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Abstract

The main objective of this thesis is to highlight the importance of investigating
camouflaged regions, specifically segmental duplications, and non-coding regions, in
the human genome. These regions, often overlooked due to their complexity, hold
immense potential for uncovering novel insights into disease genetics. In pursuit of this
objective, this thesis first focused on the study of camouflaged and non-coding regions
in the context of schizophrenia. Schizophrenia is a complex psychiatric disorder
specific to humans characterized by a combination of altered cognitive function,
distorted perception, and disrupted social behaviour. Understanding the genetic
underpinnings of schizophrenia is crucial for advancing our knowledge of its aetiology
and developing more effective diagnostic and therapeutic approaches. Through
comprehensive genomic analyses, novel insights were gained, which identified a novel
duplication in a locus affecting a dopamine receptor implicated in neurotransmission.
Additionally, small deletions in constrained non-coding regulatory regions were
implicated in schizophrenia for the first time. Moreover, this thesis characterizes a long
non-coding RNA (IncRNA) originating from the segmentally duplicated Pregnancy-
Specific Glycoprotein locus. The IncRNA was expressed exclusively in
oligodendrocytes, implicating it in the regulation of myelination processes in the brain.
This IncRNA is human-specific, further emphasizing the biological relevance of
camouflaged and non-coding regions in the context of human evolution. Throughout
this thesis, a human-specific perspective was adopted, recognizing the unique genomic
features that shape our species. By expanding our knowledge of difficult genomic

regions, such as camouflaged and non-coding regions, this thesis aims to close the gap

14



in the missing heritability problem and to gain a comprehensive understanding of the
genetic architecture underlying complex disorders and uniquely human traits like

schizophrenia.
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Chapter 1: General introduction

1.1 The dark and camouflaged genome

Over the past two decades, researchers have grappled with the daunting complexity of
the human genome. One major challenge arises from the presence of "dark" regions
within the genome, which cannot be adequately assembled or aligned using standard
high-throughput short-read sequencing technologies. These dark regions, comprising
both "dark by depth" (with few or no mappable reads) and "dark by mapping quality"
(reads aligned with low mapping quality), pose obstacles to identifying mutations
relevant to human health and disease. Dark by depth regions are inherently difficult to
sequence due to their chemical characteristics, such as high GC content, rendering them
devoid of sequencing reads (Ebbert et al., 2018; Zheng-Bradley et al., 2017).
Alternatively, bioinformatic challenges arise from duplicated genomic regions, giving
rise to "dark by mapping quality" or "camouflaged" regions. Camouflaged regions
encompass segmental duplications (SDs) and tandem DNA repeats (i.e., centromeres,
telomeres, and other short tandem repeats) (Ebbert et al., 2019). Short tandem repeats
consist of repeat units of 2-20 bp and can be either interspersed (usually from a
transposable element origin) or repeated locally and their copy number variation has
been linked to disease, such as Parkinson’s disease and autism spectrum disorder (ASD)

(Koks et al., 2022; Thakur et al., 2021; Trost et al., 2020).

1.1.1 Segmental duplications
Segmental duplications, also termed low copy repeats (LCRs), are long (often more

than 100 Kb) genomic regions with highly identical sequences [>90% and >1 Kb]
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(Bailey et al., 2001). These duplications arise from errors or variations in DNA
recombination or transposition mechanisms and contribute to gene duplication,
genomic instability, and the evolution of new traits in primates (Bailey and Eichler,
2006; Cantsilieris et al., 2020; Florio et al., 2018; Samonte and Eichler, 2002;
Stankiewicz et al., 2004). Segmental duplications constitute 7% of the 3.2 billion bp
human genome and promote copy number variation implicated in disease (Table 1)
(Bailey and Eichler, 2006; ; Marshall et al., 2017; Rees et al., 2014b; Vollger et al.,

2022).

