenia cases. The locus on chromosome 20 was not replicated in this
study, however DARS2 was located within one of the ranges generated during the LD-based
clumping procedure, with the index SNP rs9425755. The protein product of this gene is a
mitochondrial enzyme that has been shown to be associated with leukoencephalopathy
with brainstem and spinal cord involvement, an autosomal recessive disease associated with
cerebellar ataxia, dorsal column dysfunction, and sometimes, cognitive deficits 4°. It has not
to date been associated with neuropsychiatric disorders in GWAS prior to this. Three further
loci were mentioned in the Ruderfer paper that did not surpass genome-wide significance,

none of which were replicated in this analysis.
Comparison with Byrne et al. Results

In the analysis of Bryne and colleagues, using mtCOJO to generate schizophrenia summary
statistics conditioned on the summary statistics of four other psychiatric disorders, 15 of the

130 schizophrenia loci identified in the input case control GWAS ¢ were identified as being
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particularly specific to schizophrenia 1?’. Of these 15, one locus displayed overlap with a CC-
GWAS locus identified in this analysis and contains a single gene, WSCD2. This gene is
explained in more detail in one of the previous sections regarding replication of the original
CC-GWAS results. It is likely that had the study by Byrne and colleagues also made use of the
PGC3 SCZ summary statistics, more overlap would have occurred between the two sets of

results.

These results demonstrate the utility of the CC-GWAS method for identifying potential
genetic differences between pairs of disorders. However, they also demonstrate the high
level of care that must be taken when interpreting the results. A lack of association in the
input GWAS for the CC-GWAS index SNP is not sufficient to designate that SNP as ‘CC-GWAS
specific’ because, as demonstrated here, not only can the SNP be significantly associated in
other GWAS of the disorders being analysed, but the genes attributed to the CC-GWAS SNPs
can also have been identified in the input GWAS, just with a different index SNP. However,
as long as these caveats are understood and the loci are suitably assessed through follow up
analysis and review of the literature, the CC-GWAS can effectively identify loci with
divergent effects in disorders, as well as loci that are specific to only one disorder. Local
genetic correlation analysis, for example through LAVA, can be used in conjunction to
provide additional information about any identified loci. It therefore presents the
opportunity to generate sets of genes that could offer insights into the aetiology of specific
disorders, and in turn future potential drug targets. This would allow for treatment options
to become more specific for each disorder, which currently tend to be treated with the
same set of medications. In addition to the identification of disorder-specific genes, the CC-

GWAS summary statistics can be subjected to much the same post-hoc analysis as case-
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control GWAS summary statistics. Here, it was demonstrated that CC-GWAS results could be
used for genetic correlation analysis, and the generation of PRS, but may other potential

application exist.

Limitations: The CC-GWAS Method

There are a number of limitations of the CC-GWAS method that are outlined by the method
authors themselves 1>, The main one of relevance here has been mentioned previously; the
method does not provide any formal assessment of which of the disorders the SNP is
associated with, and it is the responsibility of the user to deduce this. It is also very
important not to generalise the results too much beyond the input case control GWAS, as
you cannot guarantee that a SNP that displayed no association in the selected input GWAS
did not display a significant association in another GWAS of the disorders. This can be
mitigated somewhat by using the largest, most highly powered GWAS as the input, but
again, the onus is on the user to investigate each observed association. Another limitation of
relevance in this work is the effect of the power of the input GWAS on the results. In this
case, the schizophrenia GWAS had significantly higher statistical power than then bipolar
disorder GWAS, and so it is possibly not surprising that the loci that were identified here
were schizophrenia specific. If a GWAS of similar power was available for bipolar disorder, it
is possible that loci specific to this disorder could also have been identified, as it would be
highly unreasonable to suggest that the genetics of bipolar disorder consist exclusively of
loci shared with schizophrenia. The final limitation of relevance to the work of this thesis is
the fact that the method can only be applied to disorders, or subtypes of disorders, with a
genetic correlation of < 0.8. This negates its use, currently, in sex stratified analyses where

the genetic correlation is normally very close to 1, but also of highly related disorder
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subtypes, for example treatment-resistant and treatment-responsive schizophrenia.
However, a CC-GWAS of TRS vs. non-TRS was attempted as an exploratory analysis due to
the ready availability of data to do so, as well as to attempt to test and validate the CC-
GWAS method itself. No significant results were produced, but the insights were key, and so

it will be discussed briefly here.

CC-GWAS: TRS vs. Non-TRS?

The TRS samples were sourced from the CLOZUK1 and CLOZUK2 cohorts (described in detail
in previous studies °¢14¢), which are made up of individuals with schizophrenia prescribed
clozapine in the UK. The prescription of clozapine was preceded by two failed trials of
alternative antipsychotics, in line with the guidelines set out by the National Institute for
Health and Care Excellence (NICE)'*’. The controls are the same set used in Pardifias et al. %,
all of which were sourced from publicly available datasets or via collaborations with UK-
based sequencing projects. In total, this GWAS contained 10,501 TRS cases, 24,542 controls

and 5,998,190 SNPs.

The individuals in the non-TRS GWAS were collected from a subset of the studies used by
the schizophrenia Working Group of the PGC in their meta-analysis undertaken in 2014 % .
Individuals who could be relatively confidently identified as treatment resistant based on
clinical records were removed from 34 studies. The control individuals were a combination
of public datasets and clinically ascertained individuals (described in detail previously ). In

total, there was 20,325 cases, 30,122 controls and 10,435,339 SNPs.
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These GWAS contained no overlapping individuals, either cases or controls, although it is
possible that some additional TRS samples remain in the non-TRS GWAS. This is due to the
fact that TRS continues to be an under-reported condition, and so there could well be
individuals who would not be filtered out based on a review of clinical records. It is also
possible it contains people who are in-fact treatment resistant, but have not been
designated as such yet, due to them still being trialled on other antipsychotic medications.
This is a major consideration of the work outlined in research chapter 2 and will be

discussed in detail there.

The lifetime disorder prevalence for non-TRS (0.72%) was based on the estimate put
forward by McGrath et al. in 2008 27, and the prevalence for TRS (0.24%) was calculated to
reflect the general consensus that TRS individuals make up around 30% of all schizophrenia
cases. The SNP-based heritability estimates (0.21 and 0.22 for non-TRS and TRS respectively)
and the genetic correlation (0.96) were calculated using LD score regression via the ‘Idsc’
software 134, The initial m number of 10,000 was selected based upon the recommendation
of the CC-GWAS authors to use this number when assessing disorders that are thought to be
highly polygenic. In follow up analyses, two different m parameters were also tested; a
‘high’” estimate of 55,000, based upon the estimate put forward in the paper accompanying
the SBayesS method %8, and a ‘low’ estimate of 8,300 based upon the estimate put forward
in the paper accompanying the MiXeR method 3>, This was to test what manipulation of the

m number would do to the output of the CC-GWAS method.

In total, 2 potential candidate CC-GWAS SNPs were identified: rs144433536 and rs1800628.

Rs144433536 is located within TNXB, a gene that has been associated with Ehlers-Danlos
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Syndrome, and rs1800628 is within a regulatory region on chromosome 6 that has been
mapped to both TNF and LTB. However, both variants were filtered out as being a
potentially false association due to differential tagging of a stress test SNP (explained in the
method overview). Filtering is applied only to the candidate SNPs, not genome-wide, and
the steps used for the filtering are dependent on the power and size of the case-control
GWAS that are being used. In this case, these 2 SNPs were filtered out because the power of
the CC-GWAS was significantly lower than that of the power of the input case-control
GWAS, reflected by the z-scores of the CC-GWAS analysis and the corresponding case-

control z-scores.

Therefore, no significant associations with case-case status were found between non-TRS
and TRS in these analyses. However, it was decided that the analysis should be repeated
again with different selections of the m number. The m number was selected for change
because whilst the rest of the input parameters could be robustly justified, either due to
them being calculated directly from the summary statistics of the input GWAS or backed up
by a reference, the m number of 10,000 was somewhat arbitrary. Two further m numbers

were selected for use: a ‘high’ m of 55,000 and a ‘low’ m of 8,300.

Sensitivity Analysis: m number

The overall results remained unchanged; the same two SNPs were initially labelled as
candidate CC-GWAS SNPs before being filtered out due to the lack of power of the method
in comparison with the input case-control GWAS. However, there were some differences
caused by the change in the m number. Firstly, the m number significantly affected the

values of the OLS weights that were applied to the betas of the input GWAS (Table 10). The
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second difference was the genomic control inflation factor (lambda) based upon the CC-
GWAS summary statistics. For m = 10,000, the lambda was 1.216, for m=8300, it was 1.189,
and for 55,000, it was 1.454. The genomic inflation factor is defined as the ratio of the
median of the empirically observed distribution of the test statistic to the expected median
and thus reflects the extent of bulk inflation. A higher genomic inflation factor is therefore
indicative of a higher false positive rate. In this case, as the m number increases, the

statistics are inflated proportionally.

OLS WEIGHTS
M NUMBER SCz TRS
10,000 2.69e-02 -1.06e-01
8,300 3.86e-02 -1.19e-01
55,000 -8.87e-03 -3.32e-02

Table 10: The OLS weights calculated for each iteration of the TRS versus non-TRS CC-GWAS analysis,
by inputted M number

The same inflation is observed when you use the CC-GWAS OLS weighted summary statistics
to calculate observed scale heritability using LDSC. When using the m=8300, h2obs = 0.0908,
however when you use m = 55,000, hzobs greatly increases to 0.2803. When using the delta
method (+1 for non-TRS and -1 for TRS, irrespective of the input parameters), the genomic
inflation factor is 1.062 and the total observed scale heritability is 0.0135. This is significantly
lower than the h2obs calculated from the OLS weighted summary statistics but is identical to
the findings of Pardifias and colleagues using the test for interaction developed by Altman
and Bland %, The examination of the m number conducted here demonstrates that care
should be taken when selecting the m number to use to conduct the analysis, and caution

should be exercised when interpreting follow up analyses such as heritability estimates /.
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genetic correlation analysis based on the OLS weighted summary statistics. It was as a result
of this work that the m number used in the schizophrenia vs. bipolar disorder analysis was

selected.

It was concluded at the end of this analysis that due to the extremely high genetic
correlation (0.96) of TRS and non-TRS, it is not currently feasible or appropriate to use the
CC-GWAS method to identify genetic differences between them. This would likely remain
the case if larger, better powered GWAS became available, although it is not impossible that
improvements in phenotypic quality in TRS and non-TRS GWAS could lead to a decrease in
the observed genetic correlation between the subtypes. Simulations in the original paper
showed that as the genetic correlation moves closer to 1, the type | error rate sharply
increases, accompanied by a significant decrease in power. This is particularly true for the
delta method, which was suggested specifically for use when subtypes of the same are
being examined. Therefore, for now, to detect genetic differences between TRS and non-

TRS, a direct case-case GWAS, leveraging individual data, remains the most valid option.
Chapter Conclusion

To conclude, using the newly published CC-GWAS method, 27 loci that were differentially
associated between schizophrenia and bipolar disorder were identified. Following a series of
follow-up analyses, a list of genes has been developed that, potentially, represent the sites
in which common variation can occur, in combination with pleiotropic genetic variation
shared with other psychiatric disorders, in order to significantly increase an individual’s
schizophrenia disease risk. The method itself has been rigorously tested, and compared to
other methods, and its utility in a series of post-GWAS analyses has been investigated.

However, it is only appropriate for use when the disorder pair has a genetic correlation of <
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0.8. For subtypes of the same disorder with much higher levels of genetic correlation, the
direct case-case GWAS utilising individual level genotype data remains the gold standard. So
as this thesis continues, and the focus shifts from differentiating schizophrenia from other
psychiatric disorders to stratifying schizophrenia into treatment resistant and responsive

subtypes, that will be the method of choice.
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Research Chapter 2: An International GWAS Meta-Analysis of

Treatment Resistant Schizophrenia

Chapter Summary

For those with treatment-resistant schizophrenia (TRS), who represent some of the most
severely affected patients in psychiatry, treatment options remain limited. Clozapine
remains the single evidence-based medication for the treatment of TRS, and up to 50% of
individuals with TRS do not gain adequate therapeutic benefit from clozapine. Genetics have
the potential to reveal new insights into the neurobiology underlying TRS, yet genomic
differences that differentiate those with TRS from individuals who respond to treatment
(referred to throughout this thesis as non-TRS) have not yet been identified. One barrier to
such insights has been the lack of characterisation of TRS within schizophrenia genomic
studies. In a recent PGC schizophrenia analysis, due to data limitations at the time, an
indirect approach testing for differences between separate case-control GWAS of TRS and
non-TRS did not reveal specific genetic variants associated with treatment resistance.
However, a polygenic signal for TRS explaining 1-4% of the variance was identified,
representing the first time TRS had been demonstrated to have a detectable heritability.
This suggests that TRS-specific common variants may exist, and so further investigation of
this phenotype in a genetic setting is warranted. Here, as part of a subsequent PGC
secondary analysis, the aim was to build on previous work by conducting a direct case-case
GWAS of TRS vs. Non-TRS, utilising the increased sample size of the most recent 3rd wave

from the Schizophrenia Working Group of the PGC. Genotype data from the group was
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used, as well as available additional samples from other collaborators. Phenotype
information was collected for each individual dataset to allow treatment resistance status to
be determined. With the exception of one cohort in which treatment status had been
clinician defined, this was based on evidence of a lifetime prescription of clozapine or
OPCRIT ratings of ‘response to neuroleptic drugs’. All data underwent stringent QC using a
combination of RICOPILI and DRAGON-Data pipelines, and cohorts were merged based on
genotyping array and sample ancestry. Following imputation against the HRC reference
panel, a series of TRS vs. non-TRS case-case GWAS were conducted, followed by meta-
analysis with an additional set of summary statistics prepared and supplied by the analysts
of FinnGen. It was possible to amalgamate a total of just under 19,000 TRS cases, and just
over 22,500 non-TRS controls. A single genome wide significant locus on chromosome 1 was
identified and is the first genomic region identified as being specifically associated with TRS
at genome wide significance to date. Based on SNP position, the nearest gene was the
pseudogene FMO7P, the wider protein family of which is involved in the metabolism of a
range of antipsychotics. Further analyses could lead to better elucidation of the aetiology of
treatment-resistant schizophrenia, ultimately potentially leading to improvements in patient

care.

Introduction

In the previous chapter, a new method, the CC-GWAS, was used to examine the genetic
differences between schizophrenia and bipolar disorder, identifying 27 loci that were
differentially associated with the two correlated disorders. It was also employed in an
attempt to identify common genetic variation differentially associated between two

subtypes of schizophrenia, treatment-resistant schizophrenia (TRS) and non-treatment-
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resistant schizophrenia (referred to throughout this thesis as non-TRS). However, the CC-
GWAS method can have inflated error rates in pairs of disorders/subtypes with a genetic
correlation higher than 0.8. As such, it was not appropriate to implement the method when
investigating TRS and non-TRS, the genetic correlation of which is likely to surpass this
threshold, based on current evidence %4, In situations of high genetic correlation, a direct
case-case GWAS, requiring access to individual level genotype data, remains the gold

standard, and that is the aim of the present chapter of this thesis.

