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“There is little reason to believe that these diagnostic

categories are valid.”

A comment about the DSM diagnostic categories on the first page

of a leading psychiatry textbook (Sadock, 2000).
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2 Summary

A major challenge of psychiatry is to be able to tell who will respond best to which treatment before
they start. This will save time for the patient and be beneficial to wider society. It is widely assumed
that an individual’s response to treatment will be due to their genetics. The most common type of
genetic analysis in psychiatric genetics is that of comparing those who have a clinical diagnosis of a
psychiatric morbidity to controls. The focus of this thesis, however, is to investigate the genetics of
phenotypes that are features of several psychiatric diagnoses. This is known as a research domain
classification (RDoC) approach. The main benefit to this approach is that is looks at traits that cut
across traditional diagnostic boundaries and these traits can also apply to the general population
and as such require less effort to obtain larger sample sizes with more detailed phenotyping. The
thesis shows a range of differing techniques to identify genomic regions for a variety of traits as
well as a range of differing downstream analyses. As the thesis progresses the techniques used
become more sophisticated reflecting the progress that is being made in the field of genetic

research.

The thesis begins with a meta-analysis of three treatment cohorts to determine whether genetic
loading for a psychiatric morbidity and a personality trait - Major Depressive Disorder (MDD) and
neuroticism, respectively - can be used to predict response to antidepressants (published in PLOS
one). The paper uses a polygenic risk scoring (PRS) approach to calculate an individual’s genetic
loading for a trait using pruning and thresholding (P&T) methodology to see if higher genetic loading
for these traits resulted in poorer outcomes for those taking a selective serotonin reuptake inhibitor
(SSRI) antidepressant. The outcome measure is percentage reduction in Hamilton Depression
(HAMD) score. The analysis is performed in three cohorts and the results combined using an inverse
variance weighted meta-analysis. The results, although largely not statistically significant showed
that greater genetic loading for both MDD and neuroticism correlated with poorer response to

SSRIs.

This leads onto the first genome-wide association study (GWAS). The second and third papers
investigate the same mood instability phenotype, that of a single item question on whether the
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participant thought their mood often goes up and down (published in Translational Psychiatry and
Molecular Psychiatry, respectively). Each paper uses a different methodology due to the techniques
that were available at the time. Firstly, logistic regression and the then in a BOLT-LMM setting which
allows for maximising of the sample size via use of a genetic relationship matrix. The first paper,
which identifies 4 loci, uses downstream analytical techniques such as PRS analysis and linkage
disequilibrium score regression (LDSR) to validate the use of a simple, easily obtainable mood
instability phenotype. The second mood instability paper, due to its larger sample size and
identification of forty-six genomic loci, also uses other techniques such as phenotype linkage
network (PLN) analysis and expression quantitative trait loci (eQTL) analysis to further contextualise

the results and identified a community of genes containing serotonin and melatonin receptors.

The fourth paper is an analysis of suicidality and was the first paper to identify areas of the genome
that may drive suicidal behaviour (published in EBioMedicine). This paper uses a cumulative link
function to analyse an ordered ordinal phenotype that combines self-harm and suicidal behaviours
to identify 3 loci. Validation of the phenotype was performed through PRS analysis showing how
those who had committed suicide had higher genetic loading for the suicidality phenotype than
controls who had reported no suicidal ideation whatsoever. Then the paper explores how loading

for this phenotype associates with psychiatric outcomes.

The fifth and final paper uses a measure of anhedonia for the genetic analysis and correlates risk
scores of this phenotype with brain structure and function. As with the second mood instability
GWAS this approach uses BOLT-LMM to maximise statistical power and sample size which led to
the identification of 11 independent loci. This paper also uses a newer approach to polygenic risk
scoring, that of LDpred. This newer method is superior to that of P&T as only a single risk score is
generated and as it makes use of more of the available information from the GWAS summary
statistics, generates a more statistically powerful score. These LDpred anhedonia scores correlated
with total grey matter volume and the volume of 4 out of 15 regions of interest previously

associated with anhedonia as well as two brain integrity measures in those same 15 regions.



One of the themes running through the five publications (in addition to the evolution of different
methodological approaches) is the potential advantage of studying psychopathological traits rather
than formal diagnostic categories. As alluded to by the opening quote in the thesis from a leading
psychiatry textbook by Sadock, such an approach may be more useful than identifying genetic

variants associated with Diagnostic and Statistical Manual of Mental Disorders (DSM) 5 diagnoses.

3 Introduction

3.1 Background

We have now entered an unprecedented era of discovery in the field of genetic epidemiology in
mental health, driven by huge datasets and global consortia. As we reach sample sizes numbering
into the hundreds of thousands, it becomes possible to begin to deconstruct highly polygenic

psychiatric disorders.

However, the best way to accomplish this is currently not clear. Large consortia such as the
Psychiatric Genomics Consortium (PGC) tend to compare those with categorical diagnoses of a
psychiatric disorder to those without a diagnosis (Major Depressive Disorder Working Group of the
Psychiatric, 2013, Schizophrenia Working Group of the Psychiatric Genomics, 2014, Duncan et al.,
2018, Wray et al., 2018, Sklar, 2011). The issue here is that psychiatric disorders have always been
defined by their symptomatic profile. For example, symptoms and signs are grouped together for a
clinical diagnosis but it is highly likely that there are multiple genetic pathways that could lead to
any given symptom or symptom cluster. As such, traditional case/control genetic analyses may not
be the best way to identify the underlying biology. Additionally, within the broad clinical diagnosis
category of MDD, and other psychiatric conditions, there will be a spread of risk alleles for different
symptoms or clusters of symptoms and each individual will likely only have a subset of these alleles.
By grouping all these symptoms together into a single phenotype many true genetic signals may be
missed. This is exemplified by the fact that genome-wide association studies (GWAS) for MDD until
recently failed to identify any associated region of the genome and the most recent GWAS of MDD

(in over 480,000 people) identified only forty-four associated loci (Wray et al., 2018).



Additionally, if a case/control GWAS identifies a region of the genome associated with a diagnostic
category such as bipolar disorder, it is not possible to say which of the associated genetic variants
map to different aspects of bipolar psychopathology. For example, it is not possible to know which
of the variants have more of an influence on mania and which are related to depression. One of the
long-term goals of understanding the genetic aetiology of a condition is the development of new
drugs by identifying new potential drug targets. This lack of genotype-phenotype specificity
mitigates against translational research efforts such as drug development (for example, it is
currently not possible to say which of the genetic variants associated with bipolar disorder would

be the best targets for a new anti-manic drug, or indeed a mood stabiliser).

One potential application of the genetic analysis of psychiatric disorders is to stratify patients for
appropriate treatment, although accomplishing this task is still a long way away. As noted above,
psychiatric disorders are diagnosed by grouping together different symptoms. The causes of those
symptoms may vary considerably from person to person. For example, a third of patients diagnosed
with MDD and treated with SSRIs do not respond to treatment (Rush et al., 2006) and, as such, may
require a different pharmacological treatment approach. The emerging field of stratified medicine
aims to deliver “the right treatment to the right patient at the right time” and a major component
of this approach is the use of polygenic risk scores (PRS) as potential prediction of treatment
response. To date, there has been some success for example the work of Amare et al. has shown
how PRS scores for Schizophrenia, HLA Antigen, MDD and depressive symptoms can be used to
predict lithium response in patients with bipolar disorder (Amare et al., 2018a, Amare et al., 2018b).

In both these studies greater genetic loading correlated with poorer response to lithium treatment.

Over the course of this thesis | assess the usefulness of an approach to genetic discovery that builds
on the research domain classification or ‘RDoC’ approach (Cuthbert and Insel, 2013). These traits
cut across traditional diagnoses and are also present to a greater or lesser degree within the general
population. | focus on the traits of mood instability, anhedonia and suicidality. These analyses shed
light on the genetic basis of the traits and help contextualising the work of others who have

previously identified the same loci as associated with a range of psychiatric outcomes.



3.2 Cohorts

Two cohorts were used for the published papers. Here | give an overview of both.

3.2.1 International SSRI Pharmacogenomics Consortium

The International SSRI Pharmacogenomics Consortium (ISPC) (Biernacka et al., 2015) (paper one) is
an attempt to discover genetic variants associated with response to SSRIs in MDD. The consortium
was made up of just fewer than 1000 subjects for whom genetic and phenotypic data were
available, collected across seven sites in Europe, North America and Asia. Only about a third of the
sample were of European origin (Biernacka et al., 2015) and it is this third that were analysed in
paper one as the summary statistics used to create the PRS were also derived from European

ancestry individuals.

3.2.2 UK Biobank

The UK Biobank cohort (Sudlow et al., 2015) is a large general population cohort with over half a
million subjects with a comprehensive range of genetic and phenotypic data collected. UK Biobank
data are used in papers two to five. Composed mainly of individuals of European ancestry over the

age of 40, this cohort has allowed genetic analysis on an unprecedented scale.

3.3 Mood Disorders

3.3.1 Major Depressive Disorder (MDD)

According to the DSM 5 (DSM-5, 2013), for a clinical Diagnoses of MDD an individual must present

five or more of the following symptoms during the same two week period:

1. Depressed mood for most of the day, nearly every day

2. Diminished pleasure in all, or almost all, activities for most of the day, nearly every day
(anhedonia)

3. Decrease in appetite and loss of weight when not on a diet or increase in weight

4. Slowing of cognitive and physical processes

5. Insomnia or hypersomnia nearly every day

6. Fatigue nearly every day

10



7. Excessive and/or inappropriate feelings of guilt nearly every day and/or feelings of
worthlessness nearly every day
8. Diminished concentration or indecisiveness nearly every day

9. Thoughts of death and/or suicidal ideation

It is important to note that either points 1 or 2 (low mood and anhedonia), as core symptoms, must
be present and the symptoms cannot be attributed to substance abuse or other medical condition

such as dementia.

3.3.2 Bipolar Disorder
Bipolar Disorder is a mood disorder where individuals experience recurrent depressive phases and
manic phases. For clinical diagnosis (DSM-5, 2013) manic phases must last at least 7 days and

comprise:

1. Feelings of euphoria

2. Reduced need for sleep

3. Increased sexual desire

4. Hallucinations and/or delusions
5. Marked increase in energy

6. Engage in risky or reckless behaviour

Several subtypes of bipolar disorder have been defined in DSM 5 that distinguish between severity
and frequency of the manic and depressive phases (DSM-5, 2013). Bipolar | is defined as mania

plus depression and bipolar Il is hypomania plus depression.
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3.4 Phenotypes

The main phenotypes investigated in each of the papers and the rationale for studying them, are

described below.

3.4.1 Hamilton Depression Ratings Scale (HAMD)

The Hamilton depression rating scale (Hamilton, 1960) (HAMD) assesses depressive symptom
severity. It was developed in the 1950s as a tool for measuring change in depressive symptoms
within pharmacological clinical trials. Paper one investigates how change in HAMD scores during
treatment with an SSRI might correlate with genetic loading for both MDD and the depression-
related trait of neuroticism. This paper is relevant in today’s emerging field of stratified medicine
as it is widely assumed that failure to respond to pharmaceutical treatment is due to individual

genetic variability.

3.4.2 Mood Instability

A core feature of many psychiatric disorders is “mood instability”, which can be defined as a
subjective perceived inability to adequately regulate internal mood states. Both paper two and
paper three make use of a single item self-report measure in the UK Biobank cohort to define mood
instability based on the baseline response to the question "Does your mood often go up and down?"
(Biobank data variable 1920) as the outcome variable of a genome wide association study.
Determining genetic variants that affect mood regulation could be useful in identifying new drug

targets that could be used to treat multiple psychiatric conditions, most notably bipolar disorder.

3.4.3 Suicidality

Identifying genes linked to suicide in large genetic studies has always been difficult because suicide
is a relatively rare event and the process of obtaining consent from people at risk of suicide is
challenging. It is however possible is to create a scale of increasingly severe suicidal thoughts and
behaviours, such as self-harm and attempted suicide. Paper four makes use of such a scale
constructed from the UK Biobank dataset. As suicidal ideation is not present in all psychiatric

disorders it would be of great benefit to patients and clinicians to be able to determine which
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patients may be at greater risk of self-harm or suicide. Paper four lays the foundation for the

development of such patient stratification by establishing a genetic basis for suicidality.

3.4.4 Anhedonia

Anhedonia is defined as an inability to feel pleasure in normally pleasurable activities and is a core
symptom of MDD and other conditions, such as Parkinson’s disease. Paper four uses a novel GWAS
approach where anhedonia is defined on an ordinal scale. Participants were asked at baseline “Over
the last two weeks, how often have you been bothered by little interest or pleasure in doing things?’
(Biobank data variable 2060) with responses measured in the approximate number of days. One
potential advantage of this is that any genomic regions associated with anhedonia should be
relevant to fundamental pleasure and reward pathways in the brain, rather than heterogeneous

diagnostic categories such as MDD.

3.5 Techniques

3.5.1 Primary techniques
This section describes the techniques and methodologies that | developed and delivered during my
research fellowship, including the designing of pipelines, running analyses and analysing and

interpreting outputs.

3.5.1.1 Polygenic Risk Scoring

Polygenic risk scoring (PRS) is a method for estimating an individual’s genetic loading for a trait
using GWAS summary statistics (Dudbridge, 2013). PRS are used extensively throughout the five
publications. The first four papers use the pruning & thresholding (P&T) method and are created
by firstly determining the linkage disequilibrium (LD) structure of the genome by grouping single
nucleotide polymorphisms (SNPs) into clumps, or blocks, using certain LD parameters, then
selecting the SNP with the lowest p value from each clump that is below the threshold of the score.
For all the SNPs used in the score, the number of risk alleles an individual has at that SNP is
multiplied by the effect size for that SNP from a given GWAS, summed across all SNPs used in the

score, then averaged. This process makes use of the fact that not all SNPs that affect any given
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phenotype may reach genome wide significance in a GWAS of that trait. As such, several scores are
created at ever less stringent p value thresholds, allowing for more SNPs to be incorporated into

the score.

The second method, LDpred (Vilhjadlmsson et al., 2015) used in paper five, works on a similar
principal but instead of using the SNP with the lowest p value an expectation function is used to
calculate the expected beta coefficient of the clump given the beta coefficients that have been
measured. Using their infinitesimal model creates a single score per trait. As more information is
used in generating this score than in the P&T methodology the LDpred scores are more powerful

than even low threshold P&T risk scores.

These risk scores can then be used as predictors either for the same trait in a different cohort as a
form of validation of the GWAS, or as predictors of a different phenotype/outcome. Significant
correlations of cross-trait PRS analyses suggest that the underlying genetic architecture of the two

traits is to some extent shared and may have multiple genes and/or pathways in common.

3.5.1.2 Random Effects Meta-analysis
When a similar experiment has been performed in several different cohorts it is possible to combine
the results into a single result using only the results of the separate experiments. The most common

|”

method used is known as the “inverse variance-weighted random effects model”, as implemented
in paper one. Here variance is defined as simply 1 divided by the standard error of the beta
coefficient, not the more commonly used definition of the average of the squared differences from
the mean. This has the effect of giving components of the meta-analysis with smaller standard error
a larger weighting in the model than those with larger standard error. This is because analyses with
smaller standard errors are closer to the true value than those with large standard errors (implying
low accuracy). A random effects model is more often chosen than a fixed effects model because it
assumes the outcome is arrived at by different means (fixed effects models assume that the

outcome in different analysis is achieved via the same route). In the context used in this thesis

(HAMD scores) we know that the same score may be arrived at differently in two individuals.
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Additionally, different groups of depressed patients may have different genetic factors causing

depression. As such, a random effects model is more appropriate than a fixed effects model.

3.5.1.3 Genome Wide Association Study

GWAS identifies regions of the genome that associate with phenotypes. This methodology tests
each SNP in turn by looking at how the phenotype changes in individuals with differing copies of
the minor allele (MA). To use an extreme example, imagine a binary phenotype and one bi-allelic
SNP. First, we look at those who have no copies of the MA and none of them have the phenotype.
In those with one copy of the MA, half of them have the phenotype and in those with two copies
of the MA all have the phenotype. We would then conclude that this SNP does associate with the

phenotype. In the real world, however, the changes in phenotype are a lot more subtle.

As the number of SNPs tested can be in the millions, a more stringent p value threshold is used and
conventionally significance is achieved when the p value of a SNP drops below 5*1078. This threshold
is derived not simply as a Bonferroni correction (i.e. 0.05 divided by the number of tests performed)
but by the number of separate LD blocks in the human genome of those with European ancestry,
currently estimated at around 1 million blocks. As we shall see, a GWAS can be performed on a
variety of traits from case/control analyses, within a logistic setting, and using linear and ordinal

phenotypes within a BOLT-LMM setting (Loh et al., 2015b).

The use of BOLT-LMM, which was designed for use in datasets the size of UK Biobank (Loh et al.,
2018), is a far more powerful tool for genetic analysis than logistic regression for two main reasons.
Firstly, it uses a genetic relationship matrix (GRM) (Loh et al., 2015b) to account for both relatedness
between individuals as well as population stratification of the sample and secondly, it creates a
global model of genotyped SNPs which more closely resembles the genetic architecture of a traits
than testing SNPs one at a time. It has been shown to work well investigating the genetic

architecture of psychiatric pathologies such as schizophrenia (Loh et al., 2015a).

Conventionally, BOLT-LMM only applies to linear phenotypes but in paper three | use it to analyse

mood instability as a binary phenotype. This is acceptable because BOLT-LMM treats these
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phenotypes as a linear phenotype (where the only points on the scale are 0 and 1). Similarly, with
the anhedonia GWAS in paper five BOLT-LMM assesses an ordered ordinal phenotype as a linear
phenotype. Paper four also uses an ordered ordinal phenotype (suicidality) but it was not possible
to treat this as a linear phenotype because the distance between points was not measurable, i.e.
there was no way of quantifying the distances between the phenotypes of “thought life not worth
living” and “actual self-harm” and “attempted suicide”. As such, a cumulative link function was
employed for the main analysis in paper four. The link function works as an extension of a binary
logistic regression computing the odds of being 0 to being 1 then from 1 to 2 and so on up the scale.

This eliminates the need for knowing the distance between points on the suicidality scale.

3.5.1.4 Linkage Disequilibrium Score Regression

Linkage disequilibrium score regression (LDSR) is used in papers two to five and serves several
purposes. Firstly, using only GWAS summary statistics it can partition the separate contributions of
polygenic effects and other confounding factors. This allows for SNP heritability estimates for the
trait to be made and inflation of the test statistics to be calculated. It does this by regression of a
SNPs LD score against its test statistic from a given GWAS. Additionally, it can be used to estimate
genetic correlations between traits. This is accomplished by calculating the deviation between ¥?
statistics of the two different phenotypes to that which would be expected under the null

hypothesis.

3.5.2 Secondary techniques

There are some techniques used in the published papers that were performed by someone else.
Here | provide a brief overview of these techniques and how they added value to the primary focus

of the GWAS papers.

3.5.2.1 Expression Qualitative Trait Loci analysis

GWAS are good for identifying regions of the genome that associate with phenotypes and for
calculating heritability estimates but tell us nothing about function: further downstream analyses
are required. One of these is expression qualitative trait loci (eQTL) analyses. These work by
identifying SNPs in associated loci that are known to impact on the expression of genes, either by
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being part of a genotype-specific gene expression pattern or in very high LD with one, using
databases such as GTEx (Consortium, 2013). The GTEx database uses global RNA expression from
individual tissues and variations in the genome to identify genetic variants that correlate with the

amount of each of the different RNAs found within each tissue.

EQTL analysis is assumed that most of the variations of a phenotype are caused by changes in
expression of genes rather than actual alterations to protein coding sequences due to the high
frequency of intronic and intergenic mutations compared to exonic mutations. By determining
which genes are impacted by eQTLs in the region this approach can aid in identifying the genes that
are affecting the phenotype and, by extension, the biological mechanism which would give rise to

the phenotype.

3.5.2.2 Phenotype linkage network analysis

Another useful type of downstream analysis of GWAS summary statistics is that of phenotype
linkage networks (Honti et al., 2014) used in paper three. These networks are created by combining
data from a variety of sources from —omics data sources such as protein-protein interactions, GO
terms, the KEGG pathway database, and mouse orthologue databases. Biases can arise from such
methods, such as gene coding sequence length but these issues can be overcome and allows for
determining if the summary statistics from a given GWAS show enrichment in any given biological

pathway or network.

3.5.2.3 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a technique used to analyse biological structures, and in the
context of paper five the brain. In paper five we used two common structural MRI techniques.
Diffusion tensor magnetic resonance imaging provides measures of white matter tractography by
determining the extent and direction of water diffusion along axons in white matter tracts, as water
molecules will travel along an axon more freely than across an axon. This allows for the
determination of the primary direction of diffusion along a tract axon. From this, two variables can
be derived called fractional anisotropy (Chenevert et al., 1990) and the other is mean diffusivity (Le
Bihan et al., 1986). Fractional anisotropy is the proportion of water molecules that are traveling in
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the expected direction (i.e. along an axon as opposed to across an axon), where higher values are
considered a marker of ‘better’ white matter tract integrity. Mean diffusivity is a measure of the
average rate of diffusion of water in the brain in all three axes, where higher values are considered
‘worse’.

Volumetric image analysis is used to calculate the volume of brain tissues (i.e., grey matter, white
matter, cerebrospinal fluid), and of individual regions of interest. There are multiple methods for
calculating these volumes from manually specifying points on an image to more autonomous
methods. In UK Biobank, an automated method (FMRIB’s Automated Segmentation Tool (Woolrich
et al., 2009)) was used to derive total white matter, grey matter and cerebrospinal fluid volumes,
and volumes of 139 regions of interest from the Harvard-Oxford cortical/subcortical atlas. Paper
five uses a PRS approach to see whether the volumes of specific brain regions as well as their

fractional anisotropy and mean diffusivity correlate with a person’s genetic loading for anhedonia.

3.6 Relevant concepts

3.6.1 Principal Genetic Components

Principal genetic components (PGCs), used extensively throughout the thesis, are covariates that
allow for high dimensional data, in this context SNP data, to be compressed into lower orders of
data without losing the information. Adjusting models for principal components in genetic analysis
accounts for cryptic relatedness, or population stratification, between individuals used in the
analyses (Price et al., 2006). The use of PGCs as covariates in the models accounts for the natural

variation in allele frequencies in different locations reducing the chance of a type 1 error.

It is possible to generate as many principal components as there are SNPs but most of the variation
will always be in principal components one and two. In the papers | adjust for the first eight principal

components as a conservative measure.

3.6.2 Relatedness
Another important issue that requires consideration in genetic analyses is that of relatedness. It is

important to make sure that no two individuals in a sample are too closely related as it leads to bias
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in the results. If there are closely related individuals in the sample, appropriate consideration of
this is necessary. The two different methodologies used are that of filtering by relatedness using

kinship coefficients and using a genetic relationship matrix (GRM).

A kinship coefficient is a number that states how closely two individuals are related. The closer
related two individuals are, the closer their kinship coefficient is to 1 although it is important to
note that a kinship coefficient of greater than 0.5 implies inbreeding. More reasonable examples of
kinship coefficients are that of sibling-sibling and parent-sibling, both of which are 0.25, and
monozygotic twins who have a kinship coefficient of 0.5. Kinship coefficients are used in papers two
and four for excluding one individual at random from each pair of related individuals with valid
phenotypes. The cut-off for deciding if two individuals are related was 0.042, which is the

equivalent of second cousins.

An alternative approach used in papers two and five is that of a GRM used by BOLT-LMM. Here the
model accounts for relatedness using a matrix of SNPs that are not in LD to establish the degree of
relatedness. The benefit of this method is that it allows for the sample size to be maximised because

no one is filtered out for being too closely related to someone else in the sample.

3.6.3 Genotyping chip

The UK Biobank cohort was genotyped on two different genotyping chips (Biobank, 2018).
Approximately 50,000 people were genotyped on the UK BIiLEVE Axiom array chip whilst the
remainder were genotyped on the UK Biobank Axiom Array chip. Although they had over 98% of
SNPs in common these slight differences lead to a difference in the results of the final imputed
dataset. To control for these differences, and to stop variation between the chips being falsely

attributed to the phenotype, all of the GWAS in this thesis were adjusted for genotyping chip.
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Abstract

There are currently no reliable approaches for correctly identifying which patients with major
depressive disorder (MDD) will respond well to antidepressant therapy. However, recent
genetic advances suggest that Polygenic Risk Scores (PRS) could allow MDD patients to
be stratified for antidepressant response. We used PRS for MDD and PRS for neuroticism
as putative predictors of antidepressant response within three treatment cohorts: The
Genome-based Therapeutic Drugs for Depression (GENDEP) cohort, and 2 sub-cohorts
from the Pharmacogenomics Research Network Antidepressant Medication Pharmacoge-
nomics Study PRGN-AMPS (total patient number = 760). Results across cohorts were
combined via meta-analysis within a random effects model. Overall, PRS for MDD and neu-
roticism did not significantly predict antidepressant response but there was a consistent
direction of effect, whereby greater genetic loading for both MDD (best MDD resullt, p <
5*10-5 MDD-PRS at 4 weeks, f =-0.019, S.E =0.008, p = 0.01) and neuroticism (best neu-
roticism result, p < 0.1 neuroticism-PRS at 8 weeks, B =-0.017, S.E =0.008, p = 0.03) were
associated with less favourable response. We conclude that the PRS approach may offer
some promise for treatment stratification in MDD and should now be assessed within larger
clinical cohorts.

Introduction

Major Depressive disorder (MDD) is a leading cause of disability worldwide [1]. Antidepres-
sants such as Selective Serotonin Reuptake Inhibitors (SSRIs) are first line treatments for
MDD but up to one third of patients do not respond satisfactorily [2, 3]. There are currently
no robust methods for predicting whether an individual patient will respond well to SSRIs and
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there is often a lag period of several weeks before clinical response, making decisions on
switching to a different class of antidepressant difficult. Individual genetic variation may dic-
tate likelihood of response to SSRIs [4] and, as such, stratifying patients into sub-groups based
on genetic profiles may allow for more efficient targeting of treatment.

Polygenic risk scoring (PRS) [5] is a method which allows an individual’s genetic loading
for a trait to be calculated using genome-wide single nucleotide polymorphism (SNP) data and
the output of genome-wide association study (GWAS) summary statistics from another study
of the same or related phenotype. As current GWAS results do not capture the full extent of
genetic effects on any given trait, typically a series of scores are created at different association
p-value cut offs, allowing for the capture of more variance than that explained by only
genome-wide significant loci. Additionally, as the underlying genetic architecture of the trait is
unknown creating a range of scores can allow for the optimum p value threshold to be deter-
mined, should one detect a significant correlation.

It has been shown that a PRS can be of clinical use in predicting traits in independent sam-
ples. For example, for coronary heart disease, PRS improved the 10 year risk prediction in
those over age 60 [6]. PRS approaches can also predict response to treatment, as demonstrated
recently with an association between PRS for schizophrenia and less favourable response to
lithium in bipolar disorder [7]. Here we test the hypothesis that PRS for MDD and PRS for
neuroticism are associated with less favourable response to SSRIs, specifically citalopram and
its active S-enantiomer escitalopram, in patients with MDD. Neuroticism is of particular inter-
est in this regard because it has a known association with both serotonergic neurotransmission
[8] and response to antidepressants [9, 10], and those with higher phenotypic neuroticism are
less likely to respond as well to antidepressant therapy [11].

The analysis investigated three cohorts, GENDEP, AMPS-1 and AMPS-2 separately and
then combine the results via meta-analysis.

Methods
Cohort descriptions, genotyping and imputation

The Pharmacogenomics Research Network Antidepressant Medication Pharmacogenomics
Study (PGRN-AMPS) is a study of citalopram/escitalopram for treatment of MDD performed
at the Mayo Clinic. An initial batch of 530 subjects (N = 499 subjects of European ancestry that
passed quality control) was genotyped for a pharmacogenomics GWAS of SSRIs [12]. An addi-
tional 229 patients recruited in the PGRN-AMPS were subsequently genotyped for the Inter-
national SSRI Pharmacogenomics Consortium (ISPC) GWAS [13]. Depressive symptoms
were assessed on the Hamilton Depression Rating Scale (HAMD) with a maximum score of
51, a scale developed to rate both the psychiatric as well as the psychomotor and somatic symp-
toms of the condition[14]. Full genotyping and imputation of these cohorts (here referred to
as AMPS-1 and AMPS-2) have been described previously [12, 13].

Genome Based Therapeutic Drugs for Depression (GENDEP) is a cohort of 868 individuals,
recruited from across Europe, treated with two classes of antidepressants: escitalopram (an
SSRI) and nortriptyline (a tricyclic antidepressant). For the purposes of this study, only those
patients in GENDEP treated with an SSRI were assessed (n = 267). Depressive symptoms were
assessed on the 10-item Montgomery-Asberg Depression Rating Scale (MADRS) with a maxi-
mum score of 60, with measurements taken weekly for 12 weeks from baseline. MADRS differs
from HAMD in that it focuses exclusively on the psychiatric symptoms only and not the
accompanying psychomotor and somatic symptoms of MDD [14]. Full genotyping and impu-
tation methodology in GENDEDP is described in previous reports [15].
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Principal component generation and PRS construction

Principal genetic components were derived using PLINK. For all models the top 4 principal
components were used as covariates in the model to account for hidden population structure.
To ensure that an ethnically homogeneous sample was used in the AMPS-1 and AMPS-2
cohorts those whose Principal genetic components 1 to 4 were outside two standard deviations
from the mean were excluded as outliers.

PRS were constructed via PLINK [16] with SNP weights based on outputs from the Smith
etal. (2016) neuroticism GWAS [17] and the “probable MDD” phenotype of Howard et al
(2018) MDD GWAS from UK Biobank[18]. SNPs were filtered by MAF < 0.01, HWE
p<1%10~° and imputation score < 0.8 before Linkage Disequilibrium (LD) clumping. SNPs
were clumped using LD parameters of r* >0.05 in a 500kb window. Selection of SNPs for each
clump was based on which SNP had the lowest p value. If 2 SNPs in a clump had the same P
value the SNP with the largest beta coefficient was selected. The scores generated were average
scores with no-mean-imputation flag. Six profile scores were created for each trait using p
value cut offs of p < 5*107%, p < 510>, p < 0.01, p < 0.05, p < 0.1 and p < 0.5. Risk scores
were then standardised to mean = 0, SD = 1[19].

Due to low numbers and therefore the potential for noise within outcome data, instead of
assessing change in outcomes across the full range of polygenic scores we chose to investigate
only the difference between the extreme ends of the PRS scale. To do this, we split the stan-
dardised scores into quintiles and looked at the difference between the top and bottom quintile
of each PRS p-value cut off within each cohort. For the GENDEP cohort the top and bottom
quintile from each centre was selected to account for variation between recruitment centres. It
is also important to note that an individual may be in the top quintile for one PRS P-value cut-
off but not in another. As such, the two fifths of individuals used in each regression will change
depending on the PRS p value cut off used.

Phenotype definition

For all three cohorts the primary outcome of interest was percentage change in depression
score from baseline at four weeks. This was calculated by subtracting the score at four weeks
from baseline, and dividing this difference by the score at baseline. A secondary outcome at
eight weeks was also assessed, calculated using the same method. To be included in the analy-
sis, an individual had to have a score recorded at baseline, four weeks and eight weeks.

Statistical modelling

Modelling was performed in R using the Im function. All models were adjusted for age, sex
and the first 4 principal components. The GENDEP models were additionally adjusted for
recruitment centre which was treated as a factor variable. The R* for the PRS term of the
model was derived using the methodology described in Selzam et al[20]. Due to the results
being largely null we did not perform any correction for multiple testing.

Meta-analysis

A random effects Meta-analysis was performed using the rma.uni function of the metaphor
package with method set to “REML”[21].

Results

Demographic and clinical characteristics of the three cohorts (GENDEP, AMPS-1, and AMPS-2)
are presented in Table 1. The percentage female and age range of the three cohorts were broadly
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Table 1. Demographic and clinical characteristics.

Cohort | Total | Nused per | N female of | Age of total Baseline 4 week 8 week % drop in mean score at | % drop in mean score at
N regression total N (%) N, mean score®, mean | score’, mean | score”, mean 4 weeks from mean score | 8 weeks from mean score
(SD) (SD) (SD) (SD) at baseline at baseline
AMPS-1 357 142 229 (64.1) 40.9 (13.5) 22 (4.88) 11.9 (6.7) 8.83(5.92) 46 60
AMPS-2 138 55 85 (61.6) 40.1 (13.6) 21.2(5.14) 12 (5.84) 9.14 (6.41) 43 57
GENDEP | 265 106 170 (64.2) 42.3 (11.8) 28.3 (6.16) 18.7 (8.2) 14.2 (8.89) 34 50

*score rating is HAMD for AMPS-1 and AMPS-2 and MADRS for GENDEP.

https://doi.org/10.1371/journal.pone.0203896.t001

similar. The scores at baseline, 4 week and 8 week time points in AMPS-1 and AMPS-2 show a sim-
ilar trend with a similar percentage drop at 4 and 8 week time points. The baseline scores of the
GENDEDP cohort are higher than in AMPS-1 and AMPS-2 due to the cohort being scored using
MADRS and not HAMD as is the case with AMP-1 and AMPS-2. At Both the 4 week and 8 week
time point the GENDEP cohort showed a smaller percentage reduction than in the AMPS-1 and
AMPS-2. This difference may be explained by the differing depression measures picking up on dif-
fering aspects of MDD, differing healthcare settings and levels of severity at baseline. The within
cohort drop from baseline at both 4 and 8 weeks was statistically significant for all three cohorts.
For neuroticism PRS in GENDEP, AMPS-1 and AMPS-2 the number of SNPs in each risk
score were similar between cohorts across all p-value cut-offs (S1 Table). For the MDD risk
scores the number of SNPs were similar between cohorts in the lower p value thresholds but
diverged at the higher p value cut-offs. These differences arise mainly due to the differences in
imputation coverage and the differing ethnicities and their impact on LD block estimation.

Individual study analyses

The results of all the individual study analyses can be found in S2-S4 Tables. Two of the mod-
els returned nominally significant results, both of which were in the AMPS-2 cohort (Table 2).
They were neuroticism p < 0.5 PRS at four weeks (B = -0.04, p = 0.02) and neuroticism p < 0.5
at eight weeks (B = -0.039, p = 0.03). Of particular note is the R” of the PRS term of the signifi-
cant models which accounts for approximately 10% of the variance. Note, however, that these
results would not pass correction for multiple testing.

Although we were unable to reject the null hypothesis in the rest of the models, a clear
majority (56 of 72 models) identified beta coefficients in the same direction of effect (greater
loading for MDD or neuroticism associated with a smaller percentage drop in depression
score). Of the 16 positive beta coefficient models, ten were from GENDEP MDD PRS models,
three were from GENDEP neuroticism PRS model, two were from AMPS-1 neuroticism PRS
models and one was an AMPS-2 MDD PRS models (S2-S4 Tables).

Meta-analysis

Two of the 24 meta-analyses were nominally significant: MDD p < 5°10~° PRS at four weeks
(B =-0.02, p = 0.009, I = 0); and neuroticism p<0.1 PRS at eight weeks (3 = -0.017, p = 0.03,

Table 2. Nominally significant individual PRS models (AMSP-2 cohort).

predictor Time point P Beta SE T Test stat R?
(weeks)

Neuroticism p<0.5 4 0.019 -0.044 0.018 -2.42 0.1

Neuroticism p<0.5 8 0.029 -0.039 0.017 -2.26 0.08

https://doi.org/10.1371/journal.pone.0203896.t002
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% drop in depression score from baseline
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Fig 1. Forest plot of nominally significant meta-analyses. A) p < 510" MDD-PRS at 4 weeks, B) p<0.1 Neuroticism-PRS at 8 weeks.
https://doi.org/10.1371/journal.pone.0203896.9001

’=0) (Fig 1). Neither of these results would survive correction for multiple testing. The direc-
tion of effect in all of the meta-analyses was negative (greater genetic loading for MDD and
neuroticism associated with a smaller percentage drop in depression score at both four and
eight weeks; S5 Table. The forest plots of all other meta-analyses are provided as supplemen-
tary material (S1-54 Figs).