The formation of segmental duplications involves the unequal crossing-over during
nonallelic homologous recombination. Homologous recombination occurs between
sister chromatids as a system to correct replication errors such as double strand breaks
or stalled replication forks. It also contributes to chromosome shuffling during meiosis.
When sequences are not correctly aligned (i.e. alignment happens between sequences
that are not in allelic positions), loci are unequally crossed over resulting duplication of
the intervening DNA segment in one strand and deletion in the other (Liu et al., 2012;
Malhotra and Sebat, 2012; Parks et al., 2015). Expansion of gene families with
homologous functions occurs through this process (Dornburg et al., 2022). However,
over time, independent evolution of gene paralogs or DNA segments with no previous
function accumulate enough mutations to give rise to completely new functions or

altered regulation (Florio et al., 2018; Mangan et al., 2022; Stankiewicz et al., 2004).

Overall, segmental duplications contribute to rapid gene evolution and innovation,
which can be an important driver of species diversity and adaptation. Interestingly,

segmental duplications are enriched in great apes compared to other primates,
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particularly in the genomes of humans, chimpanzees and gorillas (Bailey and Eichler,
2006; Florio et al., 2018; Samonte and Eichler, 2002; Stankiewicz et al., 2004). They
are especially abundant in regions near centromeres and telomeres and are thought to
play a role in the evolution of primate-specific traits such as increased brain size and

improved cognition (Erady et al., 2022; Florio et al., 2018; Vollger et al., 2022).

Segmental duplications are thus fixed in the genome of different species, mostly as gene
families (Dornburg et al., 2022). Their rapid evolution underpins the production of
novel transcripts important for human brain development (Florio et al., 2018; Vollger
et al., 2022). Up to 15 coding genes have been described to be human-specific, with no
orthologs in other primate species, that are preferentially expressed in the progenitors
of developing neocortex, a brain region important for higher cognitive functions like
language and memory (Berg et al., 2021; DeFelipe et al., 2002; Florio et al., 2015;
Petersen, 2007). All 15 genes are located to segmental duplications (Florio et al., 2018).
In addition, non-coding “human ancestor quickly evolved regions” (HAQERSs) that
shaped hominin-specific enhancers active in the developing cerebral cortex are

enriched in recent segmental duplications (Mangan et al., 2022).

Human brain-specific genes that emerged as a result of segmental duplications may not
be related to the genes that comprise the segmentally duplicated gene family. For
example, the segmentally duplicated GOLGA gene family on chromosome 15 contains
one copy of the human-specific gene ARHGAPI1B (Florio et al., 2016). ARHGAPI11B
encodes Rho GTPase-activating protein 11B, which regulates the Rho family of small
GTPases. ARHGAP11B is highly expressed in the developing neocortex and is thought

to be involved in the expansion of the neocortex during human embryonic development,
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as well as the regulation of neural circuit connectivity (Fischer et al., 2022; Florio et

al., 2015; Heide et al., 2020; Schmidt and Polleux, 2022).

In contrast, the segmentally duplicated GOLGA gene family encodes for the golgin
subfamily of coiled-coil proteins associated with the Golgi apparatus (Jiang et al., 2007;
Pujana et al., 2001; Zody et al., 2006). These genes are expressed in all tissues and may
play roles in membrane traffic and Golgi structure, but their precise molecular function
is unknown. The GOLGA repeats have specifically expanded in primates, resulting in

40 copies spread across human chromosome 15 (Sudmant et al., 2013).