Treatment-Resistant Schizophrenia

TRS is most widely defined as a failure of symptoms to respond to at least two antipsychotic
medications, when prescribed at an adequate dose for sufficient duration for a therapeutic
response 1%, Failure to respond is often defined as a lack of improvement in positive
symptoms, although negative and cognitive symptoms can also be considered. It is
estimated that 20-30% of patients with schizophrenia experience treatment resistance °°,
with a recent review of first-episode psychosis cohorts totalling over 12,000 cases reporting
a TRS prevalence of 24.8% 1°1. Although the majority of treatment resistance seems to be
present from disease onset, it is also possible for patients to develop TRS several years into
antipsychotic treatment 1°2. TRS has been found to be associated with a range of markers of
poor outcome including higher levels of unemployment and more frequent hospitalisations,
and are more likely to have a range of physical/psychiatric comorbidities 1°3. In addition a
review of 65 studies of clinical, social and economic associations with TRS identified high
rates of smoking, alcohol and substance abuse, and suicidal ideation 4. The same paper

estimated that TRS is associated with 3-11 times greater annual costs than schizophrenia

with symptomatic remission.
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For individuals with TRS, there is a single licensed treatment option; the atypical
antipsychotic clozapine. However, clozapine is associated with a wide range of adverse
effects, and discontinuation rates are high. In a retrospective cohort study of 316 patients
with TRS receiving their first course of clozapine, 45% of patients had discontinued clozapine
within two years of initiation °>, Another larger study utilising Finnish registry data found a
similar rate, with 49.1% of 7037 patients receiving clozapine monotherapy discontinuing the
regimen within a year 6, Options for TRS that doesn’t respond to clozapine (sometimes
referred to as ultra-treatment-resistant schizophrenia), or individuals who have to
discontinue because of issues of tolerability, are limited at this time. In fact, in cases of
intolerability, it is often considered most effective to cautiously recommence clozapine
therapy whilst monitoring its tolerability, except in the case of serious adverse effects such
as agranulocytosis 1°°. For cases of ultra TRS, or where clozapine cannot be reinitiated, little
high quality evidence exists for any treatment regimen, although augmentation of
antipsychotic treatment with electroconvulsive therapy (ECT) appears to be best supported
by current evidence 7. Complicating this matter further is the fact that the current
understanding of the aetiology of TRS, and how it differs from schizophrenia that does
respond to antipsychotic medication besides clozapine, is very limited. Indeed, there
remains uncertainty as to whether TRS is a categorically distinct subtype of schizophrenia, or
represents a more severe course of illness 1°8. The identification of genetic variants or
biomarkers specific to TRS has the potential to greatly improve our understanding of the
condition and could also help guide consensus on whether TRS is its own distinct disorder
subtype. Additionally, it could lead to earlier prediction and intervention of TRS and provide

insights into possible new treatment options.
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Neurobiology of Treatment Resistant Schizophrenia: Current Understanding

There is a limited literature around the basis and aetiology of TRS. The lack of consistent
findings has likely arisen in part due to a historic lack of consensus regarding the definition
of treatment resistance, as well as restricted sample sizes and heterogeneity of study
designs %, One theory posits that TRS represents a subgroup of patients without the
characteristic aberrations of the dopaminergic system classically associated with
schizophrenia, and as such do not respond to antipsychotic treatment in the same way as
individuals with non-TRS 1%, Another recent review of the literature concluded that TRS
appears to be characterised by relatively normal dopaminergic transmission, aberrant
glutamatergic signalling, and significant decreases in grey matter volume °8. A small study
of 71 Canadian patients concluded that first and second degree relatives of individuals with
TRS had a significantly higher morbidity risk of schizophrenia spectrum disorders (MR=8.85)
compared to relatives of patients with non-TRS (MR=2.45), and a significantly higher
familial-loading score %1, Candidate gene studies of TRS have provided no consistent
replicable findings of genes differentially associated between patients with TRS and non-
TRS, due primarily to small sample sizes, although genes such as BDNF %2, 5-HT2A and TPH1
163 and DRD3 %4 have been implicated in small scale studies. Need and colleagues
conducted an investigation of 2769 polymorphisms in 118 candidate genes utilising the data

collected as part of the CATIE study ®°, in which no association survived correction for

multiple testing.

A small number of GWAS of TRS have been conducted to date, with limited success, again

due to small sample sizes. A GWAS of 84 TRS patients reported no significant associations
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166 in both a GWAS and an interaction model with childhood trauma. A GWAS of 795 Han
Chinese individuals with TRS versus 806 controls also reported no genome wide significant
results but did observe nominal associations with variants located in the RIPK4 and NFKB1
genes 7. A study of 79 TRS and 95 non-TRS schizophrenia patients reported a nominally
significant association with a locus 70 kb upstream of L-dopa decarboxylase (DDC) 162,

Dopamine decarboxylase catalyses the decarboxylation of L-3,4-dihydroxyphenylalanine

(DOPA) to dopamine, the primary neurotransmitter implicated in schizophrenia.

Finally, a study in 2022 with a total sample size of just under 85,500 people, conducted two
case-control GWAS, one with a case cohort of TRS individuals, the other with non-TRS
individuals, and then used a test for interaction ° to quantify the differences in effect size
of common genetic variants across the two GWAS 4, Whilst this paper did not identify any
specific genome wide significant results, it did demonstrate that treatment resistance in
schizophrenia is a polygenic trait of detectable heritability and found that the summary
statistics from the interaction analysis were significantly genetically correlated with
numerous measures of intelligence, cognition and smoking behaviour. The treatment
resistant phenotype was negatively associated with cognitive performance and educational
attainment, and positively associated with measures of smoking behaviour. PRS calculated
from the interaction results were also significantly positively associated with a history of
taking clozapine in both prevalence and incidence schizophrenia cohorts. The conclusion of
this paper was that TRS specific common genetic variants exist, but historically these
associations have likely been concealed through the amalgamation of large GWAS samples
of schizophrenia, in a drive for increasing sample sizes. A large-scale, meta-analytic study of

TRS, leveraging the power of methods that rely on individual level data access, has to date
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not been conducted, and has the potential to identify genome-wide significant associations

specific to TRS for the first time.

Chapter Aims and Hypotheses

The primary aim of this chapter is to take advantage of the large number of schizophrenia
samples available through collaboration with the Schizophrenia Working Group of the PGC
to conduct a direct, case-case GWAS of TRS versus non-TRS. Due to many cohorts not
containing both TRS and non-TRS together in sufficient numbers to be analysed separately,
a stringent, but not overly conservative, quality control procedure was implemented to
allow for independent cohorts of schizophrenia cases to be combined, in line with work that
has been completed in other disorders 17°. The combined cohorts were then be imputed,
and treatment status defined for all participants with phenotypic information collected from
the principal investigators of the schizophrenia working group of the PGC. Once treatment
status had been defined, primarily based on evidence of clozapine prescription, association

testing was completed on each of the assembled cohorts, followed by a meta-analysis.

Methods

All analyses outlined in this chapter were conducted on the LISA server
(https://www.surf.nl/en/lisa-compute-cluster-extra-processing-power-for-research), the
HPC system utilised by the PGC for all primary and secondary analyses. Visualisations were
created using RV4.0.1. All work, besides the acknowledgements stated at the start of this
thesis, was conducted by me under the supervision of Professor Walters and Dr Pardifias,
including all quality control, data merging, imputation, association testing, meta-analysis

and post-GWAS interrogation.
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Samples

In total, 41 datasets were collated for this analysis. This included 38 cohorts that had been
collected as part of the collaborative efforts of the schizophrenia working group of the PGC,
two new cohorts from Cardiff University that are independent of the PGC (CLOZUK3 and
NCMH), and an additional cohort provided by colleagues from the University of Oslo
(CLOZNOR). Summary statistics for another cohort, FinnGen, were also provided for use in
this analysis, the GWAS having been conducted by Dr. Anders Kampe. A full breakdown of

the cohorts used in this analysis can be seen in table 11.

DATASET PGC DATASET CODE ARRAY TRS NON.TRS
ABERDEEN scz_xaber_eur_sr-qc A6.0 227 1544
ASRB scz_xasrb_eur_sr-qc 1650 107 475
BERLIN scz_beplb GSA 71 262
BOLOGNA sCz_serri_eur_sr-qc PSYC 31 112
BOSTON, US (CIDAR) SCz_xcims_eur_sr-qc OMEX 0 71
CLOZNOR NA GSA 143 875
CLOZUK scz_xclm2_eur_sr-qc 1M 3466 0
CLOZUK scz_xclo3_eur_sr-qc omni 2150 0
CLOZUK scz_clz2a_eur_sr-qc OMEX 5370 0
CLOZUK NA GSA 1438 0
COGS scz_cgslc_eur_sr-qc OMEX 121 283
COGS SCz_xcou3_eur_sr-qc omni 178 270
DENMARK scz_xdenm_eur_sr-qc 1650 105 387
EDINBURGH scz_xedin_eur_sr-qc A6.0 0 368
FINNGEN NA - 2704 3811
E-ASII;RSIES ANDSIB SCZ_XCaws_eur_sr-qc A500 111 244
GERMANY scz_xboco_eur_sr-qc 1550 289 1558
IRELAND scz_xdubl_eur_sr-qc A6.0 38 234
IRELAND scz_xirwt_eur_sr-qc A6.0 78 1222
ISRAEL SCZ_Xajsz_eur_sr-qc omni 226 956
LUBECK scz_gebal_eur_sr-qc PSYC 372 0
MUNICH, GERMANY SCz_Xmunc_eur_sr-qc 1317 166 271
NETHERLANDS scz_xucla_eur_sr-qc 1550 0 705
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NEW YORK, US,
ISRAEL
NEW YORK, US

NIMH CBDB
NIMH CBDB
PEIC

PEIC
PORTUGAL
SAO PAULO
SIX COUNTRIES
SWEDEN
SWEDEN
SWEDEN
SWEDEN
SWEDEN

TOP

TOP

ucCL

US (CATIE)

scz_xmsaf_eur_sr-qc

scz_xzhh1_eur_sr-qc
scz_xlie2_eur_sr-qc
scz_xlie5_eur_sr-qc
SCZ_Xpews_eur_sr-qc
scz_xpewb_eur_sr-qc
scz_xport_eur_sr-qc
scz_sb2aa_eur_sr-qc
scz_xlacw_eur_sr-qc
SCZ_Xersw_eur_sr-qc
scz_xswel_eur_sr-qc
scz_xs234_eur_sr-qc
scz_xswe5_eur_sr-qc
SCcz_xsweb_eur_sr-qc
scz_tol1l0c_eur_sr-qc
scz_xtop8 eur_sr-qc
scz_xuclo_eur_sr-qc
scz_xcati_eur_sr-qc

A6.0

A500
OMEX
1550
A6.0
A6.0
A6.0
OMEX
1550
omni
A5.0
A6.0
omni
omni
OMEX
A6.0
A6.0
A500

O O O o o o

22
112

60
402
433
228
223

25
134

0

18,979

327

191
137
509
82
597
328
142
157
322
161
1675
1368
865
95
351
386
409

22,523

Table 11: Full list of all samples collected for this analysis, including information about their

genotyping array, the number of TRS individuals, and the number of non-TRS individuals

Quality Control

All samples were subjected to the same quality control procedures, with the exception of
FinnGen, which was supplied as summary statistics (an overview of the QC applied to

FinnGen can be seen here: https://finngen.gitbook.io/documentation/methods/phewas).

The QC was primarily performed using a combination of two preimputation QC pipelines, as

well as some additional work undertaken using plink2 17, The two pipelines were RICOPILI

(Rapid Imputation for COnsortias PlpeLine), which is the analytic pipeline used by PGC

working groups

colleagues within the department. Three rounds of QC were completed in total: on the

individual batches of raw genotype data for each cohort, again following the combining of

136

, and Dragon-Data

172

, a pipeline developed at Cardiff University by
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batches into their respective cohort, and again following the merging together of cohorts by

genotype array into the final GWAS datasets. An outline of each step is given below.

Determination of Genotype Array

The array that each cohort had been genotyped on was determined using Dragon-Data,
which compares the SNP coordinates to a reference panel of 391 genotyping platforms for
the highest degree of overlap. The 391 arrays were taken from the Chipendium site

(http://mccarthy.well.ox.ac.uk/chipendium/ui/, not currently available). RICOPILI also

supplies a best guess genotyping platform, but the samples under study are only compared
to a reference panel of 10 genotyping platforms, thus the Dragon-Data pipeline was used to

allow for a better elucidation of the platforms.

Genotype Harmonisation

This step was conducted using the Dragon-Data pipeline, which utilises the ‘Genotype
Harmonizer’ (GH) software 73 to resolve strand alignment, discordant alleles and coordinate
mismatches for SNPs in common between the dataset and the imputation reference panel
that will be used for imputation of the samples. In this case, that was the HRC1.1 reference
panel 8. This aids in the retention of the maximum possible number of SNPs, in order to

boost the overall quality of imputation.

SNP / Sample QC

This was conducted via RICOPILI. Only samples and variants with a missing rate of < 0.02
were retained for analysis. By default, RICOPILI removes monomorphic SNPs, but this not

completed for this analysis, in an attempt to maximise the number of overlapping SNPs
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between cohorts and so improve the quality of imputation. It has also been argued that the
removal of monomorphic SNPs is not optimal in a meta-analytic setting, due to the fact that
a SNP that is monomorphic in one study may not be so in others 74, In addition, the default
exclusion of any SNP with an MAF of < 0.01 was also removed, as it led to the excessive
removal of SNPs from cohorts that were genotyped on arrays designed to capture rare
variation. In addition, as a final QC step immediately prior to imputation, a minor allele
count (MAC) threshold of 40 was applied, based on previous literature recommending MAC
as a more appropriate parameter to threshold on versus MAF, as MAC tends to be more

stable at lower sample sizes 8°.

Heterozygosity

Plink2 was utilised for the calculation of methods-of-moments F coefficient estimates for
each individual. The —het flag was used to compute the observed and expected
homozygous/heterozygous genotype counts, and individuals whose F coefficient fell outside
of the mean +/- 2.33 * the standard deviation of the cohort were excluded i.e., the most
extreme 1% of values at either side of the distribution are omitted. Excessive levels of
genome-wide heterozygosity or homozygosity can be indicative of poor-quality DNA or
sample contamination, but homozygosity above expected can also be evidence of
inbreeding within a population. This approach to heterozygosity was selected to avoid being
overly conservative, in line with a recent paper that highlighted the platform and sample
specific nature of the heterozygosity metric, recommending that thresholding based on the
distribution of the measure within the cohort specifically was advantageous over utilising a

single cut-off value 17>
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Hardy Weinberg Equilibrium

Major deviations from HWE, particularly in cohorts of relatively homogenous genetic
ancestry, can be indicative of errors in genotyping. However, genuine SNP-trait associations
can also be expected to deviate from HWE to a certain extent, and so it is important to
select a threshold that is not overly stringent. In this case, the selected threshold was 1x10E-
6, and Plink2 was used to allow for the use of the ‘“midp’ and ‘—keep-fewhet’ options. The
use of a mid p-value for HWE filtering has been demonstrated to have a lower type 1 error
rate versus the use of standard two-sided p-values, as well as being better powered 7. The
‘—keep-fewhet’ modifier is used to preferentially retain variants that fail in the ‘too-few-
heterozygotes’ direction, as this can be expected to occur in samples where population
stratification is present. The modifier causes the threshold to only be applied in situations
where the number of heterozygous genotypes for a variant is above the equilibrium value,

and not below.

Sample Merging

Cohorts were merged using RICOPILI based on genotyping platform, to maximise the
overlapping set of SNPs available for imputation. Due to the high number of cohorts that
had been genotyped using lllumina platforms, these were separated into two groups. As a
result of being genotyped on a range of different iterations of Omni Express array chips,
combining them into a single group led to the overlap of a lower number of SNPs. If a cohort
was the only one genotyped on a particular array, or there were not sufficient cohorts to
generate a final dataset containing a reasonable number of individuals with TRS and non-
TRS, they were merged with the batch that led to the lowest level of variant dropout, with

the aim of retaining a minimum of 250,000 SNPs shared between cohorts for imputation.
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One dataset, ‘xgras’, was the only dataset genotyped on an Axiom array, and led to an
excessive level of SNP dropout (< 80,000 SNPs retained across all cohorts) irrespective of the

cohorts it was merged with, and thus was excluded from further analysis.

Sample Ancestry, Kinship and PCA

177 which allows for the

Relatedness was calculated in plink2 using the KING algorithm
accurate estimation of kinship coefficients between each pair in the sample even in the
presence of population stratification. This was an improvement on existing methods of
relatedness inference, for which the main assumption was homogenous population
structure. Kinship coefficients calculated in KING are scaled as such that 0.5 would be
indicative of a sample pair being monozygotic twins/ a duplicate, 0.25 first-degree relatives
etc. For screening, it is then the recommendation to use the geometric mean between two
thresholds as the cut-off value. A cut-off of 0.044, analogous to screening for fourth-degree

relatives, was used in this case and one sample from each pair was then randomly selected

for exclusion.

Linear Discriminant Analysis (LDA) modelling based on ancestry informative markers (AIMs)
was used for the prediction of biogeographic ancestry in all of the samples with the
exception of FinnGen. The genotype datasets were merged with a reference panel based on
the Allen Ancient DNA Resource (AADR) (https://reich.hms.harvard.edu/allen-ancient-dna-
resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-data, version 50.0).
This panel contains just over 1.2 million variants, and the AlMs panel was derived in plink by
calculating an Fst statistic for each of these SNPs in all pairwise comparisons of ancestral

populations and retaining those SNPs with the top 2.5% Fst in every comparison. The higher
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the Fst metric, the more differentiated the SNP is between population subgroups, and thus
can be used to predict genetic ancestry. The overlapping SNPs between the genotype
datasets and the top 2.5% SNPs from the AADR were then used as the AlMs for each of the

eight datasets generated in the step outlined above.