Discussion

Our goal was to assess the extent to which PRS for MDD and PRS for neuroticism were associ-
ated with response to SSRIs in patients with MDD. Although most of the findings were null,
there was a direction of effect where higher PRS for MDD and higher PRS for neuroticism
were associated with less favourable response to SSRIs. It is likely that our analyses were
under-powered-replication in larger datasets will therefore be of interest. We estimate that a
training sample of approximately 10,000 and a target sample of 5,000 individuals would give
60% power in a PRS of 100,000 SNPs that explain 10% of the variance in the training sample
[22]. For the two AMPS-2 nominally significant results the R values of approximately 10%,
suggesting that these PRSs could potentially be useful clinically.

This work diverges from previous analyses in these cohorts which have focused on GWAS
and candidate gene analyses to identify genetic loci that associate with antidepressant response
with the exception of Garcia-Gonzalez et al[23]. However, the outcome is markedly different
to the outcome used here. It is possible that the use of PRS is advantageous for clinical use over
these methods as it allows for a whole-genome approach instead of focusing on specific SNPs,
genes or regions. An individual’s response to antidepressants is likely to be influenced by
many genetic factors and, as such, candidate gene methodologies will fail to capture polygenic
influences. An additional strength of this work is that all three cohorts systematically assessed
treatment response at comparable time-points and in the context of the use of the same class
of antidepressants, namely SSRIs.

Limitations

Apart from the issue of low power, our methodology was one in which only the extreme ends
of genetic loadings were considered. This makes it difficult to translate the findings into a gen-
eral population setting and routine clinical practice. Further work is needed to assess genetic
loadings for MDD and neuroticism within the general population and how these relate to the
clinical cohorts described here. The use of different depression rating scales between GENDEP
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and the AMPS-1/AMPS-2 may have had some impact on the results as they may have captured
different aspects of the depressive phenotype and symptom changes induced by antidepres-
sants. However, I” was low in the meta-analyses that achieved nominal significance. Using a
consistent depression rating in future would aid in keeping heterogeneity consistently low.

Another limitation was in the estimation of LD blocks in the GENDEP cohort. Due to the
cohort being composed of individuals across Europe, treating the group as a whole for estimat-
ing which SNPs are in LD may have led to inaccuracies. This could explain why many of coeffi-
cients in the GENDEP models showed as positive correlation unlike the models from AMPS-1
and AMPS-2. Principal component analysis of treatment centres showed overlapping clusters
but they were not distinct enough to warrant calculating LD in each centre separately. Further
work in this area should capture more detail on ethnicity and ancestral background, to allow
for more robust determination of LD clumps and more informed decisions on the most appro-
priate inclusion criteria.

Finally, the result may have been impeded by the use of a single PRS predictor. Recent
research has shown that the use of multiple scores covering a variety genetic loadings can
explain significantly more variance that that of a single score [24]. As such, incorporation of
multiple genetic risk scores for outcomes as complex as antidepressant response may prove
more fruitful.

Conclusion

Stratified medicine in psychiatry is still in its infancy. Genotyping is not currently routine
practice in clinical settings and the use of PRS to guide the use of SSRIs in MDD remains a
long-term goal.

However, with increasingly large and well-phenotyped cohorts available for analysis and
more powerful GWAS outputs being produced, we tentatively conclude that more targeted
prescribing of anti-depressants in MDD based on genetic profiles is a realistic prospect for the
future.
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S3 Fig. Neuroticism PRS meta-analysis results at 4 weeks A) p < 5 107 B) p <5107, C)
p <0.01,D) p < 0.05,E) p < 0.1, F) p < 0.5.
(TIF)

$4 Fig. Neuroticism PRS meta-analysis results at 8 weeks A) p < 5*10°%, B) p < 510>, C)
p <0.01,D) p < 0.05,E) p < 0.1, F) p < 0.5.0.
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4.1.1 AppendixA

4.1.1.1 Table S1. Number of SNPs in each PRS for MDD and Neuroticism.

cohort AMPS 1 and 2 GENDEP
Absolute
PRS p value | number PRS p value | number difference
cut off | of SNP cut off | of SNP
5*%108 24 5*108 24 0
5*10° 1096 5*10° 1216 120
MDD 0.01 91778 MDD 0.01 115428 23650
0.05 400714 0.05 505328 104614
0.1 757322 0.1 955156 197834
0.5 3275666 0.5 4162482 | 886816
5*%10°8 2066 5*108 1938 128
5*%10° 9760 5*10° 8016 1744
- 0.01 183022 - 0.01 167242 15780
Neuroticism Neuroticism
0.05 613656 0.05 588642 25014
0.1 1057592 0.1 1036136 21456
0.5 3951360 0.5 4060670 | 109310

29




4.1.1.2 Table S2. Results of the individual regressions in the AMPS-1 cohort.

Time
point predictor P Beta SE T stat R?
(week)
mdd p<5*10* 024 | -0014 | oot18 | -1.17 0.01
mdd p<5*10 003 | -0013 | 00122 | -105 0.008
mdd p<0.01 057 | -0007 | 00122 | -0571 | 0.002
¢ mdd p<0.05 043 | -00096 | 0012 | -0799 | 0.005
mdd p<0.1 0.4 0011 | 00125 | -0853 | 0.005
mdd p<0.5 0.12 002 | 00127 | -158 0.017
mdd p<5*10° 019 | -0015 | 00116 | -1.31 0.012
mdd p<5*10s 018 | -0017 | 00122 | -135 0.013
mdd p<0.01 014 | -0016 | 00107 | -148 0.015
° mdd p<0.05 049 | -00077 | 00111 | -0695 | 0.003
mdd p<0.1 047 | -00078 | 0.0108 | -072 0.004
mdd p<0.5 0.1 0018 | 00111 | -159 0.017
”Z‘fgf;"(ﬁm 077 | -0.0036 | 00125 | -0.288 | 0.0006
”Z‘fgf;"(ﬁm 046 | -0.0095 | 00128 | -0.744 | 0.004
) syl 085 | -0.0024 | 00126 | -0192 | 0.0003
e 039 | -0011 | 00124 | -087 | 0.005
neuroticism p<0.1 0.7 -0.0048 0.0124 -0.385 0.001
neuroticism p<0.5 | 0.44 | 00091 | 00118 | 0769 | 0.004
”Z‘fgf;"(ﬁm 0.88 | -0.0017 | 00115 | -0.146 | 0.0002
”Z‘ig’fif(ifsm 0.87 -0.0018 | 0.0115 | -0.159 | 0.0002
. o 068 | -0.0049 | 00117 | -042 | 0.001
”egi%t'igi;m 017 | -0016 | 00116 | 130 | 0013
neuroticism p<0.1 0.15 -0.016 0.0113 -1.43 0.015
neuroticism p<0.5 | 0.95 | 0.0007 | 0.0105 | 0.0661 | 0.00003
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4.1.1.3 Table S3. Results of the induvial regressions in the AMPS-2 cohort.

Time
point predictor P Beta SE T stat R?
(week)

mdd p<5*10* 0.8 0.004 0.02 0.25 0.001
mdd p<5*10° 0.09 -0.03 0.02 1.73 0.039
mdd p<0.01 0.06 -0.03 0.02 -1.93 0.066
! mdd p<0.05 0.32 -0.01 0.01 -1.01 0.018
mdd p<0.1 0.6 -0.01 0.02 -0.52 0.005
mdd p<0.5 0.58 -0.01 0.02 -0.55 0.005
mdd p<5*10* 0.78 -0.01 0.02 -0.28 0.001
mdd p<5*10° 0.25 -0.02 0.02 -1.18 0.024
mdd p<0.01 0.78 -0.01 0.02 -0.28 0.001
’ mdd p<0.05 0.23 -0.02 0.02 1.22 0.027
mdd p<0.1 0.4 -0.02 0.02 -0.84 0.011
mdd p<0.5 0.15 -0.03 0.02 -1.45 0.037

”%fgf;%im 0.2 -0.03 0.02 1.3 0.03

”%‘fgf;%im 0.37 -0.01 0.02 -0.91 0.01

A ”e;L%t_igqsm 0.079 -0.03 0.02 1.79 0.06
s 014 | -003 | o002 | -149 | 004

neuroticism p<0.1 0.28 -0.02 0.02 -1.1 0.02
neuroticism p<0.5 |  0.019 -0.04 0.02 -2.42 0.099
”ifgf;%im 0.32 -0.02 0.02 1 0.016
”%‘fgf;%im 0.28 -0.02 0.02 -1.09 0.019

. ”e;L%t_igqsm 0.07 -0.03 0.02 -1.82 0.05
s 062 | -001 | 002 | -049 [ 0004
neuroticism p<0.1 0.52 -0.01 0.02 -0.64 0.007
neuroticism p<0.5 0.02 -0.04 0.02 -2.26 0.08
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4.1.1.4 Table S4. Results of the induvial regressions in the GENDEP cohort.

Time
point predictor P Beta SE T stat R?
(week)
mdd p<5*10° 0.77 0.004 0.013 03 0.0008
mdd p<5*10° 0.06 -0.02 0.013 1.9 0.026
mdd p<0.01 0.77 0.003 0.012 03 0.0007
! mdd p<0.05 0.51 0.008 0.012 0.66 0.003
mdd p<0.1 0.62 0.006 0.013 05 0.002
mdd p<0.5 0.52 0.009 0.013 0.64 0.003
mdd p<5*10° 0.18 0.019 0.014 1.35 0.02
mdd p<5*10° 0.49 -0.012 0.017 -0.69 0.004
mdd p<0.01 0.73 0.006 0.017 0.35 0.001
’ mdd p<0.05 0.28 0.018 0.017 1.08 0.009
mdd p<0.1 0.43 0.013 0.016 0.8 0.005
mdd p<0.5 0.2 0.02 0.016 1.29 0.01
”%‘fgf;%im 0.71 -0.004 0.011 -0.37 0.001
”‘;‘fgf;c(;_ssm 0.62 -0.006 0.012 0.5 0.002
. neuroticism p<0.01 0.29 -0.013 0.012 -1.06 0.009
neuroticism p<0.05 |  0.97 -0.001 0.012 -0.04 0.00001
neuroticism p<0.1 0.33 -0.01 0.012 -0.97 0.008
neuroticism p<0.5 0.61 -0.006 0.012 0.5 0.002
”‘;‘fgf;c(;_sgm 0.99 0.0001 0.012 0.005 | 0.0000002
”i‘ig’f;"éim 0.97 0.0005 0.013 0.04 0.00001
o neuroticism p<0.01 0.92 0.002 0.018 0.095 0.00008
neuroticism p<0.05 |  0.36 -0.012 0.013 -0.91 0.007
neuroticism p<0.1 0.15 -0.019 0.013 1.47 0.02
neuroticism p<0.5 0.43 -0.01 0.013 -0.79 0.005
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4.1.1.5 Table S5. Results of the meta-analyses.

outcome PRS beta SE z P ci.lb ci.ub 12
MOORS | 0004 | 0008 -0.49 0.63 0.02 0.01 0
MOPRS | 0.0 0.008 263 0.01 -0.04 -0.01 0
% drop in 4 MODP< | 0009 | 0009 4 0.32 0.03 0.01 28.2
wesks MODP< | -0004 | 0007 -0.61 0.54 -0.02 0.01 0
MDDp<0.1 | -0004 | 0.008 0.48 0.63 0.02 0.01 0
MDDp<05 | -0007 | 0.009 0.77 0.44 -0.02 0.01 21.6
MEDRS | -0.001 0.012 -0.09 0.93 0.02 0.02 45.3
MooRS | 0017 | 0009 1.86 0.06 0.03 0 0
% drop in 8 MODP< | 0009 | 0008 1.08 0.28 0.02 0.01 0
weeks MEDP< | -0.004 0.01 -0.36 0.72 -0.02 0.02 23.9
MDDp<0.1 | -0004 | 0.008 05 0.62 0.02 0.01 0
MDDp<05 | -0008 | 0014 -0.58 0.57 -0.04 0.02 61.5
Np<540% | -0.007 | 0.008 -0.94 0.35 -0.02 0.01 0
Np<540° | -0009 | 0.008 1.7 0.24 0.02 0.01 0
%droping | Np<001 | 0012 | 0008 1.56 0.12 0.03 0 3
weeks Np <0.05 -0.009 0.008 117 0.24 -0.02 0.01 0
Np <0.1 -0.01 0.008 133 0.18 -0.03 0 0
Np<05 | -0.011 0.015 0.75 0.45 -0.04 0.02 70.4
Np<510° | -0.004 | 0.008 -0.49 0.62 0.02 0.01 0
Np<540° | -0004 | 0.008 0.55 0.58 0.02 0.01 0
%droping | NP<001 | -001 0.009 -1.09 0.27 -0.03 0.01 2.3
weeks N p <0.05 -0.013 0.008 1.7 0.09 -0.03 0 0
Np<01 | -0017 | 0.008 213 0.03 -0.03 0 0
Np<05 | -0013 | 0011 1.2 0.23 0.03 0.01 48
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4.1.1.6 Fig S1. MDD PRS meta-analysis results at 4 weeks.

A) p<5*108, B) p<5*105,C) p<0.05,E) p<0.1,F) p<0.5.

p< 510 MDD-PRS at 4 weeks

p<5710° MDD-PRS at 4 weeks

GENDEP —-— 0.004[-0.022,0.029]  GENDEP . -0.024 [-0.050, 0.001]
AMPS-1 — -0.014[-0.037,0.009]  AMPS-1 —— -0.013[-0.037, 0.011]
AMPS-2 —_— 0.005 [-0.031, 0.040] AMPS-2 —_— -0.029 [-0.063, 0.004]
RE Model e ——— -0.004 [-0.019, 0.012] RE Model ————— -0.021 [-0.036, -0.005]
| I B R T T T T 1
-0.040 0.000 0.040 -0.080 -0.040 0.000
% drop in depression score from baseline % drop in depression score from baseline
p<0.01 MDD-PRS at 4 weeks p< 0.05 MDD-PRS at 4 weeks
GENDEP —i—— 0.004 [-0.020, 0.027] GENDEP — 0.008 [-0.016, 0.032]
AMPS-1 — -0.007 [-0.031, 0.017] AMPS-1 — -0.010[-0.033, 0.014]
AMPS-2 —_— -0.030 [-0.060, 0.000] AMPS-2 —_— -0.014 [-0.042,0.013]
RE Model - ———— -0.009 [-0.026, 0.009] RE Model ————— -0.004 [-0.019,0.010]
I T T T T 1 I T T T 1
-0.080 -0.040 0.000 0.040 -0.060 -0.020 0.020
% drop in depression score from baseline % drop in depression score from baseline
p<0.05 MDD-PRS at 4 weeks p< 0.5 MDD-PRS at 4 weeks
GENDEP — 0.008[-0.016,0.032]  GENDEP —_— 0.008 [-0.018, 0.035]
AMPS-1 — -0.010[-0.033, 0.014] AMPS-1 — -0.020 [-0.045, 0.005]
AMPS-2 _— -0.014 [-0.042,0.013] AMPS-2 —_— -0.009 [-0.039, 0.022]
RE Model ——————— -0.004 [-0.019, 0.010] RE Model ————— -0.007 [-0.024,0.011]
T T T T 1 r T T T 1
-0.060 -0.020 0.020 -0.060 -0.020 0.020

% drop in depression score from baseline
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4.1.1.7 Fig S2. MDD PRS meta-analysis results at 8 weeks

A) p<5*108, B) p<5*105,C) p<0.05,E) p<0.1,F) p<0.5.

A) B)

GENDEP ——— 0.019[-0.009,0.048]  GENDEP —_— -0.012[-0.046, 0.022]
AMPS-1 — -0.015[-0.038,0.008]  AMPS-1 —— -0.016 [-0.040, 0.007]
AMPS-2 —_— -0.005[-0.044,0.033]  AMPS-2 —_— -0.024 [-0.065, 0.016]
RE Model e — -0.001[-0.024,0022]  RE Model —— -0.017 [-0.034, 0.001]

r T T T T 1 T T T T T 1
-0.060 -0.020 0.020 0.060 -0.080 -0.040 0.000 0.040
% drop in depression score from baseline % drop in depression score from baseline

C) D)

GENDEP —_— 0.006 [-0.028, 0.039] GENDEP ——— 0.018 [-0.015, 0.050]
AMPS-1 — -0.016 [-0.037, 0.005] AMPS-1 —— -0.008 [-0.029, 0.014]
AMPS-2 —_— -0.005 [-0.041,0.031] AMPS-2 —_— -0.027 [-0.070, 0.016]
RE Model ————— -0.009 [-0.025, 0.007] RE Model ————— -0.004 [-0.024, 0.016]

T T T T 1 r T T 1
-0.060 -0.020 0.020 -0.100 -0.050 0.000 0.050 0.100
% drop in depression score from baseline % drop in depression score from baseline
E) F)
GENDEP —_—— 0.013[-0.019, 0.045] GENDEP ——— 0.020[-0.011, 0.051]
AMPS-1 —— -0.008 [-0.029, 0.013] AMPS-1 —— -0.018 [-0.039, 0.004]
AMPS-2 —_— -0.016 [-0.053, 0.021] AMPS-2 —_— -0.030 [-0.071,0.011]
RE Model - ———— -0.004[-0.020,0.012]  RE Model ——e——— -0.008 [-0.037, 0.020]
T T T T T 1 T T T 1

-0.060 -0.020 0.020 0.060
% drop in depression score from baseline
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4.1.1.8 Fig S3. Neuroticism PRS meta-analysis results at 4 weeks

A) p<5*108 B) p<5*1075,C) p<0.05,E)p<0.1,F) p<0.5.

A) B)
GENDEP — -0.004 [-0.026, 0.017] GENDEP ——— -0.006 [-0.028, 0.017]
AMPS-1 —_— -0.004 [-0.028, 0.021] AMPS-1 —_— -0.010 [-0.035, 0.016]
AMPS-2 _— -0.025[-0.063,0.013]  AMPS-2 —_— -0.016 [-0.051, 0.019]
RE Model ———— -0.007 [-0.022,0.008]  RE Model ———— -0.009 [-0.024, 0.006]
I T T T T ¢ I T T 1
-0.080 -0.040 0.000 0.040 -0.060 -0.020 0.020
% drop in depression score from baseline % drop in depression score from baseline

C) D)

GENDEP — -0.013[-0.036, 0.011] GENDEP —— -0.0005 [-0.0236, 0.0226]
AMPS-1 — -0.002 [-0.027, 0.022] AMPS-1 — -0.0108 [-0.0351, 0.0135]
AMPS-2 —_— -0.033 [-0.069, 0.003] AMPS-2 —_— -0.0296 [-0.0684, 0.0092]
RE Model ————— -0.012[-0.028, 0.003] RE Model ————— -0.0092 [-0.0246, 0.0062]

T T T T T 1 I T T T T 1
-0.080 -0.040 0.000 0.040 -0.0800 -0.0400 0.0000 0.0400
% drop in depression score from baseline % drop in depression score from baseline

B F)

GENDEP — -0.012[-0.035, 0.012] GENDEP — -0.006 [-0.029, 0.017]
AMPS-1 — -0.005 [-0.029, 0.020] AMPS-1 — 0.009 [-0.014, 0.032]
AMPS-2 —_— -0.021[-0.057,0.016] AMPS-2 —_— -0.044 [-0.080, -0.008]
RE Model —————— -0.010[-0.026, 0.005] RE Model e e——— -0.011[-0.039, 0.018]

| . . B T T 1
-0.060 -0.020 0.020 -0.100 -0.050 0.000 0.050

% drop in depression score from baseline
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4.1.1.9 Fig S4. Neuroticism PRS meta-analysis results at 8 weeks

A) p<5*108 B) p<5*105,C) p<0.05,E)p<0.1,F) p<0.5.

4) B)

GENDEP —_—— 0.000 [-0.025, 0.025] GENDEP — 0.001[-0.024, 0.025]
AMPS-1 — -0.002 [-0.024, 0.021] AMPS-1 — -0.002 [-0.024, 0.021]
AMPS-2 ——————— -0.020 [-0.059, 0.019] AMPS-2 —_— -0.020 [-0.055, 0.016]

RE Model ————— -0.004 [-0.019,0.012] RE Model e ——— -0.004 [-0.019,0.011]

I T T T T T T T 1
-0.060 -0.020 0.020 -0.060 -0.020 0.020
% drop in depression score from baseline % drop in depression score from baseline
(@] D)
GENDEP —_— 0.002 [-0.033, 0.036] GENDEP —_——— -0.012[-0.037,0.014]
AMPS-1 —— -0.005 [-0.028, 0.018] AMPS-1 —— -0.016 [-0.039, 0.007]
AMPS-2 —_— -0.034[-0.072, 0.003] AMPS-2 —_— -0.010[-0.047, 0.028]
RE Model ————— -0.010 [-0.027, 0.008] RE Model ————— -0.013[-0.029, 0.002]
I T T T 1
-0.080 -0.040 0000 0040 -0.060 -0.020 0.020
% drop in depression score from baseline % drop in depi ion score from baseli

E) F)

GENDEP —_— -0.019 [-0.044, 0.006] GENDEP I -0.010[-0.037, 0.016]
AMPS-1 — -0.016 [-0.038, 0.006] AMPS-1 —— 0.001 [-0.020, 0.021]
AMPS-2 —_— -0.012[-0.049, 0.025]  AMPS-2 —_— -0.039 [-0.073, -0.005]
RE Model ———— -0.016 [-0.032, -0.001] RE Model ——————— -0.013[-0.034, 0.008]

T T T T I T T T T 1
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4.2 Genome-wide analysis in UK Biobank identifies four loci associated
with mood instability and genetic correlation with major depressive
disorder, anxiety disorder and schizophrenia
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Abstract

Mood instability is a core clinical feature of affective and psychotic disorders. In keeping with the Research Domain
Criteria approach, it may be a useful construct for identifying biology that cuts across psychiatric categories. We aimed
to investigate the biological validity of a simple measure of mood instability and evaluate its genetic relationship with
several psychiatric disorders, including major depressive disorder (MDD), bipolar disorder (BD), schizophrenia, attention
deficit hyperactivity disorder (ADHD), anxiety disorder and post-traumatic stress disorder (PTSD). We conducted a
genome-wide association study (GWAS) of mood instability in 53,525 cases and 60,443 controls from UK Biobank,
identifying four independently associated loci (on chromosomes 8, 9, 14 and 18), and a common single-nucleotide
polymorphism (SNP)-based heritability estimate of ~8%. We found a strong genetic correlation between mood
instability and MDD (rg = 0.60, SE=0.07, p =895 X 107"y and a small but significant genetic correlation with both
schizophrenia (ry=0.11, SE=0.04, p=0.01) and anxiety disorders (r; =0.28, SE=0.14, p =0.04), although no genetic
correlation with BD, ADHD or PTSD was observed. Several genes at the associated loci may have a role in mood
instability, including the DCC netrin 1 receptor (DCC) gene, eukaryotic translation initiation factor 2B subunit beta (elF2B2),
placental growth factor (PGF) and protein tyrosine phosphatase, receptor type D (PTPRD). Strengths of this study include
the very large sample size, but our measure of mood instability may be limited by the use of a single question. Overall,
this work suggests a polygenic basis for mood instability. This simple measure can be obtained in very large samples;
our findings suggest that doing so may offer the opportunity to illuminate the fundamental biology of mood
regulation.

Introduction

Mood instability is a common clinical feature of
affective and psychotic disorders, particularly major
depressive disorder (MDD), bipolar disorder (BD) and
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schizophrenia'. It may also be relatively common in the
general population, estimated to affect ~13% of indivi-
duals®. As a dimensional psychopathological trait, it is
potentially a useful construct in line with the Research
Domain Criteria approach®. Mood instability may be of
fundamental importance for understanding the patho-
physiology of MDD and BD, as well as conditions such
as borderline personality disorder, anxiety disorders,
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attention deficit hyperactivity disorder (ADHD) and psy-
chosis*. This trait is reported by 40-60% of individuals
with MDD® and is recognised as part of the prodromal
stage of BD®. In established BD, it is a clinical feature that
independently predicts poor functional outcome’. Fur-
thermore, general population twin studies suggest that
additive genetic effects account for 40% of the variance in
measures of affect intensity and 25% of the variance in
affective liability®.

Population-based studies such as the Adult Psychiatric
Morbidity Survey (APMS) have defined mood instability
based on responses to a single question, while clinical
studies have made use of more detailed rating scales®.
However, there is a lack of consensus about how best to
measure and classify mood instability, and none of the
currently available instruments adequately capture
intensity, speed and frequency of affective change, or
physiological and behavioural correlates. A recent sys-
tematic review proposed that mood instability be defined
as 'rapid oscillations of intense affect, with a difficulty in
regulating these oscillations or their behavioural con-
sequences”. Applying this definition will require the
future development and validation of a multidimensional
assessment of mood instability, which is currently not
available.

Within the UK Biobank population cohort of over 0.5
million individuals'®, the baseline assessment interview
contained a question of relevance to mood instability,
specifically: 'Does your mood often goes up and down?’
This is similar to the question for mood instability used
within the APMS (‘Do you have a lot of sudden mood
changes, suffered over the last several years)). Hypothe-
sising that this simple question taps into pathological
mood instability, we predicted that it would be more
commonly endorsed by individuals within UK Biobank
with MDD and BD, compared to individuals with no
psychiatric disorder. Moreover, under the hypothesis that
this trait has cross-disorder pathophysiological relevance,
we predicted that a genome-wide association study
(GWAS) might identify shared genetic liability to mood
instability and risk for psychiatric disorders in which
disordered mood is a feature, including MDD, BD, schi-
zophrenia, ADHD, anxiety disorder and post-traumatic
stress disorder (PTSD). Given the size of the sample, we
also aimed to identify loci associated with this measure of
mood instability.

Materials and methods
Sample

UK Biobank is a large cohort of more than 502,000
United Kingdom residents, aged between 40 and 69
years'®. The aim of UK Biobank is to study the genetic,
environmental and lifestyle factors that cause or prevent
disease in middle and older age. Baseline assessments
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occurred over a 4-year period, from 2006 to 2010, across
22 United Kingdom (UK) centres. These assessments
were comprehensive and included social, cognitive, life-
style and physical health measures. For the present study,
we used the first genetic data release based on approxi-
mately one-third of UK Biobank participants. Aiming to
maximise homogeneity, we restricted the sample to those
who reported being of white UK ancestry (around 95% of
the sample).

UK Biobank obtained informed consent from all parti-
cipants, and this study was conducted under generic
approval from the NHS National Research Ethics Service
(approval letter dated 13 May 2016, Ref 16/NW/0274)
and under UK Biobank approvals for application #6553
'Genome-wide association studies of mental health' (PI
Daniel Smith).

Mood instability phenotype

As part of the baseline assessment, UK Biobank parti-
cipants completed the 12 items of the neuroticism scale
from the Eysenck Personality Questionnaire-Revised
Short Form (EPQ-R-S)!. One of these items assesses
mood instability, namely ‘Does your mood often goes up
and down?’ Participants responding ‘yes’ to this question
were considered to be cases of mood instability and those
responding ‘no’ were considered controls. From the
control sample, we excluded those who reported being on
psychotropic medication, and those who reported a phy-
sician diagnosis of psychiatric disorder (including MDD,
BD, anxiety/panic attacks, ‘nervous breakdown’, schizo-
phrenia and deliberate self-harm/suicide attempt).

After quality-control steps (detailed below) and exclu-
sions (3679 participants responded ‘don’t know’ and 211
responded ‘prefer not to say’), the final sample for genetic
analysis comprised 53,525 cases of mood instability and
60,443 controls. Mood instability cases were younger than
controls (mean age 55.8 years (SD = 8.05) vs. 57.7 years
(SD =7.74); p <0.0001) and had a greater proportion of
females (55.5% vs. 49.6%; p < 0.0001).

Genotyping and imputation

In June 2015, UK Biobank released the first set of
genotypic data for 152,729 UK Biobank participants.
Approximately 67% of this sample was genotyped using
the Affymetrix UK Biobank Axiom array (Santa Clara,
CA, USA) and the remaining 33% were genotyped using
the Affymetrix UK BIiLEVE Axiom array. These arrays
have over 95% content in common. Only autosomal data
were available under the data release. Data were pre-
imputed by UK Biobank as fully described in the UK
Biobank interim release documentation'”. Briefly, after
removing genotyped single-nucleotide polymorphisms
(SNPs) that were outliers, or were multiallelic or of low
frequency (minor allele frequency (MAF) < 1%), phasing
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was performed using a modified version of SHAPEIT2
and imputation was carried out using IMPUTE2 algo-
rithms, as implemented in a C++ platform for compu-
tational efficiency'® '*, Imputation was based upon a
merged reference panel of 87,696,888 biallelic variants on
12,570 haplotypes constituted from the 1000 Genomes
Phase 3 and UKI0K haplotype panels'®. Variants with
MAF < 0.001% were excluded from the imputed marker
set. Stringent quality control before release was applied by
the Wellcome Trust Centre for Human Genetics, as
described in UK Biobank documentation'®,

Statistical analyses
Quality control and association analyses

Before all analyses, further quality-control measures
were applied. Individuals were removed based on UK
Biobank genomic analysis exclusions (Biobank Data Dic-
tionary item #22010), relatedness (#22012: genetic relat-
edness factor; a random member of each set of individuals
with KING-estimated kinship coefficient >0.0442 was
removed), gender mismatch (#22001: genetic sex),
ancestry (#22006: ethnic grouping; principal component
(PC) analysis identified probable Caucasians within those
individuals who were self-identified as British and other
individuals were removed from the analysis), and quality-
control failure in the UK BiLEVE study (#22050: UK
BiLEVE Affymetrix quality control for samples and
#22051: UK BiLEVE genotype quality control for sam-
ples). A sample of 113,968 individuals remained for fur-
ther analyses. Of these, 53,525 were classed as cases and
60,443 were classified as controls. Genotype data were
further filtered by removal of SNPs with Hardy—Weinberg
equilibrium P <10~°, with MAF < 0.01, with imputation
quality score <0.4 and with data on <90% of the sample
after excluding genotype calls made with <90% posterior
probability, after which 8,797,848 variants were retained.

Association analysis was conducted in PLINK'” using
logistic regression under a model of additive allelic effects
with sex, age, genotyping array and the first eight PCs
(Biobank Data Dictionary items #22009.01 to #22009.08)
as covariates. Sex and age were included as covariates
because cases and controls differed significantly on these
measures. Genetic PCs were included to control for hid-
den population structure within the sample, and the first
eight PCs, out of 15 available in the Biobank, were
selected after visual inspection of each pair of PCs, taking
forward only those that resulted in multiple clusters of
individuals after excluding individuals self-reporting as
being of non-white British ancestry (Biobank Data Dic-
tionary item #22006). Overall, population structure had
little impact on mood instability status. The threshold for
genome-wide significance was p < 5.0 x 10~%,
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Heritability and genetic correlation between mood instability
and psychiatric phenotypes

We applied Linkage Disequilibrium Score Regression
(LDSR)'® to the GWAS summary statistics to estimate
SNP heritability (h%snp). Genetic correlations between
mood instability and MDD, BD, schizophrenia, ADHD,
anxiety disorder and PTSD were also evaluated using
LDSR' (with unconstrained intercept), a process that
corrects for potential sample overlap without relying on
the availability of individual genotypes'®. For the MDD,
BD, schizophrenia, ADHD, anxiety disorder and PTSD
phenotypes, we used GWAS summary statistics provided
by the Psychiatric Genomics Consortium (http://www.
med.unc.edu/pgc/)*°°. Note that for the purposes of
these genetic correlation analyses we re-ran the GWAS of
mood instability excluding from the cases those 9865
participants who reported being on psychotropic medi-
cation, or who self-reported psychiatric disorder (MDD,
BD, anxiety/panic attacks, ‘nervous breakdown’, schizo-
phrenia and deliberate self-harm/suicide attempt). This
secondary GWAS output (rather than the primary GWAS
reported below) was used for the genetic correlation cal-
culations and for polygenic risk score (PRS) analyses, the
rationale being that this was a more conservative
approach that would avoid genetic correlations between
mood instability and MDD/BD/schizophrenia/ ADHD/
anxiety disorders/PTSD being driven by a subset of
individuals with psychiatric disorder.

PRS analysis of MDD, BD and schizophrenia as predictors of
mood instability

PRSs were created using the output of the PCG MDD
29 of 32 cohort GWAS (supplied by the MDD working
group of the PGC, http://www.med.unc.edu/pgc/pgc-
workgroups), BD GWAS® and schizophrenia GWAS*'.
Five PRS were created for each psychiatric phenotype
using p value cutoffs of p <5 x 10~%, p <0.01, p < 0.05, p
< 0.1 and p < 0.5, with the exception of MDD for which
there were no genome-wide significant SNPs. Ambiguous
SNPs, indels (insertion/deletion mutations) and SNPs
with an imputation quality score of less than 0.8 were
removed. LD clumping was performed via PLINK on a
random sample of 10,000 individuals using an r* > 0.05 in
a 250 kb window. SNPs were clumped into sets and fil-
tered, selecting the SNP with the lowest p value from each
set. In the event that two or more SNPs from a set had the
same p value, the SNP with the largest beta coefficient was
used. PLINK was also used to calculate the PRS to pro-
duce a per-allele weighted score with no mean
imputation.

PRS modelling
Only those subjects who were used for the genetic
correlation analyses were used in the PRS analyses (that is,
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PRS analyses also excluded from both case and control
groups those individuals in UK Biobank with psychiatric
disorder). Modelling was performed in R (version 3.1.2)
using the glm function. Full sample and age-stratified
analysis models were adjusted for age, sex, chip and PGCs
1-8, whereas sex-stratified analysis was not adjusted for
sex. Scores were then split into deciles using the ntile
function of the dplyr package. Model Nagelkerke r* was
calculated using the fmsb package.

Results
Mood instability in MDD and BD within UK Biobank

In previous work we have identified individuals within
UK Biobank with a probable diagnosis of mood disorder,
including cases of MDD (subdivided into single-episode
MDD, recurrent moderate MDD and recurrent severe
MDD) and BD, as well as non-mood disordered con-
trols®®. These classifications were independent of
response to the mood instability question or other ques-
tions from the EPQ-R-S. For the group of participants
who could be classified in this way, we assessed the pro-
portion with mood instability within each mood disorder
category. All mood disorder groups had a significantly
greater proportion of individuals with mood instability
compared with the control group (Table 1), in which the
prevalence was 35.3%. This proportion was highest in the
BD group (74.0%) followed by the three MDD groups
(71.7% for recurrent severe MDD, 64.2% for recurrent
moderate MDD and 43.7% for single-episode MDD).
There were too few UK Biobank participants with a reli-
able classification of schizophrenia, ADHD, anxiety dis-
order or PTSD to allow for an assessment of the
prevalence of mood instability in these groups.

GWAS of mood instability
The mood instability GWAS results are summarised in
Fig. 1 (Manhattan plot), Fig. 2 (QQ plot) and Table 2

Table 1 Proportion of individuals with mood instability
within mood disorder groups, compared to non-mood
disordered controls

Mood instability Pearson X> P value
N (%)
BD 1180 (74.0) 10x10° <0001
Recurrent MDD, severe 6303 (71.7) 45%10° <0.001
Recurrent MDD, 9509 (64.2) 44%10° <0.001
moderate
Single-episode MDD 3403 (43.7) 2211 <0.001
Non-mood disordered 30,844 (35.3) - -

controls

BD bipolar disorder, MDD major depressive disorder
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(genome-wide significant loci associated with mood
instability). Regional plots are provided in Figs. 3a—d.

Overall, the GWAS data showed modest deviation in
the test statistics compared with the null (Agc = 1.13); this
was negligible in the context of sample size (1gc 1000 =
1.002). LDSR suggested that deviation from the null was
due to a polygenic architecture in which #*s\p accounted
for ~8% of the population variance in mood instability
(observed scale h2gqp =0.077 (SE 0.007)), rather than
inflation due to unconstrained population structure (LD
regression intercept = 0.998 (SE 0.009)).

We observed four independent genomic loci exhibiting
genome-wide significant associations with mood
instability (Fig. 1, Table 2 and Figs. 3a—d), on chromosome
8 (index SNP rs7829975; CLDN23 and MFHASI), chro-
mosome 9 (index SNP rs10959826; PTPRD), chromosome
14 (index SNP rs397852991; LTBP2, ARELI, FCFI,
YLPM1, PROX2, DLST, RPS6KLI, PGF, EIF2B2 and
MLH3) and chromosome 18 (index SNP rs8084280;
DCC). In total, there were 111 genome-wide significant

il
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Fig. 1 Manhattan plot of GWAS of mood instability in UK Biobank (n =
113,968)
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Fig. 2 QQ plot for UK Biobank mood instability GWAS results
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LTBP2, AREL1, FCF1, YLPM1, PROX2, DLST, RPS6KL1, PGF, EIF2B2, MLH3

DCC

75,144,618-75,359,229

0053 (0.0088)  298x107°

0.050 (0.0085)

0.606
0.508

C/CA
T/A

75,268,920

14

rs397852991

50,635,119-50,893,647

3.15%x107°

50,726,749

18

rs8084280

Shown are LD-independent genome-wide significant SNP associations for mood instability (sorted by genomic position according to NCBI Build 37). Chromosome (Chr) and Position denote the location of the index SNP. The
final column indicates protein-coding genes at the associated loci (see regional plots in supplementary information) or, where there are no genes at the associated locus, the nearest gene if less than 1 MB from the locus.

RAF risk allele frequency, Beta logistic regression coefficient for allele1, SE standard error for Beta. P value the probability of getting the derived test statistic under the null hypothesis
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SNPs across all loci. Given the functional alleles that drive
association signals in GWAS may not affect the nearest
gene, we use the above gene names to provide a guide to
location rather than to imply that altered function or
expression of those genes are the sources of the associa-
tion signals.

We also repeated this GWAS for males and females
separately (Supplementary Figs. S1 and S2) and for the
sample stratified according to median age (age 58 and
below, and age 59 and above; Supplementary Figs. S3 and
S4). No genome-wide significant loci were observed from
these stratified analyses, possibly because of reduced
power, apart from the retention of a single genome-wide
significant finding at rs8084280 on chromosome 18 (the
DCC gene) for males only (Supplementary Fig. S1). There
was a high degree of genetic correlation between mood
instability in males and females (r, = 1.02, SE = 0.09, p =
2.84 x 10%°), and between mood instability in the
younger and older subgroups (ry =1.02, SE=0.09, p =
2.67 x 1072,

Within supplementary materials, we also present the
results of the secondary GWAS of mood instability that
was excluded from the case group of 9865 participants
with a psychiatric disorder (Supplementary Table S1).
This GWAS was used to assess for genetic correlation
between mood instability and MDD, BD, schizophrenia,
ADHD, anxiety disorders and PTSD, and for the PRS
analyses. Supplementary Table S1 shows that the risk
allele frequencies (RAFs) of the index SNPs within the
four genome-wide significant loci from the primary
GWAS were very similar to the RAFs for these same
SNPs within this secondary GWAS: for rs7829975 the
RAF was 0.516 vs. 0.523; for rs10959826 it was 0.785 vs.
0.789; for rs397852991 it was 0.606 vs. 0.673; and for
rs8084280 it was 0.508 vs. 0.514). However, it should
be noted that, perhaps due to a loss of power from
excluding 9865 individuals, only one of these four loci
retained genome-wide significance (rs7829975 on chro-
mosome 8).

Genetic correlation of mood instability with MDD,
schizophrenia, BD, ADHD, anxiety disorder and PTSD

We identified strong genetic correlation between mood
instability and MDD (ry=0.60, SE=0.07, p=8.95 x
10~"7) and a smaller, but significant, correlation between
mood instability and both schizophrenia (ry =0.11, SE =
0.04, p = 0.01) and anxiety disorders (ry = 0.28, SE = 0.14,
p=0.04; Table 3). We did not find significant genetic
overlap between mood instability and BD (r; = 0.01, SE =
0.05, p =0.27), ADHD (ry =0.14, SE=0.11, p = 0.18) or
PTSD (rg=0.33, SE=0.17, p = 0.06).
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Table 3 Genetic correlation between mood instability and MDD, schizophrenia, BD, PTSD, ADHD and anxiety disorder

Phenotype Rg se z p h2 obs h2 obs se h2 int h2 int se Gceov int Gceov int se
MDD 0.6 0.07 832 895x 107" 0.11 0.01 0.99 0.008 -0.0019 0.006
Schizophrenia 0.1 0.04 248 0.01 0.25 0.01 1.03 0.01 0.0008 0.007
BD 0.01 0.05 0.27 0.27 0.12 0.01 1.02 0.008 0.0069 0.005
PTSD 0.33 0.17 1.9 0.06 0.10 0.004 0.99 0.007 0.0004 0.005
ADHD 0.14 0.11 1.35 0.18 04 0.15 1.01 0.01 0.0046 0.004
Anxiety disorder 0.28 0.14 2.04 0.04 0.06 0.03 1.00 0.01 0.01 0.005

Ry genetic correlation with mood instability, SE standard error of the genetic correlation, Z the test statistic, h? obs heritability on the observed scale, h? obs SE the
standard error of the heritability, h? int intercept of the heritability, h? int SE standard error of the heritability intercept, Geov int intercept of the genetic covariance,
Gceov int SE standard error of the genetic covariance intercept, MDD major depressive disorder, BD bipolar disorder, PTSD post-traumatic stress disorder, ADHD
attention deficit hyperactivity disorder
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PRS analysis of MDD, BD and schizophrenia as predictors
of mood instability

Using the PRS approach, both MDD and schizophrenia
had significant positive correlations with mood instability
status (for MDD at p <0.5 PRS threshold: OR =1.029,
95% CI = 1.02-1.033, #* = 0.023, p = 1.00 x 10 >* and for
schizophrenia at p < 0.1 PRS threshold: OR =1.009, 95%
CI=1.005-1.014, r*=0.021, p=6.71 x 10> Supple-
mentary Table S2). There was no evidence of an asso-
ciation between PRS for BD and mood instability. This
finding of a positive correlation between PRSs for MDD
and schizophrenia and mood instability status (and no
such correlation for BD PRS) was consistent across
additional analyses stratified for sex and age (Supple-
mentary Tables S3-S6).

Discussion

We have identified four independent loci associated
with mood instability within a large population cohort, in
what is to date the only GWAS of this phenotype. We also
identified a SNP-based heritability estimate for mood
instability of ~8%, and a strong genetic correlation
between mood instability and MDD, suggesting sub-
stantial genetic overlap between mood instability and
vulnerability to MDD. There was also a small but sig-
nificant genetic correlation between mood instability and
schizophrenia and between mood instability and anxiety
disorders, but no significant genetic correlation with BD,
ADHD or PTSD. PRS analyses found a positive correla-
tion between genes for both MDD and schizophrenia and
mood instability status, but this was not the case for BD.

The strong genetic correlation between mood instability
and MDD is of interest because it is consistent with the
hypothesis that at least part of the pathophysiology of
MDD might include a reduced capacity to effectively
regulate affective states. In support of this is evidence that
individuals with MDD tend to have maladaptive responses
to intense emotions, responding with worry, rumination
and self-criticism, which can then exacerbate negative
emotional states””. This maladaptive pattern of responses
is also consistent with our finding of a small but sig-
nificant genetic correlation between mood instability and
both anxiety disorder and schizophrenia.

The lack of genetic correlation between mood instability
and BD was unexpected, given that mood instability is
considered a core deficit in BD* and was more common in
our BD cases than MDD cases. Similarly, a genetic cor-
relation between mood instability, ADHD and PTSD
might have been anticipated. This lack of correlation
between mood instability and BD/ADHD/PTSD is diffi-
cult to account for, but might be explained by the rela-
tively underpowered nature of the BD, ADHD and PTSD
GWAS analyses, compared to the analyses used for MDD
and schizophrenia. It is worth noting that, although not

Translational Psychiatry

Page 7 of 9

significant, the magnitude of the genetic correlation
between mood instability and ADHD was 0.14. Similarly,
the genetic correlation between mood instability and
PTSD was not significant but had a magnitude of 0.33.

It is well documented that MDD occurs more com-
monly in females than in males, and it is possible that
mood instability may be of greater relevance as a cross-
cutting phenotype for women compared to men. We
therefore carried out a GWAS of mood instability for
males and females separately (Supplementary Fig. S1 and
Fig. S2). These stratified analyses found no genome-wide
significant loci for females and only one genome-wide
significant locus for males (the previously identified locus
on chromosome 18). Furthermore, there was perfect
genetic correlation between mood instability in males and
females. Although these analyses had reduced power, they
suggest that there was no evidence for a large number of
sex-specific loci for mood instability. Similarly, we carried
out GWAS stratified by age, for those in the sample at or
below the median age of 58 and for those above age 58
(Supplementary Figs. S3 and S4). As with stratification by
sex, these age-stratified analyses did not identify any
genome-wide significant loci, and there was perfect cor-
relation between mood instability in the younger and
older subgroups.

It is not possible to be certain which of the genes within
associated loci are likely to be most relevant to the
pathophysiology of mood instability but several genes of
interest were identified. For example, the lead SNP within
the associated region on chromosome 18 lies in intron 9
of the DCC netrin 1 receptor (originally named deleted in
colorectal cancer; DCC) gene, with no other protein-
coding genes for >500 kb on either side (Fig. 3d). DCC is
the receptor for the guidance cue netrin I, which has a
central role in the development of the nervous system,
including (but not limited to) the organisation and func-
tion of mesocorticolimbic dopamine systems>®. Recent
studies have shown a range of human phenotypes asso-
ciated with loss-of-function mutations in DCC, including
agenesis of the corpus callosum, learning disabilities and
mirror movements, all associated with a large-scale dis-
ruption of the development of commissural connectivity
and lateralisation®” *°. Manitt et al. have identified that
DCC has a role in regulating the connectivity of the
medial prefrontal cortex during adolescence and found
that DCC expression was elevated in the brain tissue of
antidepressant-free subjects who committed suicide®".
This suggests a possible role for DCC variants in
increasing predisposition to mood instability and mood
disorders, as well as related psychopathological
phenotypes.

The associated region on chromosome 14 contains at
least 10 candidate genes (Table 2 and Fig. 3c). One of
these is translation initiation factor 2B subunit beta
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(EIF2B2), mutations in which are known to cause a range
of clinically heterogeneous leukodystrophies®*. Reduced
white matter integrity has been consistently associated
with negative emotionality traits (such as harm avoidance,
neuroticism and trait anxiety)g?’, as well as with MDD and
BD?*, It is therefore possible that variation in EIF2B2 may
have a role in mood instability.

Another gene within the associated region on chro-
mosome 14 is placental growth factor (PGF), a member of
the angiogenic vascular endothelial growth factor (VEGF)
family®> *°, which is expressed at high levels in the pla-
centa and thyroid®’. PGF has a wide range of functions,
including embryonic thyroid development®® and immune
system function®” *°, as well as a role in atherosclerosis,
angiogenesis in cancer, cutaneous delayed-type hyper-
sensitivity, obesity, rheumatoid arthritis and pre-
eclampsia®” *'™**, PGF may be of interest because of the
long-established association between thyroid dysfunction
and both MDD and BD", along with the recent obser-
vation that pre-eclampsia may be a marker for the sub-
sequent development of mood disorders®®,

Also of interest is the finding that the gene for protein
tyrosine phosphatase, receptor type D (PTPRD) lies within
1 Mb of the associated region on chromosome 9 (Fig. 3b).
PTPRD encodes a receptor type protein tyrosine phos-
phatase known to be expressed in the brain and with an
organising role at a variety of synapses, including those
that play a role in synaptic plasticity’’. As such, it may
have a role in a broad range of psychopathology.

Two of the genomic loci associated with mood
instability (on chromosomes eight and nine) overlap with
loci found to be associated with neuroticism in a recent
GWAS and meta-analysis, which combined data from the
UK Biobank cohort, the Generation Scotland cohort and a
cohort from the Queensland Institute of Medical
Research®®. The neuroticism study made use of scores on
the 12-item EPQ-R-S questionnaire, of which one of the
questions was the mood instability question used in the
present study. This overlap in findings suggests that mood
instability is a key component of neuroticism as defined
by the EPQ-R-S and that at least some of the gene variants
implicated in mood instability are likely to contribute to
the broader phenotype of neuroticism. We did not assess
for genetic correlation between mood instability and
neuroticism using LDSR because both GWAS outputs
were predominantly from the same UK Biobank sample.

Strengths and limitations

To the best of our knowledge, this is the first reported
GWAS of mood instability. It has enabled objective esti-
mates of heritability and genetic correlation with important
psychiatric disorders to be made for the first time. In the
future, genotyping data for the full UK Biobank sample
(502,000 participants) will be available. This increased
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sample size may identify larger estimates of shared variance
between mood instability and psychiatric disorders.

Some important limitations of this work are acknowl-
edged. The mood instability phenotype used was based on
response to a single-item question ('Does your mood often
goes up and down?), which may be an imperfect measure
of mood instability. Approximately 44% of the whole UK
Biobank cohort answered ‘yes’ to this question, a much
larger proportion than the 13% of participants classified as
having mood instability within the UK APMS?. This may
be because the assessment of mood instability in the
APMS was based on a slightly different question ("Do you
have a lot of sudden mood changes’) and because
respondents had to additionally report that they suffered
this symptom over the last several years'. Clearly, a
potential limitation of self-report is the possibility of
responder bias and, further, a more complete and objec-
tively assessed measure of mood instability would have
been preferable. However, this was not available to us in
the UK Biobank phenotype data set and is unlikely to be
feasible to collect within a population cohort of this size.

Conclusions

Despite a recognition that mood instability is likely to be
an important phenotype underpinning a range of psychiatric
disorders—particularly mood disorders*—there has to date
been very little work on its neural correlates. Early investi-
gations tentatively suggest a role for altered function and/or
connectivity of the amygdala®’, but this is an area that is
currently underdeveloped. It is hoped that our findings will
stimulate new research on mood instability, which may be a
clinically useful and biologically valid trait that cuts across
traditional diagnostic categories™.
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4.2.1 AppendixB

4.2.1.1 Figure S1. Manhattan plot of GWAS of mood instability in UK Biobank (males

only).
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4.2.1.2 Figure S2. Manhattan plot of GWAS of mood instability in UK Biobank (females

only).
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4.2.1.3 Figure S3. Manhattan plot of GWAS of mood instability in UK Biobank (age 58
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4.2.1.4 Figure S4. Manhattan plot of GWAS of mood instability in UK Biobank (age 59
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4.2.1.5 Table S1. Genome-wide significant loci associated with mood instability in UK

Biobank (excluding 9,865 participants with psychiatric disorder)

Index SNP Chr | Position AIIeI:7(I)(ther RAF | Beta (SE) | P-value
Allele

rs7829975 | 8 | 8,548,117 A/T 0.52 (8:833) 5.1302_9x

rs10959826 | 9 |11,459410| G/A  |0.79 ?6?0515) 4-1707_7"

1397852991 | 14 | 75268920 | C/CA | 0.67 (8:833) 1-1205_6X

rs8084280 | 18 | 50,726,749 | T/A | 051 (8:832) 1-13;)5_7X

4.2.1.6 Table S2. Psychiatric polygenic risk score analysis of mood instability

Adjusted for age, sex, genotyping chip and PGCs 1-8; notai= 104,103, ncas = 43,660, neon = 60,443

Predictor P Beta SE OR conf lower uc:::r Nage:!(erke
MDD_0.01 1.88*10™ 0.0148 0.00221 | 1.0149 1.011 1.0193 0.0216
MDD_0.05 5.47*10% 0.0216 0.00224 | 1.0218 1.02 1.0263 0.0221
MDD_0.1 1.11*%107% 0.0242 0.00226 | 1.0244 1.02 1.029 0.0224
MDD_0.5 1.00*103 0.0281 0.00229 | 1.0285 1.02 1.0332 0.0229
bipolar_gws 3.64*10 0.00201 | 0.00221 1.002 0.99768 1.0064 0.021
bipolar_0.01 1.67*10 0.00305 | 0.00221 | 1.0031 0.99873 1.0074 0.021
bipolar_0.05 1.28*10™ 0.00338 | 0.00222 | 1.0034 0.99903 1.0078 0.021
bipolar_0.1 1.65*10° 0.00311 | 0.00224 | 1.0031 0.99872 1.0075 0.021
bipolar_0.5 1.00*10 0.0037 0.00225 | 1.0037 0.99929 1.0081 0.021
SCZ_gws 1.08*10° 0.0035 0.00218 | 1.0035 0.99924 1.0078 0.021
SCZ_0.01 1.55*10° 0.00718 | 0.00227 | 1.0072 1.0027 1.0117 0.0211
SCZ_0.05 1.19*10° 0.00885 0.0023 1.0089 1.0044 1.0134 0.0211
SCZ_0.1 6.71%10° 0.0092 0.00231 | 1.0092 1.0047 1.0138 0.0212
SCZ_0.5 1.24*10 0.00893 | 0.00233 1.009 1.0044 1.0136 0.0212
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4.2.1.7 Table S3. Psychiatric polygenic risk score analysis of mood instability in
females

Adjusted for age, genotyping chip and PGCs 1-8; niotai= 53,279, Ncas = 23,308, Neon = 29,971

Predictor P Beta SE OR conf lower | conf upper Nagt:{lz(erke
MDD_0.01 8.80%10°° 0.0137 0.00308 1.0138 1.0077 1.0199 0.024668
MDD_0.05 1.17%107 0.0201 0.00312 1.0203 1.0141 1.0266 0.025205
MDD_0.1 2.96*10" 0.022 0.00315 1.0222 1.0159 1.0286 0.025383
MDD_0.5 2.89*10" 0.027 0.0032 1.0274 1.021 1.0338 0.025945
bipolar_gws | 6.20*10° 0.00153 0.00309 1.0015 0.99549 1.0076 0.024186
bipolar_0.01 5.35*10% 0.00593 0.00307 1.0059 0.99991 1.012 0.024272
bipolar_0.05 | 1.01*10° 0.00509 0.0031 1.0051 0.99901 1.0112 0.024246
bipolar_0.1 1.27%10" 0.00475 0.00312 1.0048 0.99864 1.0109 0.024237
bipolar_0.5 6.92*10% 0.00569 0.00313 1.0057 0.99955 1.0119 0.024261
SCZ_gws 3.43*10° 0.00287 | 0.00303 1.0029 0.99694 1.0088 0.024202
SCZ_0.01 1.62*10% 0.00759 0.00316 1.0076 1.0014 1.0139 0.024323
SCZ_0.05 7.32*10% | 0.00857 0.0032 1.0086 1.0023 1.015 0.024357
SCZ_0.1 5.90*10° | 0.00885 0.00321 1.0089 1.0026 1.0153 0.024367
SCZ_0.5 1.47%10% 0.00791 0.00324 1.0079 1.0016 1.0144 0.024327

4.2.1.8 Table S4. Psychiatric polygenic risk score analysis of mood instability in males
only

Adjusted for age, genotyping chip and PGCs 1-8, Niotai = 50,824, nNcas = 24,804, Neon= 27,939

Predictor P Beta SE OR I((:)(\::vn:r uc;::r NageRIIZ(erke
MDD_0.01 4.42*10” 0.016 0.00317 1.0162 1.0099 1.0225 0.01567
MDD_0.05 4.99*10" 0.023 0.00322 1.0235 1.0171 1.03 0.016372
MDD_0.1 2.69%10'° 0.027 0.00324 1.0269 1.0204 1.0334 0.016762
MDD_0.5 3.01*10"™ 0.03 0.00329 1.0299 1.0233 1.0366 0.017115
bipolar_gws | 4.30*10° 0.003 0.00317 1.0025 0.99629 1.0088 0.015015
bipolar_0.01 | 9.96*10°' | -0.00001 0.00317 0.99999 0.99379 1.0062 0.014999

bipolar_0.05 | 6.48*10° 0.001 0.00319 1.0015 0.99521 1.0077 0.015004
bipolar_0.1 6.98*10° 0.001 0.00321 1.0012 0.99496 1.0076 0.015003

bipolar_0.5 6.45*10° 0.001 0.00323 1.0015 0.99517 1.0079 0.015004
SCZ_gws 1.82*10° 0.004 0.00314 1.0042 0.99805 1.0104 0.015046
SCZ_0.01 4.17%10° 0.007 0.00326 1.0067 1.0003 1.0131 0.015108
SCZ_0.05 6.18*10% 0.009 0.00331 1.0091 1.0026 1.0157 0.015196
SCZ_0.1 4.26*10% 0.01 0.00332 1.0095 1.003 1.0161 0.015214
SCZ_0.5 2.80%10% 0.01 0.00335 1.0101 1.0035 1.0167 0.015234
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4.2.1.9 Table S5. Psychiatric polygenic risk score analysis of mood instability in those
equal to or younger than the median age of 58

Adjusted for age, sex genotyping chip and PGCs 1-8; niotai= 52,743, Neas= 24,804, Neon= 27,939

Predictor P Beta SE OR conf conf Nagelkerke
lower upper R2

MDD_0.01 4.42*10” 0.016 0.00317 1.0162 1.0099 1.0225 0.01567
MDD_0.05 4.99%10" 0.023 0.00322 1.0235 1.0171 1.03 0.016372
MDD_0.1 2.69*107 0.027 0.00324 1.0269 1.0204 1.0334 0.016762
MDD_0.5 3.01*10" 0.03 0.00329 1.0299 1.0233 1.0366 0.017115
bipolar_gws | 4.30*10™ 0.003 0.00317 1.0025 0.99629 1.0088 0.015015
bipolar_0.01 | 9.96*10°' [ -0.00001 0.00317 0.99999 0.99379 1.0062 0.014999
bipolar_0.05 | 6.48*10 0.001 0.00319 1.0015 0.99521 1.0077 0.015004
bipolar_0.1 6.98%10 0.001 0.00321 1.0012 0.99496 1.0076 0.015003
bipolar_0.5 6.45*10° 0.001 0.00323 1.0015 0.99517 1.0079 0.015004
SCZ_gws 1.82*10™ 0.004 0.00314 1.0042 0.99805 1.0104 0.015046
SCZ_0.01 4.17*%10° 0.007 0.00326 1.0067 1.0003 1.0131 0.015108
SCZ_0.05 6.18*10° 0.009 0.00331 1.0091 1.0026 1.0157 0.015196
SCZ_0.1 4.26*10° 0.01 0.00332 1.0095 1.003 1.0161 0.015214
SCZ_0.5 2.80*10° 0.01 0.00335 1.0101 1.0035 1.0167 0.015234

4.2.1.10 able S6. Psychiatric polygenic risk score analysis of mood instability in those
older than the median age of 58

Adjusted for age, sex genotyping chip and PGCs 1-8, niotai= 51,360, ncas= 18,856, neon = 23,504

Predictor P Beta SE OR If)(\:vnefr uc::efr NageRIIZ(erke
MDD_0.01 2.60%10° 0.0151 0.0032 1.0152 1.0088 1.0216 0.0028399
MDD_0.05 7.71%10™" 0.0211 0.00325 1.0214 1.0149 1.0279 0.0033778
MDD_0.1 1.41*10"? 0.0232 0.00327 1.0234 1.0169 1.03 0.0035861
MDD_0.5 3.58*10™ 0.0251 0.00331 1.0254 1.0188 1.0321 0.0037779
bipolar_gws 2.54*10" 0.00365 0.0032 1.0037 0.99738 1.01 0.0022874
bipolar_0.01 4.03*10™ 0.00267 0.0032 1.0027 0.99641 1.009 0.0022715

bipolar_0.05 4.95*10° 0.0022 0.00322 .0022 0.9959

-
—

.0085 0.0022653

bipolar_0.1 3.70*10° 0.00291 0.00324 .0029 0.99655

—_
—_

.0093 0.0022742

bipolar_0.5 3.55*10° 0.00301 0.00326 1.003 0.99664

—

.0094 0.0022756

SCZ_gws 9.12*10° | -0.000347 0.00314 0.99965 0.99351 1.0058 0.0022532
SCZ_0.01 7.72*%10 0.00581 0.00329 1.0058 0.99937 1.0123 0.0023359
SCZ_0.05 5.71*10% 0.00633 0.00333 1.0063 0.99981 1.0129 0.0023491
SCZ_0.1 3.71*%10 0.00696 0.00334 1.007 1.0004 1.0136 0.0023684
SCZ_0.5 4.85E-02 0.00664 0.00337 1.0067 1 1.0133 0.0023563
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4.3 The genomic basis of mood instability: identification of 46 loci in
363,705 UK Biobank participants, genetic correlation with
psychiatric disorders, and association with gene expression and
function.
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Abstract

Genome-wide association studies (GWAS) of psychiatric phenotypes have tended to focus on categorical diagnoses, but to
understand the biology of mental illness it may be more useful to study traits which cut across traditional boundaries. Here,
we report the results of a GWAS of mood instability as a trait in a large population cohort (UK Biobank, n = 363,705). We
also assess the clinical and biological relevance of the findings, including whether genetic associations show enrichment for
nervous system pathways. Forty six unique loci associated with mood instability were identified with a SNP heritability
estimate of 9%. Linkage Disequilibrium Score Regression (LDSR) analyses identified genetic correlations with Major
Depressive Disorder (MDD), Bipolar Disorder (BD), Schizophrenia, anxiety, and Post Traumatic Stress Disorder (PTSD).
Gene-level and gene set analyses identified 244 significant genes and 6 enriched gene sets. Tissue expression analysis of the
SNP-level data found enrichment in multiple brain regions, and eQTL analyses highlighted an inversion on chromosome 17
plus two brain-specific eQTLs. In addition, we used a Phenotype Linkage Network (PLN) analysis and community analysis
to assess for enrichment of nervous system gene sets using mouse orthologue databases. The PLN analysis found enrichment
in nervous system PLNs for a community containing serotonin and melatonin receptors. In summary, this work has
identified novel loci, tissues and gene sets contributing to mood instability. These findings may be relevant for the
identification of novel trans-diagnostic drug targets and could help to inform future stratified medicine innovations in mental
health.

Introduction

Mood instability is a subjective emotional state defined as
rapid oscillations of intense affect, with difficulty regulating
Supplementary information The online version of this article (https:// ~ these oscillations and their behavioural consequences [1].

d010rg/101038/941380—019—0439—8) contains supplementary AS a psychopathologica] phenotype’ mood lnstablhty may
material, which is available to authorised users.
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be useful for psychiatric research within a Research Domain
Classification (RDoC) framework [2] because it is a
symptom that occurs in several psychiatric disorders, par-
ticularly major depressive disorder (MDD) and bipolar
disorder (BD). It is also present within general population
samples, and is known to be associated with a range of
adverse health outcomes [3].

We recently identified four loci associated with mood
instability within a subsample of the UK Biobank cohort
(n=113,968) and found genetic correlation with both
MDD and schizophrenia [4]. Here, we report a significantly
larger genome-wide association study (GWAS) of mood
instability in the European ancestry subset of UK Biobank
dataset (n=363,705), using a BOLT-LMM approach to
maximise statistical power. We also revisit the assessment
of genetic correlations with psychiatric disorders, including
the use of more recent GWAS outputs for MDD, schizo-
phrenia and BD. Furthermore, we contextualise our findings
in terms of affected tissues, eQTL analysis and Phenotype
Linkage Network (PLN) analysis. PLN is a new metho-
dology that harnesses the fact that variation in many com-
plex traits results from perturbations of multiple molecular
components within a smaller number of cellular pathways.
These pathways can then be identified using gene network
approaches.

Methods
UK Biobank sample

UK Biobank is a large cohort of over 500,000 United
Kingdom residents, aged between 39 and 69 years [5]. UK
Biobank was created to study the genetic, environmental
and lifestyle factors that cause or prevent a range of mor-
bidities in middle and older age. Baseline assessments
occurred over a 4-year period, from 2006 to 2010, across 22
UK centres. These assessments covered a wide range of
social, cognitive, lifestyle and physical health measures.
Informed consent was obtained from all participants, and
this study was conducted under generic approval from the
NHS National Research Ethics Service (approval letter
dated 13 May 2016, Ref. 16/NW/0274) and under UK
Biobank approvals for application #6553 ‘Genome-wide
association studies of mental health’ (PI Daniel Smith).

Genotyping, imputation and quality control

In March 2018, UK Biobank released genetic data for
487,409 individuals, genotyped using the Affymetrix UK
BiLEVE Axiom or the Affymetrix UK Biobank Axiom
arrays (Santa Clara, CA, USA) which contain over 95%
common SNP content [6]. Pre-imputation quality control,
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imputation and post-imputation cleaning were conducted
centrally by UK Biobank (described in the UK Biobank
release documentation).

Phenotyping

UK Biobank participants were asked as part of their base-
line assessment: “Does your mood often go up and down?”
Those who responded ‘yes’ to this question were defined as
mood instability cases and those who responded ‘no’ were
defined as controls. To minimise any impact of psychiatric
disorders on observed genetic associations with mood
instability, individuals reporting depression, bipolar dis-
order, schizophrenia, ‘nervous breakdown’, self-harm or
suicide attempt (all from UK Biobank data field 20002), and
those who reported taking psychotropic medications (data
field 20003) were excluded from the analysis. Participants
were also excluded if: their self-reported sex did not match
their genetically determined sex; UK Biobank had deter-
mined them to have sex chromosome aneuploidy; they were
considered by UK Biobank to be heterozygous outliers;
they were missing over 10% of their genetic data; or they
were not in the subset classified as British participants of
European ancestry.

Genetic association and heritability

Genetic association analysis was performed using BOLT-
LMM [7, 8]. This approach makes use of a genetic rela-
tionship matrix (GRM) to control as robustly as possible for
population structure without the need to adjust the model
for principal components (PCs), while maximising power
by avoiding the need to exclude related individuals. In
addition, BOLT-LMM builds an infinitesimal model
including all directly genotyped SNPs simultaneously,
thereby further increasing power compared with logistic
regression approaches that test each SNP in turn. This
‘genotyped SNPs only’ model has the imputed SNPs tested
against it allowing for the imputation score cut-off criterion
to be substantially reduced and increases the number of
SNPs available to test for association with the outcome.
BOLT-LMM treats binary variables as a linear trait but is
able to handle binary outcomes well when the sample size is
large and when the number of cases and controls are evenly
balanced, as is the case here.

Models were adjusted for age, sex and genotyping array.
SNPs were filtered to remove those with MAF <0.01,
Hardy-Weinberg Equilibrium p<1x107%, or imputation
quality score <0.3. BOLT-LMM was also used to provide a
heritability estimate and Agc estimate. A secondary analysis
was also performed on a subsample of the cohort which
excluded those used in the previous GWAS and anyone
who was related to another participant.
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Regional plots were made via LocusZoom v1.4 [9]
as FUMA lacks SNPs from the HRC reference panel
which were also imputed in the UK Biobank genetic
data release. We defined a locus as the region of
containing a lead SNP and all other SNPs (r2>0.1)
within a 5 MB radius of the lead SNP. The LD was
calculated using 10,000 unrelated Biobank partici-
pants who had passed the same genetic QC as those
used for the GWAS.

The summary statistics were processed by FUMA [10]
(See URLs) for visualisation, MAGMA Gene Analysis,
Gene-set Analysis and Tissue Expression Analysis [11].
The Gene-level Analysis operates by grouping p values for
individual SNPs into a gene test statistic using the mean y>
statistic for the gene whilst accounting for LD via the use of
a European ancestry reference panel. The Gene-set Analysis
groups genes according to MsigDB v6.1 [12], a collection
of both curated gene sets and GO terms, and tests each set in
turn against all the other sets. The Tissue Expression Ana-
lysis performs a one-sided test based on the correlation
between tissue-specific gene expression profiles and trait-
gene associations.

Genetic correlations

Linkage Disequilibrium Score Regression (LDSR) [13] was
used to calculate genetic correlations with psychiatric dis-
orders. The intercept was left unconstrained to allow for
sample overlap. For the MDD [14], BD [15], schizophrenia
[15] and PTSD [16] phenotypes, we used the most up-to-
date GWAS summary statistics provided by the Psychiatric
Genomics Consortium. Anxiety disorder summary statistics
came from the Anxiety NeuroGenetics STudy (ANGST)
Consortium [17].

Tissue-specific expression and eQTL analysis

The lead SNP for each locus (unless otherwise noted)
was assessed for cis effects on gene expression (eQTLs)
in publicly available human dorsolateral prefrontal cor-
tex RNASeq datasets using the Lieber Institute for Brain
Development (LIBD) eQTL browser (See URLs). Each
locus was initially examined in the LIBD BrainSeq
dataset (n = 738; See URLs); SNPs showing significant
eQTLs were then assessed for replication in the Common
Mind Consortium (CMC) dataset (n =547; See URLs).
Only eQTLs that reached a False Discovery Rate (FDR)
corrected threshold of ¢<0.05 in both the LIBD and
CMC datasets, and showed the same direction of effect in
both, are reported. Tissue-specific expression patterns
were assessed for implicated genes using the GTEx
portal [18]. All g values quoted in the text are FDR
corrected.

Genetic principal component generation

Genetic principal components were created using Plink 2 [19]
using pca approx (with default settings) within the region
between base positions 40,850,001 and 41,850,000 on chro-
mosome 17 for the analysis of the inversion polymorphism.

Pathway analysis

PLN analysis builds on the fact that variation in complex
traits results from perturbations of multiple molecular com-
ponents within a smaller number of cellular pathways that can
be identified using gene network approaches. No single
dataset or data type can provide a complete picture of the
functional association between genes but a recent method
combines information from multiple data types by weighing
functional similarities between genes according to their like-
lihood of influencing the same mammalian phenotype(s).
This approach has a greater specificity and sensitivity than
analyses using a single data type and other comparable
integrative methods [20]. The PLN approach exploits phe-
notypic information from over seven thousand genes whose
function has been experimentally perturbed in the mouse and
evaluates the ability of different data types such as protein—
protein interactions (PPI), co-expression (RNA or protein)
and semantic similarity score based on literature or Gene
Ontology (GO) annotations or pathway annotations (KEGG),
to predict whether knockout of the orthologues of a given pair
of human genes will yield similar phenotypes. By weighting
those data types accordingly, they are integrated to generate a
single combined measure of functional similarity between
gene pairs. The resulting network of pairwise gene functional
similarities is termed a phenotypic-linkage network (PLN)
[20]. To increase the sensitivity and specificity to detect
functional associations relevant for a specific disease/trait, it is
possible to select only those mouse phenotypes that are
relevant for a specific disorder in the data type weighting
evaluation step [21]. Following this approach, we conducted
a further analysis in which we re-weighted our generic PLN
to be more sensitive to functional genomics data most
informative to mood instability by considering only pheno-
types within the over-arching mouse phenotype ontology
(MPO) category Nervous System (MP:0003631). The PLN
and nervous-PLN (NS-PLN) were built using the same 16
functional genomics datasets described by Honti et al. [20],
with 64,640,972 and 49,656,123 weighted links, respectively.