Principal components were generated using the PC-AiR method 18 implemented in the
‘GENESIS’ R package, which utilises the kinship coefficients derived in the previous step to
calculate principal components that are unaffected by family structure 17°. These principal
components are calculated based on the AIMs derived above, and are then used in the LDA
model to predict biogeographic ancestry, following methods previously outlined by our
group®, The biogeographic groups are equivalent to those outlined by Huddart and
colleagues for use in pharmacogenetics research 181, There are nine in total: Americans,
Central/South Asians, East Asians, Europeans, Near Easterns, Oceanians, and Sub-Saharan
Africans, African Americans/Afro-Caribbeans and Latinos. The model is first trained on the
AADR before being used on the target genotype datasets, and results in a set of probabilities
for each individual of belonging to each of the nine biogeographic groups. If an individual
had an LDA probability that surpassed 80%, they were assigned to that specific
biogeographic group. If they did not surpass the 80% in any single group, they were

categorised as ‘admixed/unknown’.

Imputation

Imputation was conducted via RICOPILI, using the full HRC1.1 data as a reference panel 3.
Prephasing was conducted using Eagle v2.3.5 ¥, and the imputation was conducted using

Minimac3 8. The default post-imputation QC parameters provided by RICOPILI were
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utilised: MAF threshold 0.005, INFO score threshold 0.1 and genotype probability for making
a best guess genotype call of 0.8. To boost the quality of imputation, the corresponding
healthy controls for each cohort were retained at this stage, and removed once the dataset
had been imputed, based on the findings of other large-scale consortia who have brought

together and imputed previously genotyped data from a large number of research centres

184

Phenotype Definition

To define treatment resistance within the samples, the Pls of the schizophrenia working
group of the PGC were approached individually and asked to provide the following five

variables:

1. Clozapine prescription information (Lifetime, Current etc.)
2. OPCRIT item 89 “Psychotic symptoms respond to neuroleptics”.
a. An alternative objective rating equivalent to OPCRIT item 89 (based on note
review or clinician report) was also accepted.
3. Antipsychotic medication history — number, duration and types etc.
4. Age at onset and age at interview, in order to calculate duration of illness.

5. Diagnosis (ICD/DSM codes etc.)

Items 1 and 2 were collected to define TRS cases within each sample. Items 3 and 4 have not
been utilised as of yet but were collected with the view of using it to define further TRS
cases who may have not yet been prescribed clozapine. Many people are unable to tolerate

clozapine or are not given the opportunity to take it by their clinician, and so
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medication/duration of illness information may allow for additional people with TRS to be
identified and reclassified. Medication information was highly variable across cohorts, but
included information about typical / atypical antipsychotics, depot injections, dosage
information and treatment length information. Item 5 was collected to allow the cohorts to
be restricted to just individuals with schizophrenia and schizoaffective disorder depressed
subtype. A breakdown of what information was used to define treatment resistance within
each sample can be seen in Table 12. In the four cohorts where both clozapine and
OPCRIT89 were available, OPCRIT89 was used to identify additional individuals classified as
TRS who had not been prescribed clozapine at the time of data collection. A small subset of
datasets also contained information regarding response to clozapine, but this has also not
been utilised at this time. TRS individuals were assigned a phenotype value of 2 (cases) and

non-TRS individuals were assigned a 1 (controls).

DATASET PGC DATASET CODE  TRS DEFINED BY:
ABERDEEN scz_xaber_eur_sr-qc CLOZAPINE
ASRB scz_xasrb_eur_sr-qc CLOZAPINE/OPCRIT89
BERLIN scz_beplb CLOZAPINE
BOLOGNA scz_serri_eur_sr-qc CLOZAPINE/OPCRIT89
BOSTON, US (CIDAR) Scz_xcims_eur_sr-qc NA
CLOZNOR NA CLOZAPINE
CLOZUK scz_xclm2_eur_sr-qc CLOZAPINE
CLOZUK scz_xclo3_eur_sr-qc CLOZAPINE
CLOZUK scz_clz2a_eur_sr-qc CLOZAPINE
CLOZUK NA CLOZAPINE
COGS scz_cgslc_eur_sr-qc CLOZAPINE/OPCRIT89
COGS SCz_Xcou3_eur_sr-qc CLOZAPINE/OPCRIT89
DENMARK scz_xdenm_eur_sr-qc CLOZAPINE
EDINBURGH scz_xedin_eur_sr-qc NA
FINNGEN NA CLOZAPINE
F-SERIES AND SIB PAIRS | scz_xcaws_eur_sr-qc OPCRIT89
GERMANY scz_xboco_eur_sr-qc CLOZAPINE
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IRELAND
IRELAND

ISRAEL

LUBECK

MUNICH, GERMANY
NETHERLANDS

NEW YORK, US, ISRAEL
NEW YORK, US
NIMH CBDB

NIMH CBDB

PEIC

PEIC

PORTUGAL

SAO PAULO

SIX COUNTRIES
SWEDEN

SWEDEN

SWEDEN

SWEDEN

SWEDEN

TOP

TOP

ucCL

US (CATIE)

scz_xdubl_eur_sr-qc
scz_xirwt_eur_sr-qc
SCZ_Xajsz_eur_sr-qc
scz_gebal eur_sr-qc
SCz_Xmunc_eur_sr-qc
scz_xucla_eur_sr-qc
scz_xmsaf_eur_sr-qc
scz_xzhh1_eur_sr-qc
scz_xlie2_eur_sr-qc
scz_xlie5_eur_sr-qc
SCZ_Xpews_eur_sr-qc
scz_xpewb_eur_sr-qc
scz_xport_eur_sr-qc
scz_sb2aa_eur_sr-qc
scz_xlacw_eur_sr-qc
SCZ_Xersw_eur_sr-qc
scz_xswel_eur_sr-qc
scz_xs234_eur_sr-qc
scz_xswe5_eur_sr-qc
SCz_xsweb_eur_sr-qc
scz_tol10c_eur_sr-qc
scz_xtop8 eur_sr-qc
scz_xuclo_eur_sr-qc

scz_xcati_eur_sr-qc

currently no available phenotype information for this sample

Association Testing and Meta Analysis

CLOZAPINE
CLOZAPINE
CLOZAPINE
CLINICIAN DEFINED
CLOZAPINE
NA

NA

NA

NA

NA

NA

NA
OPCRIT89
CLOZAPINE/IPAP
NA

NA
CLOZAPINE
CLOZAPINE
CLOZAPINE
CLOZAPINE
CLOZAPINE
CLOZAPINE
CLOZAPINE
NA

Table 12: A list of how treatment status was defined within each sample. 'NA' denotes that there is

Association testing was completed in plink2. Eight separate TRS versus non-TRS GWAS, using
an additive logistic model, were conducted, with principal components 1-15 included as
covariates. In addition, the ancestry probabilities calculated as part of the ancestry
inference section described above were included, in an attempt to better account for
population stratification within the array batches. In line with the supplementary methods

outlined by our group ¥, the Europeans ancestry probability was omitted, in order to avoid
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collinearity with the regression intercept, which causes the association testing procedure to
fail in plink2 due to regression models not being viable if the inputted predictor variables
are colinear 8%, The meta-analysis of the eight GWAS and the summary statistics provided
by FinnGen was conducted in plink2, using a standard error inverse-weight fixed effects

model, in line with the latest GWAS from the schizophrenia working group of the PGC 2.
Further Refinement of the Samples

For 14 of the cohorts, totalling 4,611 samples, no phenotypic information was available, and
in the group’s previous research they had been utilised as non-TRS samples 4. This was
done to maximise the sample size, with the caveat that a significant proportion of those
individuals will have been misclassified. The effect of their inclusion had been modelled to
improve overall power when using realistic levels of misclassification due to the
improvement in overall sample size. Examination of the cohorts for which phenotype
information was available showed that there were often rates of TRS higher than would be
expected based on estimates of TRS prevalence. To reduce the impact of misclassification
on the results, and taking advantage of the boosted sample size, the decision was made to
remove as many of the ‘unknown’ phenotype samples as possible. This led to a total loss of
2179 non-TRS cases from the meta-analysis. It was not possible to remove all 14 of these
cohorts at this time, as the removal of the remaining 7 would have led to almost half of the
TRS cases having no matching non-TRS controls, and thus remain in the analysis currently. It
is hoped that phenotypic information will be collected for these cohorts prior to a future

data freeze, allowing all samples to be utilised and accurately classified.
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SNP-Based Heritability and Genetic Correlation

SNP-based heritability on the observed and liability scales were calculated via LD score
regression using the LDSC software V1.0.1 3%, In all instances, the LD reference was the
European ancestry-specific data from phase 3 of 1000 Genomes 82, Prior to analysis, SNPs
with an INFO score < 0.9 were excluded, and the datasets were trimmed to contain only
those that are present in the third phase of the International HapMap Project 138, Thisis a
reference set of 1,440,616 SNPs genotyped in 1,184 individuals from 11 global populations.
For the liability scale, a population prevalence for TRS of 0.3 (in relation to the controls
being schizophrenia cases in this context) and a sample prevalence of 0.5 were used. The
genetic correlation was also calculated using the Idsc software, using pre-computed LD
Scores based on the 1000 genomes dataset described above. The summary statistics from
this analysis were compared to both the most recent GWAS from the schizophrenia working

group of the PGC 8 and the interaction analysis 14,

LD-Based Clumping of GWAS Results

The LD-based clumping of loci was conducted via PLINK V1.9 172, The LD reference used was
the European ancestry-specific dataset available from phase 3 of 1000 genomes 2, with a

gene locations list based on GRCh37 (accessed and downloaded via: https://www.cog-

genomics.org/static/bin/plink/glist-hg19). The physical distance threshold for clumping was

set to 3000kb, the significance threshold for index SNPs was set to p < 1e-04 and the LD
threshold for clumping was r?=0.1. A locus was considered to be significant if the p-value

was less than 5E-08.
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Results

The final meta-analysis was conducted on a total of 34 datasets (FinnGen, CLOZUK3,
CLOZNOR and 31 PGC European datasets). Phenotypic information was used to classify
18,979 TRS cases (see Table 12), and 20,344 non-TRS cases. Currently, the non-TRS samples
contain 2,432 individuals of ‘unknown’ phenotype. The total final sample size was 39,323

cases with schizophrenia (Figure 5).

The genomic inflation factor for the final meta-analysis was calculated to be 1.009. Table 13
presents the lambda for each input GWAS separately. The QC procedure conducted during
this work appears to have effectively controlled for population stratification, as well as other
common causes of genomic inflation, signified by the low lambda of the meta-analysis, and

each of the input GWAS. The LDSC intercept was calculated to be 1.0218.

GWAS LAMBDA

GSA 1.038
PSYC 1.055
1550 1.014
1650 1.016
A600 1.017
A500 1.037
OMEXA 1.026
OMEXB 1.037
FINNGEN 1.047
TOTAL 1.009

Table 13 The genomic inflation factor (lambda) of each input GWAS separately, plus for the final
meta-analysis (TOTAL)
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In total, there were five SNPs that surpassed genome-wide significance (Table 14), all of
which were located within the same region of chromosome 1 (Figure 6). The most

significant SNP was rs7549089, with an OR of 1.1415 and P-value of 3.45E-08.
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Figure 5: Manhattan plot of TRS versus non-TRS case-case GWAS, N= 39,323
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CHR BP SNP Al A2 N P OR
1166431020 rs7549089 C T 9 3.45E-08 1.1415
1166430484 rs10918471 G A 9 4.00E-08 1.1408
1166432463 rs1908312 T A 9 4.17E-08 1.1408
1| 166436454 rs977513 G C 9 4.26E-08 1.1408
1166431463 rs10753733 A G 9 4.63E-08 1.1401

Table 14 GWAS results for the five GWS SNPs. N= The number of input GWAS that the SNP was
present in (out of a possible maximum of 9), Al=Effect Allele that the OR/P were calculated in

relation to, A2=Reference Allele)
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Figure 6: Regional Association plot for the genome-wide significant locus
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LD-Based Clumping Procedure
LD-Based clumping of the results identified 454 loci with a P<1E-04. The top ten loci can be
seen in Table 15. For four of these, the BP boundaries of the locus contain a single protein-

coding gene, and a further four are intergenic.

CHR SNP P POS START POS END GENES WITHIN LOCUS

1 | rs7549089 3.45E-08 166430484 166456704 -

15 | rs3784351 2.69E-07 68642220 68642220 ITGA1ll

18 | rs148108347  3.90E-07 5956042 5956042 L3MBTL4

20 | rs11907443 4.49E-07 19394130 19404850 SLC24A3

18 | rs10502392 8.83E-07 9762049 9767615 RAB31

14 | rs885845 1.33E-06 96728916 96732345 ATG2B, BDKRB1, BDKRB2
9 | rs140994521  1.44E-06 105042198 105307824 LINCO0587

18 | rs12232766 2.51E-06 58445895 58670832 -

22 | rs4819826 2.77E-06 19640282 19642645 -

16 | rs10221167 3.19E-06 52947414 52969512 -

Table 15: LD-based clumping results for the top ten loci, including gene information

SNP-Based Heritability and Genetic Correlation Analysis

The SNP-based heritability of the TRS GWAS on the observed scale was calculated to be -
0.007, and -0.0102 on the liability scale. Due to the heritability being calculated as negative,
genetic correlation analysis cannot be conducted in Idsc. The negative heritability can be
indicative of a lack of genetic signal but can also occur as a result of a trait having an

oligogenic pattern of inheritance, with a much smaller number of genes contributing to the
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phenotype versus a polygenic trait. It is not unfeasible that the TRS-specific genetic signal,
which this GWAS was attempting to capture, is contained within a small number of genomic

loci.

Discussion

In this chapter, a major collaboration with the schizophrenia working group of the PGC was
undertaken to collect the phenotypic and genetic data required to perform a direct case-
case GWAS of TRS versus non-TRS. Such an analysis remains the gold standard option for
subtypes of disorders with very high genetic correlation, but to date has been difficult to
perform to date because of limited data availability. Here, it was possible to collect genetic
and phenotypic information for over 40,000 schizophrenia cases, resulting in a final refined
sample size of 18,979 cases and 20,344 controls. A quality control procedure was developed
in the process of this work, utilising two previously published QC pipelines and additional
work in plink2 and R. All genetic datasets underwent 3 rounds of QC and were merged
together based on genotyping array to form case-case cohorts containing individuals with
both TRS and non-TRS. The datasets were then imputed against the HRC1.1 reference panel
before undergoing association testing and a final meta-analysis. There was no evidence of
genomic inflation of the results, in the whole meta-analysis or any of the separate GWAS,
signalling that the QC procedure developed in this chapter was effective at controlling for
common sources of genomic inflation. Here, for the first time, a genome wide significant
association with TRS was identified, as were a small number of sub genome-wide significant

loci of potential biological interest. These will be discussed below.
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Associated Loci

The biological relevance of the genome wide significant locus identified in this analysis, an
intergenic region on chromosome 1 containing five variants surpassing P<5E-08, is difficult
to elucidate. It does not overlap with any of the loci from the most recent GWAS from the
PGC and it is ~ 292,000 base pairs from the closest protein-coding gene (FAM7B). There is
however a pseudogene contained within this area (FMOZ7P) in addition to a long intergenic
non-protein coding RNA (LINC0O1675). Flavin Containing Dimethylaniline Monooxygenase 7 is
what is known as an unprocessed pseudogene, meaning that it originated as a result of the
aggregation of mutations during gene duplication ultimately rendering the gene
untranslatable. Humans are thought to have five 'functional’ FMO genes, which play a key
role in the metabolism of a wide range of medications, including antipsychotics &’. For
example, FMO3 has been implicated in the N-oxygenation of clozapine 18818 olanzapine 1%
and loxapine ! into their respective N-oxide metabolites. FMO3 is also thought to be
involved in the N-oxygenation of nicotine 92, FMO7P, in conjunction with FAM78B, was
attributed to a genome-wide significant locus in a GWAS of unipolar depression of East
Asian individuals 1°3, as well as a genome-wide significant locus in a GWAS of educational

attainment in combination with LINC01675 1°4.