Following the approach described by Sandor et al. [21],
we identified ‘communities’ of densely interconnected
groups of genes (including at least 20 genes) within each
PLN and tested whether any communities were enriched in
genes harboured by GWA/subGWA intervals. This test
examines how many of these intervals harboured at least
one gene belonging to a given Community as compared to
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randomly shifted intervals equal in gene number. This
approach makes no prior hypothesis about the number or
nature of genes within each GWA interval.

Definition of GWA and subGWA intervals

The GWA and subGWA intervals were defined by con-
sidering SNPs attaining an association p-value of 5x 1078
and 1 x 107°. This identified 6375 (GWA) and 9358 (sub-
GWA) SNPs respectively. We then identified the haplotypic
block containing each of these of these SNPs using geno-
types in the 1000 Genome Project and the python pipeline
developed by Brent Pedersen (See URLs). We defined
GWA/sub GWA intervals by identifying the most distant
block on a chromosome within a region of 500 kb of the
lead SNP. We then added an additional 300 kb on either
side of the interval to include genes that may be regulated
by regulatory variants with effects captured by the lead
SNPs. For subGWA regions, we excluded those subGWA
intervals harbouring genes present in GWA intervals.

Results
Demographics

In this GWAS sample of 363,705 individuals without a
history of psychiatric disorder, 43.2% reported mood
instability (n = 157,039) and the rest did not (n = 206,666).
There was a higher proportion of females amongst the mood
instability cases than in controls (55.4% vs. 51.2%,
respectively), and the mean age of cases was lower than for
controls (55.8 years vs. 57.7 years).

GWAS findings

We detected 46 loci across the genome with p<5x 1078
(Fig. 1 and Table S1) and an estimated SNP heritability (h?)
of 0.09 (SE = 0.02). The heritability estimate has increased
from the previous GWAS by ~2% (Previous h? = 0.07, SE
=0.007). We attribute the increase in SE to the differing
methodologies. The distribution of test statistics was con-
sistent with a polygenic contribution to risk (Agc=1.21;
Mooo = 1.001; LDSR intercept = 1.041; SE =0.006). In
addition, to help validate the four loci identified in the
previous mood instability GWAS, we tested the top SNP
from each locus in a sub-sample that excluded individuals
in the previous smaller GWAS and those individuals related
to another Biobank participant (n= 169,857). All four
SNPs were associated with mood instability after Bonfer-
roni correction (a < 0.0125, Table S2). We also note that the
directions of effect were the same as for the previous
GWAS findings.
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Gene-level and gene set analysis

A total of 244 significant genes were detected by MAGMA
(Supplementary Table S3) and FUMA gene analysis. The
Gene Set Analysis returned 6 enriched gene sets that met
the threshold for significance after Bonferroni correction
(Supplementary Table S4). Of these, 4 sets were related to
brain development and differentiation of neurons, glial cells
and astrocytes or neurogenesis. Other enriched sets included
the Nikolsky breast cancer 16q24 amplicon genes and the
prepulse inhibition gene sets.

Tissue expression analysis

MAGMA tissue expression analysis identified 11 tissue
categories, all of which were in the brain (Fig. S1). Indeed, all
sampled brain areas except substantia nigra showed enrich-
ment (i.e., frontal and anterior cingulate cortex, basal ganglia,
hippocampus, amygdala, hypothalamus and cerebellum).

Genetic correlations

Genetic correlations were calculated between mood instability
and five psychiatric phenotypes of interest (Table 1). All
genetic correlations remained significant after FDR correction
(g <0.05). The largest correlations were with MDD (7, = 0.74,
q¢=8.50x10""") and anxiety (r,=0.64, ¢=8.08x107).
PTSD had a moderate correlation with mood instability (r, =
0.32, ¢g=1.23x107%) and both schizophrenia and bipolar
disorder had weak but significant correlations (schizophrenia
1, =0.14, ¢=1.60x 105, BD r, = 0.09, g = 0.0012).

eQTL analysis

Nine of the GWAS loci showed significant eQTLs, many
potentially with specific isoforms (summarised in Table S5
and presented in full in Supplementary Table S6). The
strongest evidence of association with expression levels was
for rs669915, an eQTL located within a region of strong
linkage disequilibrium (LD) in chromosome 17q21 resulting
from the existence of a 900 kb inversion polymorphism that is
common in European populations [22]. The extended region
of LD across this portion of the chromosome makes it chal-
lenging to identify causal SNPs or the genes they regulate.
The 15669915 eQTL was most strongly associated with
expression of LRRC37A4P (LIBD dataset minimum ¢ =
1.96 x 10799; CMC dataset g =3.99 x 10765), an expressed
pseudogene, but there are many alternative candidates for
genes regulated by this SNP, including MAPT and CRHRI,
for which it was also an eQTL. (Supplementary Table S5).
The chromosome 17q21 inversion polymorphism has
itself been reported to affect the expression of genes in this
region [23]. We therefore investigated whether rs669915
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Fig. 1 Manhattan and QQ plot of mood instability GWAS

Table 1 Genetic correlations of mood instability with psychiatric
phenotypes

Trait Ty SE. Z P q

MDD 074 003 267 1.70x107%7 8.50x107 "7
Anxiety 0.64 0.14 47 323x107® 8.08x107°
PTSD 032 013 25 1.12x1072  1.23x1072
Schizophrenia ~ 0.14  0.03 44 957x107%  1.60x1073
Bipolar disorder 0.09 0.037 2.5 123x1072  1.23x1072

ry = genetic correlation with mood instability, S.E. = standard error of
the genetic correlation, Z = the test statistic, p =the p value, g the
False discovery rate corrected p value

MDD major depressive disorder, PTSD post-traumatic stress disorder

might ‘tag’ the expression effects mediated by the inversion
polymorphism in our sample. Using the method of de Jong
and colleagues [23], we constructed genetic principal
components (GPCs) from SNPs within the region between
base positions 40,850,001 and 41,850,000 on chromosome
17. A plot of the first two GPCs is shown in Fig. S2 and
reveals three distinct clusters of individuals, each repre-
senting one of the three inversion polymorphism genotypes,
H1/H1 (right-most cluster; n=162,113), HI/H2 (middle
cluster; n=158,506) and H2/H2 (left-most cluster; n=
38,597). The H1 inversion allele had a population frequency
of 0.32, far higher than the frequency reported by de Jong.
In linear regression analyses, there was no association
between mood instability phenotype and inversion genotype
using a model of additive allelic effects (no. of H2 alleles)
and adjusting for age, sex and genotyping array (p = 0.835).

Nervous system PLN analyses (NS-PLN)

Amongst both GWA and subGWA gene sets, we found a
disproportionate aggregation of genes within only one

T T T T T T T T T T T — T T
18 19 20 21 22

Chromosome

community, Community 26 within the NS-PLN (21 GWAS
loci including at least one gene, g =0.011; 25 “subGWAS
“loci including at least one, ¢ = 0.018) (Fig. 2a). Examining
the entire NS-PLN Community 26 gene, we found that it was
significantly enriched in genes, whose unique 1:1 orthologues
in the mouse when disrupted induce abnormities in synaptic
transmission (Mouse Phenotype Ontology term MP:0003635;
g=2.77¢" "8, 75 genes expected vs. 259 gene observed).
However, we did not find evidence that the unique mouse
orthologues of mood instability GWA and subGWA genes
that belonged to Community 26 were enriched for any par-
ticular mouse phenotype. Nonetheless, we found that the 37
and 35 GWA and subGWA genes present in the Community
26 were highly functionally connected with other Community
26 genes annotated with abnormal synaptic transmission
phenotype term (Fig. 2b).

Discussion
Main findings

These analyses represent the largest genetic study of mood
instability to date. Forty six associated loci were identified,
with a heritability estimate of 9%. Our findings confirm the
four loci identified in our initial GWAS on the UK Biobank
interim data release [4] and are further validated by tissue
expression analyses (enrichment for 11 brain regions) and
pathway analyses (6 enrichment pathways, 4 of which relate
to the development and differentiation of neurons). The
large number of individuals in this study also provided
substantial power to detect genetic correlations with psy-
chiatric traits via LDSR. All five psychiatric traits assessed
had a significant genetic correlation with mood instability.
Some of these correlations were strong (particularly for
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Fig. 2 Different Mood associated genetic risk variants converge in a
nervous specific gene network. a Enrichments of gene functional
communities from a generic PLN and from a Nervous-System (NS)
PLN within Mood-GWA and subGWA loci (see Methods). The
Community ID is given first in the descriptor followed by the number
of genes within that community. Only communities formed from over
20 genes are shown. b Gene subnetwork of Community 26 from NS-
PLN showing functional associations between genes residing in

MDD and anxiety) but others were weaker than expected.
For example, the genetic correlation between mood
instability and BD was only 9%, perhaps suggesting that the
mood instability phenotype in this study differs from the
affective instability that is a core feature of BD.

Biology of mood instability

Loci associated with mood instability included genes that
are involved across a variety of biochemical pathways, as
well as brain development and function. For example,
several gene products localised to the synapse. PLCLI and
PLCL2 are involved in GABA signalling [24] and melato-
nin signalling, respectively, and RAPSN assists in anchoring
nicotinic acetylcholine receptors at synaptic sites [25].
PLCLI has already been identified in a GWAS of schizo-
phrenia [26] and PLCL2 has been shown to be upregulated
in bipolar disorder [27]. In addition, we identified CALB2
which has many biological functions, including a role in
modulating neuronal excitability [28]. Both DCC (identified
in the previous mood instability GWAS) and BSN facilitate
the release of neurotransmitters within the active zone of
some axons [29]. BSN has also been shown to be associated
with schizoaffective disorder via GABA signalling [30].
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Mood-associated GWA (red squares) and subGWA (orange squares)
intervals and genes whose unique mouse orthologues are annotated
with abnormal synaptic transmission phenotype (cyan squares). To
increase clarity, only genes with abnormal synaptic transmission
phenotype annotation with at least three functional links to genes
residing in GWA and subGWA regions are shown. The colour of the
link connecting two genes indicates the strongest information source
supporting the functional association

FARP] promotes dendritic growth [31] and, although it has
so far not been directly linked to psychiatric disorders, it has
been shown to regulate dendritic complexity [32] (reduced
dendritic complexity is a recognised feature of schizo-
phrenia [33]).

We identified several developmental genes, including
NEGRI [34], RARB [35] and EPHBI [36], and transcription
factors such as HIVEP2 (loss of function of which causes
intellectual disability [37]) and TCF4 (previously associated
with schizophrenia [38]). NEGRI was identified by 23andMe
within their GWAS of MDD [39] and increased levels of
NEGRI protein in spinal fluid have been identified in both
MDD and BD [40]. RARB is involved in retinoic acid
synthesis pathways that have been associated depressive
symptoms in mice [41] and has also been found to have
increased expression in patients with schizophrenia [42]. The
methylation state of the EPHBI gene has been linked to
MDD [43] and SNP-based analyses have identified associa-
tion between EPHBI’s and symptoms of schizophrenia [44].

We also found association with several genes involved in
mitochondrial energy production, such as NDUFAF3,
NDUFS3, PTPMTI, KBTBD4 and MTCH?2, suggesting that
part of the physiology of mood instability may relate to
energy dysregulation.
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In addition to protein coding genes, several loci were
identified in regions containing non-coding protein
sequences such as AC019330.1, AC133680.1, RP11-6N13.1
and RP11-436d23.1. In addition, eQTL analyses identified
three more possible non-coding genes (RP11-481A20.10,
RP11-481A20.11 and FAMS5B) suggesting a possible RNA
interference or post-transcriptional regulation basis to mood
instability.

Furthermore, the eQTL analyses highlighted the 17q21
inversion. Our principal component analysis of this region
did not detect a significant association leading us to conclude
that it is the SNPs in the region (not the inversion itself)
driving the association. It is possible that lead SNPs may tag,
enhancer RNA or eRNA which we were unable to detect
here (LIBD data was generated using poly-A RNA and so
targets messenger RNA). However, our findings are con-
sistent with a recent report implicating dopamine neuron-
enriched enhancer activity in this region in several dopamine-
related psychiatric and neurological conditions [45].

Genes within regions associated with mood instability
were functionally associated with synaptic transmission, a
key pathway for psychiatric disorders, albeit this functional
association was only detectable after focussing our gene
network towards data types most informative for mamma-
lian nervous system phenotypes. Among the genes lying
within associated loci that contribute to this functional
association are several interesting candidate genes. HTR4 is
a member of the family of serotonin receptors and impli-
cated in depression and its treatment [46]. MCHRI, melanin
concentrating hormone receptor 1, is a G protein-coupled
which binds melanin-concentrating hormone. MCHRI can
inhibit cAMP accumulation and stimulate intracellular cal-
cium flux, and may be involved in the neuronal regulation
of food consumption [47] and the locus showed association
with schizophrenia in a Danish sample [48].

Strengths and limitations

As noted above, this is the largest GWAS of a mood
instability phenotype to date and has successfully identified
new loci, eQTLs, tissues, genetic correlations and gene
network enrichments. However, there are several limita-
tions, most notably the use of a single question to define
mood instability, and the lack of objective verification of
this phenotype. There are more detailed suggested mea-
surement scales for mood instability, such as that developed
by Chaturvedi and colleagues [49]. In the future, the use of
these more comprehensive assessments in large samples
may provide some clarification of our findings, for example
the lack of strong genetic correlation between mood
instability and BD. Nevertheless, the single question
approach to mood instability has been widely used, and
shown to identify robust associations with a range of health

outcomes and disorders [1, 3]. Similarly, exclusions for
psychiatric disorder were based on self-report.

We validated the top hits of the previous GWAS, how-
ever the cohort used was not truly independent (it was also
part of the UK Biobank cohort). It would be of interest to
replicate the 46 loci identified here, in sufficiently large
independent replication cohorts, when they become avail-
able in the future. As well as replication of the loci, further
analysis of sex specific differences would be of interest
because mood instability was more common in females than
males. Although this difference was relatively small, our
reported analyses were adjusted for sex and these differ-
ences are similar to those reported elsewhere [50].

It is also important to note that direct links between genetic
risk loci and network constituents in the PLN analysis will
have to await the release of more completely annotated gene
databases. The incompleteness of phenotypic annotations is
likely to explain why the genes identified in the PLN analysis
do not have corresponding organismal or physiological phe-
notypes, but the fact that there were strong functional asso-
ciations between the genes in the network we detected and
mouse orthologues that have the synaptic transmission phe-
notype annotation suggests that the mood instability genes
will also reveal this phenotype when more completely
annotated databases become available.

Finally, we note the large difference in frequencies of the
inversion polymorphism on chromosome 17 from that
reported by De Jong [23]. This difference could be due to
the populations sampled to estimate the frequency or over
representation in those who joined UK Biobank. It is
however important to note that the inversion itself would be
likely to contribute only a small proportion of the mood
instability phenotype, such that even larger sample sizes
than were used here would be needed to detect a correlation
where one exists.

Conclusion

In summary, with a tripling in sample size from the previous
GWAS, we identified substantially more associations with
mood instability in the UK Biobank cohort [4]. Future
analyses of the precise roles that these associations play in
the clinical expression of mood instability will be relevant
for the wide range of psychiatric phenotypes in which mood
instability occurs. We have also been able to more con-
fidently place these GWAS findings within relevant
biological contexts and some of the loci and pathways
identified may represent candidates for future novel drug
development.

Our findings are also of interest in the context of preci-
sion medicine innovations for mental health. It is possible
that polygenic risk scores derived from this work could be
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applied to clinical populations to conduct pharmacoge-
nomics studies and to inform patient stratification approa-
ches. Overall, we hope that our findings will stimulate
further research on the biology and treatment of
mood instability across a range of mood and psychotic
disorders.

URLs

FUMA-http://fuma.ctglab.nl/

Python pipeline developed by Brent Pedersen—https:/gist.
github.com/brentp/5050522

LIBD website—http://eqtl.brainseq.org/

LIBD eQTL Browser phase 1-http://eqtl.brainseq.org/pha
sel/eqtl/

CommonMind Consortium public—private partnership—
http://commonmind.org/WP
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4.3.1 AppendixC

4.3.1.1 Supplementary Table S1 Genomic loci associated with mood instability.

SNP = lead SNP for the Peak, CHR = chromosome number, BP = Base position of lead SNP, Al =

minor frequency allele, A2 = other allele, Beta = coefficient for the lead SNP, S.E. = Standard Error

for beta, p = p value, start_BP = start of associated region, stop_bp = end of associated region, info

= imputation score, Candidate Genes = genes that may be the cause of the association.

SNP CRH BP Al A2 BETA S.E. P start_BP stop_BP ";F Candidate Genes
- 0.001 ’
rs2000228 1 72723863 T C 0.007 ) 6.5%10° 72512988 73048522 1.00 NEGR1
37707346 14108776 CAATA 0.001 14093248 14126603
r . 2 . / c 0007 | 3.3*10° . N 0.87 LRP1B
ATAAT
. *10-
2:14424397 2 14424397 CA C 0.007 0.001 1.9*10 14405744 14436487 0.94 ARHGAP15
7 7 2 10 4 6
rs12477961 2 199‘;9567 A G 0.006 0'201 3.3*10% 199'11793 199655388 0.99 PLCL1
- 0.001
rs9857592 3 16845144 T A 0.007 3 1.0*10® 16692878 17151126 0.99 PLCL2
- 0.001 ’
rs12486699 3 25125530 C A 0.007 3 4.8*10°® 25065129 25351513 1.00 RARB
QARS, LAMB2,
0001 | 4210 BSN, AMIGO3,
rs73082357 3 49083566 G A 0.012 .8 T 46946029 52052904 1.00 CCDC36,GPX1,
RHOA,NICN1,
DAG1,NDUFAF3
rs15022190 10729555 - 0.001 6.8%10 10715082 10756026
3 3 0 T TATTG 0.008 3 . 6 9 0.98
rs4082244 3 134772953 C G 0.007 0‘201 2.2*10° 134674920 134705599 0.99 EPHB1
rs45510500 4 123107990 C T 0.014 0'(;02 3.3*10% 122877053 123692624 1.00
4:139;)9145 4 139079145 CAT c 0.007 0201 1.7%10° 138753351 139177532 0.99 SLC7AL1
10374582 - 0.001 2.1*10- 10367031 10411900
rs6882578 5 4 G C 0.006 1 3 4 0 0.99 RP11-6N13.1
156861117 5 109272641 A G 0012 O‘C;OZ 1.8%10°% 108696492 109233376 0.99
14783767 - 0.001 o 14768211 14785652
rs58746316 5 2 A T 0.007 ) 1.1*10 3 2 0.99 HTR4
rs9490443 6 98512158 A G 0 (;10 O‘C;Ol 1.3*10® 98228178 98896216 0.99 RP11-436d23.1
14306221 - 0.001 oy 14267721 14308306
rs67447472 6 6 G T 0011 9 3.8*%10 4 3 0.98 HIVEP2
7:2060397 7 2060397 CcT C 0.008 0'(‘)101 2.1*10% 1812267 2260034 0.95
13334116 - 0.001 . 13282123 13380396
rs2483509 7 2 G A 0.006 ) 2.0*10 5 2 1.00 EXOC4
- *10-
rs7818437 8 10209623 T C 0.010 0'(‘)101 2'61310 8088230 11896335 0.98
14163532 - 0.001 7.7*¥10° 14153740 14203102
rs1962104 8 9 T C 0.008 ) 5 5 4 0.98 PTK2
10-
rs56116032 9 11453149 A G 0.009 0'?101 6'11110 10961747 11995517 1.00
12266301 - 0.001 . 12262467 12267656
rs9775606 9 2 G C 0.007 ) 1.1*10 5 1 1.00
13530138 - 0.001 1.9*%10 13529867 13530138
rs999483 9 9 T G 0.008 3 0 < 9 1.00
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.
11509236 | 10 106425467 . c 0.007 0201 54410 106318527 106746851 0.98 SORCS3
- * -
rs16932966 | 11 | 16382882 G A 0.008 0'201 31710 | 16049786 | 16779416 | 0.95
LRP4,NR1HS3,
RAPSN,NDUFS3,
; 0001 | 9.4*10- PTPMTL,KBTBDA,
rs2868996 | 11 | 47575370 A T 0.00 " . 46331362 | 51579831 | 097 |\l 0 as0
AC133680.1
rs72995548 | 11 | ‘13 113892 C T 0.014 0'202 3.2%10° 112873487 113350550 1.00 NCAM1, DRD2
11341244 ; 0001 | 5.7*10° | 11326706 | 11345122
rs4309187 | 11 s A C 0.005 ) " . 5 0.99
rs61915924 | 12 | 16363975 A C 0.008 0'201 13*10% | 16313384 | 16423287 | 1.00
rs28655666 | 12 122178631 G A 0.007 0‘201 1.7%109 121942510 122371553 1.00
R *10-
rs3843954 | 13 | 58548511 G C 0.00 0‘201 14°10° | 58318009 | 58710258 | 1.00 PCDH17,FARP1
- * P
rs3012850 | 13 | 58713360 C G 0.005 0'?101 83710 | sgr15142 | 59208681 | 0.97 PCDH17,FARP1
; 0.001
rs61361413 | 13 | 66542715 C G 0.00 . 6.8%10° | 66346805 | 66908302 | 0.9
r5144§’ 1109 | 13 | 99101057 C CAITT 0.007 0'201 9.4*109 | 99090040 | 99262567 | 0.99 STK24
14:7167 0233 | 14 | 71702336 | GTA G 0.007 0‘201 5.3*10° | 71352456 | 72219146 | 0.97
14:75922536 14 | 75225369 g:;% C 0.007 0'201 1.3*10% | 75056894 | 75672107 | 0.99
; 0.001 ]
rs8045174 | 16 | 5843110 C T 0.00 ) 1.0%10° | 5785432 | 5854206 | 0.99
; 0.001 ]
rs1559422 | 16 | 71359660 T C 0.007 ) 3.2*10% | 71016597 | 71986073 | 0.98 CALB2
.
rs1050863 | 16 | 87440895 G A 0.008 0'201 26710° | 87270478 | 87610218 | 0.99
- 0001 | 6.6*10° CRHR1, MAPT,
rs2950706 | 17 | 44343004 G T 0014 . a 43399058 | 44874453 | 0.91 W3
.
rs4799949 | 18 | 35155910 C T 0.008 0'201 6-3"10" | 35086406 | 35408205 | 1.00 CELF4
R *10-
r5766:9830 18 | 50871256 G A | 0009 0‘?101 56710 | 50358109 | 51055069 | 0.80 bce
- * -
rs56403421 | 18 | 52765283 A C 0.008 0'201 317101 55717101 | 52834988 | 0.99
; 0.001
rs613872 | 18 | 53210302 G T 001 . 9.9%105 | 52835378 | 53725929 | 1.00 TCF4
0.001 ]
rs6103271 | 20 | 42015848 A G 0.009 . 6.4%10° | 41862171 | 42177113 | 0.98
R *10-
r576525 125 | 5y | 41461514 G A | o000 0‘?101 6:9"10° | 40937725 | 42234937 | 0.89 RANGAP1
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4.3.1.2 Supplementary Table S2 Validation of the four top SNPs identified in the

previous mood instability GWAS.

SNP = rs tag for the SNP being validated. CHR = chromosome number, BP = base position of the

SNP, Al = the tested allele, A2 = the other allele, AIFREQ = frequency of the Al allele , info =

imputation score, BETA = the coefficient for the SNP, S.E.= the standard error of the beta, CHISQ =

the test statistic of the SNP, p = the p value.

SNP CHR BP A1 | A2 | AMFREQ | INFO BETA SE. | CHISQ | p
rs7829975 8 8548117 A | T | o052 0.99 0.0049 | 0.0017 | g 40291 | 0.0037
rs10959826 9 | 11459410 | G 0.78 0.99 0.0065 | 0.0020 | 10.4055 | 0.0013
14:75268920_CA C | 14 | 75268920 | C |CA| 0.0 0.98 0.0041 | 0.0017 | 574312 | 0.017
rs8084280 18 | 50726749 | T | A | 051 1.00 0.0051 | 0.0017 | g 13489 | 0.0025

4.3.1.3 Supplementary Table S3 Genes identified.

geneName = the name of the gene, strand = the direction of the gene on the chromosome, txStart

= the base position where the gene starts, txEnd = the base position where the gene ends.

geneName txStart txEnd geneName txStart txEnd geneName txStart txEnd
PTGER3 | 71318035 | 71513491 | GALNT15 | 16215828 | 16273499 | TDGF1 | 46616044 | 46623952
ZRANBZ: | 71512188 | 71532865 DPH3 | 16208567 | 16306496 | “OS19013 | 46653024 | 46668033
ZRANB2 | 71528973 | 71546972 | OXNAD1 | 16306666 | 16347594 | ALS2CL | 46710484 | 46735146
MIR186 | 71533313 | 71533399 | RFTN1 | 16357351 | 16555222 TMIE | 46742822 | 46752413
ZRANDZ | 71547006 | 71703406 | LINCO0BYO | 16577824 | 16582880 | PRSS50 | 46753605 | 46759373
NEGR1 | 71868624 | 72748277 DAZL | 16628300 | 16646207 | PRSS46 | 46761072 | 46777921
NEGRI-IT1 | 72259914 | 72302695 | PLCL2 | 16926451 | 17132098 | PRSS45 | 46783580 | 46786245
LINCO1360 | 73771852 | 73773255 | MIR3714 | 16974687 | 16974752 | PRSS42 | 46871893 | 46875585
LRP1B | 140088995 | 142889270 | TBCID5 | 17198653 | 17741512 | MYL3 | 46899356 | 46904973
MIR7157 | 141344194 | 141344254 | "OCI92%78 | 17784435 | 17787154 | PTHIR | 46919235 | 46945280
KYNU | 143635194 | 143747106 | LOC339862 | 18004063 | 18310410 | CCDC12 | 46963219 | 47017991
ARHGAP15 | 143886898 | 144525921 | LINCOOGO1 | 24141464 | 24144738 | NBEAL2 | 47021172 | 47051194
LOPIN92 | 144604633 | 144721722 | THRB | 24158644 | 24536313 | NRADDP | 47053031 | 47054957
GTDC1 | 144703580 | 144969146 LOCE:50‘: 927 | 24192814 | 24231447 | SETD2 | 47057897 | 47205467
ZEB2 145141941 | 145277958 | THRB-AS1 | 24535577 | 24541502 | KIF9-AS1 | 47205859 | 47285606
ZEB2-AS1 | 145277180 | 145278465 | MIR4792 | 24562852 | 24562926 KIF9 47269515 | 47324337
LINCO1412 | 145279434 | 145337001 | RARB | 24870813 | 25639422 | SNORD13J | 47292008 | 47292099
OSN3 | 145281116 | 145282011 | “OCI0%%70 | 25424505 | 25426418 | KLHL18 | 47324329 | 47388306
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CoQ10B | 198318146 | 198340033 | TOP2B | 25639395 | 25705863 | PTPN23 | 47422471 | 47454931
HSPD1 | 198351307 | 198364640 | MIR4442 | 25706363 | 25706430 | SCAP | 47455174 | 47517449
SNORAT0S | 498351511 | 198351627 | NGLY1 | 25760434 | 25824989 ELP6 | 47537129 | 47555199
SNO';M 05 | 108351511 | 198351627 | OXSM | 25831562 | 25836025 | CSPG5 | 47603727 | 47620359
HSPE1 | 198364720 | 198368187 | LINCO0692 | 25900022 | 25915186 | SMARCC1 | 47627377 | 47823405
ey | 198364720 | 198418423 | LZTFL1 | 45864809 | 45957216 | SNORD'® | 47703054 | 47703184
MOB4 | 198380204 | 198418423 | FYCO1 | 45959390 | 46037316 | DHX30 | 47844398 | 47858462
RFTN2 | 198435526 | 198540584 | CXCR6 | 45984972 | 45089845 | MIR1226 | 47891044 | 47891119
MARS2 | 198570027 | 198573114 | XCR1 | 46062290 | 46068979 | MAP4 | 47892179 | 48130769
BOLL | 198591602 | 198649734 | CCR1 | 46243199 | 46249832 | CDC25A | 48198667 | 48229801
PLCL1 | 198669425 | 199014608 | CCR3 | 46283871 | 46308197 | MIR4443 | 48238053 | 48238106
LINCO1923 | 199164086 | 199239821 | CCR2 | 46395234 | 46400868 | CAMP | 48264836 | 48266981
SATB2 | 200134222 | 200322819 | 0% 02724 | 46406150 | 46448550 | ZNF5B9 | 48282595 | 48312479
SADZ | 200332820 | 200337481 | CCRS | 46411632 | 46417697 | FCF1P2 | 48331768 | 48333168
LINCO1877 | 200472790 | 200523855 | CCRL2 | 46448720 | 46451014 | NME6 | 48333806 | 48342901
FTCDNL1 | 200625258 | 200715896 LTF 46477495 | 46505161 | SPINK8 | 48348335 | 48369831
ANKRD28 | 15708743 | 15798058 RTP3 | 46539484 | 46542439 | MIR2115 | 48357849 | 48357949
MIR3134 | 15738804 | 15738878 | LRRC2 | 46556877 | 46608040 | FBXW12 | 48413708 | 48436190
MIRS63 | 15915277 | 15915356 | <2 | 46508887 | 46601178 | PLXNB1 | 48445260 | 48470872
geneName txStart txEnd geneName txStart txEnd geneName txStart txEnd
CCDC51 | 48473579 | 48481529 | MIR4271 | 49311552 | 49311619 | TUSC2 | 50362339 | 50365669
TMA? 48481647 | 48485616 USP4 | 49314576 | 49377536 | RASSF1 | 50367216 | 50374895
ATRIP 48488113 | 48507054 GPX1 | 49394603 | 49396033 | NASST1T | 50374941 | 50375727
TREX1 | 48506918 | 48509044 | RHOA | 49396568 | 49449530 | ZMYND10 | 50378536 | 50383177
SHISA5 | 48509196 | 48514742 | TCTA | 49449638 | 49453909 | NPRL2 | 50384918 | 50388486
PFKFB4 | 48555116 | 48594356 AMT | 49454210 | 49460111 | CYB561D2 | 50388125 | 50391496
MIR6823 | 48587393 | 48587454 | NICN1 | 49450765 | 49466757 | TMEM115 | 50392179 | 50396939
UCN2 48599150 | 48601201 DAG1 | 49506135 | 49573051 CACQAZD 50400043 | 50541028
COL7A1 | 48601505 | 48632593 | BSN-AS2 | 49586738 | 49591799 | C3orfl8 | 50595455 | 50605223
MIR711 | 48616334 | 48616410 BSN | 49501921 | 49708982 | HEMK1 | 50606582 | 50622421
UQCRC1 | 48636431 | 48647098 | APEH | 49711434 | 49720934 CISH 50643884 | 50649262
SNORA94 | 48642352 | 48642583 MST1 | 49721379 | 49726196 | MAPKAPK | 50649202 | 50686728
TMEMS89 | 48658274 | 48659189 | RNF123 | 49726931 | 49758962 | MIR4787 | 50712510 | 50712594
SLC26A6 | 48663155 | 48671279 | AMIGO3 | 49754266 | 49757238 | DOCK3 | 50712671 | 51421629
MIR6824 | 48671068 | 48671131 | GMPPB | 49758908 | 49761407 | MANF | 51422667 | 51426828
CELSR3 | 48673895 | 48700348 | IP6K1 | 49761727 | 49823627 | RBMI5B | 51428698 | 51435336
MIR4793 | 48681626 | 48681713 | CDHR4 | 49828166 | 49837268 | DCAF1 | 51433207 | 51534018
CEA'rg’?& 48701200 | 48706603 | FAM212A | 49840686 | 49842463 | RAD54L2 | 51572698 | 51702676
NCKIPSD | 48711271 | 48723366 UBA7 | 49842637 | 49851391 | TEX264 | 51705190 | 51738339
IP6K2 48725435 | 48754711 | MIR5193 | 49843569 | 49843678 | GRM2 | 51741048 | 51752625
PRKAR2A | 48784011 | 48885283 | TRAIP | 49866027 | 49893992 | IQCF6 | 51812576 | 51813203
PRIANZA- | 48385369 | 48880415 | CAMKV | 49895413 | 49907655 | IQCF4 | 51851618 | 51852355
SLC25A20 | 48894355 | 48936426 | MSTIR | 49924435 | 49941070 | IQCF3 | 51860898 | 51864874
ARIH20S | 48955220 | 48956818 | MONMA | 49946301 | 49967445 | IQCF2 | 51895644 | 51897440
ARIH2 | 48956252 | 48966107 | RBM6 | 49977476 | 50114685 | IQCF5-AS1 | 51907611 | 51909783
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PAHTM | 49027340 | 49044581 RBM5 | 50126340 | 50156397 | 1QCF5 | 51907736 | 51909600
WDR6 | 49044494 | 49053386 | RBMS5-AS1 | 50137035 | 50138421 | IQCF1 | 51928891 | 51937386
DALRD3 | 49052020 | 49056041 | SEVASF™ | 50153454 | 50193518 | RRP9 | 51967441 | 51975957
MIR425 | 49057580 | 49057667 | SEMA3F | 50192477 | 50226508 | PARP3 | 51976320 | 51982883
NDUFAF3 | 49057907 | 49060926 | MIR566 | 50210758 | 50210852 | GPR62 | 51989329 | 51991520
MIR191 | 49058050 | 49058142 | GNAT1 | 50229042 | 50235129 | PCBP4 | 51991469 | 51996908
IMPDH2 | 49061761 | 49066875 | SLC38A3 | 50242678 | 50258411 | ABHD14B | 52002525 | 52008646
QRICH1 | 49067139 | 49131065 | GNAI2 | 50264119 | 50296786 | ABHD14A | 52009041 | 52015216
QARS 49133364 | 49142562 | MIRS787 | 50264867 | 50264922 | “BHDIA | 52000041 | 52023218
MIR6890 | 49137286 | 49137347 | SENEIB™ | 50304072 | 50304803 |  ACY1 52017299 | 52023218
USP19 | 49145478 | 49158371 | SEMA3B | 50304989 | 50314602 | RPL29 | 52027643 | 52029958
LAMB2 | 49158546 | 49170599 | MIR6872 | 50310666 | 50310728 | DUSP7 | 52082936 | 52090461
LAMB2P1 | 49190291 | 49191834 | LSMEM2 | 50316457 | 50325545 | LINCO0696 | 52096109 | 52099128
CCDC71 | 49199967 | 49203785 | IFRD2 | 50325162 | 50330026 | POC1A | 52109248 | 52188706
KLHDC8B | 49209017 | 49213919 | HYAL3 | 50330258 | 50336293 | ALAS1 | 52232008 | 52248343
C3orfe4 | 49215068 | 49229291 NAT6 | 50333832 | 50336320 | TLR9 | 52255095 | 52260179
CCDC36 | 49235860 | 49295537 | HYAL1 | 50337319 | 50341032 | TWF2 | 52262625 | 52273183
C3orf62 | 49306029 | 49314508 | HYAL2 | 50355220 | 50360281 Loggé): 92 | 52273253 | 52275113
geneName txStart txEnd
PPM1M 52279808 | 52284615
WDR82 52288437 | 52312659
MIRLET7G | 52302293 | 52302377
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4.3.1.4 Supplementary Table S4, Significant pathways.

Gene Set = the gene set that is significant, N genes = the number of genes in the gene set, Beta =
the coefficient of the genes in the gene set, Beta STD= the standardised coefficient of the genes in
the gene set, S.E. = the standard error of the genes in the gene set, p = p value, pbon = the

Bonferroni corrected p value

Gene Set :enes Beta g:;a S.E. p pbon
go astrocyte differentiation 38 0.85 | 0.04 0.16 2.57*10% | 0.0003
nikolsky breast cancer 16q24 amplicon | 53 1.18 | 0.06 0.22 3.63*10% | 0.0004
g0 neurogenesis 1346 0.14 0.04 0.03 1.87*107 | 0.002
go neuron differentiation 835 0.16 | 0.03 0.03 2.07*10° | 0.02
go glial cell differentiation 133 0.38 | 0.03 0.08 3.03*10° | 0.03
go prepulse inhibition 12 1.43 |0.04 0.32 4.21*10° | 0.04
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4.3.1.5 Supplementary Figure S1 MAGMA tissue expression analysis.

Figure S1.

-log 10 P-value

£
£y

4.3.1.6 Supplementary Table S5 eQTL analysis summary results.

aputative isoform specificity was defined as a SNP showing association to a specific transcript or
exon junction. "Qualitative assessment of relative expression in brain vs. peripherally based on GTEx

dataset. “SNP also associated with expression of an unannotated region or regions.

Implicated Evidence of
SNP P potential isoform Expression in brain®
gene(s) e e A
specificity?
rs73082357 IP6K2 Yes Present. Particularly prominent in cerebellum
rs6889822 SPINK9 No Enriched in brain vs. periphery
RP11- Yes Present at similar levels to peripher
373N22.3 periphery.
rs763646 EXOC4 Yes Present at similar levels to periphery.
rs1962104 PTK2 Yes Present at similar levels to periphery.
RP11- Enriched in brain vs. periphery. Particularly
7818437 981G7.1 No prominent in cerebellum.
1$2898260 XKR6 No Gener:.;\IIy present at sll.ghtly .Iower levels than
periphery but prominent in cerebellum.
TDH Yes Present at similar levels to periphery.
PINX1 Yes Gener:.;\IIy present at sll.ghtly .Iower levels than
periphery but prominent in cerebellum.
SOX7 Yes Present, but at lower levels than periphery.
FAM167A No Enriched in brain vs. periphery

69



Generally present at slightly lower levels than

rs4398922 FAM86B3P Yes . ; .
periphery but prominent in cerebellum.
FAM85B No Present at similar levels to periphery.
ALG1L13P No Gener:.ﬂlly present at sll.ghtly .Iower levels than
periphery but prominent in cerebellum.
rs11039182¢ SLC39A13 Yes Gener:.ﬂlly present at sll.ghtly .Iower levels than
periphery but prominent in cerebellum.
ENBPA No Gener'ally present at sllightly !ower levels than
periphery but prominent in cerebellum.
rs669915°¢ LRRC37A4P Yes Present. Particularly prominent in cerebellum
DND1P1 Ves Gener:.ﬂlly present at sll.ghtly .Iower levels than
periphery but prominent in cerebellum.
CRHR1-IT1 Yes Present. Particularly prominent in cerebellum
RP11- . . . .
707023.5 No Enriched in brain vs. periphery
RP11- . S
798G7 4 No No information in GTEx
RP11- No Generally present at slightly lower levels than
798G7.5 periphery but prominent in cerebellum.
RP11- . . . .
707023.5 No Enriched in brain vs. periphery
RPS26P8 No Present, but at lower levels than periphery.
CRHR1 Yes Enriched in bra.m vs..perlphery. Particularly
prominent in cerebellum
MAPT Yes Enriched in brain vs. periphery
MAPT-AS1 No Enriched in brain vs. periphery
PLEKHM1 Ves Gener:.ﬂlly present at sll.ghtly .Iower levels than
periphery but prominent in cerebellum.
KANSLL No Gener'ally present at sllightly !ower levels than
periphery but prominent in cerebellum.
ARHGAP27 No Present, but at lower levels than periphery.
RP11- No Generally present at slightly lower levels than
798G7.6 periphery but prominent in cerebellum.
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4.3.1.7 Supplementary Table S6. eQTL analysis full results.
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4.3.1.8 Supplementary Figure S2 Analysis of chromosome 17q21.31 inversion
polymorphism genotype using genetic principal components.

GPCs 1 and 2 are plotted, calculated using SNP data from individuals used in the GWAS. Individuals

were assigned to inversion genotypes if they fell within regions defined by the green boxes,

otherwise they were excluded from the association analysis. The three green regions from left to

right represent H2/H2 homozygotes, H1/H2 heterozygotes and H1/H1 homozygotes, respectively.

Data points lying between the green regions probably represent genotyping errors or rare intra-

haplotypic recombinant individuals.
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4.4 Novel genome-wide associations for suicidality in UK Biobank,
genetic correlation with psychiatric disorders and polygenic
association with completed suicide.
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1. Introduction

Suicide is a major and growing issue for global public health. Annu-
ally, approximately 800,000 people die by suicide and 20 times this
number will attempt suicide during their lifetime [1]. ‘Suicidality’ en-
compasses a broad range of experiences and behaviours, from suicidal
ideas/thoughts, to acts of deliberate self-harm and suicide attempts, oc-
curring along a spectrum towards completed suicide [2]. Some
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E-mail address: Daniel.Smith@glasgow.ac.uk (D,J. Smith).
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https://doi.org/10.1016/j.ebiom.2019.02.005

components of suicidal thoughts and behaviours, such as feeling that
life is not worth living or contemplating self-harm, are relatively com-
mon in the general population, as well as in patients affected by a vari-
ety of separate clinical diagnoses. Suicidality can therefore be
considered a complex dimensional trait that fits within a Research Do-
main Criteria (RDoC) approach because it cuts across traditional psychi-
atric diagnostic classifications.

Pathways to completed suicide are complex and multifactorial [3].
Suicidal thoughts and actions are a consequence of a dynamic interplay
between genetic, other biological, psychiatric, psychological, and a wide
range of important social, economic and cultural factors [4]. Clinically,
deliberate self-harm (DSH) is a major risk factor for subsequent suicidal
behaviour. It is also recognised that substance abuse-related disorders

2352-3964/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study

To date genetic studies of suicidal behaviour (ideation, attempt,
completion) have mainly been conducted in individuals with se-
vere mental illness and the few findings reported have failed to
replicate in subsequent studies.

Added value of this study

This is the first study to explore the genetics of a broad suicidality
phenotype within a large population-based cohort (MW = 122 k in-
dividuals). Mutually exclusive categories of ‘no suicidal behav-
iour’, ‘contemplated self-harm’, ‘actual self-harm’, ‘suicidal
ideation’ and ‘suicide attempt’ were assessed in an ordinal
genome-wide association study (GWAS). A risk score of
suicidality demonstrated associations with an independent subset
of completed suicide. Moderate-to-strong genetic correlations
were observed with all major psychiatric traits. Separate GWAS
analyses of deliberate self-harm or suicide ideation and attempts
suggested that the genetic contributions to these traits have dis-
tinct components. In a recent independent study of suicide at-
tempts, the lead genetic variant identified in our study
demonstrated consistent replication of effect size and direction.

Implications

This is the first report of robust genetic associations with
suicidality and has the potential to lead to improved understanding
of biological mechanisms underlying suicidal thoughts and behav-
iour. Further exploration of the impact of genetic risk scores in
combination with clinical, social and environmental factors is
now warranted.

and mood disorders are particularly associated with suicide risk [5].
Similarly, early adversities such as childhood sexual abuse [6], maladap-
tive parenting [7] and parental loss [8] all contribute to suicidal thoughts
and behaviours, either directly or by increasing the risk of psychiatric
disorders [9,10]. Personality-level traits such as neuroticism, impaired
decision-making and sensitivity to negative social stimuli also contrib-
ute to suicidality [11].

Family, adoption and twin studies suggest a heritability estimate for
suicidal behaviour of approximately 38-55%[12], and thus suicidality as
a behavioural trait is amenable to genetic investigation. Heritability es-
timates for less clearly defined phenotypes such as suicidal thoughts are
difficult to establish [13]. It is clear, however, that genetic predisposition
plays a role in suicide alongside individual and social factors. Genetic
studies may offer some insight into the biological basis of suicidality
but genome-wide association studies (GWAS) [14-24] or family-based
[25] findings to date have been limited, perhaps as a result of subse-
quent studies being under-powered or because of diagnostic heteroge-
neity. Recent advances in this area include a GWAS of suicide attempts
in approximately 50,000 individuals with and without psychiatric disor-
ders which identified some suggestive loci [26], replication of a single
GWAS-significant finding on Chromosome 2 [17], nominal evidence
for replication of a SNP on Chromosome 6 [22] and a locus on Chromo-
some 3 [15] and demonstration that suicide attempt and clinically pre-
dicted suicide share significant heritability [27].

Our goals in this study were: to identify genetic variants associated
with broadly-defined suicidality in 122,935 participants of the UK
Biobank cohort; to assess for genetic correlations between suicidality
and a range of psychiatric disorders; and to determine whether in-
creased genetic burden for suicidality was associated with both

psychiatric disorders and completed suicide in a non-overlapping sam-
ple. Broadly-defined suicidality included thoughts and actions of both
suicide and deliberate self-harm, despite current debate over the extent
to which deliberate self-harm and suicidal intent overlap. Our primary
analyses used dimensions of suicidality ordered to reflect clinical sever-
ity: from no suicidal thoughts or behaviours, thoughts that life is not
worth living, considered self-harm, actual self-harm and attempted sui-
cide. In secondary analyses, mindful that not all DSH behaviours neces-
sarily carry active suicidal intent, we also conducted additional separate
GWAS analyses of DSH and suicidal ideation/attempts (SIA).

2. Materials and methods
2.1. Sample description

UK Biobank is a large general population cohort. Between 2006 and
2010, approximately 502,000 participants (age range 37-73 years)
were recruited and attended one of 22 assessment centres across main-
land UK [28,29]. Comprehensive baseline assessments included
sociodemographic characteristics, cognitive abilities, lifestyle and mea-
sures of mental and physical health status (Supplementary Methods
and Supplementary Fig. 1). To maximise sample homogeneity, only
white British participants were included in the current analysis. In-
formed consent was obtained by UK Biobank from all participants.
This study was carried out under the generic approval from the NHS Na-
tional Research Ethics Service (approval letter dated 13 May 2016, Ref
16/NW/0274) and under UK Biobank approval for application #6553
“Genome-wide association studies of mental health” (PI Daniel Smith).

2.2. Suicidality phenotypes

Suicidality groups were based on four questions from the self-harm
behaviours section of the online mental health (‘Thoughts and Feelings’)
questionnaire administered in 2016/2017: (http://biobank.ctsu.ox.ac.
uk/crystal/label.cgi?id=136 and Supplementary Methods [30]). Non-
overlapping categories of increasing severity of suicidality were de-
rived: ‘no suicidality’ controls; ‘thoughts that life was not worth living’;
‘ever contemplated self-harm or suicide’; ‘acts of deliberate self-harm
not including attempted suicide’; ‘attempted suicide’. If participants
met criteria for more than one category they were assigned to the
most severe category. Those in the lowest category were required to
have answered “no” to all the questions. Linkage to death certification
(until February 2016) identified a separate sub-group of participants
classified as ‘completed suicide’ (defined as primary cause of death by
intentional self-harm, ICD codes X60-X84; N = 137). The latter group
was not used in the ordinal GWAS but rather was used in a separate
analysis to test for association with genetic loading for suicidality. Par-
ticipants were classified based on the most extreme form of suicidality
that they reported and placed within the ‘no suicidality’ group if they
responded negatively to all self-harm and suicidality questions. Those
who preferred not to answer any of the questions (0-7%) were excluded
from analysis.

2.3. Genotyping, imputation and quality control

In July 2017 UK Biobank released genetic data for 487,409 individ-
uals, genotyped using the Affymetrix UK BiLEVE Axiom or the
Affymetrix UK Biobank Axiom arrays (Santa Clara, CA, USA) [29].
These arrays have over 95% content in common. Pre-imputation quality
control, imputation and post-imputation cleaning were conducted cen-
trally by UK Biobank (described in the UK Biobank release documenta-
tion [28,29]. Fully imputed genetic data released in March 2018 were
used for this study, therefore a total of 8,930,390 SNPs were available
for analysis.


http://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=136
http://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=136
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2.4. Ordinal GWAS of suicidality, DSH and SIA

For each GWAS, we excluded at random one person from each re-
lated pair of individuals with a kinship coefficient> 0-042 (second cous-
ins) that have valid phenotypes, therefore the number of controls and
participants within each suicidality level is different for each analysis
(Supplementary Methods and Supplementary Figs. 1 and 2).

The primary GWAS included 122,935 individuals. Of these, 83,557
were classified as controls (category 0), 21,063 were classified in the
‘thoughts that life is not worth living’ group (category 1), 13,038 in
the ‘thoughts of self-harm’ group (category 2), 2498 in the ‘actual self-
harm’ group (category 3), and 2666 in the ‘attempted suicide’ group
(category 4).

For the secondary analyses, two further ordinal GWAS were con-
ducted. For DSH, the categories of controls, (N = 84,499), ‘thoughts of
self-harm’ (N = 13,203) and ‘actual self-harm’ (N = 2532) were
assessed. For SIA, the categories of controls (N = 84,167), ‘thoughts
that life is not worth living’ group (N = 21,234) and ‘attempted suicide’
(N = 2689) were assessed.

Analyses were performed in R (Version 3.1) using the clm function
of the ordinal package [31] treating the multilevel suicidality, DSH or
SIA outcome variable as an ordinal variable. Models were adjusted for
age, sex, genotyping chip and UK Biobank-derived genetic principal
components (GPCs) 1-8. For sensitivity analyses, a variable for psychiat-
ric diagnosis was included as a covariate (where psychiatric diagnosis
was defined as likely or self-reported bipolar disorder (BD), Generalized
Anxiety Disorder (GAD) and Major Depressive Disorder (MDD) and
schizophrenia (SZ)) [30,32]. Further sensitivity analyses also included
self-reported childhood sexual abuse as a covariate [33]. Genome-
wide significance was set at P< 5 x 1072 and plots were generated
using FUMA [34].

2.5. Polygenic Risk score (PRS) variables for suicidality, mood disorders and
related traits

Polygenic risk scores (PRS) were calculated from the primary ordinal
suicidality GWAS summary statistics after pruning based on linkage dis-
equilibrium (Supplementary Methods). SNPs were included in the PRS
if they met p-value thresholds of p<5x 1078, p<5x 107> p <0-01
p<0-05p<0-1orp=0-5 (Supplementary Methods). PRS deciles
were computed using STATA (version 12, STATACorp) and modelling
of associations between the PRS and completed suicide was analysed
with logistic regression, adjusting for age, sex, chip and GPCs 1-8. In
this analysis, cases were individuals classified as ‘completed suicide’ (n
= 127), and controls were those recorded as category 0 in the ordinal
variable but who had been excluded from the GWAS due to relatedness
(n=5330). It should be noted that the category 0 individuals here were
related to individuals across the spectrum of suicidality in the GWAS,
thus are more representative of the general population distribution of
PRS than the true “no suicidality” distribution. Therefore this analysis
is a conservative approach, being biased towards the null. Associations
between the PRS and risk of mood disorders and related traits were
also assessed (Supplementary Methods). The traits tested (BD, MDD,
mood instability, and risk-taking behaviour) were selected based on
prior evidence of relevance to suicidality, therefore the threshold for sig-
nificance was set at p < 0-05.

2.6. SNP heritability and genetic correlation analyses

Linkage Disequilibrium Score Regression (LDSR) [35] was used to es-
timate the SNP heritability (h?sxp) of ordinal suicidality, DSH and SIA.
LDSR was also used to calculate genetic correlations with suicide at-
tempt, psychiatric disorders and related traits (Supplementary
Methods). The resulting genetic correlation P-values were false discov-
ery rate (FDR)-corrected to compensate for multiple testing.

2.7. Gene-based analysis

The ordinal GWAS results were also considered under a gene-based
approach, using MAGMA [36], as implemented in FUMA [34].

2.8. Exploration of known biology

The Variant Effect Predictor web-based tool [37], GTEx database [38]
and BRAINEAC dataset (http://braineac.org/) were interrogated to try to
identify genes (based on expression quantitative trait loci, eQTLs) or
mechanisms through which associated SNPs might be acting (Supple-
mentary Methods). The GWAS catalogue (https://www.ebi.ac.uk/
gwas/) and NCBI Gene https://www.ncbi.nlm.nih.gov/gene/) were que-
ried for each of the suicidality-associated SNPs and genes reported here.

3. Results
3.1. Sociodemographic characteristics

Sociodemographic, clinical and health-related behaviour measures
for each of the suicidality categories are shown in Supplementary
Table 1. As expected, a gradient of increasing suicidality was found for
increasing levels of social deprivation, living alone, current or previous
smoking, parental depression and chronic pain. There were also sub-
stantial differences by sex: females accounted for 68-3% of those who
reported attempted suicide but only 27-6% of completed suicides. A
large proportion of those who had attempted suicide (85-1%) had a his-
tory of MDD, compared to only 14-9% of controls. Similarly, 75-8% of
those with a suicide attempt also reported childhood trauma, compared
to 39-0% of controls.

3.2. Primary ordinal GWAS of suicidality

The results of the ordinal GWAS of suicidality are presented in
Table 1, Supplementary Table 2 and Fig. 1A. The GWAS results showed
some inflation of the test statistics from the null (A\gc = 1-16, Fig. 1A,
inset) but this was not significant given the sample size used (Agc
1000 = 1-004). LDSR demonstrates that polygenic architecture, rather
than unconstrained population structure, is the likely reason for this
(LDSR intercept = 1-02, SE = 0-0075). SNP heritability was estimated
by LDSR as being 7-6% (observed scale h%syp = 0-076; SE = 0-006).

We identified three independent loci associated with suicidality
(Table 1, Supplementary Table 2 and Fig. 1A): one on chromosome 9
(index SNP rs62535711, Fig. 2A) within the gene ZCCHC7; a second on
chromosome 11 (index SNP rs598046, Fig. 2B) located within CNTN5;
and a third on chromosome 13 (index SNP rs7989250, Fig. 2C). Condi-
tional analyses (Supplementary Methods) in which the lead SNP was in-
cluded as a covariate demonstrated no significant secondary association
signals at these loci (the most significant additional SNP on chromo-
some 9 was 15999510, p = 0-0008; that on chromosome 11 was
rs608820, p = 0-0005; and that on chromosome 13 was rs9564176, p
= 0-003). Effect allele frequencies by suicidality category are presented
in Supplementary Table 3. Adjustment of the GWAS for psychiatric dis-
orders had little or no effect on the observed associations (Fig. 1B and
Supplementary Table 2), whilst adjustment for childhood sexual abuse
rendered all associations null (Supplementary Fig. 3).

It is notable that within the recently-reported GWAS of suicide at-
tempt in a Danish sample [26], 1s62535711 and rs7989250 were not sig-
nificant (p = 0-278 and p = 0-152 respectively) but rs598046 was
reported as borderline significant (G allele, Beta 0-041, SE 0-021 p =
0-051).
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3.3. Association between genetic loading for suicidality and ‘completed
suicide’

Demographic characteristics of the controls in this analysis were
comparable to those included in the GWAS (Supplementary Table 1).
Individuals within the completed suicide group followed a similar pat-
tern of increasing deprivation, more childhood trauma and higher prev-
alence of mood disorders observed across the categories of increasing
suicidality (Supplementary Table 1). We investigated whether greater
genetic loading for suicidality, indexed by PRS for suicidality, was asso-
ciated with completed suicide. Overall, higher values of suicidality PRS
were associated with an increased risk of completed suicide at all but
one of the PRS significance thresholds assessed (for example, p-thresh-
old 0-05: OR 1.23,95%CI 1-06-1-41, FDR-adjusted p = 0-04, Table 2).

3.4. Genetic loading for suicidality and mood disorders

PRS for suicidality also demonstrated consistent significant associa-
tions with mood disorders (BD and MDD) and related traits (mood in-
stability, neuroticism, and risk-taking propensity), across most of the
significance thresholds assessed (Supplementary Table 4).

3.5. Secondary GWAS analyses

The ordinal GWAS of DSH (comprising controls, contemplated self-
harm and actual self-harm) identified no SNPs at genome-wide signifi-
cance (Supplementary Fig. 4A) and adjustment for psychiatric diagnosis
had little impact on these results (Supplementary Fig. 4B): the most sig-
nificant association was with rs4521702-T, Beta —0-01162, SE 0-0218,
p =9-56 x 10~8; and Beta —0-01159, SE 0-0218,p = 1-10 x 1077,
without and with adjustment for psychiatric diagnosis, respectively.

The ordinal GWAS of SIA (comprising controls, ‘suicidal ideation’,
and ‘suicide attempts’) also identified no SNPs at genome-wide signifi-
cance (Supplementary Fig. 5A), however adjustment for psychiatric dis-
orders did identify a genome-wide significant singleton SNP
1s116955121 (Supplementary Fig. 5B-C and Supplementary Table 2).
In the recent Danish GWAS of suicide attempt [26], rs116955121 was
not significant (p = 0-509).

3.6. Genetic correlation analyses

When considering the whole genome (rather than SNPs selected for
association with suicidality, as is the case for the PRS), we observed sig-
nificant genetic correlations between suicidality (primary analysis) and
attempted suicide, and between suicidality and all of the major psychi-
atric disorders and traits we assessed (Table 3). The strongest genetic
correlations were observed for MDD (rg 0-81), Anxiety disorder (rg
0.75), neuroticism (rg 0-63) and mood instability (rg 0-50). DSH dem-
onstrated similar genetic correlations with attempted suicide and with
psychiatric disorders and related traits as those observed for suicidality
(Table 3). In contrast, for SIA, significant genetic correlations were ob-
served only for MDD, schizophrenia, neuroticism and mood instability
(Table 3).

3.7. Gene-based analysis

Gene-based analysis was used to identify genes containing potential
composite association signals that were not identified by the individual
SNP analysis, but which might nevertheless contribute to biological
mechanisms underlying suicidality. Gene-based analysis highlighted
CNTN5, ADCK3/COQ8A, CEP57 and FAM76B and DCC for suicidality

(primary analysis, Supplementary Fig. 6), EIF4A1 and SENP3 and DCC
for DSH (Supplementary Fig. 7) and CDKAL1, CNTN5, and ADCK3/
COQS8A for SIA (Supplementary Fig. 8). Regional plots for these genes
(except for CNTN5, which was also identified in the SNP-based analysis)
are presented in (Supplementary Fig. 9).

3.8. Biology of the suicidality-associated loci

Suggested functions of genes within the suicidality-associated loci
are presented in Supplementary Table 5 and the Supplementary Results.
Notable findings were the chromosome 11 locus located within CNTN5,
a very large gene expressed predominantly in brain in adults (Fig. 2D);
eQTL analysis supported the possible involvement of several candidate
genes on chromosome 9 (Supplementary Fig. 10 and Supplementary
Results), and, in combination with the gene-based analysis, additional
candidate genes on chromosome 11 (CEP57; Supplementary Table 6)
and on chromosome 18 (DCC). These genes and nearby variants have
previously been associated with a variety of relevant traits (Supplemen-
tary Table 7). Of the SNPs with suggestive evidence for association
(GWAS p < 1 x 107°) with suicidal behaviour in other studies, 29
were available in our analysis and five of these demonstrated nominal
(p <0-05) association with suicidality in this study (Supplementary
Table 8), although only one of these, rs72940689, had a direction of ef-
fect consistent with that given in the previous report [26].

4. Discussion
4.1. Main findings

Using a very large population-based cohort, we identified multiple
genetic loci associated with suicidality. We also found that increased ge-
netic burden for suicidality was associated with increased risk of com-
pleted suicide within a non-overlapping sub-sample and there were
consistent genetic correlations with a wide range of psychiatric disor-
ders and psychopathological traits, particularly MDD and anxiety disor-
ders. Separate GWAS analyses of DSH and SIA identified one additional
signal (for SIA) and suggested that the genetic architecture of DSH is
likely to be distinct from that of SIA. Genetic correlations between men-
tal illness and DSH or SIA also differed. More generally, the consistent ef-
fect size and direction of the association of rs598046-G (CNTN5) with
suicide attempts in an independent cohort [26], and our nominal repli-
cation of a SNP reported by Erlangsen (rs7862648) is of interest [26].

In line with our evidence that suicidality is polygenic, inclusion of
more SNPs (using more relaxed p-value thresholds) within a PRS typi-
cally demonstrates more significant effects in contrast to the stricter
thresholds used because more information and power is provided by in-
cluding a greater number of SNPs. Currently there is no agreed thresh-
old that should be considered in these analyses, therefore we reported
several PRS analyses. Future work on PRSs for suicidality should seek
to identify thresholds that optimally facilitate stratification of clinical
and non-clinical populations.

4.2. Comparisons with previous studies

Direct comparison with previous studies is hindered by the radically
different study design reported here. Nonetheless, we have tried to align
our findings with those previously reported.

This is the largest GWAS of suicidality to date and the first to con-
sider a broad spectrum of suicidal behaviours. The loci previously re-
ported for suicidal behaviours do not overlap with those identified
here [14-26]. However, consistent (albeit borderline or nominal)

Fig. 1. Manhattan plot of GWAS of ordinal suicidality in UK Biobank (N = 122,935): A) adjusted for age, sex, genotyping chip and population structure, B) adjusted for age, sex, genotyping
chip, population structure and psychiatric disorders. Dashed red line = genome wide significance threshold. Inset: QQ plot for genome-wide association with ordinal suicidality. Red line

= theoretical distribution under the null hypothesis of no association.
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Table 1
Lead SNPs at loci associated with ordinal suicidality at GWAS significance.
Analysis SNP CHR POS Al A2 BETA SE P A1F? SNPs_gwas® SNPs_sugg®
Ordinal suicidality 1s62535711 9 37,174,829 T C 0.105 0.018 1.29E-08 0.056 15 57
rs598046 11 99,516,468 T G 0.053 0.009 1.07E-08 0.319 34 370
rs7989250 13 64,900,801 A C —0.052 0.009 3.49E-08 0.322 1 5

Where: Al, effect allele; A2, other allele; A1F, effect allele frequency; Aligned to Human Genome assembly GRCh37, Chr9 locus, 9:36999369-37,360,767; Chr11 locus,
11:99392678-99,588,751; Chr13 locus, 13:64900801-65,036; Chr6 locus, 6:140442326-140,895,470; SIA, suicidal ideation or attempt.

@ Calculated in whole cohort.
b Within the region defined by suggestive significance (P <1 x 107%).

associations of one of our lead SNPs in the recent large Danish study of
suicide attempts [26] and one of their lead SNPs in this study is
compelling.

Most previous genetic studies of suicidal behaviour and completed
suicide (Supplementary Table 8) have been conducted in cohorts with
known diagnoses of major mental illness, thereby controlling for mental
illness. In this study, sensitivity analysis controlling (by adjustment) for
mental illness had negligible effects on the primary suicidality results,
however an additional signal was identified for SIA in secondary analy-
ses. It is likely that the various aspects of suicidality have complex rela-
tionships with different mental illnesses. Therefore, we cannot exclude
the possibility that the results might have been driven by the mixed
and different genetic loadings for psychiatric disorders between suicidal
and non-suicidal participants. A further sensitivity analysis adjusting for
mental illness and childhood sexual abuse rendered all associations null,
however as childhood sexual abuse is strongly associated with mental
illness, this model could be considered overly conservative.

In addition, the limited overlap between suicidality-associated loci
identified across these studies also likely reflects substantial differences
in recruitment protocols, participant characteristics (including the mix
of psychiatric diagnoses) and variation in the methods of assessment
of suicidal behaviour. Recently, a general population study in Denmark
of suicide attempts identified genetic loci at genome-wide significance
[26]. Our study extends this approach by investigating a broader pheno-
type within our primary analysis, as well as the specific impact of DSH
versus SIA in secondary analyses. In line with a Research Domain
Criteria (RDoC) approach, we used the full spectrum of suicidal
thoughts and behaviours assessed within a predominantly non-clinical
population. The fact that increased genetic burden for suicidality was as-
sociated with increased risk of completed suicide in a separate sub-
sample represents an important validation of our suicidality phenotype.
The genetic correlation with MDD was strong, but the incomplete over-
lap, and the fact that the GWAS results were largely unchanged by ad-
justment for mental health disorder status, supports the hypothesis
that at least some of the genetic predisposition to suicidal ideation
and behaviours may be distinct from that for MDD [18].

The SNP-based heritability reported here for suicidality (7.6%) is
more than that reported for suicide attempts (4.6%) [26], however
both of these are lower than heritability estimates from family studies
[12], which is consistent with findings from most other complex traits
studied to date.

4.3. Biology

The known biology of the suicidality-associated loci (Supplementary
Results) highlights three interesting candidate genes: CNTN5, CEP57 and
DCC. CNTN5 encodes contactin 5 (also known as NB-2), which is a good

functional candidate. CNTN5 is a glycosylphosphatidylinositol (GPI)-an-
chored extracellular cell adhesion protein of the immunoglobulin su-
perfamily, thought to have a role in the formation and maintenance of
brain circuitry [39]. Centrosomal protein of 57 kDa (CEP57, encoded
by CEP57) is important for cell division, with loss of function variants
causing a mosaic variegated aneuploidy syndrome, which can include
brain abnormalities and mental retardation (OMIM #607951 and
#614114). The netrin 1 receptor (encoded by DCC) has been robustly
associated with depression [40], schizophrenia [41] and related traits
[42]. Speculation as to how variation in these genes act to influence
these related traits is difficult because of incomplete understanding of
the functions of these genes in the brain during development and aging.

4.4, Strengths and limitations

This is the largest genetic study of suicidality in a population sample
reported to date but we acknowledge some limitations to this work. The
nature of the data collected did not allow us to distinguish between pu-
tative subtypes of suicide, such as stress-responsive and non-stress-
responsive suicidality [43]. In addition, both recruitment bias and recall
bias are possible within the UK Biobank dataset. Survivor bias might also
influence our findings, due to the relatively older age at recruitment,
however this would likely lead to more conservative effect estimates.
We also recognise that the questions used to create the ordinal
suicidality phenotype mean that some individuals with either self-
harm ideation/behaviour or suicidal ideation might be included at levels
higher or lower than their suicidality predisposition merits. Our SNP
heritability estimates were similar to those reported for other complex
psychiatric phenotypes such as MDD [44] and the overlap with clinically
relevant phenotypes (at the levels of loci, PRS and whole-genome ge-
netic correlations) all suggest that our findings are robust.

Table 2
Increasing burden of suicidal behaviour-associated variants significantly associated with
completed suicide.

Threshold OR L95 u95 P FDR-adj P
5x 1078 1.07 —0.10 0.24 0.410 0.410
5x107° 1.20 0.01 0.35 0.041 0.049
0.01 122 0.02 0.38 0.026 0.390
0.05 1.26 0.05 0.41 0.011 0.034
0.1 1.27 0.06 0.42 0.008 0.034
0.5 125 0.03 0.41 0.021 0.039

Where: Threshold, GWAS P threshold of the SNPs included in the suicidality PRS; OR, odds
ratio; L95, lower 95% confidence interval; U95, upper 95% confidence interval; Z, test sta-
tistic, P, P value for analysis; FDR-adj P, false discovery rate adjusted P. Signficance was set
at P<0.05.

Fig. 2. Regional plots for GWAS significant loci and CNTNS5 tissue expression: A) ZCCHC7 locus on Chr9, B) CNTN5 locus on Chr11, C) Chr13 locus, where: SNPs (each point) are aligned
according to position (X axis) and strength of association (Y Axis, left); Purple colouring indicates the index SNP, with other colours representing linkage disequilibrium (r?) with the
index SNP, as per the colour key; Recombination rate is presented as a pale blue line graph in the background (Y axis, right); Genes are presented below the association plot by
location (X axis) and direction of transcription (arrows). D) Tissue expression profile of CNTN5, where tissues are arranged alphabetically along the X-axis and expression level is
(TPM; standardised transcripts per million reads) provided on the Y-axis. Box plots represent median and interquartile range, with error bars demonstrating 1.5x the interquartile

range and dots representing outliers.
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Table 3

Genetic correlations of suicidality with psychiatric disorders and related traits.
Trait Suicidality DSH SIA

Ig se z p FDR-P Ig se z p FDR-P Iy se z p FDR-P

Attempted suicide 057 0.096 5.98  223E-09 6.24E-09 0.624 0.106 5.8897 3.87E-09 9.03E-09 —0.012 0.182 —0.068 9.46E-01 9.83E-01
MDD 081 0.04 1866 1.01E-77 141E-76 0.79 005 1448  1.68E-47 2.35E-46 0.46 0.11 4.07 4.76E-05  2.22E-04
Neuroticism 063 0.04 1648 551E-61 3.86E-60 0.57 0.05 1209 1.26E-33 8.82E-33 0.56 012 477 1.80E-06  1.26E-05
Mood Instability 050 0.03 16.06 4.53E-58 2.11E-57 043 004 11.73  850E-32 3.97E-31 0.53 0.11 5.01 5.42E-07 7.59E-06
Schizophrenia 032 004 870 3.19E-18 1.12E-17 0.31 0.04 7.02 2.25E-12  7.88E-12 0.28 0.09 296 3.06E-03  1.07E-02
Bipolar disorder 027 005 528 126E-07 294E-07 027 006 434 145E-05 2.26E-05 0.19 012 155 1.21E-01 3.39E-01
Risk-taking behaviour 0.20 0.04  5.05  4.44E-07 7.77E-07 025 0.04 6.00 1.93E-09 5.40E-09 0.00 0.08  0.02 9.83E-01 9.83E-01
Anxiety disorder 075 0.17 435 138E-05 2.15E-05 0.87 020 441 1.03E-05 1.91E-05 0.31 030 1.03 3.05E-01 5.34E-01
ADHD 021 005 429 1.79E-05 251E-05 023 005 440 1.09E-05 1.91E-05 —0.12 0.11 —1.17  2.44E-01 5.20E-01
PTSD 042 0.16 270 697E-03 8.87E-03 0.52 018 282 4.82E-03 6.75E-03 0.16 028  0.57 5.70E-01  7.98E-01

Where: DSH, deliberate self-harm; SIA, suicidal ideation or attempt; rg, genetic correlation; se, standard error of genetic correlation; z, test statistic, P, P vlaue for analysis; FDR adj P, false
discovery rate-adjusted P; Signficicance was set at P < 0.05; MDD, major depressive disorder; PTSD, post-traumatic stress disorder; Relative amplitude, quantitative measure of circadian

rythmicity; ADHD, attention deficit hyperactivity disorder.

4.5. Implications for future work

This study highlights a component of suicidal predisposition that is
distinct from MDD predisposition and the potential relevance of
CNTNS5, CEP57 and DCC to suicidality, further study of which may pro-
vide valuable insight into the underlying biology of suicide. Genetic vul-
nerability to suicide is of course likely to be only a small part of the
overall pathophysiology of what is clearly a highly complex and clini-
cally and psychologically heterogeneous phenotype. A major current
challenge for the field of suicide research is to integrate new discoveries
on the genetics of suicide with known psychiatric, social, psychological
and environmental risk factors (such as poverty, substance misuse and
childhood sexual abuse), to develop more sophisticated models of
risk, and ultimately to develop genetically-informed social, psychologi-
cal and public health interventions.