Historically considered as ‘junk DNA’ with limited biological relevance, there is growing
evidence to support the role of pseudogenes in a range of disorders and diseases 1°>1%7. A
review by Cheetham and colleagues outlined a number of ways in which pseudogenes could
have biological relevance, including their translation into functional full-length or truncated
proteins, their actions as inhibitors of the translation of their parental genes, their

manipulation of 3D chromatin interactions to regulate parental gene expression, and their
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transfer of pathogenic alleles to their parental genes via the process of gene conversion 7,
Further analysis will be required to elucidate the functional relevance of this locus to
treatment resistance but given the documented role of FMO’s in the metabolism of
antipsychotics, and the suspected biological relevance of pseudogenes in disorder states,

this finding is potentially very interesting, and warrants continued investigation.

Very little is known about the function of the protein encoded by family with sequence
similarity 87 member B (FAM78B). The gene itself has been implicated in GWAS of a number
of potentially relevant phenotypes. For example, it has been implicated in multiple large-
scale GWAS of cortical thickness 198199 and was also located within a genome-wide
significant locus in a combined MTAG %2 and GWAS study of educational attainment and
math ability in 1.1 million individuals 2°°. Additionally, it was within one of three loci that
surpassed genome-wide significance in a GWAS study of time to cocaine dependency from
first use 201, Each minor allele of the lead variant was associated with 0.57 fewer years to
dependency from first use. Finally, the most significant association containing this gene
identified to date was found in GWAS of white blood cell count and neutrophil count in a
multi-ancestry GWAS of 64,784 individuals from the PAGE study 2°2. The locus containing

this gene was negatively associated with both neutrophils and whole white blood cell count.

Although only one locus surpassed genome-wide significance, it is expected that further loci
will be identified as sample sizes increase over subsequent data freezes and the definitions
of TRS and non-TRS become more refined. The most likely loci to benefit from the resulting
increase in power are those just below genome-wide significance in the current study.

Hence, the four loci with GWAS P<1E-06 are commented upon below, given they have all
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also been implicated in studies of relevant phenotypes. The lead variant of the next most
significant locus, rs3784351 (OR= 1.191, P=2.69E-07), is an intronic variant in the ITGA11
gene on chromosome 15. The protein product of gene ITGA11, Integrin alpha-11, is a
receptor for collagen which is ubiquitously expressed throughout the body, including in
brain tissue. Although not previously implicated in the study of schizophrenia or TRS, it has
been investigated previously in a GWAS meta-analysis of antidepressant efficacy in major
depressive disorder, where it was nominally significantly associated with 2-week outcomes
following initiation of SSRI’s 23, It has also been implicated in GWAS of cortical surface area
198 and sulcal depth %%, where the locus did surpass genome-wide significance. Interestingly,
ITGA11 has also been implicated in studies of treatment outcome in cancer, and has been

204

associated with poorer prognosis 2°4 and multidrug resistance 2% in cancer research.

The lead variant of the next locus, rs148108347 (OR= 0.663, P= 3.89E-07), is a non-coding
transcript variant located within the L3MBTL4 gene. Lethal(3)Malignant Brain Tumour-Like
Protein 4 is what is known as a putative polycomb group (PcG) protein. PcG proteins play a
key role in the repression of gene transcription, predicted to be via modification of
chromatin or histones. Again, this gene has not been identified in GWAS of schizophrenia or
TRS, but it has been implicated in studies of treatment outcome. For example, in a study of
ACE inhibitors, used primarily for the treatment of hypertension, a locus attributed to this
gene was found to significantly positive associated with ACE inhibitor discontinuation due to
adverse drug reactions 2°°, Another study examined treatment response in irritable bowel
syndrome (IBS), and identified a significant association between L3MBTL4 and the frequency
of episodes of pain during treatment for IBS 2°7. This is the only locus discussed here that is

negatively associated with treatment resistance.
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The lead variant of the next locus, rs11907443 (OR= 1.232, P= 4.49E-07), is an intronic
variant in SLC24A3. Solute carrier family 24 member 3 has been associated with a number of
phenotypes including, again, measures of treatment response. For example, in a study of
almost 195,000 people, rs143934587 (not present in this current analysis) was nominally
significantly associated with response to citalopram or escitalopram, with an OR of 6.71 and
a p-value of 7E-07 2%, This is therefore the second of the top five loci in this analysis that
have been previously implicated in treatment response in psychiatric disorders, specifically
depression, albeit not at genome-wide significance. SLC24A3 was also found to be
significantly associated with educational attainment % and multiple measures of smoking

behaviour 209211,

Finally, rs10502392 (OR=1.33, P=8.83E-07) is an intronic variant in RAB31. Ras-Related
Protein Rab-31, and other members of the same protein family, are key regulators of
intracellular membrane trafficking, from the formation of transport vesicles to their fusion
with membranes. When Rab proteins become activated, they bind to GTP and become
capable of recruiting different sets of downstream effectors directly responsible for vesicle
formation, movement, tethering and fusion to the membrane. They also play a key role in
the normal function of the Golgi apparatus. RAB31 has not been implicated in TRS or
schizophrenia more widely at any point previously, but it has been found to be associated
with basophil count at genome wide significance in two large-scale GWAS 212213 Basophils
are the least common form of granulocytes involved primarily in inflammatory responses
and secrete compounds that are involved in the co-ordination of the immune response such

as histamine and serotonin.
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Limitations

There are a number of limitations that should be considered. Firstly, despite making no
exclusions based on ancestry and developing a QC pipeline that could allow for cross-
ancestry analyses, the final meta-analysis was approximately 98% European. Whilst two of
the GWAS, those arrayed on the Infinium Psych Array and Global Screening Array (GSA)
chips, were more diverse at approximately 90% Europeans, due to issues with data sharing,
it was only possible to include PGC samples from the core European set at this time. The
analysis does not include the 14 East Asian cohorts, or the African American and Latino
samples that were ascertained from the Genomic Psychiatry Cohort (GPC) by the PGC for
the latest schizophrenia GWAS. For subsequent data freezes, an emphasis must be placed

on collecting non-European samples.

The next limitation is the need to include individuals without phenotype information at this
time to facilitate the use of all available TRS cases. Matching by genotyping platform when
merging cohorts is necessary due to low levels of direct overlap between certain chips, but
in the case of cohorts genotyped on Infinium OmniExpress arrays, the vast majority of non-
TRS cases were lacking phenotype information. Whilst as many unscreened non-TRS cases
were removed from the analysis as possible, removal of all of them would have led to a loss
of almost two thirds of the available TRS cases, due to them no longer having sufficient
numbers of corresponding non-TRS cases. As a result, it is almost certain that misclassified
individuals remain in the non-TRS cases at this time. Misclassification may also be occurring
in the TRS cases, as information was not available to determine treatment adherence, and

thus rule out pseudo-resistance where the observed non-response to treatment is being
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caused by clinical or pharmacokinetic factors, rather than issues of a pharmacodynamic
nature. A detailed overview of the impact of misclassification and future work to overcome

it can be found below and in the general discussion chapter of this thesis.

Finally, due to the time required to collect the phenotypic information that made this work
possible and perform the QC on over 40 genotype datasets, only limited downstream
analysis has been conducted to date. There are numerous potential avenues for further

work based on the results of this chapter, which will be discussed here.

Planned Future Work

Immediate next steps include efforts to better quantify the genetic correlation of these
results with the interaction analysis results and PGC3 SCZ using MiXeR to conduct the
analysis 13°. MiXeR estimates the total number of causal variants that are shared between
traits, as well as the number of trait specific causal variants, and quantifies the genetic
overlap of phenotypes regardless of their genetic correlation. It also takes into account
information regarding LD, MAF, sample size and cryptic relatedness. Heritability estimates

214 ‘which differs from the

will also be calculated using the LDAK software package
heritability model utilised in the LDSC software because SNP heritability is expected to vary

with both LD and MAF.

The calculation of PRS from the TRS GWAS results in an independent dataset containing
both TRS and non-TRS individuals (expected to be NCMH) will also be completed, and an
assessment of their association with treatment resistance and other schizophrenia-
associated phenotypes conducted. This could include treatment resistance itself, definable

within the sample by clozapine prescription, as well as phenotypes that have displayed

114



associations with treatment resistance in previous literature, for example age at onset 2°

and measures of educational attainment 11#

A replication of the interaction analysis 11

is also planned for completion, with the
hypothesis that the improvements in phenotypic quality facilitated by the collection of
further information, as well as an increased TRS sample size, will lead to a reduction in the
genetic correlation observed between the two GWAS. This will require the reorganisation of
the available samples into separate case-control GWAS of TRS and non-TRS. Because of this,
the corresponding healthy controls for each PGC cohort were retained throughout the QC
and removed only once imputation had been completed. There are several, large cohorts of
just TRS (multiple phases of the Cardiff University cohort CLOZUK), which could quite readily
be meta-analysed together to form the TRS case-control GWAS. The non-TRS GWAS will
require more work to prepare, with TRS individuals, as best as they can be defined, being
excluded from the cohorts. The accurate definition of TRS and non-TRS will be key for this

analysis, which for reasons that will be discussed further in the general discussion, is not

currently possible for all samples.

Future work will also focus on the better elucidation of the biological relevance of the
genome wide significant locus, through procedures such as fine mapping to determine the
most likely causal variant, and the summary statistics more widely. For example, gene
ontology (GO) classifications, such as those available from the GO database

216

(http://geneontology.org/), or developed by the SynGO consortium %'° can be tested for

their association with TRS. Gene set enrichment analysis, where RNA-seq data is used to
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determine if genes of interest are differentially expressed in specific tissue and cell types, is

also a potential avenue for further research.

In addition, further refinement of the non-TRS samples, both through the collection of
phenotypic information for the cohorts for which there is currently none available, and the
utilisation of the wider phenotypic information collected, will be necessary. Conversations
are ongoing with the Pls of all but two of the 14 cohorts for which there is currently no
phenotypic information available, and it should be feasible to collect clozapine / OPCRIT89
information for the majority of these cohorts prior to a subsequent data freeze. In addition,
an examination of the antipsychotic medication information and duration of illness variables
should allow for individuals with a high likelihood of being treatment resistant who have not
yet been prescribed clozapine to be reclassified, or at least excluded from the non-TRS
cases. It will be most appropriate to complete this portion of the work with the active
involvement of a psychiatrist, due to the complex, non-standardised nature of the
information available, and the variability in international prescribing practices (Halfdanarson
et al., 2017). An in-depth discussion of how to more accurately define both TRS and non-
TRS, and the limitations of the current definitions, can be found in the general discussion

chapter.

The final avenue of future research that will be discussed here is to expand the investigation
of treatment resistance to additional psychiatric disorders. This is a primary aim of a new
Horizon Europe grant psych STRATA, which plans to investigate treatment response and
outcome across schizophrenia, bipolar disorder, and major depressive disorder. The analysis
outlined here is an output of one of the work packages of this grant, and so will form the

basis of a significant amount of work going forward.
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Conclusion

People with TRS can often face a difficult path to therapeutic benefit, with only one licensed
treatment option that can take years to be prescribed. One of the factors limiting
improvements in treatment options for TRS at this time is that neurobiology specific to TRS
remains poorly understood. The amalgamation and inclusion of individuals with TRS into
broad schizophrenia research cohorts was paramount to the success of recent large-scale
case-control GWAS, but it has come at the cost of phenotypic heterogeneity. In addition, the
data required to conduct a direct comparison of TRS and non-TRS has until now proven
incredibly difficult to collate, as both phenotypic information to define TRS and non-TRS
accurately and corresponding individual level genotypes were required. In this chapter,
through international collaboration with the schizophrenia working group of the PGC, and a
small number of external analysts, it was finally possible to collect the data necessary to
conduct a direct case-case GWAS of TRS versus non-TRS. A QC procedure was developed to
allow for the combination of previously genotyped cohorts together into TRS versus non-
TRS case-case cohorts, and with a final sample size of close to 40,000, a genome-wide
significant locus was identified. Whilst post-GWAS interrogation of these results are just
beginning, this GWAS represents a crucial first step in better elucidating the biological

pathways and mechanisms underlying treatment resistance in schizophrenia.
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Research Chapter 3: Association of Clozapine Metabolism
with Absolute Neutrophil Count in Treatment Resistant

Schizophrenia Cases

Chapter Summary

Clozapine remains the singular licensed treatment option for TRS, with demonstrable
therapeutic benefit in approximately 60% of users and a significant association with reduced
suicidal ideation. However, it remains globally under prescribed, in part due to concerns
related to its expansive adverse effect profile. Of particular concern are the potential effects
of clozapine on the immune system, with agranulocytosis and neutropenia remaining rare
but serious side effects, necessitating regular haematological monitoring for all clozapine
users. A recent small-scale study reported that clozapine plasma concentrations were
inversely correlated with neutrophil counts in 41 individuals, most of whom were within
their first year of treatment with clozapine. Attempting to replicate and further investigate
this finding, metabolic, haematological and genetic data from a UK cohort of long-term
clozapine users linked to a clozapine monitoring service, CLOZUK2 (N = 208) was extracted
for investigation. Multiple linear regressions accounting for several potential confounding
factors such as clozapine dose and time on clozapine, demonstrated a significant decrease in
absolute neutrophil count (ANC), approximately 141 cells/mm3 for every 0.1 mg/L increase
in clozapine concentration. Further regression models demonstrated that this relationship
was diminished by the inclusion of the metabolic ratio of clozapine and norclozapine, its

primary active metabolite, as a covariate. This metabolic ratio was negatively associated
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with neutrophil concentrations, and further analysis revealed that three SNPs previously
associated with norclozapine plasma concentrations and the metabolic ratio (rs61750900,
rs2011425 and rs1126545) were also significantly associated with ANC. These SNPs all reside
within CYP* and UGT* genes involved in the metabolism of clozapine, and these results
highlight the need for continued investigation of pharmacogenomic variants and their role

in the development of adverse side effects.

Introduction

Clozapine

First synthesised in the mid 1950’s by Swiss pharmaceutical company Wander AG, clozapine
was the first atypical anti-psychotic medication to be developed. Clozapine displays a
relatively low affinity for type 2 dopamine receptors (D2) as compared to other typical anti-
psychotic medications, displaying stronger antagonistic properties against D4 and 5-HT2A
receptors 2. Clozapine is considered the gold-standard treatment for individuals with TRS,
and has been found to be associated with higher rates of occupational activity and living
independently, as well as decreased hospitalisation rates and levels of compulsory
treatment in this patient subgroup 218, It has also been shown to significantly reduce the risk
of suicide in individuals with TRS, as well as significantly lower rates of parkinsonism and
tardive dyskinesia as compared to typical anti-psychotic medications such as haloperidol 2%°.
However, despite this, clozapine remains underutilised, not just in the UK, but across the
globe 220221 According to the National Institute for Health and Care Excellence (NICE), in
2002, 63,000 individuals had TRS but only 21% of them were receiving Clozapine. Rates of

clozapine prescribing have risen over time, increasing to 30% of those with TRS by 2007 222
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and 54% by 2010 *’, However, the medication remains under prescribed, with psychiatrist
attitudes often being cited as a significant factor in this. Studies have found that
psychiatrists can be reluctant to initiate clozapine treatment, preferring to utilise

polypharmacy in cases of inadequate treatment response 223

, or preferring to delay
clozapine initiation until after three or more unsuccessful antipsychotic treatments 224,
There are also well documented ethnic inequalities in clozapine prescription rates, with a
systematic review of literature concluding that Black and Hispanic individuals accessing
health care services in the UK and the USA were significantly less likely to receive clozapine
than White service users 22°, Data from 10,512 individuals across England and Wales found
that black service users had only 62% of the odds of receiving clozapine versus white service

users, and were more likely to receive injectable / depot antipsychotic medications than

other ethnic groups 2%°.

Reluctancy surrounding clozapine prescription can also in part be attributed to the risk of a
small number of serious adverse side effects. Whilst many of clozapine’s common side
effects are analogous to other antipsychotic medications, such as constipation, headaches
and nausea, clozapine is associated with relatively higher rates of metabolic side effects,
such as the dysregulation of insulin and glucose 2?’. In addition, the FDA has issued five so-
called ‘black box’ warnings for clozapine, the highest level of warning for medications. These
include myocarditis, seizures, risk of cardiovascular events in individuals with dementia,

orthostatic hypotension, and perhaps the biggest cause for concern, blood dyscrasias.