5. Conclusions

In the largest GWAS to date of suicidality to date we identified sev-
eral new candidate genes that may be relevant to the biology of com-
pleted suicide. We also found substantial genetic correlation between
suicidality and a range of psychiatric disorders and, by finding an asso-
ciation between genetic loading for suicidality and completed suicide,
we provide preliminary evidence for the potential utility of PRSs for pa-
tient and population stratification. We hope these discoveries will facil-
itate new avenues of research on this complex but clinically important
phenotype.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.02.005.
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4.4.1 AppendixD

4.4.1.1 Supplementary Figure 1

Flow chart of UK Biobank participants available for primary analyses (Ordinal GWAS and
PRS analysis)

Original UK Biobank sample

N=502,664

Did not complete Mental Health
Questionnaire N= 345,094

A 4

Completed Mental Health Questionnaire

N=157,570

Potential controls who did not answer
suicidality questions N=1,101

A 4

Phenotyped

N=156,469 incl. 173 completed suicides

Incomplete genotyping N=3,318

Genotyped

N=153,151 incl. 166 completed suicides

Not White British N=21,559

A\ 4
Of White British ancestry

N=131,592 incl. 137 completed suicides

Failed genetic quality control N=385

Passed genetic quality control

N=153,151 incl. 137 completed suicides

Excluded due to relatedness N=8,272 incl.
Controls N=2,553

A 4

Available sample

N=122,935 incl. 127 completed suicides PRS analysis N=2,680

Control N=2,553,
Completed suicide N=127

A\ 4

Ordinal GWAS N=122,808

Controls, N=83,477; Thought life not worth living,
N=21,077; Contemplated self-harm, N=13,077; Self-
harmed, N=2,502; Attempted suicide, N= 2,675.
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4.4.1.2 Supplementary Figure 2

Flow chart of UK Biobank participants available for secondary analyses. The flow chart of
participants is the same as Supplementary Fig. 1 up to the highlighted box. Relatedness
exclusions were applied for A) the DSH GWAS considering the categories Controls,
Contemplated self-harm and Actual self-ham and B) the SIA GWAS considering the
categories Controls, Suicidal ideation and attempted suicide.

A)

N=153,151 incl.

137 completed
suicide

Excluded due to
relatedness

B) Contemplated C) Actual Self-
Self Harm Harm

N=13 203 N=2 532

A) Controls
N=84 499

N=153,151 incl.
137 completed
suicide

Excluded due to
relatedness

A) Controls D) Suicidal E) Attempted

N=84 167

ideation Suicide
N=21 234 N=2 689
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4.4.1.3 Supplementary Table 1

Cohort demographics of individuals included in the Ordinal suicidality GWAS and the
completed suicide PRS analysis

Analysis Ordinal Suicidality GWAS Completed Suicide PRS
Suicidalit 0: No 1: Thought 2: 4: 5: 0: No 6:
catesor ¥ Reported life not worth Contemplate Deliberately Attempted Reported Completed
sory Suicidality living d Self harm Self harmed Suicide Suicidality Suicide?
(n=83,557) (n=21,063) (n=13,038) (n=2,498) (n=2,666) (n=5,330) (n=137)
n % n % n % n % n % n % n %
Sex
44,05 52. 12,78 60. 1,75 70. 1,80 67. | 2,92 54.
Female 7 7 1 7 8,299 | 63.7 7 3 4 7 6 9 37 27
39,50 47. 39. 29. 32. | 1,17 48. 10
Male 0 3 8,282 3 4,739 | 36.4 741 7 862 3 4 9 0 73
Age range
35/44 6,887 8.2 2,171 103; 1,802 | 13.8 527 211' 421 158' 418 7.8 20 1:'
22,43 26. 32. 1,08 43. 1,03 1,40 26.
45/54 1 9 6,900 3 5,006 | 38.4 0 5 9 39 0 3 52 38
40,00 47. 44. 1,03 38. | 2,59 48. 36.
55/64 ) 9 9,326 3 5,158 | 39.6 750 30 3 9 0 6 50 5
65/74 14'23 17 2,666 127' 1,072 8.2 141 5.6 168 6.3 | 922 1;' 15 11
Living
arrangements
12,45 14. 20. 21. 14. 31.
Alone 6 9 4,318 6 2,850 | 21.9 531 3 743 28 | 785 3 43 6
. 66,24 79. 14,89 70. 1,66 66. 1,57 59. | 4,21 79. 55.
With partner 3 5 2 9 8,865 | 68.2 2 3 3 3 3 2 76 9
Other 4,678 5.6 1,788 8.5 | 1,282 9.9 297 119' 338 127' 321 6 17 1;'
Area
Deprivation
Least 21,11 | 25. 22. 18. 14. | 1,29 | 24. 14.
deprived 6 3 4,667 N 2,701 | 20.8 452 1 392 7 3 3 20 6
4th Quintile 19'62 235; 4,414 21 2,546 19.6 442 177' 416 156. 1'57 24 26 19
17,82 21. 21. 20. 19. 1,15 21. 13.
rd inti 4 ’
3 Quintile 9 4 4,464 N 2,626 | 20.2 503 ) 509 1 4 7 19 9
14,93 17. 19. 23. 23. 18. 24.
nd inti 4
2" Quintile 7 9 4,181 9 2,785 | 21.4 585 4 636 9 982 4 34 3
Most 15. 20. 26. 11. 27.
deprived 9,972 12 3,310 7 2,360 | 18.1 514 6 708 6 618 6 38 7
Parental
Depression
Neither 69,83 91. 16,50 87. 1,76 79. 1,76 77. | 4,51 92. 77.
parent 7 5 5 2 9,754 83 9 3 1 3 8 1 89 4
Atleast 6486 | 85| 2434 | 2| 2001 | 17| 461 | 2% | s16| 22| 387 | 79 | 26 | 2
one parent 9 7 7 6
Chronic Pain
. 53,52 64. 11,65 55. 1,23 49. 1,15 43, 3,41 64. 60.
Free of pain 9 1 3 4 6,637 | 50.9 4 4 7 4 5 2 83 6
One or 29,98 35. 44. 1,26 50. 1,50 56. | 1,90 35. 39.
more sites 3 9 9,389 6 6,398 | 49.1 2 6 8 6 7 8 >4 4
Smoking
49,88 59. 11,86 56. 1,20 48. 1,10 41. | 3,20 60.
Never 6 3 3 5 6,932 | 53.3 4 3 3 5 1 ) 63 46
. 28,65 34. 35. 1,12 42. | 1,83 34. 30.
Previous 0 4 7,467 5 4,881 | 37.5 973 39 3 4 9 6 42 7
Current 4,861 5.8 1,686 8 | 1,203 9.2 317 127' 429 161' 282 5.3 32 Zj'
Alcohol use
Daily/ 20,31 24. 23. 21. 21. | 1,27 23. 23.
almost daily 9 3 5,002 3 2,874 | 221 541 7 562 1 1 9 37 9
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4439 | 53.| 10,53 1,19 | 47.| 1,13 | 42.| 2,84 | 53. 53.
Regular 3 1 6 50 | 6,330 | 48.6 6 9 3 6 . 4 71 4
Occasional 15,00 18 4,397 20. 3,014 | 23.1 577 2. 694 26. 947 17. 19 17.
5 9 1 1 8 7
Former 1,764 2.1 633 3 514 4 133 5.3 207 7.8 110 2.1 8 2.2
Never 2,053 2.5 486 2.3 297 2.3 50 2 65 2.4 154 2.9 2 2.9
Life-time
MDD
62,15 85. 49. 30. 14. | 4,04 86.
No 3 1 7,952 9 3,078 | 30.3 603 4 317 9 s 3 na na
10,87 14. 50. 1,38 69. 1,81 85. 13.
Yes 6 9 7,996 1 7,088 | 69.7 0 6 3 ) 640 7 na na
Childhood
trauma
50,49 45, 30. 24. | 3,28 62.
None 4 61 9,474 4 4,751 | 36.7 760 6 639 1 7 3 na na
32,25 11,40 54. 1,72 69. 2,00 75. | 1,99 37.
Any 3 39 3 6 8,186 | 63.3 2 4 9 9 ) 7 na na
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4.4.1.4 Supplementary Table 2

All SNPs associated with ordinal suicidality at GWAS significance

adjusted for

basic psychiatric disorders
Analysis SNP CHR BP Al A2 AIF  BETA P BETA P
rs62535709 9 37166189 T C 005 0101 3.89E-08 0.099  8.67E-08
rs62535711 9 37174829 T C 006 0105 12908  0.103  3.12E-08
rs635715 11 99495141 G T 033 0051  3.48E-08 0.052  1.97E-08
rs639161 11 99495147 G A 033 005  430E-08 0051  2.51E-08
rs637006 11 99495383 A G 033 0051 3.37E-08  0.052  1.88E-08
rs637745 11 99495452 C G 033 0051  299E-08  0.052  1.67E-08
rs637387 11 99495489 T C 033 0051 293E-08 0.052  1.64E-08
rs1790263 11 99495583 T G 033 0051  3.10E-08  0.052  1.73E-08
rs1790262 11 99495651 T A 033 0051  299E-08  0.052  1.67E-08
rs636504 11 99495693 G A 033 005  413E-08 0051  2.32E-08
rs636073 11 99495789 C T 033 0051  3.24E-08  0.052  1.80E-08
rs651048 11 99496234 C T 033 0051 3.44E-08 0052  1.92E-08
rs651446 11 99496269 A G 033 0051  3.56E-08  0.052  2.00E-08
rs651447 11 99496271 C T 033 0051 3.25E-08  0.052  1.87E-08
rs651496 11 99496308 A G 033 0051 3.61E-08  0.052  2.02E-08
rs1790261 11 99496359 C T 033 0051 3.326-08 0.052  1.86E-08
rs1690819 11 99496535 A G 033 0051  3.01E-08  0.052  1.67E-08
. rs1690818 11 99496554 C T 033 0051  2.78E-08  0.052  1.55E-08
SSE?{;ZELY rs1690817 11 99496812 A G 033 0051  2.78E-08  0.052  1.55E-08
rs1690816 11 99496849 C T 033 0051  2.78E-08  0.052  1.55E-08
rs1003122 11 99496892 A G 033 0051  2.88E-08  0.052  1.60E-08
rs1690814 11 99497012 A G 033 0051  291E-08  0.052  1.61E-08
rs1790260 11 99497028 C A 033 0051  3.05E-08  0.052  1.69E-08
rs609750 11 99497099 G T 033 0051  298E-08  0.052  1.66E-08
rs646067 11 99497122 T  C 033 0051 3.8E-08 0.052  1.76E-08
rs646017 11 99497150 T G 033 0051  3.09E-08  0.052  1.72E-08
rs634379 11 99497472 C T 033 0051  294E-08  0.052  1.64E-08
rs634011 11 99497529 C T 033 0051 3.27E-08  0.052  1.81E-08
11:99500407_TTAC_T 11 99500407 TTAC T 033 0051  3.89E-08  0.052  2.16E-08
rs112677841 11 99507624 A G 035 0051  4.76E-08  0.052  2.81E-08
rs111369127 11 99507634 T  C 035 0051  4.76E-08 0052  2.81E-08
rs598046 11 99516468 T G 032 0053  107E-08  0.054  5.18E-09
rs7122777 11 99516476 T  C 032 0053 113E-08 0.054  5.31E-09
rs61910885 11 99516507 C G 033 0051  3.72E-08  0.053  1.65E-08
rs61910886 11 99516510 T  C 033 0051 3.726-08  0.053  1.65E-08
rs61910887 11 99516511 G A 033 0051  3.726-08  0.053  1.65E-08
rs7989250 13 64900801 A  C 032 -0.052 3.49E-08 -0.051  4.31E-08
SIA rs116955121 6  140E408 A G 0.2 0199  1.66E-08
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4.4.1.5 Supplementary Table 3

Allele frequencies of lead SNPs by suicidality category

ordinal GWAS PRS
0: No 1: Thought life 2: 4: 5: 0: No 6:
SNP CHR POS Al Reported nc;t worti livin Contemplated Deliberately Attempted Reported Completed
Suicidality g Self harm Self harmed Suicide Suicidality Suicide
rs62535711 9 37174829 | T 0.05 0.06 0.06 0.06 0.06 0.06 0.05
rs598046 11 | 99516468 | T 0.32 0.33 0.32 0.32 0.32 0.31 0.34
rs7989250 13 | 64900801 | A 0.33 0.32 0.31 0.31 0.32 0.31 0.29

4.4.1.6 Supplementary Figure 3

Manhattan plot of GWAS of ordinal suicidality in UK Biobank (N = 100,234), adjusted for
age, sex, genotyping chip, population structure, psychiatric disorders and childhood sexual
abuse. Dashed red line = genome wide significance threshold (p < 5 x 10-5). Inset: QQ plot
for genome-wide association with DSH. Red line = theoretical distribution under the null

hypothesis of no association.
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4.4.1.7 Supplementary Table 4

Effect of genetic loading for suicidal behaviour on psychiatric disorders and related traits.

Trait GWAS Unadjusted Adjusted
threshold N OR 95% Cl P FDR adj P N OR 95% Cl P FDR P
5.00E-08 | 72714 | 1.03 | 096 | 1.1 0.43 0.43 72610 | 1.03 | 0.96 | 1.1 0.41 0.41
5.00E-05 | 72714 | 1.11 | 1.03 | 1.18 | 0.0041 0.0049 72610 | 1.1 | 1.03 | 1.18 | 0.0049 0.0059
Self-report 0.01 72714 | 1.16 | 1.08 | 1.25 | 3.90E-05 | 5.85E-05 | 72610 | 1.15 | 1.07 | 1.24 | 1.10E-04 | 1.65E-04
BD 0.05 72714 | 1.17 | 1.09 | 1.26 | 2.10E-05 | 4.20E-05 | 72610 | 1.16 | 1.08 | 1.25 | 9.10E-05 | 1.65E-04
0.1 72714 | 1.19 | 1.1 | 1.28 | 6.50E-06 | 1.95E-05 | 72610 | 1.17 | 1.09 | 1.26 | 3.20E-05 | 9.60E-05
0.5 72714 | 1.22 | 1.12 | 1.32 | 1.40E-06 | 8.40E-06 | 72610 | 2.2 | 1.11 | 1.3 | 870E-06 | 5.22E-05
5.00E-08 | 82338 | 1.01 | 0.99 | 1.03 0.33 0.33 82217 | 1.01 | 0.99 | 1.03 0.38 0.38
5.00E-05 | 82338 | 1.03 | 1.01 | 1.05 | 0.009 0.0108 | 82217 | 1.03 | 1.01 | 1.04 0.012 0.0144
Self-report 0.01 82338 | 1.09 | 1.07 | 1.11 | 8.80E-18 | 1.32E-17 | 82217 | 1.09 | 1.07 | 1.11 | 5.40E-17 | 8.10E-17
Depression 0.05 82338 | 1.11 | 1.09 | 1.14 | 1.90E-26 | 3.80E-26 | 82217 | 1.11 | 1.09 | 1.14 | 2.50E-25 | 5.00E-25
0.1 82338 | 1.12 | 1.09 | 1.14 | 4.30E-27 | 1.29-26 | 82217 | 1.12 | 1.09 | 1.14 | 7.20E-26 | 2.16E-25
0.5 82338 | 1.13 | 1.1 | 1.15 | 3.80E-27 | 1.29-26 | 82217 | 1.12 | 1.1 | 1.15 | 4.40E-26 | 2.16E-25
5.00E-08 | 283088 | 1.01 1 | 102 | 0.0037 0.0037 | 282761 | 1.01 | 1 1.02 0.003 0.003
5.00E-05 | 283088 | 1.02 | 1.02 | 1.03 | 2.70E-09 | 3.24E-09 | 282761 | 1.02 | 1.02 | 1.03 | 1.70E-09 | 2.04E-09
Mood 0.01 283088 | 1.07 | 1.06 | 1.07 | 2.40E-61 | 3.60E-61 | 282761 | 1.06 | 1.06 | 1.07 | 1.90E-54 | 2.85E-54
Instability 0.05 283088 | 1.08 | 1.07 | 1.09 | 6.20E-86 | 1.24E-85 | 282761 | 1.08 | 1.07 | 1.09 | 1.60E-75 | 3.20E-75
0.1 283088 | 1.09 | 1.08 | 1.09 | 2.20E-94 | 6.60E-94 | 282761 | 1.08 | 1.07 | 1.09 | 6.20E-83 | 1.86E-82
0.5 283088 | 11 | 109 | 111 | 0% 360E- | 582761 | 109 | 109 | 1.1 | 1.406-95 | 8.40E-95
108 107
5.00E-08 | 280508 1 0.99 | 1.01 0.62 0.62 280183 | 1 | 099 | 1.01 0.75 0.75
5.00E-05 | 280508 | 1.01 | 1.01 | 1.02 | 0.0021 0.0025 | 280183 | 1.02 | 1.01 | 1.02 | 6.60E-04 | 7.92E-04
. . 0.01 280508 | 1.03 | 1.03 | 1.04 | 1.10E-13 | 1.65E-13 | 280183 | 1.03 | 1.02 | 1.04 | 1.70E-12 | 2.55E-12
Risk taking 0.05 280508 | 1.04 | 1.03 | 1.05 | 2.60E-16 | 5.20E-16 | 280183 | 1.04 | 1.03 | 1.05 | 3.70E-14 | 7.40E-14
0.1 280508 | 1.04 | 1.03 | 1.05 | 5.80E-18 | 1.80E-17 | 280183 | 1.1 | 1.03 | 1.05 | 1.30E-15 | 7.80E-15
0.5 280508 | 1.04 | 1.03 | 1.05 | 6.00E-18 | 1.80E-17 | 280183 | 1.04 | 1.03 | 1.05 | 4.80E-15 | 1.44E-14
N Beta | SE p FDR adj P N Beta | SE P FDR adj P
5.00E-08 | 232471 | 0.03 | 0.01 2.20E-04 | 2.20E-04 | 232205 | 0.03 | 0.01 2.20E-04 | 2.20E-04
5.00E-05 | 232471 | 0.05 | 0.01 3.20E-13 | 3.84E-13 | 232205 | 0.05 | 0.01 1.70E-13 | 2.04E-13
0.01 232471 | 0.15 | 0.01 3.20E-95 | 4.80E-95 | 232205 | 0.14 | 0.01 5.70E-89 | 8.55E-89
Ne(irc%trlzl)sm 0.05 232471 | 0.18 | 0.01 fozE' 4'10sz' 232205 | 0.17 | 0.01 9'10303E' 1;3;;—
0.1 232471 | 0.19 | 0.01 4'10508E' 1'12507E' 232205 | 0.18 | 0.01 8'10408E' fo;'
0.5 232471 | 0.22 | 0.01 6'1():15' 3'16800E' 232205 | 0.21 | 0.01 9'10701E' > '14700E'
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4.4.1.8 Supplementary Figure 4

100,234). Dashed red

genome wide significance threshold (p < 5 x 10-5). Inset: QQ plot for genome-wide
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association with DSH. Red line = theoretical distribution under the null hypothesis of no

association.

4.4.1.9 Supplementary Figure 5

Manhattan plot of GWAS of ordinal SIA in UK Biobank (IN=108,090). Dashed red
line = genome wide significance threshold (p < 5 x 10-5). Inset: QQ plot for genome-wide

association with STA. Red line = theoretical distribution under the
association.
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4.4.1.10 Supplementary Figure 6

Manhattan plot of gene-based GWAS of ordinal suicide in UK Biobank (N =122,935).
Dashed red line = genome wide significance threshold (p < 5 x 10-5). Inset: QQ plot for
genome-wide association with suicidality in UK Biobank. Red line = theoretical distribution
under the null hypothesis of no association.
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4.4.1.11 Supplementary Figure 7

Manhattan plot of gene-based GWAS of ordinal DSH in UK Biobank (N = 100,234). Dashed
red line = genome wide significance threshold (p < 5 x 10-5). Inset: QQ plot for genome-wide
association with suicidality in UK Biobank. Red line = theoretical distribution under the null
hypothesis of no association.
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4.4.1.12 Supplementary Figure 8

Manhattan plot of gene-based GWAS of ordinal SIA in UK Biobank (N = 108,090). Dashed
red line = genome wide significance threshold (p < 5 x 10-5). Inset: QQ plot for genome-wide
association with suicidality in UK Biobank. Red line = theoretical distribution under the null
hypothesis of no association.
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4.4.1.13 Supplementary Figure 9

Regional plots for GWAS significant loci identified in the gene-based analyses. Highlighted
genes for suicidality A) ADCK3/COQ8A on Chromosome 1, B)CEP57-FAM76B-
MTMR2 on Chromosome 11, C) DCC on Chromosome 18, For DSH D)SENP3on
Chromosome 17 and for SIA E) CDKAL1 on Chromosome 6. SNPs (each point) are aligned
according to position (X axis) and strength of association (Y Axis, left); Purple colouring
indicates the index SNP, with rz linkage disequilibrium with the index SNP being presented
by colour as per the colour key; Rates of DNA recombination are presented as a pale blue
line graph in the background (Y axis, right); Genes are presented by location (X axis) and
direction of transcription (arrows).
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4.4.1.14 Supplementary Table 5

Effect of genetic loading for suicidal behaviour on traits of relevance to psychiatric disorders

Gene Name

Genecards summary

ADCK3/COQ8A coenzyme Q8A

AP001877.1

CDKS5 regulatory
CDKAL1 subunit associated
protein 1 like 1

centrosomal protein

CEP57
57

This gene encodes a mitochondrial protein similar to yeast
ABC1, which functions in an electron-transferring membrane
protein complex in the respiratory chain. It is not related to the
family of ABC transporter proteins. Expression of this gene is
induced by the tumour suppressor p53 and in response to DNA
damage, and inhibiting its expression partially suppresses p53-
induced apoptosis. Alternatively spliced transcript variants
have been found; however, their full-length nature has not
been determined.

predicted gene

The protein encoded by this gene is a member of the
methylthiotransferase family. The function of this gene is not
known. Genome-wide association studies have linked single
nucleotide polymorphisms in an intron of this gene with
susceptibility to type 2 diabetes

This gene encodes a cytoplasmic protein called Translokin. This
protein localizes to the centrosome and has a function in
microtubular stabilization. The N-terminal half of this protein is
required for its centrosome localization and for its
multimerization, and the C-terminal half is required for
nucleating, bundling and anchoring microtubules to the
centrosomes. This protein specifically interacts with fibroblast
growth factor 2 (FGF2), sorting nexin 6, Ran-binding protein M
and the kinesins KIF3A and KIF3B, and thus mediates the
nuclear translocation and mitogenic activity of the FGF2. It also
interacts with cyclin D1 and controls nucleocytoplasmic
distribution of the cyclin D1 in quiescent cells. This protein is
crucial for maintaining correct chromosomal number during
cell division. Mutations in this gene cause mosaic variegated
aneuploidy syndrome, a rare autosomal recessive disorder.
Multiple alternatively spliced transcript variants encoding
different isoforms have been identified.
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CLTA

CNTN5

DCAF10

DcCC

Clathrin Light Chain A

Contactin 5

DDB1 And CUL4
Associated Factor 10

DCC netrin 1 receptor

Clathrin is a large, soluble protein composed of heavy and light
chains. It functions as the main structural component of the
lattice-type cytoplasmic face of coated pits and vesicles which
entrap specific macromolecules during receptor-mediated
endocytosis. This gene encodes one of two clathrin light chain
proteins which are believed to function as regulatory
elements. Alternative splicing results in multiple transcript
variants. Related pseudogenes have been identified on
chromosomes 8 and 12. Diseases associated with CLTA include
Leber Congenital Amaurosis. Among its related pathways are
Clathrin derived vesicle budding and EPH-Ephrin signalling.
Gene Ontology (GO) annotations related to this gene include
structural molecule activity and clathrin heavy chain binding.
An important paralog of this gene is CLTB. Acts as component
of the TACC3/ch-TOG/clathrin complex proposed to contribute
to stabilization of kinetochore fibres of the mitotic spindle by
acting as inter-microtubule bridge.

The protein encoded by this gene is a member of the
immunoglobulin superfamily, and contactin family, which
mediate cell surface interactions during nervous system
development. This protein is a glycosylphosphatidylinositol
(GPI)-anchored neuronal membrane protein that functions as a
cell adhesion molecule. It may play a role in the formation of
axon connections in the developing nervous system.
Alternatively spliced transcript variants encoding different
isoforms have been described for this gene. [provided by
RefSeq, Aug 2011] CNTN5 (Contactin 5) is a Protein Coding
gene. Diseases associated with CNTN5 include Actinomycosis.
Among its related pathways are Metabolism of proteins and
Post-translational modification- synthesis of GPl-anchored
proteins. An important paralog of this gene is CNTN3.
Contactins mediate cell surface interactions during nervous
system development. Has some neurite outgrowth-promoting
activity in the cerebral cortical neurons but not in hippocampal
neurons. Probably involved in neuronal activity in the auditory
system (By similarity).

A protein coding gene. May function as a substrate receptor
for CUL4-DDB1 E3 ubiquitin-protein ligase complex.

This gene encodes a netrin 1 receptor. The transmembrane
protein is a member of the immunoglobulin superfamily of cell
adhesion molecules, and mediates axon guidance of neuronal
growth cones towards sources of netrin 1 ligand. The
cytoplasmic tail interacts with the tyrosine kinases Src and
focal adhesion kinase (FAK, also known as PTK2) to mediate
axon attraction. The protein partially localizes to lipid rafts,
and induces apoptosis in the absence of ligand. The protein
functions as a tumour suppressor, and is frequently mutated
or downregulated in colorectal cancer and oesophageal
carcinoma.
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EBLN3

EIF4A1

EXOSC3

FAM76B

endogenous
Bornavirus-like
nucleoprotein 3,
pseudogene
Eukaryotic translation
initiation factor 4A1

Exosome Component
3

family with sequence
similarity 76 member
B

pseudogene

Ubiquitous expression in many tissues

This gene encodes a non-catalytic component of the human
exosome, a complex with 3'-5' exoribonuclease activity that
plays a role in numerous RNA processing and degradation
activities. Related pseudogenes of this gene are found on
chromosome 19 and 21. Alternatively spliced transcript
variants encoding different isoforms have been described.
Diseases associated with EXOSC3 include Pontocerebellar
Hypoplasia, Type 1B and Exosc3-Related Pontocerebellar
Hypoplasia. Among its related pathways are CDK-mediated
phosphorylation and removal of Cdc6 and Gene Expression.
Gene Ontology (GO) annotations related to this gene include
RNA binding and exoribonuclease activity. Non-catalytic
component of the RNA exosome complex which has 3->5
exoribonuclease activity and participates in a multitude of
cellular RNA processing and degradation events. In the
nucleus, the RNA exosome complex is involved in proper
maturation of stable RNA species such as rRNA, snRNA and
snoRNA, in the elimination of RNA processing by-products and
non-coding pervasive transcripts, such as antisense RNA
species and promoter-upstream transcripts (PROMPTs), and of
mRNAs with processing defects, thereby limiting or excluding
their export to the cytoplasm. The RNA exosome may be
involved in Ig class switch recombination (CSR) and/or Ig
variable region somatic hypermutation (SHM) by targeting
AICDA deamination activity to transcribed dsDNA substrates.
In the cytoplasm, the RNA exosome complex is involved in
general mRNA turnover and specifically degrades inherently
unstable mRNAs containing AU-rich elements (AREs) within
their 3 untranslated regions, and in RNA surveillance
pathways, preventing translation of aberrant mRNAs. It seems
to be involved in degradation of histone mRNA. The catalytic
inactive RNA exosome core complex of 9 subunits (Exo-9) is
proposed to play a pivotal role in the binding and presentation
of RNA for ribonucleolysis, and to serve as a scaffold for the
association with catalytic subunits and accessory proteins or
complexes. EXOSC3 as peripheral part of the Exo-9 complex
stabilizes the hexameric ring of RNase PH-domain subunits
through contacts with EXOSC9 and EXOSC5.
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FBX0O10 f-Box protein 10

FERM And PDZ

FRMPD1
Domain Containing 1

glucosamine (UDP-N-
acetyl)-2-

GNE epimerase/N-
acetylmannosamine
kinase

Members of the F-box protein family, such as FBXO10, are
characterized by an approximately 40-amino acid F-box motif.
SCF complexes, formed by SKP1 (MIM 601434), cullin (see
CUL1; MIM 603134), and F-box proteins, act as protein-
ubiquitin ligases. F-box proteins interact with SKP1 through the
F box, and they interact with ubiquitination targets through
other protein interaction domains (Jin et al., 2004 [PubMed
15520277]).[supplied by OMIM, Mar 2008] FBXO10 (F-Box
Protein 10) is a Protein Coding gene. Among its related
pathways are Innate Immune System and Class | MHC
mediated antigen processing and presentation. Gene Ontology
(GO) annotations related to this gene include ubiquitin-protein
transferase activity. An important paralog of this gene is
FBXO11. Substrate-recognition component of the SCF (SKP1-
CUL1-F-box protein)-type E3 ubiquitin ligase complex. The
SCF(FBX010) complex mediates ubiquitination and
degradation of BCL2, an antiapoptotic protein, thereby playing
a role in apoptosis by controlling the stability of BCL2.

FRMPDL1 is a Protein Coding gene. An important paralog of this
gene is FRMPDA4. Stabilizes membrane-bound GPSM1, and
thereby promotes its interaction with GNAI1.

the protein encoded by this gene is a bifunctional enzyme that
initiates and regulates the biosynthesis of N-acetylneuraminic
acid (NeuAc), a precursor of sialic acids. It is a rate-limiting
enzyme in the sialic acid biosynthetic pathway. Sialic acid
modification of cell surface molecules is crucial for their
function in many biologic processes, including cell adhesion
and signal transduction. Differential sialylation of cell surface
molecules is also implicated in the tumorigenicity and
metastatic behaviour of malignant cells. Mutations in this gene
are associated with sialuria, autosomal recessive inclusion
body myopathy, and Nonaka myopathy. Alternative splicing of
this gene results in transcript variants encoding different
isoforms. Diseases associated with GNE include Nonaka
Myopathy and Sialuria. Among its related pathways are
Metabolism of proteins and Transport to the Golgi and
subsequent modification. Gene Ontology (GO) annotations
related to this gene include hydrolase activity, hydrolysing O-
glycosyl compounds and UDP-N-acetylglucosamine 2-
epimerase activity. Required for normal sialylation in
hematopoietic cells.
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Glyoxylate And
GRHPR Hydroxypyruvate
Reductase

Long Intergenic Non-
LINC0O0395 Protein Coding RNA
395

maternal embryonic

MELK o .
leucine zipper kinase

myotubularin related

MTMR2 protein 2

This gene encodes an enzyme with hydroxypyruvate
reductase, glyoxylate reductase, and D-glycerate
dehydrogenase enzymatic activities. The enzyme has
widespread tissue expression and has a role in metabolism.
Type Il hyperoxaluria is caused by mutations in this gene.
Diseases associated with GRHPR include Hyperoxaluria,
Primary, Type li and Primary Hyperoxaluria. Among its related
pathways are Glyoxylate metabolism and glycine degradation
and Viral mRNA Translation. Gene Ontology (GO) annotations
related to this gene include protein homodimerization activity
and oxidoreductase activity, acting on the CH-OH group of
donors, NAD or NADP as acceptor. Enzyme with hydroxy-
pyruvate reductase, glyoxylate reductase and D-glycerate
dehydrogenase enzymatic activities. Reduces hydroxypyruvate
to D-glycerate, glyoxylate to glycolate oxidizes D-glycerate to
hydroxypyruvate.

long non-coding RNA

A protein coding gene. Diseases associated with MELK

include Uterine Corpus Endometrial Carcinoma. Among its
related pathways are Neuroscience. Gene Ontology (GO)
annotations related to this gene include calcium ion

binding and protein kinase activity. An important paralog of
this gene is PRKAA2. Serine/threonine-protein kinase involved
in various processes such as cell cycle regulation, self-renewal
of stem cells, apoptosis and splicing regulation. Has a broad
substrate specificity; phosphorylates BCL2L14, CDC25B,
MAP3K5/ASK1 and ZNF622. Acts as an activator of apoptosis
by phosphorylating and activating MAP3K5/ASK1. Acts as a
regulator of cell cycle, notably by mediating phosphorylation of
CDC25B, promoting localization of CDC25B to the centrosome
and the spindle poles during mitosis. Plays a key role in cell
proliferation and carcinogenesis. Required for proliferation of
embryonic and postnatal multipotent neural progenitors.
Phosphorylates and inhibits BCL2L14, possibly leading to affect
mammary carcinogenesis by mediating inhibition of the pro-
apoptotic function of BCL2L14. Also involved in the inhibition
of spliceosome assembly during mitosis by phosphorylating
ZNF622, thereby contributing to its redirection to the nucleus.
May also play a role in primitive hematopoiesis.

This gene is a member of the myotubularin family of
phosphoinositide lipid phosphatases. The encoded protein
possesses phosphatase activity towards phosphatidylinositol-3-
phosphate and phosphatidylinositol-3,5-bisphosphate.
Mutations in this gene are a cause of Charcot-Marie-Tooth
disease type 4B, an autosomal recessive demyelinating
neuropathy. Alternatively spliced transcript variants encoding
multiple isoforms have been found for this gene
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Olfactory Receptor
Family 7 Subfamily E

OR7E156p Member 156
Pseudogene

PAX5 paired box 5

POLRIE RNA Polymerase |

Subunit E

pseudogene. Olfactory receptors interact with odorant
molecules in the nose, to initiate a neuronal response that
triggers the perception of a smell. The olfactory receptor
proteins are members of a large family of G-protein-coupled
receptors (GPCR) arising from single coding-exon genes.
Olfactory receptors share a 7-transmembrane domain
structure with many neurotransmitter and hormone receptors
and are responsible for the recognition and G protein-
mediated transduction of odorant signals. The olfactory
receptor gene family is the largest in the genome. The
nomenclature assigned to the olfactory receptor genes and
proteins for this organism is independent of other organisms.

A transcription factors, whose central feature is a highly
conserved DNA-binding motif (the paired box). Paired box
transcription factors are important regulators in early
development, and alterations in the expression of their genes
are thought to contribute to neoplastic transformation. This
gene encodes the B-cell lineage specific activator protein that
is expressed at early, but not late stages of B-cell
differentiation. Its expression has also been detected in
developing CNS and testis and so the encoded protein may
also play a role in neural development and spermatogenesis.
This gene is located at 9p13, which is involved in
t(9;14)(p13;932) translocations recurring in small lymphocytic
lymphomas of the plasmacytoid subtype, and in derived large-
cell ymphomas. This translocation brings the potent E-mu
enhancer of the IgH gene into close proximity of the PAX5
promoter, suggesting that the deregulation of transcription of
this gene contributes to the pathogenesis of these lymphomas.
Alternative splicing results in multiple transcript variants
encoding different isoforms. T

POLR1E (RNA Polymerase | Subunit E) is a Protein Coding gene.
Among its related pathways are Pyrimidine metabolism (KEGG)
and Gene Expression. Gene Ontology (GO) annotations related
to this gene include DNA-directed 5-3 RNA polymerase activity
and RNA polymerase | transcription factor binding. DNA-
dependent RNA polymerase catalyses the transcription of DNA
into RNA using the four ribonucleoside triphosphates as
substrates. Component of RNA polymerase | which synthesizes
ribosomal RNA precursors. Appears to be involved in the
formation of the initiation complex at the promoter by
mediating the interaction between Pol | and UBTF/UBF (By
similarity).
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RNF38

SENP3

SHB

SLC25A51

TOMM5

ring finger protein 38

SUMO specific
peptidase 3

SH2 Domain
Containing Adaptor
Protein B

Solute Carrier Family
25 Member 51

Translocase Of Outer
Mitochondrial
Membrane 5

This gene encodes a protein with a coiled-coil motif and a
RING-H2 motif (C3H2C2) at its carboxy-terminus. The RING
motif is a zinc-binding domain found in a large set of proteins
playing roles in diverse cellular processes including
oncogenesis, development, signal transduction, and apoptosis.
Multiple transcript variants encoding different isoforms have
been found for this gene. Acts as an E3 ubiquitin-protein ligase
able to ubiquitinate p53/TP53 which promotes its
relocalization to discrete foci associated with PML nuclear
bodies. Exhibits preference for UBE2D2 as a E2 enzyme.
Multiple transcript variants encoding different isoforms have
been found for this gene. [provided by RefSeq, Dec 2008]

The reversible posttranslational modification of proteins by the
addition of small ubiquitin-like SUMO proteins (see SUMO1;
MIM 601912) is required for numerous biologic processes.
SUMO-specific proteases, such as SENP3, are responsible for
the initial processing of SUMO precursors to generate a C-
terminal diglycine motif required for the conjugation reaction.
They also have isopeptidase activity for the removal of SUMO
from high molecular mass SUMO conjugates

A protein coding gene. Diseases associated with SHB include
Sulfhemoglobinemia. Among its related pathways are EPH-
Ephrin signalling and Developmental Biology. Gene Ontology
(GO) annotations related to this gene include SH3/SH2 adaptor
activity. An important paralog of this gene is
ENSG00000255872. Adapter protein which regulates several
signal transduction cascades by linking activated receptors to
downstream signalling components. May play a role in
angiogenesis by regulating FGFR1, VEGFR2 and PDGFR
signalling. May also play a role in T-cell antigen receptor/TCR
signalling, interleukin-2 signalling, apoptosis and neuronal cells
differentiation by mediating basic-FGF and NGF-induced
signalling cascades. May also regulate IRS1 and IRS2 signalling
in insulin-producing cells.