120



Blood Dyscrasias

Clozapine has been associated with a range of blood dyscrasias 2?8, but the two most
common are neutropenia and agranulocytosis, with prevalence’s of 3.8% and 0.9%
respectively 22%230, Neutropenia is a condition that is characterised by a lower-than-normal
number of neutrophils, typically below 1500 cells/mm? of blood. Neutrophils are a subtype
of granulocytes that account for up to 70% of all white blood cells in an individual’s immune
system 21, and perform the important task of engulfing and destroying pathogens, a
process known as phagocytosis. Whilst neutropenia can be short-lived, for example in cases
of drug-induced neutropenia, there are also chronic forms of the condition that occur
without clinical cause. This includes Benign Ethnic Neutropenia (BEN), where neutrophil
count remains chronically low with no increased risk of infection. This condition most
frequently occurs in individuals of African ancestries, with prevalence estimates of 25-50%
232 This condition has recently been linked to the atypical chemokine receptor 1 (ACKR1)
gene, referred to in previous literature as the Duffy antigen receptor complex (DARC) 89,
This GWAS of lowest absolute neutrophil count (ANC) in 552 individuals of African ancestry
taking clozapine demonstrated that individuals who were homozygous for the C allele of
rs2814778 (the Duffy-null genotype), were 20 times more likely to be classified as having

neutropenia.

In contrast, agranulocytosis is an acute medical emergency, characterised by a significant
reduction of granulocytes (again, the most affected being neutrophils) to dangerously low
levels, typically below 500/mm3. The result of this is a severely compromised immune
system, leaving the affected individual highly vulnerable to infections. It has also been

documented that unlike neutropenia where neutrophil count recovers fairly rapidly after
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discontinuation of the medication inducing the condition, neutrophils remain dangerously
low for several days, or even weeks 233. Agranulocytosis therefore has the potential to be life
threatening; a review in 2006 reported a case fatality rate of clozapine- induced
agranulocytosis of 4-16%, dependent on whether treatment with granulocyte colony
stimulating factor (G-CSF), a blood growth factor that induces rapid neutrophil proliferation
in the bone marrow was given 234, The risk of agranulocytosis during Clozapine treatment
first came to attention in 1975, when a letter was published in the Lancet reporting sixteen
cases of clozapine-induced agranulocytosis, resulting in eight deaths 23°. It was noted in this
letter that haematological monitoring could potentially allow for clozapine treatment to be
continued in a safe manner, but it ultimately led to the medication being withdrawn from
healthcare for nearly twenty years. It was at this point that two clinical trials, published a
year apart, highlighted the potential role of clozapine in the subgroup of patients who had
failed to respond to other anti-psychotic medications 234237, These studies, collectively
involving just under 420 patients, demonstrated that clozapine had greater therapeutic
benefits than chlorpromazine in individuals with TRS, and both concluded that frequent
haematological monitoring, particularly at the beginning of the treatment regimen, would

allow for the safe administration of the drug.
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Clozapine Metabolism and the Relationship Between Clozapine and

Neutrophils

Clozapine N-o
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Figure 7: A diagram of a liver cell with an overview of clozapine metabolism and transport. Light blue
denotes transporters gene, darker blue generic genes, solid purple drugs, and purple-yellow gradient
metabolites. The star denotes significance. Figure accessed via
https://www.pharmgkb.org/pathway/PA166163661, and first published in the following article 2%,

Available for use under a Creative Commons BY-SA 4.0 license

An overview of clozapine metabolism can be seen in Figure 7. Clozapine is metabolised

extensively in the liver, primarily through demethylation to produce N-desmethylclozapine
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(also referred to as norclozapine) or oxidation to clozapine N-oxide 3°. Cytochrome P450
3A4 (CYP3A4) is thought to be responsible for approximately 70% of clozapine clearance,
with more minor involvement from several other members of the cytochrome P450 family
(CYP1A2, CYP2C8, CYP2C19) and flavin containing dimethylaniline monooxygenase 3 (FMO3)
240 Although numerous enzymes are capable of forming norclozapine and clozapine N-
oxide, CYP3A4 and CYP1A2 are considered to be the major catalysts 241, A small number of
other metabolites have been identified in the urine of patients receiving clozapine, but their
clinical significance is more poorly understood 242. Clozapine is almost completely

metabolised prior to excretion.

The precise mechanism by which clozapine is affecting neutrophil levels remains contested.
One of the prevailing theories is that clozapine, or one its active metabolites, is bioactivated
into a highly chemically reactive nitrenium ion, which has the capacity to induce apoptosis in
neutrophils 243, It was also noted in this study that the neutrophils that underwent apoptosis
induced by the nitrenium ion displayed cell surface haptenation, with the nitrenium ion
acting as the hapten. A hapten is a small molecule that is capable of eliciting an immune
response, but only when it is attached to a larger protein, and it is possible that the
nitrenium ion is able to induce an immune response against the neutrophils that they are
bound to, leading to the observed apoptosis. A recent study demonstrated that clozapine,
norclozapine and clozapine N-oxide are all capable of conversion into nitrenium ions 244, It
has been posited that the bioactivation of clozapine and its metabolites to this nitrenium ion
is being done by the neutrophils themselves through the production of hypochlorous acid, a

very strong oxidising agent, when the neutrophils become activated 24°.
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Previous Studies of Blood Dyscrasias and Clozapine

There have been a small number of studies investigating the relationship between plasma
concentrations of clozapine metabolites and blood dyscrasias to date, but consensus has not
been reached. This is likely due to the relatively small sample sizes of each study. For
example, in an investigation of 5 patients with confirmed agranulocytosis, plasma clozapine
and norclozapine levels were with the therapeutic window 24®. In addition, when compared
to the serum levels of 59 patients on clozapine who had not developed agranulocytosis,
there was no significant difference observed. Another study, this time with a cohort of 37
schizophrenia patients taking clozapine observed no significant associations between
neutrophil count and plasma clozapine and norclozapine levels 247, A more recent study,
with a significantly increased sample size of 129 patients, did report a significant positive
association between serum concentrations of the metabolite norclozapine and neutrophil

count, as well as a positive association with clozapine / norclozapine ratio 2.

Finally, a study of 41 patients based in Mexico found a negative association between plasma
clozapine concentration and neutrophil count 24°. In multiple regression analyses, the study
observed significant negative associations between neutrophil count and multiple clozapine
measures, including plasma levels, dose and time on clozapine. The same relationship was
observed with leucocyte count, the name given to refer to all forms of white blood cells,
including neutrophils. No significant associations were observed between neutrophil counts
and norclozapine concentration, leading the authors to conclude that the effect of clozapine

on neutrophils was being driven by clozapine itself, and not its metabolite.
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Chapter Aims

The aims of this chapter were to attempt a replication of the findings put forward by
Vaquero-Baez and colleagues in a larger cohort, utilising a UK-based cohort of individuals
with TRS, CLOZUK2 °6. The use of this cohort allowed for the incorporation of genetic data,
specifically a set of common genetic variants that had recently been found to be associated

with clozapine concentration, norclozapine concentration and clozapine:norclozapine ratio

250

Methods

All statistical analysis, data curation and data visualisations presented here were completed
using the programming language Rv4.0.2 through the GUI RStudio (2021.09.0 Build 351). All
the work that is about to be presented was completed by myself independently under the

supervision of Dr. Pardifias and Professor Walters, unless otherwise indicated.

Cohort Description

Absolute Neutrophil Count data, clozapine plasma concentration data and genetic data
were all collected as part of the CLOZUK2 study 6. Whole blood samples and phenotypic
information were obtained via a collaboration with Leyden Delta (Nijmegen, Netherlands),
one of the major companies involved in the haematological monitoring and supply of
clozapine in the UK. The ANC and genetic ancestry data were curated as part of a GWAS of
ANC in individuals of African ancestry . Ancestry was determined through the use of
Ancestry Informative Markers (AlMs), a small group of SNPs that display highly divergent

allele frequency distributions in individuals of different genetic ancestries 2°1. ANC data was
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curated to generate a lowest ANC variable, where the data was subset to include only the
lowest neutrophil count reading on record for each individual. Genotyping was completed
by deCODE Genetics (Reykjavik, Iceland), following standard pre-imputation quality control
procedures 2°2, and imputation was performed on the Michigan Imputation Server, utilising
the Haplotype Reference Consortium panel 8183, Clozapine and norclozapine plasma
concentration data was curated as part of a GWAS of clozapine plasma concentrations 2°°,
The CLOZUK2 dataset contained assays taken from just under 4000 individuals at 15,504
time points. Concentrations of < 0.05mg/L of either metabolite (indicative of treatment non-
adherence) were excluded, as were assays for which the blood sampling took place either <
6 hours or > 24 hours after the patients most recent clozapine dose; this is the
recommended window for clozapine blood monitoring, to ensure drug absorption is

adequate at the time of sampling >3,

Inclusion Criteria

The dataset was curated to include only individuals who had a plasma clozapine
concentration, measured in mg/L, and an ANC measurement, expressed in cells/mm?3, taken
within a 21-day window of each other. A metabolic ratio variable was computed as the ratio
of clozapine plasma concentration: norclozapine plasma concentration for each individual,
who were then excluded if the ratio was > 3 or < 0.5 (n=19). Whilst a ratio of < 0.5

(indicative of high norclozapine in relation to clozapine) could be the result of genuine rapid
metabolism, it is more likely to be indicative of a patient not adhering to their treatment
regimen, due to the half-life of norclozapine being longer than that of clozapine. %> Ratios of
above 3 suggest that something is inhibiting the normal metabolism of clozapine, for

example a concomitant medication 2°#2°, It can also be indicative of treatment non-
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adherence, with high/normal levels of clozapine with an absence of norclozapine pointing to
a patient only taking their medication on the morning of their blood monitoring
appointment, in an attempt to conceal non-adherence. A total of 19 individuals were found
to have ratios outside these boundaries and were subsequently excluded. All remaining
individuals were then checked to determine if they were being prescribed clozapine for the
control of drug-induced psychotic symptoms in Parkinson’s Disease, the only other currently
licensed use case for clozapine (n=1). Due to insufficient numbers of non-European
individuals remaining in the sample following the application of these criteria’s, the decision
was made to restrict the cohort to individuals of European ancestry at this time, leaving a

final total sample size of 208 individuals.

Statistical Analysis of Metabolite Data

All statistical analysis for this chapter were conducted in R V4.02. Initially, the bivariate
relationships between ANC and four key variables (clozapine concentration, norclozapine
concentration, time on clozapine treatment and daily clozapine dose) was assessed via
spearman correlations. Spearman’s correlation was selected due to the non-normal
distribution of these variables, as assessed via visual inspection of histograms of the
variables and Shapiro-Wilk’s tests of normality. Following on from this, a series of
multivariate linear regression models were developed to further assess the relationship
between ANC (cells/mm?3) and plasma clozapine concentration (mg/L), with an additional
eight covariates: plasma norclozapine concentration (mg/L), daily clozapine dose (mg), time
on clozapine treatment (days), time between clozapine dose and blood sampling on the day
of sampling (hours), sex (male/female), age (years), and age?. Both age and age? were

included in the analysis to account for a possible non-linear relationship between ANC and
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age 2°6, A further two models were then run with additional covariates. First, the clozapine:

norclozapine ratio was introduced to assess the relationship between clozapine metabolism

and ANC, and then four pharmacogenomic SNPs were added in an attempt to identify

potential mediators. These SNPs will be discussed in the below section.

Pharmacogenomic Analysis

Four SNPs were selected based on the results of clozapine, norclozapine and metabolic ratio

GWAS conducted by Pardifias and colleagues 2°°, details of which are presented in Table 16.

Rs2472297 is an intergenic SNP located between CYP1A1 and CYP1A2 on chromosome 15. It

was found to be significantly negatively associated with clozapine plasma concentration and

carrying one copy of the minor allele of this variant was found to be associated with a

reduction in clozapine daily dose of 50mg, and 100mg for homozygous carriers. It was

hypothesised by the authors of this work that this may be linked to the location of this SNP

in an area with a high density of aryl hydrocarbon receptor (AHR) protein binding sites. AHR

binding in these areas has been shown to induce expression of CYP enzymes in hepatocytes,

the main site of clozapine metabolism.

MINOR
PHENOTYPE SNP ALLELE BETA SE MAF
CLOZAPINE RS2472297 T -0.089 0.013 27.94
NORCLOZAPINE RS61750900 T -0.149 0.018 9.9
NORCLOZAPINE RS2011425 G -0.112  0.019 8.65
RATIO RS61750900 T 0.212 0.012 9.9
RATIO RS1126545 T 0.078 0.01 14.22

Table 16: Pharmacogenomic SNPs used in the regression analyses, and their association to

clozapine metabolite concentrations in the GWAS from Pardifias et al. (2019). The MAF has
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been calculated based on the European only subset of CLOZUK2. SE= standard error of the
beta

The next SNP was rs61750900. This was significantly associated with two of the investigated
phenotypes; negatively with plasma norclozapine concentration, and positively with the
metabolic ratio. This is a missense variant in the UGT2B10 gene. The protein product of this
gene is a glucuronosyltransferase, a type of enzyme that catalyses glucuronidation
reactions. This is the process by which a glucuronic acid is covalently affixed to lipophilic
compounds, as a method of elimination. The enzyme encoded for by this particular gene
plays a major role in the glucuronidation of clozapine, as well as its major active metabolite,
N-desmethylclozapine (norclozapine) 2°7. Rs2011425, located on chromosome two, was also

a missense variant located within a UGT gene, in this case UGT1A4.

Finally, rs1126545 is a missense variant located with the CYP2C18 gene. The functional
relevance of this gene is less clear, as it is not currently included in the canonical metabolic
pathway for clozapine 238, However, that being said, in vitro study has shown that is it
capable of bioactivating clozapine 2°8, In the Pardifias paper, this SNP was positively

associated with clozapine metabolic ratio.

A fifth SNP, rs2879954, was considered for analysis, after it was found to be negatively
associated with clozapine serum concentration in a different paper, which conducted a
GWAS of clozapine serum concentration adjusted for individually assessed smoking habits
259 Unfortunately, the imputation quality of this SNP in the CLOZUK2 cohort was relatively
low, with the SNP missing in 78 / 208 individuals in the cohort. As such, it was not further

investigated at this time.
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Results

The dataset contained 208 individuals following the application of the inclusion criteria, 147
males and 61 females. Descriptive statistics regarding this cohort are provided in Table 17.
None of the individuals in this cohort had ANC levels at the time of blood sampling that
would have been indicative of neutropenia or agranulocytosis, and on average, they had
been taking clozapine for over 3 years at the time of sampling. 17 individuals were within
the first 18 weeks of clozapine treatment, and the shortest duration of treatment was just
under 11 weeks, with a longest duration of almost 20 years. They can therefore be generally
thought of as a cohort of long-term clozapine users who are able to tolerate clozapine
treatment and the necessitated haematological monitoring relatively well (the implications
of this will be discussed further below). The average clozapine daily dose was 357mg
(SD=136) for males and 322mg (SD=134) for females.

AVERAGE +/- SD

VARIABLE
Male, N=147 Female, N=61
CLOZAPINE (MG/L) 0.47 (0.28) 0.51(0.32)
NORCLOZAPINE (MG/L) 0.27 (0.17) 0.29(0.17)
DAILY DOSE (MG/DAY) 357 (136) 322.2 (134)
AGE (YEARS) 40.3 (13.2) 42.7 (14.2)
TIME ON TREATMENT (YEARS) 3.26 (0.8) 3.21(1.1)
ABSOLUTE NEUTROPHIL COUNT (1000
CELLS/MM3) 3.1(1.2) 3.1(1.2)

Table 17: Covariates used in the correlation and regression analyses, and their distribution in the
CLOZUK2 sample described in this study.
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Correlation Analysis

Spearman’s correlation results are reported in Table 18. None of the four variables were

significantly associated with lowest ANC in these bivariate analyses.

LOWEST ANC
OUTCOME
rho p

CLz -0.125 0.062
DMC -0.033 0.629
TIME ON

CLOZAPINE -0.073 0.289
DAILY DOSE -0.033 0.629

Table 18: Spearman’s rank correlations of several variables with ANC, reproducing the approach of
Vaquero-Baez et al. (2019)

Regression Analysis

In total, three linear regression models were conducted to assess the relationship between
clozapine metabolism and lowest ANC. Model 1 contained clozapine plasma concentration,
with the eight covariates discussed above. In model 2, the clozapine metabolic ratio was
added, in line with the approach taken in previous clozapine TDM studies 26925, Finally in
model 3, the pharmacogenomic variants discussed above were added to construct a final

regression model. The results for each of these models can be seen in Table 19.

Model 1

Both clozapine and norclozapine level were significantly associated with ANC; clozapine
level was negatively associated (B = -1.41, p = 0.009) and a positive association was found
for norclozapine (B = 1.77, p = 0.049). For each 0.1 mg/L increase in plasma clozapine

concentration, there was an associated decrease in ANC of 141 cells/mm3, and for each 0.1
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mg/L increase in norclozapine concentration, there was an increase in ANC of 177
cells/mma3. In addition, time on clozapine was negatively associated with lowest ANC, as was

age squared. Age was positively associated.

Model 2

With the addition of metabolic ratio in the model, the effect sizes of clozapine and
norclozapine shifted toward zero, becoming nonsignificant. Thus, a significant proportion of
their initial association appeared to be explained by their ratio, which was negatively
associated with ANC (B =-0.69, p = 0.021). For every unit increase in the
clozapine/norclozapine ratio there was an estimated associated decrease of 690 cells/mm3
in ANC. The relationship between lowest ANC and age, age squared and time on clozapine
was once again observed. The effect size for age and age squared remained extremely
similar, whilst the relationship between time on clozapine and lowest ANC was significantly

stronger in model 2 versus model 1 (from -0.001 to -0.150).

MODEL 1 MODEL 2 MODEL 3
VARIABLE -
Estimates p Estimates p Estimates p
CLOZAPINE CONCENTRATION -1.410 0.009 0.54 0.585 0.06 0.95
NORCLOZAPINE CONCENTRATION 1.77 0.049 -1.450 0.385 -0.570 0.738
DAILY DOSE 0 0.887 0 0.931 0 0.948
GENDER (MALE) 0.03 0.886 0.04 0.829 0.08 0.626
DAYS -0.010 0.113 -0.010 0.124 -0.010 0.105
AGE 0.12 0.001 0.11 0.001 0.12 0.001
AGE SQUARED -0.001 0.004 -0.001 0.004 -0.001 0.004
TIME ON CLOZAPINE -0.001 0.036 -0.150 0.044 -0.001 0.02
TIME BETWEEN DOSE AND SAMPLE -0.050 0.105 0.06 0.08 -0.050 0.122
RATIO -0.690 0.021 -0.540 0.035
RS2472297_T -0.130 0.324
RS61750900_T -0.410 0.048
RS2011425_G 0.45 0.026
RS1126545_T 0.33 0.039
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Table 19: Results of the three regression analyses with ANC as outcome. Bold highlight indicates
statistically significant effect sizes (p < 0.05). Rs2472297 was associated with clozapine plasma
concentration, rs61750900 was associated with norclozapine plasma concentration and ratio,
rs2011425 was associated with norclozapine plasma concentration and rs1126545 was associated
with ratio

Model 3

Of the four SNPs included in the analysis, three were significantly associated with ANC;
rs61750900_T (B = -0.41, p = 0.048), rs2011425_G (B = 0.45, p = 0.026) and rs1126545_T (B
=0.33, p = 0.039). Each minor allele was associated with a decrease in ANC of 410
cells/mm3 and increases of 450 cells/mm3 and 330 cells/mm3, respectively. In this model,
the metabolic ratio remained significantly associated with a decrease in ANC (B = -0.54, p =
0.035). The effect size of the metabolic ratio was reduced between model 2 and model 3,

following the inclusion of the pharmacogenomic variants.

Discussion

General Discussion

In this analysis of 208 longstanding clozapine users, a relationship between clozapine
plasma concentration and ANC was observed. However, this association was found to be
mediated by the metabolic ratio of clozapine with one of its primary metabolites,
norclozapine. For every unit increase of clozapine:norclozapine ratio, indicative of either
more rapid clearance of norclozapine or relatively slower metabolism of clozapine, ANC
decreased by 690 cells/mm3. The addition of four pharmacogenomic variants previously
associated with measures of clozapine levels led to three further significant associations

with ANC, both negative (rs61750900) and positive (rs2011425, rs1126545). Based on the
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results of the regression models, these associations do not appear to be clozapine dose

dependent.

Replication of Previous Findings

The effect sizes observed in this analysis compared to the findings reported by Vaquero-
Baez and colleagues in 2019 were considerably smaller. Besides the effects of the so-called

262 and the use of a substantially larger cohort (208 vs. 41), there are

winner’s curse
multiple other factors to consider. Firstly, the original study was conducted in Mexico City,
Mexico, and although no formal information regarding the ancestry of the individuals within
this cohort is given within the paper, they are likely to be of diverse ancestries 23,
Furthermore, it is likely that the cohort in the 2019 paper had significantly higher levels of
non-European admixture than the CLOZUK2 sample, that was recruited in the UK and made
up only of those of European ancestry, as inferred from genetic analyses. It therefore cannot
be ruled out that the work of Vaquero-Baez has uncovered a population- or ancestry-
specific effect, although no literature exists at this time to support this. As previously
discussed, an increased prevalence of neutropenia has been found in individuals with

264 and “benign” (constitutional) neutropenia rates vary

schizophrenia of African ethnicity
widely based on genetic ancestry 189265 |ndeed, the rate of clozapine-induced neutropenia
in Finland seems to be 20 times higher than that of other European countries with similar

clozapine prescribing rates 2°°

, which may have attributed to the study that ultimately led to
all but total withdrawal of clozapine from use in 1975 3>, However, to date, no specific risk

has been found in Mexican, Latino or Native American people.
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Another noteworthy difference is that the daily clozapine dose prescribed is substantially
different between the two cohorts, as inferred from a comparison of the study descriptive
statistics. In this study, average clozapine doses were 348 mg/day for males and 313 mg/day
for females, while Vaquero-Baez et al. (2019) reported average doses of 223 mg/day for
males and 105 mg/day for females (t-test p male = 1.31 x 10-10; p female = 1.43 x 10-6).
There was also a significant difference in the average time that the cohorts had been on
treatment with clozapine, upwards of three years in the present study with 3.26 years for
males and 3.21 years for females, and less than one year in Vaquero-Baez et al. (2019) with
10 months for males and 6.5 months for females (t-test p male = 5.9 x 10-3; p female = 6.18
x 10—16). This might have contributed to the smaller effect size observed between clozapine
metabolites and ANC, as our sample represents individuals who are longer-term clozapine
users who are able to tolerate clozapine reasonably well, and therefore likely excludes the
approximately 10% of people who, after a year of treatment, might go on to exhibit
neutropenia or other immune-related adverse effects 22°. The cohort in the 2019 study also
contained individuals just initiating clozapine, meaning it contained a larger proportion of
individuals who were within the 18-week period of highest risk for neutropenia and
agranulocytosis than the cohort analysed here %’. However, the main associations found
across the successive regressions in this analysis suggest that clozapine might have
sustained effects on ANC even in individuals without obvious haematological adverse
effects. This is consistent with the rationale for the current practice of continued
haematological monitoring of people being prescribed clozapine throughout their course of
treatment, and supports that additional measures to lower their risk of infections might
indeed be warranted even in long term clozapine users 28, for example ensuring their timely

access to annual influenza vaccines 26°.
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Limitations

There are a few limitations in this work that must be considered when interpreting the
results of this project. Although several covariates of suspected relevance to neutrophil
count / clozapine metabolism were used in the regression analyses, no data were available
for the CLOZUK2 cohort for several factors that are known to affect clozapine metabolism,
including concomitant medications taken by the patients?’%, the use of tobacco products?’?
and the consumption of coffee and other caffeine-containing substances?’2. As well as this,
the cross-sectional nature of the ANC data used in this study means there is no information
regarding neutrophil trajectories over the course of treatment. Replicating this analysis in a
longitudinal dataset would help to overcome this, and would allow for better estimations of
the scale of the detected associations and whether ANC varies in particular patterns over

time. Finally, due to a lack of samples with alternative genetic ancestries, this analysis was

conducted in a sample of exclusively Europeans.

Future Work

Since the conclusion of this project, a third phase of the CLOZUK cohort (CLOZUK3) has been
collected, first described in detail elsewhere 8>, This cohort of roughly 1400 samples has
longitudinal measures of both clozapine levels and neutrophil counts, meaning that the
work presented here can now be replicated in a larger, longitudinal sample of clozapine

users. This would address two of the primary limitations of this analysis.
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Chapter Conclusion

Neutropenia and agranulocytosis are significant barriers in the wider use of clozapine. The
mechanisms underlying clozapine’s effects on neutrophils are still not fully understood, and
previous literature on the topic has been variable, owing to small sample sizes and
heterogeneity of study design. In this chapter, a cohort of 208 clozapine users were curated
with the metabolic, haematological and genetic data required to investigate the relationship
between clozapine and ANC in finer detail. Clozapine metabolic ratio and three
pharmacogenomic variants were demonstrated to be significantly associated with ANC, in a
cohort of individuals who had been taking clozapine for an average of several years, and at
the time of sampling did not have an ANC indicative of neutropenia or agranulocytosis.
Whilst the results outlined here cannot provide specific insights into the biological processes
underlying clozapine’s impact on neutrophils, it does highlight a number of potential
avenues for future research, including replication of the analysis in a longitudinal sample to
better clarify the relationship between clozapine and neutrophil count across the course of
treatment. The results are also in line with current guidelines surrounding ongoing
haematological monitoring in clozapine users past the initial 18 weeks of treatment when

agranulocytosis risk is highest.
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Discussion and Conclusion

Summary of Results

Schizophrenia has a complex, polygenic genetic architecture, and is highly heterogeneous in
terms of symptoms, response to treatment and prognosis. Large-scale collaborative GWAS
have been successful in identifying common genetic variation associated with the disorder,
but more work is required to understand how individuals with schizophrenia differ
genetically from one another, and whether they can be stratified into subgroups. The ability
to define more homogeneous cohorts of those with schizophrenia could advance the field of
schizophrenia genetics research and diagnosis in psychiatry, and could be a first step to a
more personalised medicine approach to the treatment of the disorder. This could be
through the identification of novel therapeutic targets, leading ultimately to the
development of new medications, or through identifying genes and pathways that will allow
for the better utilisation of current treatment options. It could also allow for the
identification of biomarkers that are specific to subtypes of the disorder, allowing for
treatment regimens to be tailored to patients more individually from the outset. For
example, if a biomarker of TRS could be confidently identified, individuals with TRS could
more rapidly be prescribed treatments that have an increased chance of being effective, for
example earlier access to clozapine. Currently, this is not the case; a recent review of the
literature 273 found that the duration of delay from when a patient satisfies the eligibility
criteria for clozapine treatment to the time of clozapine commencement ranged from 19.3
weeks to 5.5 years, and that the duration of illness prior to clozapine initiation ranged

anywhere from 1.1 to 9.7 years.
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In research chapter 1, | conducted an analysis on the largest available GWAS for bipolar
disorder and schizophrenia, to identify disorder specific genes and genomic loci that could
provide key insights into the neurobiological differences between the two disorders. Using
the CC-GWAS method, | identified 27 loci that had significantly different allele frequencies
between the two disorders, 26 of which can be considered schizophrenia unique. The
summary statistics were significantly genetically correlated with schizophrenia, but not
bipolar disorder, as well as a number of phenotypes previously associated with
schizophrenia, including intelligence. Polygenic risk score analysis in an independent
prevalence cohort, Cardiff COGS, showed a significant negative association between the CC-
GWAS PRS and age at onset of psychosis, and positive associations with both negative and
disorganised symptom domains. In each of these instances, the CC-GWAS PRS was
associated with the phenotypes with the same direction of effect that the schizophrenia PRS

displayed, with a similar effect size.

In research chapter 2, the focus shifted from differentiating schizophrenia from bipolar
disorder, to investigating the genetic differences between treatment-resistant schizophrenia
TRS) and non-TRS. Due to the availability of a large collection of previously genotyped
schizophrenia cohorts, a direct case-case GWAS remained the gold standard, the CC-GWAS
method not being appropriate for use anyway as a consequence of the high genetic
correlation between TRS and non-TRS. Through a major collaboration with the
schizophrenia working group of the PGC, | defined 40,000 schizophrenia cases as being
resistant or responsive to treatment and conducted the largest case-case analysis of
treatment resistance in schizophrenia to date. A genome-wide significant locus was, for the

first time, identified, as were a number of loci, albeit below genome-wide significance, that
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had previously been implicated in GWAS studies of treatment response in other disorders,

including major depressive disorder.

In research chapter 3, the research question was focussed within TRS, aiming to better
elucidate the relationship between clozapine and absolute neutrophil count. Utilising the
pharmacokinetic and haematological data collected as part of the mandatory blood
monitoring whilst taking clozapine, | identified a significant association between the ratio of
clozapine and its main metabolite norclozapine and ANC. This association was found to be in
part mediated by a small number of variants that had previously been identified in GWAS of
norclozapine concentration and clozapine:norclozapine ratio. This provided support for
ongoing blood monitoring even in patients who have been maintained successfully on
clozapine for many years and lent tentative evidence to the theory that clozapine’s impact
on neutrophils is not restricted to early-stage treatment. This reinforces that additional
measures to lower risk of infections might indeed be warranted even in long term clozapine
users 258, for example ensuring timely access to annual influenza vaccine 26° and COVID-19

booster vaccinations 274,

Key Contributions and Novel Findings

There are a number of key research findings that this thesis represents. Research chapter 1
acted as a validation of the CC-GWAS method and identified its potential utility in
investigating both cross-disorder and within disorder phenotypic associations. It also
identified a number of loci that appear to be specific to schizophrenia versus bipolar
disorder, offering potential future insights into neurobiology specific to schizophrenia. The

amalgamation of the phenotypic information required to undertake the work of research
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chapter 2, through extensive collaboration, and the development of a QC pipeline that
allows for the combination of large numbers of previously genotyped cohorts without
evidence of genomic inflation, are both key contributions, and ultimately resulted in the
identification of the first genome-wide significant locus in TRS. The work will also
undoubtedly prove valuable to ongoing efforts to understand the genetics of treatment
resistance across the field of psychiatry, for example as part of the Horizon EU grant Psych-
STRATA. Finally, research chapter 3 identified an association between clozapine metabolism
and absolute neutrophil count in individuals who had been stably taking clozapine for
several years. Whilst more work is required to both replicate this finding in a larger cohort
and better elucidate the pathways / mechanisms underlying this association, this finding

does have potential clinical implications.

Strengths and Limitations

Whilst the work of this thesis does provide a number of key contributions to the literature
surrounding schizophrenia and its stratification into more genetically homogenous

subgroups, it is not without its limitations, which will be discussed below.

General Limitations

One limitation shared across all three chapters is the lack of ancestral diversity in the
samples. In research chapter 3 it was necessary to exclude non-European individuals
completely, due to there not being sufficient numbers of people of other genetic ancestries
to analyse. The schizophrenia cohort amalgamated as part of research chapter 2 ultimately

ended up being approximately 98% Europeans, due to the majority of the cohorts being
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drawn from the core European datasets of the schizophrenia working group of the PGC.
Even the most ancestrally diverse batch, those genotyped on the GSA array, was 90.2% from
European ancestries. In research chapter 1, the iteration of the schizophrenia GWAS used
for the analysis was approximately 19% East Asian and 91% European and did not contain
the 14,394 African American and Latino samples that were later added to the meta-analysis.
The version of the bipolar disorder GWAS used in the analysis was exclusively European.
Schizophrenia is present globally, and the prevalence of schizophrenia does not deviate
significantly by country 27>, However, prevalence has been demonstrated to significantly
differ by ethnicity, with ethnic groups from outside Western Europe having significantly
increased rates of schizophrenia and psychoses related diagnoses 2’°. It is possible that this
is related to environmental factors known to be associated with increased schizophrenia

277 with the majority of genetics research

risk. For example, it could be a result of migration
taking place in countries where non-European ancestries are minorities. The explanation for
the link between migration and schizophrenia risk is not certain, however it is possible that
the chronic experience of social defeat, racial discrimination and adverse living conditions
could be contributing factors. It is also possible that there are ancestry-specific genetic
variants associated with schizophrenia risk which are not currently being identified due to
the Eurocentric nature of much of the GWAS literature. It is therefore paramount that non-

European individuals are included in schizophrenia research, and more work is required to

ensure that they are adequately represented.