A protein coding gene. An important paralog of this gene
is SLC25A52.

TOMMS5 (Translocase Of Outer Mitochondrial Membrane 5) is
a Protein Coding gene. Among its related pathways

are Pink/Parkin Mediated Mitophagy and Metabolism of
proteins. Gene Ontology (GO) annotations related to this gene
include protein transporter activity. An important paralog of
this gene is ENSG00000256966.

120



TRMT10B

ZBTB5

ZCCHC7

TRNA
Methyltransferase
108B

Zinc Finger And BTB
Domain Containing 5

Zinc Finger, CCHC
Domain Containing 7

TRMT10B is a Protein Coding gene. Gene Ontology (GO)
annotations related to this gene include methyltransferase
activity. An important paralog of this gene is TRMT10A. S-
adenosyl-L-methionine-dependent guanine N(1)-
methyltransferase that catalyses the formation of N(1)-
methylguanine at position 9 (m1G9) in tRNAs
(PubMed:23042678). Probably not able to catalyse formation
of N(1)-methyladenine at position 9 (m1A9) in tRNAs
(PubMed:23042678).

ZBTBS5 (Zinc Finger And BTB Domain Containing 5) is a Protein
Coding gene. An important paralog of this gene is ZBTB3. May
be involved in transcriptional regulation

A protein coding gene. Related pathways

include Deadenylation-dependent mRNA decay. Gene
Ontology (GO) annotations related to this gene include nucleic
acid binding.
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4.4.1.15 Supplementary Figure 10

Genotype-specific gene expression of
the Chromosome 9 lead SNP,

rs62535711 on transcripts
of FRMPD1, MELK, TRMTi0B,
ZCCHCy7 and GRHPR,

(Supplementary Fig. 3E-H) in
cerebellar cortex (CRBL), frontal
cortex (FCTX), hippocampus
(HIPP), medulla (specifically inferior
olivary nucleus, MEDU), occipital
cortex (specifically primary visual
cortex, OCTX), putamen (PUTM),
substantia nigra (SNIG), thalamus
(THAL), temporal cortex (TCTX) and
intralobular white matter (WHMT).

Supplementary Figure 10
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4.4.1.16 Supplementary Table 6

Functions of genes in novel suicidality loci eQTLs in brain of predicted functional SNPs in
the CEP57-FAM?76B locus

SNP bp Gene Symbol | NES Tissue

AP001877.1 | 0.45 Brain - Caudate (basal ganglia)
AP001877.1 | 0.6 Brain - Cerebellar Hemisphere
AP001877.1 | 0.56 Brain - Cerebellum
AP001877.1 | 0.59 Brain - Frontal Cortex (BA9)

rs1150360 95512060 AP001877.1 | 0.5 Brain - Hippocampus
AP001877.1 | 0.53 | Brain - Nucleus accumbens (basal ganglia)
AP001877.1 | 0.48 Brain - Putamen (basal ganglia)
AP001877.1 | 0.58 Brain - Spinal cord (cervical c-1)

CEP57 0.21 Brain - Cerebellum

AP001877.1 | 0.7 Brain - Anterior cingulate cortex (BA24)
AP001877.1 | 0.62 Brain - Caudate (basal ganglia)
AP001877.1 | 0.72 Brain - Cerebellar Hemisphere
AP001877.1 | 0.8 Brain - Cerebellum
AP001877.1 | 0.67 Brain - Cortex

rs3824874 95657111 AP001877.1 | 0.64 Brain - Frontal Cortex (BA9)
AP001877.1 | 0.64 Brain - Hippocampus
AP001877.1 | 0.69 Brain - Hypothalamus
AP001877.1 | 0.69 | Brain - Nucleus accumbens (basal ganglia)
AP001877.1 | 0.47 Brain - Putamen (basal ganglia)
AP001877.1 | 0.79 Brain - Spinal cord (cervical c-1)
AP001877.1 | 0.71 | Brain - Anterior cingulate cortex (BA24)
AP001877.1 | 0.63 Brain - Caudate (basal ganglia)
AP001877.1 | 0.77 Brain - Cerebellar Hemisphere
AP001877.1 | 0.83 Brain - Cerebellum
AP001877.1 | 0.7 Brain - Cortex
AP001877.1 | 0.73 Brain - Frontal Cortex (BA9)

rs644799 95564259 - -
AP001877.1 | 0.64 Brain - Hippocampus
AP001877.1 | 0.68 Brain - Hypothalamus
AP001877.1 | 0.68 | Brain - Nucleus accumbens (basal ganglia)
AP001877.1 | 0.55 Brain - Putamen (basal ganglia)
AP001877.1 | 0.88 Brain - Spinal cord (cervical c-1)
AP001877.1 | 0.58 Brain - Substantia nigra
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4.4.1.17 Supplementary Table 7

Novel Suicidal behaviour loci and previous associations in the GWAS catalogue

STRONGEST
search  PUBMED! oot AUTHOR  DISEASE/TRAIT SNP-RISK RAF pvaLUE  ORoOr
Term D BETA
ALLELE
rs1329573-?;
2244964 . rs7020413-?;
9 Loo SK Intelligence 1$3824344-2: NR 4.00E-08
rs3758171-?
2249101\ g ) Response to tocilizumab rs1329568-? 003  800E-07 19.64
chr9 8 in rheumatoid arthritis
locus
2619872 Goes FS Schizophrenia rs7020830-T NR 8.00E-06  1.053
2578622 . rs4878712-A;
4 Johnson EO HIV-1 susceptibility rs1329568-T 7.00E-07 1.64
2578622 . rs4878712-A;
4 Johnson EO HIV-1 susceptibility re1329568-T 5.00E-08
Lipoprotein phospholipase
;—OMM 287536g Yeo A A2 activity in cardiovascular rs57578064-A 0.01 1.00E-08  32.49
disease
2762936 Gao Loneliness (linear analysis) rs78173384-? 2.00E-06 0.374
DCAF1 9
0
289284‘21 TianC Cold sores rs776014-? NR 7.00E-06  0.163
2929914 ) rs2182318-?;
3 LiuW Cancer rs7856656-2 NR 1.00E-06 1.39
257862‘2‘ Johnson EO HIV-1 susceptibility rs4878712-? 4.00E-07
‘;R’V’PD 2 78622 Johnson EO HIV-1 susceptibility rs4878712-A 0.69  5.00E-07 1.32
2578622 . rs4878712-A;
4 Johnson EO HIV-1 susceptibility rs1329568-T 7.00E-07 1.64
2578622 . rs4878712-A;
4 Johnson EO HIV-1 susceptibility re1329568-T 5.00E-08
2393473 Metabolite levels
6 YuB (Dihydroxy docosatrienoic acid) rs3747547-C 5-00E-06 0.09
276293: Gao Loneliness (linear analysis) rs149411702-? 2.00E-06 0.376
SHB
2017123 Stein JL Brain structure rs7873102-? 0.38 6.00E-07
2806012 Hamet P Type 2 diabetes (age of onset) rs10973627-? NR 4.00E-06
rs1329573-7?;
2244964 ) rs7020413-?;
9 Loo SK Intelligence rs3824344-2: NR 4.00E-08
rs3758171-?
2201312 Melka MG Obesity-related traits rs16933812-? 5.00E-06
2201312 Melka MG Obesity-related traits rs16933812-? 9.00E-09
PAX5 257862‘2‘ Johnson EO HIV-1 susceptibility rs4878712-? 4.00E-07
257862‘2‘ Johnson EO HIV-1 susceptibility rs4878712-A 0.69 5.00E-07 1.32
2249101\ g ) Response to tocilizumab rs1329568-? 003  800E-07 19.64
8 in rheumatoid arthritis
2578622 . rs4878712-A;
4 Johnson EO HIV-1 susceptibility rs1329568-T 7.00E-07 1.64
2578622 . rs4878712-A;
4 Johnson EO HIV-1 susceptibility r$1329568-T 5.00E-08
ELBN3 2619872 Goes FS Schizophrenia rs7020830-T NR 8.00E-06  1.053
iCCHC 2578622 Johnson EO HIV-1 susceptibility rs4878712-? 4.00E-07
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2578622

4 Johnson EO HIV-1 susceptibility rs4878712-A 0.69 5.00E-07 1.32
2929914 ) rs2182318-?;
GRHPR 3 Liu W Cancer 1578566562 NR 1.00E-06 1.39
2798932 pojaoliiay  Macrophage inflammatory rs76582507-G  NR 3.00E-06 0.318
3 protein 1b levels
FBXO1
0 257862‘2‘ Johnson EO HIV-1 susceptibility rs4878712-? 4.00E-07
2578622 Johnson EO HIV-1 susceptibility rs4878712-A 0.69 5.00E-07 1.32
2650376 ¢ o) Objective response to lithium rs113262272-A 071  4.00E-06  1.93
3 treatment in bipolar disorder
chril 2691159 ) . .
locus 0 Mullin BH Bone mineral density (femoral neck) rs10893396-C 0.17 4.00E-07 0.15
276293; Gao Loneliness (multivariate analysis) rs10893420-? NR 7.00E-06
2304902 Meng W Myopia (pathological) rs12803066-? 0.52 4.00E-06
2325165 Comuzzie AG Obesity-related traits rs11217223-G 0.09 1.00E-06 0.04
2325165 Comuzzie AG Obesity-related traits rs11217223-G 0.09 6.00E-06 0.03
276293; Gao Loneliness (multivariate analysis) rs10893420-? NR 7.00E-06
2636543 Mbarek H Alcohol dependence rs117557854-A 0.02 2.00E-06  2.083
1790332 Larson MG Atrial fibrillation rs10501920-? NR 9.00E-06
1790323 Seshadri S Volumetric brain MRI rs952700-? NR 6.00E-06
2261050\ nedy RB Immune response to rs11223581-G 9.00E-09
2 smallpox (secreted IL-2)
2691159 ) ) .
0 Mullin BH Bone mineral density (femoral neck) rs10893396-C 0.17 4.00E-07 0.15
236676; Tanikawa C Menarche (age at onset) rs12800752-T 0.8 3.00E-06  0.095
282402; Suhre K Blood protein levels rs1461672-T 0.06 2.00E-18 0.734
2931760 iip Plasma kynurenine levels rs61475845-A  0.02  1.00E-06 2.2
4 in major depressive disorder
208893; Wang KS Bipolar disorder and schizophrenia rs2509843-? NR 2.00E-07 1.268
CNTN5 . .
2452975 Xie T Amyotr.ophlc lateral sclerosis kgp11394149-? 2 00E-07
7 (sporadic)
2798932 Ahola-Olli AV Interleukin-2 receptor antagonist 1$73001149-C 9.00E-06  0.549
3 levels
292923? Turley P Neuroticism rs1690816-C 0.31 3.00E-06 0.017
2929238 gy p Depressive symptoms (mult-trait rs586533-G 032 2.00E-09 0.014
7 analysis)
292923? Turley P Neuroticism (multi-trait analysis) rs1690816-C 0.31 3.00E-09 0.018
2650376 ¢ o) Objective response to lithium rs113262272-A 071  4.00E-06  1.93
3 treatment in bipolar disorder
256463: Mozaffarian D Trans fatty acid levels rs7952067-C 0.07 1.00E-06  0.005
2070800y o jasani N Non-alcoholic fatty liver rs4237591-G 035  200E-06  0.33
5 disease histology (lobular)
2663424 Post bronchodilator
5 Lutz SM FEV1/FVC ratio in COPD rs1942108-A 0.49 5.00E-06  0.011
278632;’ Astle WJ Lymphocyte counts rs7939778-A 0.26 2.00E-10 0.026
278632; Astle WJ Reticulocyte fraction of red cells rs72996113-T 0.1 2.00E-17 0.051
2786322 Astle WJ Reticulocyte count rs72996113-T 0.1 1.00E-17  0.052
2786323 Astle WJ Plateletcrit rs1111890-G 0.37 2.00E-13  0.028
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2786325

2 Astle WJ Red cell distribution width rs717662-T 0.11 4.00E-12 0.04
2889822 Wheeler E Glycated hemoglobin levels rs11224302-C 0.87 5.00E-07 0.015
256734; Shungin D Waist-hip ratio rs1394461-C 0.25 4.00E-08 0.035
270891? Okbay A Neuroticism rs2458167-A 0.3 2.00E-07 0.019
2927382 Demenais F Asthma rs3758697-A 0.3 2.00E-06  1.33
270891? Okbay A Depression rs1690818-T NR 6.00E-08  5.405

hri3 2593512 Kim KW Recalcitrant atopic dermatitis rs9540294-G 0.08 1.00E-08  2.655
locus 2576042 Anderson D Type 2 diabetes rs114542812  NR 9.00E-06 0.6
223183: Cha PC Gallbladder cancer rs7504990-A 0.21 7.00E-08 6.95
2325165 Comuzzie AG Obesity-related traits rs4940203-A 0.29  5.00E-07 0.05
2714992 Degenhardt F Coenzyme Q10 levels rs74681568-G 2.00E-07 0.116
240096; Jiang J :{ee\f:’r‘;'l’ii:lf) mTOR inhibitor rs1460196-? NR 9.00E-06  0.27
2319252 \IlgeRleZ Fwares ?e?lg \Zar?:\i/r;??r;oking interaction) rs11876941-A NR >008:06 - 0.003
281996? Jones AV Mosquito bite size rs141670172-T NR 7.00E-06  0.257
293264? Hill WD Intelligence (multi-trait analysis) rs7245004-A NR 7.00E-14  0.022
293264; Hill WD Intelligence (multi-trait analysis) rs8083850-A NR 6.00E-13  0.021
293264; Hill WD Intelligence (multi-trait analysis) rs11663156-T NR 1.00E-08 0.019
293264; Hill WD Intelligence (multi-trait analysis) rs11665242-A NR 9.00E-16  0.024
293264; Hill WD Intelligence (multi-trait analysis) rs12607356-A NR 2.00E-09  0.018
293264; Hill WD Intelligence (multi-trait analysis) rs12960505-T NR 2.00E-15  0.024
293264; Hill WD Intelligence (multi-trait analysis) rs10502966-A NR 1.00E-11 0.02
bcc 293264? Hill WD Intelligence (multi-trait analysis) rs1972044-A NR 7.00E-14  0.023
293264: Hill WD Intelligence (multi-trait analysis) rs6508220-A NR 5.00E-15  0.023
293264? Hill WD Intelligence (multi-trait analysis) rs7506451-A NR 3.00E-10  0.019
293264: Hill WD Intelligence (multi-trait analysis) rs10221412-T NR 4.00E-11 0.02
293264; Hill WD Intelligence (multi-trait analysis) rs1078459-T NR 3.00E-11  0.02
293264; Hill WD Intelligence (multi-trait analysis) rs1367633-A NR 2.00E-08  0.017
293264; Hill WD Intelligence (multi-trait analysis) rs17417046-T NR 3.00E-13  0.021
293264; Hill WD Intelligence (multi-trait analysis) rs4277413-A NR 5.00E-13  0.021
2914702 Chen cH Putamen volume rs11660938-?  NR 4.00E-12 41'52
2918773 Ward J Mood instability rs8084280-T 051  3.00E09  0.05
291877; Ward J Mood instability rs8084280-T 0.51 1.00E-07 0.047
260253; Ng E Nickel levels ;*_“?”8:5 111516 300E-06 151
223183: Cha PC Gallbladder cancer rs975334-C 0.16 9.00E-07 83
223183‘51 Cha PC Gallbladder cancer rs13294589-G 0.11 2.00E-06 12.78
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2231834

5 Cha PC Gallbladder cancer rs6869388-C 0.04 7.00E-06 72.7
223183: Cha PC Gallbladder cancer rs10953615-C 0.11 9.00E-06 7.51
215297§ Heath AC Alcoholism rs768048-C 0.12 8.00E-06 0.11
2831714 Campo C Bortezomlb—.mducefj peripheral rs17748074-A NR 9.00E-06 1.96

8 neuropathy in multiple myeloma
2739350 4 netti kA Smoking behaviour rs1372626-? NR 3.00E-06

4 (cigarettes smoked per day)

2889205 Akiyama M Body mass index rs4129322-A 0.1 4.00E-08 0.018
2552492 Palmer ND Glucose homeostasis traits rs2339345-? 8.00E-06 0.25
2918662 Lam M Cognitive ability rs1431196-? NR 4.00E-07 5.073
2918662 Lam M Coghnitive ability (multi-trait analysis) rs1431196-? NR 6.00E-11  6.546
2649103 o nskima  Responsetoexercise rs3906453-A 076  3.00E-06  0.39
4 (triglyceride level interaction)
2701580 - Parental longevity
-? N

5 Pilling LC (combined parental age at death) rs67163261-? NR 1.00E-06  0.039
2929233 Turley P Depressive symptoms rs11663393-G 0.55 6.00E-09 0.014
2929238 o ey p Depressive symptoms rs8084351-G 049  2.00E-12  0.015

7 (multi-trait analysis)

2929238 1 ey p Subjective well-being rs8084351-G 048  4.00E-12 0.013

7 (multi-trait analysis)

2929233 Turley P Neuroticism (multi-trait analysis) rs8084351-G 0.49 1.00E-13  0.021
2501712 Kottyan LC Eosinophilic esophagitis rs9956738-? 0.01 4.00E-07 2.472
2700237 Ivvin MR Response to fenofibrate (total chr18:5046412 NR 2 00E-06  0.017

7 cholesterol levels) 6-?

2619872 Goes FS Schizophrenia rs4632195-T NR 4.00E-06 1.05
2658679 ) Survival in colorectal cancer

5 Phipps Al (distant metastatic) rs1372474-G 0.1 2.00E-06 1.53
2658679 . Survival in colorectal cancer

5 Phipps Al (distant metastatic) rs1442089-C 0.09 2.00E-06 1.56
2899122 Liz Schizophrenia rs4632195-T NR 2.00E-06  1.051
270891213 Okbay A Depression rs62100776-A NR 1.00E-08 5.664
2560735 ) . . .

3 Hibar DP Subcortical brain region volumes rs62097986-A 0.44 1.00E-13  30.28
270891213 Okbay A Neuroticism rs4632195-T 0.52 5.00E-07 0.018
2722512 oy A Educational attainment rs62100765-T 042  1.00E-10 0.015

9 (years of education)

2698909 Colemansr  Reseomsetocognitive-behavioural ;34556505 009 8.00E0
7 therapy in anxiety disorder

PSMD1

4 2564432 Davies G Cognitive ability rs2303319-? NR 9.00E-06  0.045
2520192 Rietveld CA Educational attainment rs7309-A 0.49 2.00E-07 0.022
2786322 Astle WJ Sum neutrophil eosinophil counts rs17592479-A 0.51 7.00E-13  0.026
2786322 Astle WJ Sum basophil neutrophil counts rs17592479-A 0.51 4.00E-13  0.026
2786325 Astle WJ Granulocyte count rs17592479-A 0.51 1.00E-12  0.025

ACK3/ 2

COQ8A

Q 2786325 ) ctie wi Granulocyte percentage rs17592479-A 051  4.00E-12  0.025

2 of myeloid white cells
2786325 .

N Astle WJ Lymphocyte percentage of white cells rs2297412-G 0.48 3.00E-11 0.024
2786322 Astle WJ Neutrophil count rs17592479-A 0.51 3.00E-13  0.026
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2786325

2 Astle WJ Neutrophil percentage of white cells rs6426558-T 0.51 3.00E-14  0.027
293264; Hill WD Intelligence (multi-trait analysis) rs644799-A NR 1.00E-09 0.018
2918662 Lam M Coghnitive ability (multi-trait analysis) rs644799-? NR 2.00E-09 6.011
CEP57
243903‘21 Okada Y Rheumatoid arthritis rs4409785-C 0.15 1.00E-11 1.12
243903; Okada Y Rheumatoid arthritis rs4409785-C 0.17 4.00E-09 1.12
FAM76 2908340 . oiraMA Allergic disease rs59593577-C 0.87  2.00E-11  1.053
B 6 (asthma, hay fever or eczema)
4.4.1.18 Supplementary Table 8
Previously reported suicidal behaviour-associated SNPs
Previously reported associations
FIRST DISEASE/ CH STRONGEST SNP-

PMID AUTHOR TRAIT R BP RISK ALLELE RAF P-VALUE
2083730 Perroud N 4 21,475,367 rs358592-? 0.7 3'82E'
2087730 perroud N . 8 28,065,871 rs4732812-? 073 OOF

0 Suicidal 06
208(7)730 Perroud N 980N g 9509787 1s11143230C 035 8'8(;E'
208(7)730 Perroud N 9 72,272,787 rs11143230-C 0.35 7'82E_
210;124 Perlis RH 2 46,093,955 rs12373805-A NR 9.82E—
2104124 o isry uidde 0 30201775 rs2462021-C ng  S00F

7 risk in 06
2104124 o oisre M99 10 95,362,484 rs4918918-T N S00E

7 disorders 06
2103124 Perlis RH 21 39,649,825 rs10854398-C NR 6.82E—
2142323 \yiiour w1 . 2 112,496 rs300774-A 01s >00F

9 Suicide 08
2142323 \iiourvi  BWEMPLS 10 33566664 rs10437629-2 ng  4O0E-

9 in bipolar 06
2142323 Willour VL disorder 12 128,610,52 r$7296262-T 0.51 1.00E-

9 7 06
2493420 Mullins N Suicide 4 15,993,502 rs17387100-G 0.08 8'83E_

attempts
2493420 Mullins N in 7 150'3539'57 rs17173608-G 0.06 2.8(;E—
depressio
2493420 Mullins N n or 11 113'2049'49 rs3781878-? 0.73 2.82E—
2496420 bipolar 1.00E-

7 Mullins N disorder 12 66,422,359 rs10748045-G 0.35 .06

259;793 Zai CC 8 56,592,754 rs2610025-A 5'82E_
Suicide in

259;793 Zai CC bipolar 8 79,191,197 rs10448044-C 3'82E_
disorder

259;793 Zai CC 10 32,704,340 rs7079041-A 2'82E'

128



2591793
3
2607919
0
2607919
0
2607919
0

2607919
0

2607919
0
2607919
0
2607919
0
2607919
0
2607919
0
2607919
0
2607919
0
3011603
2
3011603
2
3011603
2
3011603
2
3011603
2
3011603
2
2890244
4
2890244
4
2890244
4
2890244
4
2890244
4
2890244
4
2890244
4

Zai CC
Galfalvy H
Galfalvy H

Galfalvy H

Galfalvy H

Galfalvy H
Galfalvy H
Galfalvy H
Galfalvy H
Galfalvy H
Galfalvy H

Galfalvy H

Erlangsen
A
Erlangsen
A
Erlangsen
A
Erlangsen
A
Erlangsen
A
Erlangsen
A

Stein MB
Stein MB
Stein MB
Stein MB
Stein MB
Stein MB

Stein MB

Suicide

Suicide
attempts
in
major
depressiv
e disorder

Suicide
behaviour

Suicide
ideation
score
in major
depressiv
e disorder

Suicide
attempts,
with and
without
psychiatri
c
diagnoses

Suicide
attempt
in USA
soldiers

18

10

14

15

12

20

22

68,547,459

213,424,49
8

35,254,361

10,677,867

115,733,67
0

70,758,081

24,146,226

34,813,456

98,883,177

190,088,55
0

8,233,139

112,267,01
6

81,428,767

153,290,25
3

18,290,857

32,640,591

47,193,719

36,255,928

84,770,179

84,771,964

84,772,469

84,772,961

84,794,805

84,803,043

84,809,043

129

rs7244261-T

rs320461-A

rs336284-A

rs7011192-A

rs4308128-A

rs6480463-G

rs4575-G

rs11852984-C

rs3019286-A

rs2419374-A

rs6055685-A

rs13358904-G

rs72940689-A

rs2085865-A

rs7862648-G

rs112595860-G

rs4809706-G

rs150801052-A

rs2497117-A

rs2497118-A

rs2480192-T

rs2497119-A

rs142060512-T

rs116923768-A

chr6_84809043_

D-12

0.23

0.45

0.11

0.43

0.38

0.27

0.2

0.36

0.19

0.18

0.21

0.06

0.31

0.22

0.22

0.63

0.02

4.00E-
06
4.00E-
06
2.00E-
07
4.00E-
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Abstract

Anhedonia is a core symptom of several psychiatric disorders but its biological underpinnings are poorly understood.
We performed a genome-wide association study of state anhedonia in 375,275 UK Biobank participants and assessed
for genetic correlation between anhedonia and neuropsychiatric conditions (major depressive disorder, schizophrenia,
bipolar disorder, obsessive compulsive disorder and Parkinson’s Disease). We then used a polygenic risk score approach
to test for association between genetic loading for anhedonia and both brain structure and brain function. This
included: magnetic resonance imaging (MRI) assessments of total grey matter volume, white matter volume,
cerebrospinal fluid volume, and 15 cortical/subcortical regions of interest; diffusion tensor imaging (DTI) measures of
white matter tract integrity; and functional MRI activity during an emotion processing task. We identified 11 novel loci
associated at genome-wide significance with anhedonia, with a SNP heritability estimate (h,SNP) of 5.6%. Strong
positive genetic correlations were found between anhedonia and major depressive disorder, schizophrenia and bipolar
disorder; but not with obsessive compulsive disorder or Parkinson’s Disease. Polygenic risk for anhedonia was associated
with poorer brain white matter integrity, smaller total grey matter volume, and smaller volumes of brain regions linked
to reward and pleasure processing, including orbito-frontal cortex. In summary, the identification of novel anhedonia-
associated loci substantially expands our current understanding of the biological basis of state anhedonia and genetic
correlations with several psychiatric disorders confirm the utility of this phenotype as a transdiagnostic marker of
vulnerability to mental illness. We also provide the first evidence that genetic risk for state anhedonia influences brain

structure, including in regions associated with reward and pleasure processing.

Introduction

Anhedonia refers to reduced capacity to experience
pleasure in situations that individuals would normally
enjoy, and has been a focus of psychiatry research for
decades™?. It constitutes a core symptom of several
neuropsychiatric disorders, including major depressive
disorder (MDD), schizophrenia, bipolar disorder and
obsessive compulsive disorder (OCD), as well as
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Parkinson’s Disease (PD)>™°. Along with a direct nega-
tive association with quality of life and subjective
wellbeing, anhedonia is associated with multiple nega-
tive health-related behaviours, such as smoking, illicit
drug use, and low physical activity, even in the absence
of psychiatric disorder”®. In line with a Research
Domain Criteria (RDoC) approach®, state anhedonia
can be measured and studied as a dimensional psy-
chopathological trait.

Anhedonia has been closely linked to the function and
structure of reward circuitry in the brain (primarily frontal,
striatal and limbic regions). These neurobiological associa-
tions are consistent with the view that anhedonia reflects
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dysfunction in reward processing'®''. Measures of anhe-

donia have been associated with altered functional activity
during reward-based tasks within frontal cortical regions
(medial frontal cortex) and subcortical striatal regions
(caudate and putamen)'?, and with reduced volumes in a
similar set of frontal and striatal regions'>'*, Anhedonia is
also associated with reduced white matter integrity'>'®.

The genetic underpinnings of anhedonia are largely
unknown. Several GWAS of disorders where anhedonia is
a feature have been reported, such as MDD and schizo-
phrenia'”'®, However, to date only small underpowered
GWAS studies of anhedonia have been published. A study
of 759 patients with MDD identified 18 SNPs associated
with an ‘interest-activity’ measure of anhedonia'®. The
largest study to date is a mega-analysis of three studies of
young people from the UK and Sweden, with a total
sample size of 6579; a single locus was associated with
anhedonia in the discovery sample, but not in the repli-
cation sample?®. A Finnish study examined genetic asso-
ciations with physical and social anhedonia, as assessed
with the Chapman scales?!, in 3820 individuals but no
genome-wide significant loci were identified*>. Genetic
loci associated with anhedonia have therefore not yet been
reliably identified in large clinical or general population
samples®®, and association tests of genetic risk for anhe-
donia with brain structure and function have not yet been
performed.

Here we report a large GWAS of state anhedonia within
the UK Biobank cohort. We also use a polygenic risk score
(PRS) approach to assess whether genetic loading for
anhedonia is associated with brain structure and brain
function.

Methods
UK Biobank sample

UK Biobank is a large cohort of over half a million UK
residents, aged between 39 and 73 years at baseline
assessment”*, The cohort was designed to assess how
genetic, environmental and lifestyle factors influence a
range of morbidities in middle and older age. Baseline
assessments occurred over a 4-year recruitment period
(from 2006 to 2010) across 22 UK centres. These
assessments covered a wide range of social, cognitive,
lifestyle and physical health measures. Informed consent
was obtained from all participants, and this study was
conducted under generic approval from the NHS
National Research Ethics Service (approval letter dated
13 May 2016, Ref 16/N'W/0274) and under UK Biobank
approvals for application #6553 ‘Genome-wide associa-
tion studies of mental health’ (PI Smith).

Genotyping, imputation and quality control
In March 2018 UK Biobank released genetic data for
487,409 individuals, genotyped using the Affymetrix UK

Page 2 of 9

BiLEVE Axiom or the Affymetrix UK Biobank Axiom
arrays (Santa Clara, CA, USA), which have over 95% of
content in common®”. Pre-imputation quality control,
imputation (both 1000Genomes and HRC Reference
Panels) and post-imputation cleaning were conducted
centrally by UK Biobank (described in the UK Biobank
release documentation, please see URLs in appendix for
details).

Phenotyping

As part of the comprehensive baseline assessment par-
ticipants were asked: “Over the past two weeks, how often
have you had little interest or pleasure in doing things?”
(Data field 2060). Respondents could choose from the
following answers: “not at all”; “several days”; “more than
half the days”; and “nearly every day”. These responses
were coded as 0, 1, 2 and 3 respectively. This question on
anhedonia is derived from the Patient Health
Questionnaire-9 (PHQ-9), a well-validated screening
instrument for MDD**, To maximise numbers available
for downstream magnetic resonance imaging (MRI) ana-
lyses, we excluded from the primary GWAS those parti-
cipants with any available MRI data (n=20,174).
Additional exclusion criteria for the GWAS included
individuals in whom: over 10% of genetic data were
missing; self-reported sex did not match genetic sex; sex
chromosome aneuploidy was reported; where hetero-
zygosity value was a clear outlier; and participants not of
European ancestry (n = 73,385).

Genetic association and heritability

Genetic association with the measure of anhedonia was
performed using BOLT-LMM?>**’, which accounts for
population structure and sample relatedness by including
a genetic relatedness matrix within the models. Models
were further adjusted for age, sex, and genotyping array.
SNPs included in the analysis were filtered by MAF > 0.01,
Hardy—Weinberg Equilibrium p>1x 107, and imputa-
tion score > 0.3. BOLT-LMM was also used to provide a
SNP-heritability estimate and an estimate of Agc.

Genetic correlations

Linkage Disequilibrium Score Regression (LDSR)*® was
carried out using LDSC on GWAS summary statistics from
several published studies, to obtain genetic correlations with
psychiatric disorders where anhedonia is known to be a
feature (MDD?’, schizophrenia®®, bipolar disorder®, and
OCD?), as well as Parkinson’s Disease®>. We left the
intercept unconstrained to allow for sample overlap between
the sample used here and the outputs of the other GWAS.

Polygenic risk score generation
Polygenic risk scores (PRS) were created using
LDpred®. LDpred differs from the more common
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pruning and threshold (P&T) PRS because it generates a
single risk score for the trait of interest derived from as
many loci as possible. A training set was created to obtain
the LD structure by using 1000 unrelated Biobank parti-
cipants who had passed the same genetic QC as those
used in the GWAS (but who were excluded from the
GWAS because they did not respond to the anhedonia
question and had not provided brain imaging data). These
training data were then used for the construction of
anhedonia PRS in those participants for who brain ima-
ging data were available.

Brain imaging variables

A number of structural and functional brain MRI mea-
sures have been made available by UK Biobank as Imaging
Derived Phenotypes (IDPs)>*. These measures are: total
volume (mm?®) of brain grey matter, white matter and
cerebrospinal fluid (CSF), each normalised for head size;
volumes (grey matter or total) of 15 cortical and sub-
cortical regions of interest (ROIs); diffusion tensor imaging
(DTI) measures of white matter integrity (fractional ani-
sotropy (FA) and mean diffusivity (MD)); and functional
MRI activity during an emotion processing task (the Hariri
face shape task)® in an amygdala mask and group-defined
mask consisting of occipito-temporal and amygdala
regions. For a more detailed description of these variables,
and for details of MRI acquisition and pre-processing and
IDP selection, please see supplementary methods.

Polygenic risk score and brain imaging analyses

MRI data were available for 20,174 UK Biobank parti-
cipants. PRS/MRI analyses were conducted in a subset of
17,120 participants who had available MRI data and who
were not included in the GWAS, after exclusion of par-
ticipants who did not meet genetic quality control criteria
(n=2479) or who self-reported a developmental or
neurological disorder at either the baseline assessment or
the imaging visit (n=575) (please see Table S1 for
exclusions). For each MRI outcome, data points with
values more than 3 standard deviations from the sample
mean were excluded.

Models were adjusted for age at MRI visit, (age at MRI)?,
sex, genotype array, the first eight genetic principal com-
ponents, and lateral, transverse and longitudinal scanner
position covariates. Total tissue volume measures (total
grey matter, white matter and ventricular CSF volumes)
were normalised for head size prior to adjustment for the
above covariates. ROI analyses were additionally adjusted
for total brain volume (calculated by summing total grey
matter, white matter and ventricular cerebrospinal fluid
(CSF) volume); and fMRI analyses were also adjusted for
head motion during the emotion processing task. False
Discovery Rate (FDR) correction was applied®*?’.
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Results
Demographics

The GWAS was performed on 375,724 UK Biobank
participants, of whom 203,322 (54.1%) were female. The
age of the sample ranged from 39 to 73 and the mean age
was 57 years (S.D.=8.01). In response to the anhedonia
question, 299,232 (79.64%) answered “not at all”; 60,212
(16.0%) reported “several days”; 9405 (2.5%) reported
“more than half the days” and 6876 (1.8%) reported
“nearly every day’.

MRI analyses were conducted in 17,120 participants,
52.4% (8978) of whom were female. The mean age (at the
time of MRI) of these participants was 62.7 years (S.D. =
7.46; range =45-80 years). Of the 16,783 participants
with available MRI data who answered the anhedonia
question, 13,810 (82.3%) responded ‘“not at all”, 2469
(14.7%) reported feelings of anhedonia for “several days”,
297 (1.8%) for “more than half the days”, and 207 (1.2%)
“nearly every day’.

Genome-wide association study findings

GWAS results are presented as a Manhattan plot in Fig.
1, and details of genome-wide significant loci are provided
in Table S2. In all, there were 1100 SNPs that were
genome-wide significant (p<5x107®%), and, of these,
represented 11 independent loci on 9 different chromo-
somes (Table S2; Figs. S1-S11). An independent signal
was defined as the region of r*>0.1 within a 500 MB
window from the most significant SNP below genome-
wide significance.

Some inflation of the GWAS results was observed
(Agc = 1.15), however considering the sample size this is
expected to have had a negligible impact on findings.
There was evidence for a polygenic component (LDSR
intercept = 1.03, S.E. = 0.005) and no evidence for undue
inflation of the test statistics due to unaccounted popu-
lation stratification.