Strengths and Limitations: Research Chapter One

These results demonstrate the utility of the CC-GWAS method for identifying potential

genetic differences between pairs of disorders. As long as the limitations of the method are
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considered (discussed below), and the loci are suitably assessed through follow up analysis
and review of the literature, CC-GWAS can effectively identify loci with divergent effects in
disorders, as well as loci that are specific to only one disorder. Local genetic correlation
analysis, for example through LAVA, can be used in conjunction to provide additional
information about any identified loci, and statistical fine mapping techniques can be utilised
to better characterise the identified loci. It therefore presents the opportunity to generate
sets of genes that could offer insights into the aetiology of specific disorders, and in turn
future potential drug targets. This would allow for treatment options to become more
specific for each disorder, which currently tend to be treated with the same set of
medications. In addition to the identification of disorder-specific genes, the CC-GWAS
summary statistics can be subjected to much the same post-hoc analysis as case-control
GWAS summary statistics. Here, it was demonstrated that CC-GWAS results could be used
for genetic correlation analysis, and the generation of PRS, but many other potential
applications exist. CC-GWAS summary statistics may therefore have extensive applications

in cross-disorder research.

The CC-GWAS method is not without its limitations. First, it important not to generalise the
results too much beyond the input case control GWAS, as you cannot guarantee that a
variant that displayed no association in the selected input GWAS has not displayed a
significant association in other GWAS of the disorders, or that a gene identified via the CC-
GWAS has not previously been implicated in a disorder tagged by a different variant, as was
found to be the case for WSCD2, discussed previously. This can be mitigated somewhat by
using the largest, most highly powered GWAS as the input, but again, the onus is on the user

to investigate each observed association. In this way, CC-GWAS summary statistics are
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analogous to GWAS, with CC-GWAS acting as an initial step in genomic discovery. Another
limitation of relevance in this work is the effect of the power of the input GWAS on the
results. In this case, the schizophrenia GWAS had significantly higher statistical power than
the bipolar disorder GWAS, and so it is possibly not surprising that the loci that were
identified here were schizophrenia specific. If a GWAS of more comparable statistical power
was available for bipolar disorder, it is possible that loci specific to bipolar disorder could
also have been identified, as it seems to be highly unlikely that the genetics of bipolar
disorder consist exclusively of loci shared with schizophrenia. After all, the genetic
correlation between schizophrenia and bipolar disorder, whilst high, is discernible from 1, at
0.68 ?78.The final limitation of relevance to the work of this thesis is the fact that the method
can only be applied to disorders, or subtypes of disorders, with a genetic correlation of <
0.8. This negates its use, currently, in sex stratified analyses of disorders where the genetic
correlation is normally very close to 1, but also of highly related disorder subtypes, for
example TRS and non-TRS. The ‘delta’ CC-GWAS method was found to be analogous to
conducting a test for interaction between two case-control GWAS of TRS and non-TRS, as

was performed by Pardifias and colleagues in a previous PGC secondary analysis 114,

Strengths and Limitations: Research Chapter Two

The primary strength of this analysis was the sample size that it was possible to collect. For
this analysis, it was necessary to amalgamate both the phenotypic information needed to
define treatment resistance with a relatively high degree of accuracy, and the individual
level genotypic data required to perform a direct case-case GWAS. With a final, harmonised
sample size of just over 39000 individuals, this is the largest case-case analysis of TRS versus

non-TRS ever conducted. In addition, a QC pipeline that allows for the combination and joint
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analysis of large numbers of previously genotyped cohorts together without evidence of
genomic inflation has been developed, which may be useful as work continues as part of the
Psych-STRATA grant, where analogous work will be conducted with a focus on bipolar

disorder and major depressive disorder.

The primary limitation of the work presented in research chapter two is the known inclusion
of misclassified individuals. 27°. Whilst approximately half of the individuals for which there
was no available phenotypic information were removed from the analysis, approximately
2,500 individuals of ‘unknown phenotype’ are still present. This remains necessary
currently; the exclusion of these people leads to an almost complete loss of non-TRS
controls from the OMEX GWAS batches, which contain close to two thirds of the available
TRS cases. Their complete removal would therefore lead to a significant reduction in the
overall sample size. Based on the most current estimates of the prevalence of TRS, 20-30%
of the individuals in these cohorts would be expected to be treatment resistant, but there is
currently no way to define them. In addition, whilst clozapine prescription is considered a
relatively effective proxy for treatment resistance 9289281 due to its use solely as a
medication in individuals who have failed to respond to at least two (in practice, often
more) antipsychotic medications, the definition of the treatment responsive individuals is
more uncertain. Clozapine is widely underutilised internationally, with delays in initiation
and premature discontinuation both contributing to this 22, It is likely, therefore, that even
in the cohorts for whom clozapine information was available, people who are treatment
resistant (or are likely to become characterised as such with time) remain in the non-TRS
side of the analysis at this time. The analyst who provided the FinnGen summary statistics

attempted to quantify this, utilising the > 20 years of data available for the individuals in the
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dataset. When examining ~1500 individuals for whom there was at least 20 years of
information available, if a cut-off of 2005 was applied, 486 individuals had received a
clozapine prescription (32.1%). By 2010, 633 individuals had been prescribed clozapine
(41.8%), and by 2015, 697 individuals had been prescribed clozapine (46.0%). Finally, by
2020, 746 individuals were receiving clozapine (49.2%). This means that at the 2005 time
point, 33.8% of the non-TRS controls would have been wrongly classified. The majority of
the PGC datasets used here cover a much shorter time course than FinnGen, and so it is
likely that TRS individuals not far enough into their disease course to be prescribed
clozapine are present in the controls. Finland also has one of the highest rates of clozapine
prescription in the world 22!, with their prescribing guidelines calling for a reduction in dose
of clozapine in instances of neutropenia, rather than a cessation of the drug. As such, the
levels of misclassification in samples from other countries may in fact be higher than the

rate observed in FinnGen. Work is ongoing to address this issue, as discussed further below.

Strengths and Limitations: Research Chapter Three

The analysis conducted in research chapter 3 represented an improvement on the
previously published work on this subject 246249 in a number of ways, primarily in terms of
sample size. The sample size (208) was five times larger than the work by Vaquero-Baez and
colleagues (n=41) and approaching twice the size of the next largest analysis conducted by
Smith and colleagues (n=129). The individually small sample sizes of these studies no doubt
contributed to the variability of results that have been observed to date, and the lack of

reproducibility across the literature.
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The primary limitation of research chapter 3 is the cross-sectional nature of the available
data. There was no information regarding patient’s ANC over the course of their treatment,
or at baseline before treatment with clozapine had begun. As such, whilst the research
outlined in this chapter does point to a negative association between clozapine metabolism
and ANC that is not limited to the first 18 weeks of clozapine treatment, this limitation
should be taken into consideration when interpreting the results. In addition, there are a
number of variables that are known to affect clozapine metabolism and ANC, which are
missing from the analysis due to a lack of available data. For example, there is a well-

established link between clozapine metabolism and smoking %22

, and smokers are commonly
found to have significantly lower clozapine: norclozapine ratios than non-smokers. There is
also a well-documented association between clozapine metabolism and caffeine 283, with
caffeine acting as an inhibitor of clozapine via its inhibition of the CYP1A2 receptor. There
was also no available data on concomitant medication besides clozapine, a variable that
could have potentially affected clozapine metabolism 284 and ANC 85, Whilst the original
study that inspired this analysis did have concomitant medication information and found no
significant effect 249, it is important to consider that the effect observed here could be at
least partially explained by other medications being taken by the patients. Finally, whilst it is

the largest analysis of clozapine and ANC conducted to date, the sample size is still relatively

small, at 208 individuals, and replication in a larger sample will be required for validation.
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Potential Research / Clinical Applications

Potential utility for differential diagnosis

Rates of misdiagnosis in the field of psychiatry remain high 286, with differential diagnosis
between schizophrenia and bipolar disorder continuing to be a challenge in some
circumstances 28, There is significant overlap between the disorders not just in terms of
genetics, but also symptoms, patterns of inheritance in families, outcome, and treatment
response 288, Delays in correct diagnosis can have meaningful, long-term impacts on a
patient’s wellbeing and outcome, as it can lead to unnecessary or ineffective treatments
being trialled, as well as frustration and upset for the patient themselves when their
symptoms do not respond 28, Although the predictive power of CC-GWAS derived PRS will
be limited by the statistical power of the method and the input case-control GWAS, PRS
could potentially be used as a tool for differential diagnosis. If an individual who first
presents to medical services had a high PRS derived from this analysis, this would perhaps
be indicative of a schizophrenia diagnosis. This will however require the input case-control
GWAS to be not only large, but well characterised, made up of more homogenous case
cohorts. More immediately, it could also have a number of other applications in research.
For example, CC-GWAS PRS could be used to stratify previously collected research cohorts
into more homogenous subgroups, such as a ‘core’ group of individuals who could be
considered the closest to the archetypal presentation of schizophrenia. This could allow for
the better elucidation of within disorder phenotypic associations, which may currently be

obscured by the use of broader, heterogenous schizophrenia cohorts.
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Potential biomarkers for neurobiological insights and novel drug targets

The disorder specific loci identified using the CC-GWAS method have the capacity to inform
and improve current understanding regarding disorder specific pathology, and with time,
could inform potential novel drug targets. Current psychiatric medications, whilst effective
for many individuals, provide only symptomatic relief and do not fully address the full
symptom profile of a significant proportion of patients. Genes that are identified through
downstream analysis of a CC-GWAS analysis could represent pathways and mechanisms that
are particularly important to the aetiology of a specific disorder, and as such could be good
candidates for future drug targets. Evidence from human genetics research has been shown
to be positively correlated with the success of drug development 2%, and the CC-GWAS

could potentially provide another layer of evidence for a novel drug target.

Potential biomarkers of treatment resistance in schizophrenia

To the best of knowledge, this is the first time that common genetic variants have been
identified that have been associated specifically with TRS at genome-wide significance.
Genes identified through case-case GWAS as being significantly associated with TRS could
ultimately become novel drug targets, improving treatment options for a subgroup of
individuals who historically have had only limited choices. During the period of time
between diagnosis and clozapine commencement, patients are not experiencing adequate
therapeutic benefits from antipsychotic medication. The duration of this period of untreated
illness has been associated with poorer prognosis and treatment outcomes in a number of
studies 291292 There is also evidence to suggest that delays in clozapine initiation reduce the

efficacy of clozapine itself 23, The identification of new drug targets, either informed by
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improved understanding of neurobiology specific to TRS or otherwise, has the potential to
meaningfully impact the quality of treatments received by individuals with TRS. In addition,
whilst probably not clinically useful, a TRS PRS could be utilised in research to stratify
schizophrenia cohorts and identify individuals outside of those prescribed clozapine who
have a high likelihood of having TRS. This would have been an incredibly useful tool to have
in the preparation of the cohorts used in research chapter 2, both in the cohorts for whom
no phenotype information was available, and in those where clozapine information was but

did not necessarily capture all TRS individuals within the sample.

Potential link with treatment resistance of other psychiatric disorders

The post-GWAS analysis required to implicate specific genes, as well as replicate the findings
in independent samples has not been completed. Nevertheless, the genes most implicated
by lead SNP position within the nominally significant loci examined as part of research
chapter 2 had all been implicated in previous GWAS studies of treatment response in other
disorders, including two that were associated with treatment response in major depression.
Treatment resistance is an ongoing issue across the field of psychiatry, with prevalence
estimates varying widely from 20-60% for major psychiatric disorders 2%, It is also a topic of
increasing interest within the research community, with estimates made that just under half
of papers focussing on psychiatric disorders published in 2019 examining aspects of
treatment resistance, an increase of approximately 20% from 2000 2°4. The concept that
genomic loci associated with treatment resistance could be shared across major psychiatric
disorders is potentially very interesting and is one of the key areas of interest of the Psych
STRATA grant, a Horizon EU grant, which will examine treatment resistance in

schizophrenia, bipolar disorder and major depression, as well as trans-diagnostically.
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Accurate Definitions of TRS and non-TRS will be key to future research

Individuals with TRS are present in significant numbers within schizophrenia research
cohorts. The final sample was 48.2% TRS, and whilst this will have been affected by the
inclusion of the CLOZUK datasets which contain only TRS individuals, intra-cohort rates of
treatment resistance were found to be significantly above the 20-30% rate that would be
expected based on estimates of TRS prevalence in clinical practise. This was despite the fact
that individuals with TRS cannot currently be perfectly called within the cohorts, with
individuals remaining in the non-TRS controls at this time (discussed in detail previously).
High rates of TRS in these cohorts is perhaps not surprising, due to a large proportion of PGC
cohorts recruiting samples from within in-patient psychiatric units or blood monitoring
services for clozapine, but it is a major consideration for future work. To fully define TRS in
research samples phenotypic information beyond clozapine is required, to allow for the
identification of people not yet prescribed clozapine, or who cannot tolerate it. The matter
is even more complex with regards to accurately defining individuals with non-TRS, which at
this point in time is based only on an absence of clozapine. This of course only has limited
accuracy, and the collected medication information has the potential to improve the
homogeneity of the non-TRS cohorts, through the identification of people who are likely to

be treatment resistant in the absence of a clozapine prescription.
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Genetic Variants Associated with Clozapine Metabolism also associated with
ANC

This study demonstrated for the first time a potential link between pharmacogenetic
variants associated with clozapine metabolism and absolute neutrophil count. Three
variants were found to be significant when added as covariates in model 3 (rs61750900,
rs2011425 and rs1126545), and were associated with a decrease in ANC of approximately
400 cells/mm3 per effect allele. This is the first time, to the best of knowledge, that genetic
determinants of clozapine pharmacokinetics were shown to have a potential effect on ANC,

and more work is required to better understand the potential relationship observed here.

Clozapine Metabolism Associated with ANC even in Long-Term Clozapine Users

The cohort studied in research chapter 3 had on average been taking clozapine for several
years and had not developed neutropenia or agranulocytosis during their treatment.
However, a negative association between clozapine metabolism and ANC was still observed
in these individuals, suggesting that clozapine affects ANC even in those who seem to
tolerate the medication reasonably well. This would suggest that the current practice of
continued regular haematological monitoring past the initial 18 week period associated with

the highest risk of blood dyscrasias 267

is necessary, and that long-term clozapine users
should be given priority access to measures that will lower their risk of developing

infections.
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Future Work

The work of research chapter 1 is complete, and in the process of being prepared for
publication as part of a collaboration with another research group. A potential avenue for
further work would be to implement the CC-GWAS+ method, discussed within the
supplementary note of the CC-GWAS paper 1> and available as part of the ‘CCGWAS’ R
package (https://github.com/wouterpeyrot/CCGWAS), where a direct case-case GWAS of
schizophrenia and bipolar disorder is completed and added to the analysis to boost the
statistical power. It is possible if this was completed that more bipolar disorder specific loci
could be identified. In addition, the final published form of both the schizophrenia and
bipolar disorder GWAS are larger with a greater degree of ancestral diversity than the
versions used in this analysis, and it could therefore be prudent to repeat the analysis with
the now available, larger GWAS. The CC-GWAS method is appropriate for use in the
comparison of multi-ancestry GWAS, although it is noted by the authors that false positive
associations can arise due to differential tagging of a causal stress test SNP caused by

differences in ancestries between the GWAS 11>,

The work of research chapter 2 is still ongoing. Future work will focus on the better
elucidation of the biological relevance of the genome wide significant locus, and will also
entail further refinement of the non-TRS samples, both through the collection of phenotypic
information for the cohorts for which there is currently none available, and the utilisation of
the wider phenotypic information collected. Through an examination of the antipsychotic
medication information and duration of illness variables, individuals with a high likelihood of

being treatment resistant who have not yet been prescribed clozapine can be reclassified, or
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at least excluded from the non-TRS controls. This work will likely have to be completed with
the involvement of a psychiatrist, due to the complex, non-standardised nature of the
information available, and the variability in international prescribing practices 2°>.There are
also analytical techniques that can be implemented to account for misclassification in the
GWAS, such as proposed here °®. In addition, a series of downstream analyses will be
undertaken, including the calculation of PRS and genetic correlation analysis, as well as
significant work regarding gene sets and express. This is discussed in more detail in the
discussion section of research chapter 2. In addition, a replication of the interaction analysis,
where two case-control GWAS of TRS and non-TRS are analysed together 14 is planned for
completion. With this in mind, the corresponding healthy controls for all of the cohorts were
retained throughout the QC procedure and were removed only after imputation had been
completed. Whilst the number of non-TRS samples is unlikely to increase significantly, the
TRS case-control GWAS should be significantly larger. It would likely be prudent, however,
to wait until all available samples have been fully classified as treatment resistant or
responsive before conducting this analysis, as this analytical method will also be affected by

treatment misclassification.

Since the completion of research chapter 3, a new wave of CLOZUK data has become
available. This new phase of CLOZUK has a number of key advantages over previous
iterations. Firstly, it will allow for a replication of the analysis in a larger sample size, and
secondly, it has longitudinal measures of clozapine concentration and ANC. The new
CLOZUK cohort therefore has the potential to overcome the two primary limitations of the

work discussed here. The new phase of CLOZUK should therefore allow for a better
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understanding of the relationship between clozapine metabolism and ANC. This work is

currently underway by others in the department, and the results are awaited with interest.

Conclusions

The heterogeneity of schizophrenia has been a significant barrier in the development of
more personalised medicine approaches to treatment. The accurate identification of more
homogenous subgroups of individuals with schizophrenia will be of significant importance to
treatment regimens becoming more specific and could also lead to the identification of
disorder/subtype distinct neurobiology being better understood, and with time, novel drug
targets. This thesis used a range of methods to investigate common genetic variation
specific to schizophrenia as a broad phenotype outside of its pleiotropy with bipolar
disorder, identifying 27 loci that may hold key biological insights for the aetiology of
schizophrenia. Through major collaboration with an international consortium, it then
focused on treatment resistance, performing a direct case-case GWAS of TRS versus non-
TRS and ultimately culminating in the identification of the first genome wide significant
association with TRS. It also acted as an important proof of principle for future work that will
attempt to investigate treatment resistance across major psychiatric disorders as part of the
Psych-STRATA EU grant. Finally, the largest investigation to date of the association between
clozapine metabolism and absolute neutrophil count was conducted, identifying novel
associations with three common genetic variants associated with norclozapine
concentration / metabolic ratio and ANC, and also demonstrating that clozapine negatively
affects neutrophil count even in long term clozapine users. Whilst future work is required to

fully elucidate the biological and mechanistic insights that these findings may represent, the
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work presented here was a crucial first step, and may ultimately contribute to the
developments of novel treatment options for individuals with schizophrenia. This could
either be through the identification of specific genes and drug targets, or through the better
characterisation of research cohorts allowing for subgroup specific associations to be

revealed.
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Appendix

Appendix 1: Discussion of Top Genes from Research Chapter 1

Identified Genes

In total, 27 loci were identified in this chapter. However, only a subsection will be discussed.
For three of the CC-GWAS loci, the full posterior probability of the corresponding FINEMAP
locus from PGC3 SCZ is accounted for by CC-GWAS significant SNPs and will be discussed
first. For a further four, over 50% of the posterior probability is accounted for CC-GWAS
significant SNPs, and the full credible SNP set of the corresponding FINEMAP locus falls
within the base pair boundaries of a CC-GWAS locus and will also be discussed. With the
exception of two (STAG1 and TBC1D5), each of these genes are in the final prioritised gene
list generated as part of the work PGC3 SCZ. Finally, the locus for which there was no

overlap with a PGC3 FINEMAP locus will also be discussed.

SLC39A8

Solute Carrier Family 39 Member 8 is a longstanding schizophrenia associated gene, having
been implicated in multiple GWAS of schizophrenia prior to PGC3 SCZ, where genome wide
significance was retained °>%7. The SLC39A8 protein is an electroneutral transporter protein,
located within the plasma membrane and integral to the uptake of zinc and manganese. It
has also been hypothesised that SLC39A8 may mediate the extracellular uptake of
manganese by the cells of the blood-brain-barrier 2%7. This protein has been extensively
implicated in GWAS of neuroimaging measures, measures of brain volume and cortical

thickness, with reported association counts of 48, 46 and 35 on GWAS catalog respectively,
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as well as a wide range of other phenotypes. SLC39A8 was also a significant association
within the original CC-GWAS paper, in both the schizophrenia versus anorexia nervosa and
schizophrenia versus ADHD analyses 1*°. It has not previously been implicated in bipolar
disorder specifically, and follow-up analysis in studies assessing the pleiotropy of psychiatric

disorders concluded that the association was specific to schizophrenia 119298

R3HDM?2

R3H Domain Containing 2 is another well-documented schizophrenia risk gene %%, Limited
information is available regarding the function of the protein product of this gene, although
it is predicted to enable RNA binding activity. Similarly to SLC39A8, R3HDM2 has been
reported in a wide range of phenotypes, most commonly studies of traits related to
cholesterol measures. It has not previously been reported in a GWAS of bipolar disorder, or

other psychiatric phenotypes.

ATP2A2

ATPase Sarcoplasmic/Endoplasmic Reticulum Ca2+ Transporting 2 is an intracellular pump
that catalyses the hydrolysis of ATP in conjunction with the transport of calcium from the
cytosol to the endo- / sarcoplasmic reticulum. It is the causative gene in the autosomal
dominant disorder Darier disease, which is characterised by wart-like blemishes on the
body, and there is longstanding literature surrounding the presence of neuropsychiatric

29 |t is a well-established

symptoms and disorders in cases with Darier disease
schizophrenia risk gene, with genome wide significant associations reported in multiple

GWAS 9596300302 and was also located within a genome wide significant locus in both the

schizophrenia versus anorexia nervosa and schizophrenia versus autism spectrum disorder
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CC-GWAS analyses !'°, The gene was implicated in a previous bipolar disorder GWAS when
the sample was restricted to just bipolar disorder type 1 13°, but was not genome wide

significant in PGC3 BD or other previous bipolar disorder GWAS.

TBC1D5

TBC1 Domain Family Member 5 plays a key role in autophagy 3%, a process by which
misfolded / dysfunctional cellular components are broken down and removed from the cell.
Damaged cellular components are packaged into an autophagosome, which then merges
with a lysosome (a cell organelle containing hydrolytic enzymes), to degrade the contents
and release the broken-down components back into the cytosol. TBC1D5 has been
implicated in several previous schizophrenia GWAS in addition to PGC3 SCZ 9>96:300-302 3nd
was also a genome wide significant gene in the CC-GWAS analysis of schizophrenia versus
Tourette’s and other tic disorders !>, In addition, it has been implicated in GWAS of
educational attainment 1942%_ |t has not been previously implicated in any GWAS of bipolar

disorder.

KLF6

KLF Transcription Factor 6 is a member of the Kruppel-like family of proteins and functions
as a transcription factor, integral to the process of converting DNA into messenger RNA by
binding to the upstream regulatory elements of genes. Previous to PGC3 SCZ, this gene was
only reported to be associated with schizophrenia risk in one GWAS %7, and has not

previously been reported in the bipolar disorder literature.
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CRHR1

Corticotropin Releasing Hormone (CRH) Receptor 1 is a G-protein coupled receptor that
binds to CRH, the primary hormone involved in stress response. CRH stimulates the
synthesis of adrenocorticotropic hormone (ACTH) in the pituitary gland, as part of the
hypothalamic-pituitary-adrenal (HPA) axis. It is primarily secreted by the paraventricular
nucleus (PVN) of the hypothalamus in response to adverse stress. CRHR1 has been

implicated in a wide range of neuropsychiatric phenotypes, including multiple measures of

304 305

white matter integrity 3°%, neuroticism 3% and aggressive behaviour in ADHD 3%, It has been
implicated in schizophrenia in one GWAS prior to PGC3 SCZ 3%/, and has not been previously

implicated in bipolar disorder in any published GWAS.

STAG1

Stromal Antigen 1 encodes for a component of the protein complex cohesin, which is
integral to the process of cell division and replication. Cohesin ensures that sister
chromatids remain connected to each other throughout metaphase and facilitates the
attachment of cytoskeletal structures called spindles to the chromatids. Both of these
functions are crucial to the proper and full segregation of chromatids to opposite poles of
the cell undergoing cell division, resulting in both newly formed daughter cells having a full
complement of chromosomes at the completion of telophase. STAG1 has been implicated in
GWAS of schizophrenia multiple times prior to PGC3 SCZ 9597300302 |t was also implicated in

115 as well as

the CC-GWAS analysis of schizophrenia versus autism spectrum disorder
MTAG analysis of schizophrenia 2°¢ and a study that utilised a method known as ASSET

(Association analysis based on subsets) to investigate the pleiotropy between cognition,

educational attainment and schizophrenia 3. A variant within STAG1 surpassed genome
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wide significance in a study of pleiotropy shared between disorders, but it was concluded in
follow-up analysis that this variant was specific to schizophrenia and was not associated

with any of the other seven disorders under study %°.

RTN4

Reticulon 4 was the closest gene by SNP position for the locus that displayed no overlap
with a PGC3 SCZ FINEMAP locus and was not genome wide significant in either input GWAS.
Reticulon 4 is a neurite outgrowth inhibitor and is thought to be one of the reasons CNS
axons are unable to regenerate as readily as axons in the peripheral nervous system 3% |t
has not been implicated in GWAS of psychiatric disorders previously, with the exception of

nominal associations in GWAS of major depression 310311
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Appendix 2: Full PRS results in Cardiff COGS, Research Chapter 1

Table 20: Full PRS results from research chapter 1, age at onset of psychosis

Age at Onset of

Psychosis Schizophrenia PRS CC-GWAS PRS Bipolar Disorder PRS
(Intercept) 9.705*** | 9.628%** | 9.858*** | 9.854*** | 9772%** | 9 Q931**k* | 9891*** | 9.899*** | 9.9p1***
Polygenic Risk Scores

Pt 1 -0.977** -0.896** -0.289

Pt_0.05 -1.054** -0.829** -0.132

Pt_5e.08 -0.459 0.002 -0.328
Covariates

PC1 3.795 4.834 2.116 2.031 3.692 -1.4 -0.696 -1.074 -0.227

PC2 30.944 41.325 52.419 21.306 33.37 25.087 21.898 24.391 36.519

PC3 90.847 88.575 83.058 89.844 91.134 84.616 89.236 87.828 76.859

PC4 -3.83 -4.279 -3.887 -4.337 -4.85 -4.26 -4.517 -4.467 -3.963

PC5 24.734%* 26.161%** 24.284* 26.716** 27.482%* 23.547* 23.188* 23.242%* 23.856*

male_sex -1.298* -1.293* -1.379* -1.387* -1.387* -1.424* -1.413* -1.414* -1.412%*

Age_at_Interview 0.373*** | 0.374*** | 0.369*** | 0.372*** | 0.372*** | 0.370*** | 0.370*** | 0.370*** | 0.368***
R2 0.248 0.249 0.24 0.246 0.245 0.238 0.238 0.238 0.239
Adj. R2 0.239 0.241 0.231 0.238 0.236 0.229 0.23 0.229 0.23
Num. obs. 720 720 720 720 720 720 720 720 720

**% = < 0.001; ** = p < 0.01; * = p < 0.05
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Table 21: Full PRS results from research chapter 1, negative symptoms of diminished expressivity, based upon the symptoms of affective flattening (a loss or
lack of emotional expressiveness) and alogia (difficulty speaking)

Negative Symptoms of

Diminished Expressivity Schizophrenia PRS CC-GWAS PRS Bipolar Disorder PRS
(Intercept) -0.416* -0.401* -0.426* -0.428** -0.414* -0.436** -0.432** -0.430** -0.442+**
Polygenic Risk Scores

Pt 1 0.098** 0.090* 0.033

Pt_0.05 0.125*** 0.116** 0.028

Pt_5e.08 0.07 0.028 0.059
Covariates

PC1 3.443 3.204 3.417 3.601 3.195 3.768 3.856 3.874 3.729

PC2 36.056 34.55 32.47 36.935 35.084 35.397 36.84 36.675 34.481

PC3 11.892 12.294 11.986 12.089 11.587 12.554 11.652 11.477 13.417

PC4 -0.281 -0.236 -0.283 -0.221 -0.148 -0.193 -0.2 -0.185 -0.28

PC5 -1.221 -1.411 -1.204 -1.417 -1.646 -1.083 -1.053 -1.029 -1.149

male_sex 0.185* 0.182* 0.190* 0.194** 0.191** 0.196** 0.195** 0.195** 0.194**

Age_at_Interview 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005
R2 0.025 0.03 0.02 0.023 0.028 0.017 0.017 0.017 0.019
Adj. R2 0.015 0.02 0.01 0.013 0.018 0.006 0.006 0.006 0.009
Num. obs. 755 755 755 755 755 755 755 755 755

*** = p<0.001; **=p<0.01; *=p<0.05
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Table 22: Full PRS results from research chapter 1, disorganised symptoms, made up of positive thought disorder (derailment, pressure of speech) and
inappropriate affect (display of reactions that do not match the situation)

Disorganised Symptoms Schizophrenia PRS CC-GWAS PRS Bipolar Disorder PRS
(Intercept) -0.079 -0.057 | -0.099 -0.101 -0.085 | -0.114 -0.103 | 0092] 012
Polygenic Risk Scores

Pt 1 0.170%** 0.132%** 0.076*

Pt_0.05 0.200*** 0.151%** 0.096**

Pt_5e.08 0.096* 0.041 0.066
Covariates

PC1 5.472 5.154 | 5.624 5.842 537 | 6.085 6.15 6.118 6.099

PC2 45.363 42.998 |  40.63 46.77 44295 | 44511 46.911 46.736 43.85

PC3 -7.245 6584 | -7.074 -6.925 7591 | -6.24 -7.852 -8.845 |  -5.449

PC4 -1.891 1813 | -1.874 -1.788 1695 | -1.748 11.737 1655 | -1.857

PCS5 0.011 0277 | 0.082 -0.24 -0.485 |  0.249 0.325 0.451 0.171

male_sex 0.073 007| 0084 0.089 0.087 | 0.093 0.091 0.087 0.091

Age_at_Interview -0.002 -0.003 | -0.002 -0.002 -0.002 | -0.002 -0.002 0.002| -0.002
R2 0.036 0.046 | 0.017 0.025 003 | 0011 0.014 0.018 0.013
Adj. R2 0.026 0.036 | 0.007 0.015 0.02 0 0.004 0.007 0.003
Num. obs. 755 755 755 755 755 755 755 755 755

**% = p < 0.001; ** = p < 0.01; * = p < 0.05
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Table 23:Full PRS results from research chapter 1, Use of other non-prescription drugs. According to the ratings guide, ‘Other Non-Prescription Drugs
include: amphetamine, cocaine, heroin, LSD, solvents, benzodiazepine and ecstasy. As with cannabis use, ‘regular use’ refers to use that is persistent for
one month or repeatedly within one year (i.e., at least once a week for at least 6 months of the year)

Non-Prescription Drugs Schizophrenia PRS CC-GWAS PRS Bipolar Disorder PRS
(Intercept) 20.992 ‘ 19.983 17.432 23.618 22.711 ‘ 20.071 20.964 24.181 20.539
Polygenic Risk Scores

Pt 1 0.001 0.049 -0.048

Pt_0.05 -0.034 0.05 -0.086

Pt_5e.08 -0.1 -0.177* -0.034
Covariates

PC1 14.402 14.516 15.019 14.378 14.24 15.313 14.502 14.511 14.52

PC2 108.985 108.797 113.607 110.277 109.517 114.567 108.172 107.542 110.011

PC3 36.004 36.291 36.813 36.076 36.039 34.497 36.893 38.151 34.983

PC4 -1.282 -1.27 -1.181 -1.192 -1.158 -1.389 -1.272 -1.341 -1.255

PC5 0.795 0.864 0.954 0.646 0.597 0.712 0.736 0.584 0.844

male_sex 0.926*** | 0.931*** | 0.940*** | 0.925*** | 0.924*** | 0.940*** | 0.928*** | (0.932*** | 0.928***

Age_at_Interview -0.074 -0.074 -0.073 -0.076 -0.075 -0.075 -0.074 -0.076 -0.074

YOB -0.01 -0.01 -0.008 -0.011 -0.011 -0.01 -0.01 -0.012 -0.01
AIC 789.752 789.616 788.538 789.478 789.449 785.837 789.486 788.884 789.606
BIC 835.628 835.492 834.414 835.353 835.325 831.713 835.361 834.76 835.481
Log Likelihood -384.876 -384.808 -384.269 -384.739 -384.725 -382.919 -384.743 -384.442 -384.803
Deviance 769.752 769.616 768.538 769.478 769.449 765.837 769.486 768.884 769.606
Num. obs. 726 726 726 726 726 726 726 726 726

**% = < 0.001; ** = p < 0.01; * = p < 0.05
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