Genome-wide association study replication

To help validate the phenotype, we attempted a repli-
cation in the sample that was excluded from the GWAS.
Only one of the eleven loci identified achieved nominal
significance (CHR6:27731402, f = —0.02, p = 0.015). This
would not survive correction for multiple testing. Of the
11 top hit SNPs, 8 of 11 coefficients were in the same
direction as in the discovery set (Table S3).

Additionally, we determined if the PRS of anhedonia in
those excluded from the GWAS was associated with their
state anhedonia scores. The model was adjusted for the
first 4 genetic principle components, genotyping chip, age,
sex and Townsend score. We detected a small but highly
significant association between the anhedonia PRS and the
anhedonia phenotype scores (B = 0.0007, p = 1.17 x 104,
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Fig. 1 Anhedonia GWAS results. Results are presented as a Manhattan Plot and as a QQ plot (inset). Association analysis p-values for each SNP are
plotted (as —log10(p)) vs. chromosomal position. The red and blue lines indicate the genome-wide significant and suggestive p-value thresholds,

respectively. The QQ plot shows observed vs expected p-values for every SNP.

Genetic correlations

Using LDSR we assessed whether genetic predisposition
to anhedonia overlapped with that for several psychiatric
disorders or traits. Anhedonia had significant genetic
correlation with MDD (rg 0.77, q=1.84 x 1071%%), schi-
zophrenia (ry 0.28, ¢ =5.28 x 107*°) and bipolar disorder
(rg 0.12, q=0.002) but not with OCD or Parkinson’s
disease (q = 0.6 and q = 0.97 respectively) (Table 1).

PRS and brain MRI structural and functional outcomes

Associations between PRS for anhedonia and total brain
tissue volumes are presented in Table S4. Greater poly-
genic risk for anhedonia was associated with lower total
grey matter volume, but not with total white matter
volume or with total ventricular CSF volume.

Associations were then assessed between PRS for
anhedonia and volumes of 15 cortical and subcortical
regions of interest (ROIs were derived a priori from meta-
analysis and literature review; please see Table S5 and
Supplementary Methods). Greater genetic risk score for
anhedonia was associated with smaller volumes for insular
cortex, orbitofrontal cortex, middle frontal gyrus and
anterior temporal fusiform cortex. Uncorrected associa-
tions were also observed with nucleus accumbens, medial
frontal cortex and caudate volumes, but these did not
survive FDR correction. The locations of the ROIs
showing significant association with the PRS are displayed
in Supplementary Fig. S12, and a point-range plot show-
ing the association evidence for ROI volumes is displayed
in Fig. 2a.

In subsequent analyses of association with white matter
integrity, greater PRS for anhedonia was not associated
with general factors of either higher mean diffusivity
(MD) or fractional anisotropy (FA) (Table S6). PRS
associations were assessed with 15 individual white matter

Table 1 Genetic correlations of anhedonia with
psychiatric phenotypes.

Trait rg S.E. 4 P q

MDD 0771 00306 252033 3.68E-140 1.84E-139
Schizophrenia 0.28 00353 79345 2.11E-15  528E-15
Bipolar 0122 0038 32187 0.00129 0.002
Parkinson’s Disease ~ 0.0584 0.0837 0.6978 04853 0.60

oCcD —0.0023 00618 —0.0372 09704 0.97

rg genetic correlation with mood instability, S.E. standard error of the genetic
correlation, Z the test statistic, p the p value, q the False discovery rate corrected
p value. MDD major depressive disorder, PTSD post-traumatic stress disorder.

tracts (bilateral tracts were combined in the same models
and models were adjusted for hemisphere; see Supple-
mentary Methods, Supplementary Tables S7 and S8 for
tract-specific FA and MD results, respectively). Higher
PRS for anhedonia was associated with lower FA in four of
the fifteen tracts (anterior thalamic radiation, forceps
minor, medial lemniscus, posterior thalamic radiation)
(Fig. 2b). Higher PRS for anhedonia was also associated
with higher MD in 9 of the 15 tracts (all apart from
acoustic radiation, corticospinal tract, forceps major,
inferior longitudinal fasciculus, medial lemniscus and
parahippocampal part of cingulum) (Fig. 2c). There was
no association between PRS for anhedonia and functional
MRI activity during the emotion-processing task (median
Blood Oxygen Level Dependent signal for the face vs.
shape contrast) (Table S9).

Discussion

These analyses represent the largest genetic association
study of state anhedonia performed to date. We identified
eleven genetic loci associated with anhedonia in the UK
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Fig. 2 Plots of associations (regression coefficients and 95% confidence intervals (Cl)) between polygenic risk for anhedonia and a regional volumes
of cortical/subcortical ROIs; b tract-specific fractional anisotropy; and ¢ tract-specific mean diffusivity.

general population. Within each associated region there
were a number of genes that could have a functional
impact on anhedonia and the pleasure cycle (considered
in detail below). Consistent with an RDoC approach
focusing on transdiagnostic symptoms and traits, we
found strong genetic correlations between anhedonia and
MDD, schizophrenia and bipolar disorder, but not
between anhedonia and OCD or Parkinson’s Disease.
Despite the lack of correlation with Parkinson’s Disease,
several of the loci identified in our GWAS include genes
with known association with Parkinson’s Disease (see
below). We also report the first investigation of associa-
tions between genetic loading for anhedonia and both
brain structure and brain function.

Genes within anhedonia-associated loci

There are multiple genes in each QTL identified in the
GWAS. Here we discuss potentially relevant genes based
on their known function in the scientific literature.
Within the chromosome 1 locus there are multiple RGS
genes, most notably RGS1 and RGS2, encoding regulators
of G-protein signalling that show prominent expression in
the brain®®, RGS2 has previously been identified as a
modulator of LRRK2* expression, a gene known to be a
genetic cause of Parkinson’s Disease. RGS2 has also been
associated with symptom severity in schizophrenia®® and
lower expression of RGS2 may be related to depression-
like behaviours in animal models*'.

EPHBI on chromosome 3 encodes an ephrin receptor
tyrosine kinase identified in a GWAS of antidepressant
response™’, and is associated with symptoms of schizo-
phrenia in Chinese Han populations*®, and with sus-
ceptibility to Parkinson’s Disease™.

At the more centromeric locus on chromosome 11,
GRMS5 encodes a metabotropic glutamate receptor that
has been extensively studied in relation to MDD*>*® and

schizophrenia®*®, Assessments in mice have also found
that agonists of GRMS5 attenuate Parkinsonian motor
deficits via striatal dopamine depletion*’. The Genotype
Tissue Expression (GTEx) database®® shows prominent
expression of GRMS5 in the brain, especially within the
nucleus accumbens, a region with a major role in the
prediction of reward”®>",

Another likely candidate gene at this chromosome 11
locus is DISCIFP1. DISCI (Disrupted in Schizophrenia 1),
a gene located on chromosome 1, is part of a chromosome
1:11 translocation that increases risk of schizophrenia,
schizoaffective disorder and bipolar disorder®*. DISC1FP1
is disrupted by this translocation, impacting on both
intracellular NADH oxidoreductase activities and protein
translation™,

At the more telomeric locus on chromosome 11, NCAM1
(neural cell adhesion molecule 1) has been implicated as a
potential link between depressive symptoms and brain
structure™, specifically decreased FA. NCAMI has been
reported to be present at increased levels in the amygdala®,
another brain region associated with the pleasure cycle, in
depressed subjects®”. However, we did not find any asso-
ciation between PRS for anhedonia and either amygdala
volume or functional activity in the amygdala during an
emotion processing task. It is possible that NCAMI may
exert its effects via expression in other brain regions.

Another gene of interest at this second chromosome 11
locus is DRD2, encoding the dopamine D2 receptor. There
is an extensive literature on the importance of DRD2 for the
psychopharmacology of both schizophrenia and MDD>**”,

The chromosome 12 locus contains only LOC and LINC
genes. These encode different classes of functional RNA
but little is known about their function beyond possible
post-transcriptional regulation of other gene products.

The more centromeric locus on chromosome 14 con-
tains PRKDI1, which encodes a serine/threonine-protein
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kinase identified in a GWAS of schizophrenia'®. The more
telomeric locus on chromosome 14 contains the gene
SLC8A3, a gene involved in maintaining Ca®* homo-
eostasis within a variety of tissues, including neurons.
SLC8A3 may also play a role in Parkinson’s Disease®.

ISLR2 on chromosome 15 is involved in neurodeve-
lopment™ but its role in psychiatric and neurological
traits is not well characterised. Another candidate gene
within this locus, NRG4, encodes a neuregulin protein
that activates type-1 growth factor receptors. Recent work
has shown that NRG4 acts a regulator of the growth and
elaboration of pyramidal neuron dendrites in the devel-
oping neocortex®’. Pyramidal neurons have been directly
implicated in the pathophysiology of schizophrenia®".

Finally, on chromosome 18, DCC (the most significant
hit) encodes a netrin 1 receptor with a role in axon gui-
dance, and has been previously reported to be associated
with anhedonic phenotypes in mice and humans®® and
potentially with schizophrenia pathogenesis®®. We have
previously identified DCC in GWAS of mood instability®*,
suicidality®® and multisite chronic pain®.

Brain structure and function

Our findings on the relationship between genetic loading
for anhedonia and brain structure and function are of
considerable interest. Greater levels of anhedonia, in healthy
and clinical populations, have been linked to altered func-
tional activity (and less consistently to reduced volume) in
frontal/striatal regions involved in reward or pleasure pro-
cessing'>**"~"! The regions most consistently implicated
include nucleus accumbens, caudate, putamen, medial
frontal cortex and orbitofrontal cortex.

We found that increased genetic risk for anhedonia was
associated with smaller volumes of the orbitofrontal cor-
tex the (Fig. 2a; Supplementary Fig. 1) a region involved in
representation of reward value and social reward depen-
dence’®”?, We also noted uncorrected associations of PRS
for anhedonia and smaller volumes of nucleus accumbens
(involved in reward value and pleasure processing®’?)
and medial frontal cortex (linked to pleasure proces-
sing®), but these associations did not survive correction
for multiple comparisons. These cortical/subcortical
volume findings are therefore consistent with an asso-
ciation between genetic risk for anhedonia and reward/
pleasure processing’”.

Increased genetic risk for anhedonia was also associated
with smaller volumes of insular cortex (associated with
emotion processing’*) and fusiform cortex. Most ROIs in
our analysis were selected on the basis that they were
associated with smaller volumes in MDD vs. healthy con-
trols in the most recent MDD brain structure meta-
analysis’®. Our findings are consistent with two scenarios:
either, genes for anhedonia partly mediate the association
between the ROI volumes and MDD, or these genes exhibit
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horizontal pleiotropy and affect both phenotypes via sepa-
rate mechanisms. Consistent with our finding of widespread
associations of genetic risk for anhedonia with cortical/
subcortical volumes, we also found an association with
reduced total grey matter volume, adjusted for head size.

Evidence of reduced white matter integrity (FA) in
several tracts in individuals scoring higher on measures of
anhedonia has been reported'®’®. We found that higher
values for the anhedonia PRS were associated with higher
MD (reflecting poorer white matter integrity), in most
individual tracts, but not in a general factor of MD. Sev-
eral tracts also showed reduced FA.

We did not, however, find any association between PRS
for state anhedonia and functional brain activity. UK
Biobank ROIs were selected based on average responses
during an emotion processing task; it is therefore plau-
sible that effects would emerge with the use of a reward
processing task, or by applying whole-brain voxel-wise
analyses, to include further reward/pleasure processing
regions.

Strengths and limitations

This study is the largest GWAS of state anhedonia to
date, and substantially contributes new knowledge on the
biology of this important transdiagnostic symptom. We
conducted analyses within a large population-based
cohort. Our primary analysis included individuals with
mental health histories, but these represent only a small
proportion of the total sample, which is an order of
magnitude larger than any previous study of this kind.
Subclinical anhedonia is common, and associated with
increased risk of later mental illness’”. This idea is rein-
forced by the significant genetic correlations with other
psychiatric disorders. Additionally, we used an ordered
ordinal phenotype, resulting in more power to detect
associations than with the more common dichotomised
(‘non-anhedonic’ vs. ‘anhedonic’) analyses78. Identification
of loci associated with population-level anhedonia may be
important from a personalised medicine perspective, for
example, in terms of developing stratified medicine
approaches to identify individuals at high-risk of devel-
oping psychiatric disorders.

Notably, however, the UK Biobank cohort has a degree of
selection bias. In general, volunteers are typically healthier
and of higher socioeconomic status and higher education
level than the general population””, so reported levels of
anhedonia in this sample may be lower than the population
rate. Therefore, it is plausible that the strength of associa-
tions we identified may be an underestimate of the true
population value; there may also be an inflated type 2
error rate.

The measure of anhedonia employed here was a single
question from a depression screening instrument, the
PHQ-9, assessing frequency of symptoms anhedonia



Ward et al. Translational Psychiatry (2019)9:327

within the preceding two weeks. This item therefore
measures state anhedonia at a single time point, and
clearly could be influenced by environmental factors, such
as season or current health status®®®!. However, we have
assumed here that despite transient environmental and
physical factors, individuals who are prone to trait anhe-
donia will be more likely to report higher frequency of
anhedonia at any given time point, and it seems likely that
a recent anhedonia phenotype will be enriched for indi-
viduals with stronger genetic predisposition towards
anhedonia. In line with this assumption, the anhedonia
item of the PHQ-9 at a single time point has demon-
strated utility in predicting longitudinal brain structural
change®.

Additionally, our attempts at replication of the GWAS
results met with limited success, with no real replication
of the top hits. However, the PRS analysis was able to
detect a significant correlation with state anhedonia in the
replication sample. We attribute the lack of replication
success in the GWAS to lack of power (small replication
sample size) and small effect sizes for individual SNPs.

The GWAS treated the ordered ordinal responses to the
frequency of anhedonia question as linear. This approach is
likely to have had a minimal impact on the BOLT-LMM
GWAS results. Although the distance between points on the
anhedonia scale is not evenly spaced, each point can rea-
sonably be considered to be at least several days of anhe-
donia in the preceding two weeks than the point before it.

The anhedonia measure did not enable determination of
specific anhedonia subtypes. Existing validated instru-
ments typically divide anhedonia into physical and social
subscales®!, or into anticipatory vs. consummatory com-
ponents of pleasure®. Future studies using more detailed
anhedonia scales may be of use in examining the extent of
genetic overlap between anhedonia subtypes.

Conclusion

We report the largest GWAS to date of state anhedonia, a
common symptom associated with several psychiatric dis-
orders. We identified 11 novel genetic loci and our findings
indicate substantial genetic overlap between anhedonia and
several psychiatric disorders including MDD, schizophrenia
and bipolar disorder. PRS analyses revealed association
between genetic loading for anhedonia and smaller volumes
of several brain regions, and poorer white matter integrity.
Taken together, these findings provide important insights
into the neurobiology of an important but under-studied
psychiatric symptom and strongly support the proposition
that genetic predisposition to anhedonia influences brain
structure and function.

URLs
UK Biobank genetic data release information - https://
data.bris.ac.uk/datasets/3074krb6t2frj29yh2b03x3wxj/ UK
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%20Biobank%20Genetic%20Data_ MRC%20IEU%20
Quality%20Control%20version%201.pdf. Genotyping and
quality control information — http://www.ukbiobank.ac.uk/
wp-content/uploads/2014/04/UKBiobank genotyping
QC_documentation-web.pdf.
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4.5.1 AppendixE

4.5.1.1 Table S1 List of excluded (self-reported) conditions

List of excluded (self-reported) conditions

Benign neuroma

Brain abscess/intracranial abscess

Brain cancer/primary malignant brain tumour

Brain haemorrhage

Cerebral aneurysm

Cerebral palsy

Chronic/degenerative neurological problem

dementia/Alzheimer’s/cognitive impairment

Encephalitis

Epilepsy
Fracture skull/head

Head injury

Ischaemic stroke

Meningeal cancer/malignant meningioma

Meningioma/benign meningeal tumour

Meningitis

Motor Neurone Disease

Multiple Sclerosis

Nervous system infection

Neurological injury/trauma

Other demyelinating disease (not Multiple Sclerosis)

Other neurological problem

Parkinson’s Disease
Spina Bifida
Stroke
Subarachnoid haemorrhage

Subdural haemorrhage/haematoma

Transient ischaemic attack

140
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4.5.1.3 Figure S1 LocusZoom plot of anhedonia associated loci on chromosome 1
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4.5.1.4 Figure S2 LocusZoom plot of anhedonia associated loci on chromosome 3
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4.5.1.5 Figure S3 LocusZoom plot of anhedonia associated loci on chromosome 6
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4.5.1.6 Figure S4 LocusZoom plot of anhedonia associated loci on chromosome 10
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4.5.1.7 Figure S5 LocusZoom plot of anhedonia associated 1
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4.5.1.9 Figure S7 LocusZoom plot of anhedonia associated loci on chromosome 12
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4.5.1.10 Figure S8 LocusZoom plot of anhedonia associated loci on chromosome 14
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4.5.1.11 Figure S9 LocusZoom plot of anhedonia associated loci on chromosome 14
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4.5.1.12 Figure S10 LocusZoom plot of anhedonia associated loci on chromosome 15
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4.5.1.13 Figure S11 LocusZoom plot of anhedonia associated loci on chromosome 18
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4.5.1.14 Table S3 - Top Hits - Replication
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4.5.1.15 Table S4 - anhedonia PRS associations with total brain volumes

Outcome N Coefficient (95% Cl) p q R?
Grey matter volume | 17071 | -0.025 (-0.036, -0.013) <0.001 <0.001 0.45
White matter volume | 17065 | 0.011 (-0.004, 0.026) 0.164 0.246 0.11
Ventricular CSF volume | 16885 | -0.001 (-0.014, 0.013) 0.920 0.920 0.26

4.5.1.16 Table S5 - anhedonia PRS associations with ROIs

Outcome N Coefficient (95% Cl) p q Pseudo R?
Nucleus accumbens 17105 | -0.014(-0.026,-0.002) | 0.027 | 0.068 0.23
Insular cortex 17080 | -0.024 (-0.035,-0.013) | <0.001 | <0.001 0.51
Medial frontal cortex 17097 | -0.015 (-0.028,-0.002) | 0.027 | 0.068 0.19
Orbitofrontal cortex 17090 | -0.015 (-0.026, -0.005) 0.004 | 0.021 0.44
Middle frontal gyrus 17104 | -0.015 (-0.026,-0.004) | 0.007 | 0.027 0.35
Amygdala 17103 -0.001 (-0.012, 0.012) 0.970 | 0.970 0.12
Supramarginal gyrus (posterior) 17112 | -0.007 (-0.018, 0.004) 0.196 | 0.267 0.19
Hippocampus 17080 | -0.007 (-0.019, 0.006) 0.294 | 0.367 0.23
Parahippocampal gyrus 17099 | -0.009 (-0.020, 0.003) 0.155 | 0.233 0.32
Posterior cingulate gyrus 17022 | -0.009 (-0.019, 0.002) 0.097 | 0.183 0.54
Caudate 17075 | -0.013 (-0.026,-0.001) | 0.041 | 0.088 0.34
Putamen 17079 | -0.006 (-0.017, 0.005) 0.319 | 0.368 0.45
Anterior cingulate gyrus 16977 | -0.002 (-0.015, 0.011) 0.751 | 0.805 0.24
Superior temporal gyrus (anterior) | 17107 | -0.009 (-0.020, 0.003) 0.132 | 0.220 0.21
Temporal fusiform cortex 17107 | -0.022 (-0.034,-0.011) | <0.001 | 0.001 |  0.26

(anterior)

4.5.1.17 Figure S12 brain regions associated with anhedonia PRS

Temporal
Insular cortex - fusiform cortex

Orbitofrontal Middle frontal

cortex rus .
gy (anterior)
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4.5.1.18 Table S6 - anhedonia PRS associations with General Factors

Outcome N g))efﬂuent (95% q R2
-0.038
gFA 14481 0.197 0.197 0.08
(-0.095, 0.020)
0.055
gMD 14191 0.063 0.126 0.16

(-0.003, 0.133)

4.5.1.19 Table S7 - anhedonia PRS associations with FA

Outcome N Coefficient (95% Cl) p q Pseudo R?
Acoustic radiation 15505 | 0.010 (-0.004, 0.025) 0.160 | 0.229 0.07
Anterior thalamic radiation | 15488 | -0.021 (-0.036, -0.005) | 0.008 | 0.032 0.09
Cingulate gyrus partof | 1 cohe | 002 (-0.016,0.013) | 0.828 | 0.828 0.06
cingulum
Corticospinal tract 15504 | -0.011 (-0.026, 0.004) 0.161 | 0.229 0.07
Forceps major* 15444 | -0.017 (-0.033,-0.001) | 0.047 | 0.100 0.05
Forceps minor* 15467 | -0.024 (-0.040, -0.008) 0.004 | 0.027 0.10
Inferior fronto-occipital | /g0 | 0016 (-0.032,-0.001) | 0.044 | 0.100 0.07
fasciculus
Inferior longitudinal 15486 | -0.006 (-0.022, 0.009)
fasciculus ) R 0.426 | 0.532 0.09
Medial lemniscus 15501 | -0.020 (-0.034, -0.006) 0.006 | 0.031 0.04
Middle cerebellar peduncle* | 15415 | 0.006 (-0.010, 0.022) 0.476 | 0.549 0.06
Parahippocampal partof | ;o /cc | (002 (-0.012,0.017) | 0736 | 0.789 0.07
cingulum
Posterior thalamic radiation | 15484 | -0.023 (-0.039, -0.008) | 0.003 | 0.027 0.09
Superior longitudinal | 10175 | 6 014 (10.030,0.002) | 0.078 | 0.146 0.08
fasciculus
Superior thalamic radiation | 15478 | -0.019 (-0.035,-0.003) | 0.024 | 0.071 0.03
Uncinate fasciculus 15504 | -0.010 (-0.025, 0.004) 0.168 | 0.229 0.08
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4.5.1.20 Table S8 - anhedonia PRS associations with MD

Outcome N Coefficient (95% Cl) p q Psilido

Acoustic radiation 15504 0.014 (0.001, 0.028) 0.049 0.066 0.04

Anterior thalamic radiation | 15437 0.019 (0.005, 0.033) 0.008 0.016 0.27

Cingulate gyrus partof | c/0/ | 4021 (0.006,0036) | 0.005 | 0.016 | 0.6
cingulum

Corticospinal tract 15497 0.016 (0.001, 0.032) 0.040 0.060 0.05

Forceps major* 15416 | 0.005 (-0.011, 0.021) 0.543 0.626 0.10

Forceps minor* 15443 0.025 (0.009, 0.040) 0.002 0.009 0.16

Inferior fronto-occipital | ;5,5 | (021 (0.006,0.036) | 0008 | 0016 | 0.15
fasciculus

Inferior longitudinal 15465 | 0.013 (-0.002,0.029) | 0.079 | 0.099 | 0.17
fasciculus

Medial lemniscus 15496 | 0.001 (-0.013, 0.015) 0.892 0.929 0.05

Middle cerebellar 15423 | 0.026(0.010,0.043) | 0.001 | 0.009 | 0.09
peduncle*

Parahippocampal partof | o) o | 001 (-0.014,0013) | 0920 | 0929 | 0.06
cingulum

Posterior thalamic radiation | 15452 0.028 (0.014, 0.042) <0.001 0.002 0.19

Superior longitudinal 15430 | 0.021(0.005,0.036) | 0.010 | 0.016 | 0.14
fasciculus

Superior thalamic radiation | 15422 0.019 (0.005, 0.033) 0.009 0.016 0.28

Uncinate fasciculus 15489 0.019 (0.005, 0.033) 0.007 0.016 0.22

4.5.1.21 Table S9 - BOLD
Coefficient 5
Outcome N (95% CI) p q R
Median BOLD — amygdala mask 14833 | 000116484 | 0484 | 0.02
Ve 0.002,0.001) | - ' '
Median BOLD — group-defined mask (including -0.004 (-
Temporo-occipital regions and amygdala) 14856 0.008, 0.001) 0.129 10259 | 0.04
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5 Discussion
5.1 Technical considerations

This thesis by publication shows the development of techniques in genetic analysis over the
past several years. The thesis began with investigating whether genetic loading for a clinical
diagnosis and one of the ‘big five’ personality traits (Digman, 1990) (neuroticism) could be used
to responders to SSRIs. Here the P&T PRS method was used for the estimation of genetic loading
for the two phenotypes. This was the first type of risk scoring that takes account of the
polygenic nature of traits and accounts for loci that don’t meet the formal threshold for
significance in the discovery GWAS. To overcome the fact that not all loci that impact on a
phenotype will reach genome wide significance, several scores were created at ever less
stringent p value thresholds. Although the creation of several scores allows for accounting of

sub-genome wide significant loci, it does create some additional issues.

Firstly, not all loci that get incorporated into the scores will be true positive loci that do have a
causal impact on the trait but failed to achieve statistical significance due to lack of statistical
power or poor phenotyping etc. By lowering the p value threshold for which SNPs get
incorporated into the score more false negatives but so will true negatives. These true
negatives will add noise to the score and reduce its power. Secondly, there is a multiple testing
correction issue. Say for example 5 scores are created and tested against an outcome. These
tests are not truly independent, so how is a threshold for significance determined? It is possible
to use a conservative Bonferroni correction but this could be considered too stringent,
especially when dealing with the rather small associations that are found in PRS analyses.
Thirdly, it creates a situation where one person can have several different genetic loadings for
a single trait. In paper one the cohorts were split into quintiles and only the top and bottom
quintile were compared, however those who appeared in the top and bottom quintile for each

of the respective regressions changed depending on the p value cut off used for the score.

Papers two, three and four also use the P&T methodology but used the whole range of scores,

not just those with the highest and lowest loading. Although this overcame the issue of
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changing who in the cohort was used in each of the analyses, there was still the issue that where

an individual happens to appear in the distributions of scores will change for each regression.

The implementation of LDpred in paper five helps overcome the latter two issues identified
with P&T. Here the use of an infinitesimal model where all independent loci of the genome are
incorporated into the score leads to the creation of one score per trait. Therefore, an individual
is assigned one genetic loading and, as there is only one score there is no need to correct for
multiple testing. As noted earlier, the use of LDpred also confers another large advantage over
P&T due to the use of an expected beta per locus and not just selecting the most significant

SNP from each locus leading to a large increase in the power of the score.

There is also an evolution of the GWAS methodology used throughout the thesis. Paper two
uses samples of unrelated individuals in a logistic regression for a case/control analysis and
paper four uses a cumulative link function which is an extension of a logistic regression. The use
of a logistic regression is favoured over the simpler allelic association as it allows for the model
to be adjusted for covariates, in this case: age, sex, genotyping chip and the first eight principal
components. While this methodology was fruitful with the identification of loci in each analysis,

there are some methodological issues that arise.

Firstly, how many principal components should be included in the model? Most of the variance
is explained by the first few principal components but not adjusting for a sufficient number of
principal components will lead to variance being attributed to SNPs rather than hidden
population stratification. Secondly, these methodologies work by testing each SNP in turn,
starting at the top of chromosome one and finishing at the bottom of chromosome twenty-
two. However, this clearly isn’t how biological systems work. All the SNPs are acting
simultaneously. Testing SNPs one by one will give each SNP a higher proportion of variance

than if all SNPs are considered together.

The use of BOLT-LMM in papers three and five helped to address these issues. BOLT-LMM

makes use of a genetic relationship matrix, GRM, which allows the model to account for
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relatedness between individuals in the sample and thereby eliminates the need to exclude
those who are too closely related. The GRM also accounts for population stratification of the

sample used, which eliminates the need for the inclusion of principal components as covariates.

BOLT-LMM also builds a global model of genotyped SNPs and then tests imputed SNPs against
this model. This is better than testing SNPs individually because the genotypes for which there
is direct evidence can be used alongside the GRM to model a system more reflective of a real

biological system.

5.2 Biological context of findings
One of the primary focuses of this thesis was the use of non-clinical phenotypes and how they
can be used in the discovery of genetic variants that have relevance to clinical outcomes. The
first GWAS of mood instability was of relatively modest sample size and detected four
independent loci. Additionally, the mood instability phenotype showed significant genetic
correlation with MDD and nominal significant correlations between schizophrenia and anxiety
disorder. Surprisingly, the correlation with BD was null (p = 0.27). The lack of a significant
correlation was attributed to a lack of power either in our study and/or theirs. It was for this
reason the analysis was repeated on the full cohort once the genetic data had been made

available.

By trebling the sample size and using more sophisticated methodologies, over ten-fold more
loci were identified. This increase in statistical power not only also led to significant genetic
correlations with all six psychiatric outcomes tested but allowed for further downstream
analysis of eQTLs and PLN. The PLN analysis identified a community of genes that included
melatonin receptors, that are involved in circadian rhythmicity and whose dysregulation has

been shown in clinical mood disorders (Srinivasan et al., 2006, Pacchierotti et al., 2001).

The exact mechanisms by which melatonin may be affecting patients with MDD is unclear as
studies show that both reduced and elevated melatonin levels can be observed. Subjects may

show decreased levels of melatonin (Brown et al., 1985, Claustrat et al., 1984) which is thought
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to be driven by lack of the precursor substrate serotonin and tryptophan(Arendt, 1989), or
increased levels of melatonin (Rubin et al., 1992) though to correspond with the lethargic
symptoms. Other studies point to a phase shift of the diurnal cycle being the driving factor

(Crasson et al., 2004).

Itis not just MDD that shows disruption in the melatonin regulation but also in bipolar disorder
(Kennedy et al., 1996), schizophrenia (Monteleone et al., 1997) and even suicidal behaviour
(Stanley and Brown, 1988). Higher levels of melatonin during the manic phase compared to
the euthymic and depressive phases have been observed in bipolar subjects (Lewy et al., 1979)
whilst being lower overall compared to controls (Kennedy et al.,, 1996). In schizophrenia,
treatment with melatonin can leads to exacerbation of psychotic symptoms (Altschule, 1957)
however more recent studies have failed to establish a clear link between the two (Morera-
Fumero and Abreu-Gonzalez, 2013). The community of genes that contained melatonin
receptors identified in the PLN may well partly explain the significant genetic correlations of

mood instability with MDD, bipolar disorder and schizophrenia.

The discussion section of papers two through five speculates on how candidate genes found
in significant loci in the GWAS had previously identified roles brain development and function
as well as their implication in various mood disorders. It is not possible to state the exact
mechanisms by which these genes may affect the phenotypes due to our current lack
understanding of brain development and function. Also, as there are often multiple genes
found in the associated loci it is not possible to tell whether the one or several genes are
impacting the phenotype. However, there is one locus identified in both the mood instability
GWAS and also the suicidality GWAS which contained only a single gene, netrin receptor 1

(DCC).

DCC is a transmembrane protein that localises to the cell membrane and detects presence of
netrin 1 ligands in some neurons causing axon guidance towards the ligand whilst conversely

causing apoptosis in its absence but also having an opposite effect in other neurons in the
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presence of UNC5 (Moore et al., 2007). RNAsegDB (Wang et al., 2018) shows transcripts of
DCC are expressed in a wide variety of tissues throughout the body but proteomicsDb (Schmidt
et al., 2017) shows only minor presence in most tissues except in foetal brain as well as frontal
cortex, a region associated with personality (DeYoung et al., 2010), or more specifically brain
functions such as executive function, theory of mind, social cognition (Chow, 2000). It is
therefore not surprising that this gene should associate with a wide variety of cognitive
phenotypes and as such warrant’s further investigation as a potential drug target in the

treatment of psychiatric ailments.

Limitations

The discussion sections of each of papers in this thesis have sought to clarify and contextualise
genetic loci previously identified in the field of psychiatric genetics at the clinical level using
these increasingly sophisticated techniques, but; there remain limitations to the work. The
most notable is that of using self-reported and unvalidated measures of the traits in question.
For example, there are derived scales for mood instability (Marwaha et al., 2014) that would
capture the mood instability phenotype more completely than the binary question used in
papers two and three. The same is true for anhedonia (Chapman et al., 1976); validated
objective instruments have been developed that capture a fuller description of the complex
trait of anhedonia. The reason for these scales not being used is that the analyses were limited
by the variables that UK Biobank had collected. It may have been possible to ask Biobank to
send out questionnaires with these validated instruments but that would have been

prohibitively expensive and time-consuming.

Another major limitation is that the UK Biobank, despite being a general population cohort, is
not fully reflective of the wider population from which it was drawn. It has a higher socio-
economic profile from that of the UK as a whole and is generally healthier as a result. This could

lead to an underestimation of effect sizes and, as such, more false negatives in analyses.
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It is also worth noting that the loci identified by the GWAS in this thesis were not replicated in
anindependent cohort. Several other measures were taken to validate the output of the GWAS.
All the GWAS papers used LDSR to establish whether the genetics of the traits under
investigation showed similarity to that of clinical diagnoses of which the trait analysed was a
component. Paper two used PRS to determine how genetic loading of these traits correlated

with individuals with a diagnosis of a psychiatric condition.

Two slightly different attempts at the more traditional method replication were made. The first
in paper three used a subsample of the biobank cohort to validate the four significant loci
identified in paper two. Although the top SNPs from each loci did achieve significance after
Bonferroni correction, as noted in the paper, the sample used may be subject to the same

underlying biases as the original sample.

The second attempt in paper five was to use those who were excluded from the GWAS as they
had valid MRI data but also had a valid anhedonia phenotype. Unfortunately, as is so often the
case in genomic analysis, only 1 SNP achieved nominal significance, but it would not have
survived correction for multiple testing. | attribute the lack of significant replication of the loci
identified in the main analysis is due to lack of power as the replication sample was only 15,000.
It will only be once new cohorts of sufficient size (such as All Of Us, A UK Biobank-style cohort
in the USA of 1 million US citizens) will true independent replication of these loci be able to be

performed.

Future work

Paper one touches on stratified medicine in psychiatry. It is highly unlikely that a single risk
score would have any significant degree of predictive power to be clinically useful, given that
PRS usually explain a few percent of the variance of a phenotype. The use of multiple PRS in a
single model will require more sophisticated modelling techniques than a standard linear or

logistic modelling can provide. A technique showing promise would be that of GLM-NET. This
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technique can select for highly correlated variables in the model and allows for the constraining

of coefficients within certain predefined limits.

The outputs derived from papers two to four as well as others will be used in such models.
Larger cohorts such as All Of Us will be available in the coming years, allowing for prediction
modelling on a scale where real, clinically useful models can be generated. This however is not
the final stage in the implementation of genetics in patient diagnosis. The final obstacle in the
implementation of the use of risk scores in clinical diagnoses will the implementation of
genotyping of patients by medical practitioners and health care systems. It is not currently
standard practice to genotype patients. Several hurdles such as sample collection, genetic
imputation protocols and generalisability of imputation across ancestry groups as well as

regulations on the storage and access of data will need to be overcome.

The work presented in this thesis makes no real claim on the biological mechanisms that link
the loci to the traits. The estimated heritability of these phenotypes is only around 10% of the
phenotype, so even larger sample sizes and ever more sophisticated techniques will be required
to further uncover the lower penetrance SNPs, genes and pathways that generate the
phenotype. The methodologies used throughout the thesis have advanced our understanding
of the genetic components of the traits under investigation better than the basic clinical
case/control analyses performed by large consortia in the past. Stratified medicine in psychiatry
is still in its infancy. Real progress in determining the causes and remedies for psychiatric
morbidities will require ever more specific and detailed scales, measured with greater accuracy,
and the development of new techniques that closer reflect underlying biological systems. Only
then will it be possible not just to get the right treatment to the right patient at the right time
leading to faster remission times and higher remission rates but potentially lead to the

prevention of these morbidities arising in the first place.
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