Segmental duplications subsequently promote additional meiotic unequal crossover
events, which contribute to common and recurrent copy number variants (CNVs) that
are associated with psychiatric disorders such as autism and schizophrenia (Table 1)
(Baba et al., 2019; Cooper et al., 2011; Kirov et al., 2009; Marshall et al., 2017; Mulle
et al., 2014, 2010; Quintero-Rivera et al., 2010; Rees et al., 2014c, 2014b; Sanders et
al., 2011; Yoon and Mao, 2021), and other complex genetic diseases and traits (Ebbert
et al., 2019; Hujoel et al., 2022). The GOLGA locus has been linked to evolutionary
rearrangements in primates as well as disease susceptibility, such as Prader-Willi
syndrome, 15q13 microdeletions, and 15924 microdeletions (Amos-Landgraf et al.,
1999; Antonacci et al., 2014; Burgess et al., 2014; Cooper et al., 2011; Doelken et al.,
2013; El-Hattab et al., 2009; Maggiolini et al., 2019; Pujana et al., 2002; Wat et al.,

2010).

Current techniques, however, have fallen short in analysing the genetic and
transcriptomic diversity of human segmental duplications (Prodanov and Bansal, 2020;

Zhao et al., 2021). Segmental duplications constitute a component of the “dark genome”
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termed the “camouflaged genome”, whereby short reads or array probes cannot be
confidently aligned to a unique genomic location (Ebbert et al., 2019). The fact that
many genomic elements (genes and enhancers) essential for human brain development
are contained within segmental duplications implies that many variants possibly
implicated in the genetic liability to psychiatric disease could be awaiting discovery
(Ebbert et al., 2019; Florio et al., 2018; Mangan et al., 2022). This is extremely
important in rare CNV studies, where variants covered by segmental duplications in
more than 50% of their length have been systematically excluded (Marshall et al.,

2017).

1.2 The non-coding genome

Non-coding DNA refers to the part of the genome that does not code for proteins. Some
non-coding DNA sequences act as regulatory elements interacting with transcription
factors or are transcribed to RNA to control the expression of coding genes in many
different ways. Accounting for 98% of the human genome, non-coding DNA
contributes the majority of the signal in GWAS studies (Baresic et al., 2020; Bartonicek
et al., 2017; Trubetskoy et al., 2022). However, the contribution of non-coding variants
to disease biology is more challenging to understand than that of coding variants. For
example, loss of function (LoF) variants in coding genes, where the resulting protein is
prematurely truncated or becomes dysfunctional due to missense mutations, will
increase the chance of pathogenicity (Lek et al., 2016). While similar variants do not
exist in the non-coding genome, the alteration of a non-coding regulatory region could

affect the expression of a nearby gene (cis-acting) or a distant gene (trans-acting),
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resulting in equivalent downstream effects to that of a loss-of-function (LoF) variant

(Moore et al., 2020; Q. Wang et al., 2019; Wittkopp, 2005).

Modern evolutionary genetic studies indicate that complex organisms contain extensive
non-coding regions in their genomes (Jo and Choi, 2015; Mattick, 2001; Mattick et al.,
2023). The generation of novel coding genes might have been superseded by enhanced
sophistication of the regulatory machinery of existing coding genes, underpinning
increased biological complexity of the species (Jo and Choi, 2015; Mattick et al., 2023).
Consistent with this, measures of constraint against variation in a population, instead
of phylogenetic conservation scores, have emerged as a way to estimate the biological
importance of a DNA sequence in a specific species (Chen and The gnomAD
consortium, 2022; di Iulio et al., 2018; Gussow et al., 2017; Halldorsson et al., 2022;
Karczewski et al., 2020; Lek et al., 2016; Pollard et al., 2010; Vitsios et al., 2021). At
the same time, in recent years, tremendous progress has been made in the field of the
“non-coding and regulatory genome”, and many different functional modes have been

described.

1.2.1 Introns

All eukaryotic genomes carry genes structured into exons and introns. When a coding
gene is transcribed, exonic regions are joined together to form the mature messenger
RNA (mRNA) that will be translated into protein, while introns are removed by a
molecular complex called the spliceosome (Jo and Choi, 2015). Introns are longer than
exons (25% vs. 2% of the human genome) and therefore should convey a huge energetic
disadvantage. To overcome this, introns have provided an adaptative advantage to

eukaryotes, displaying many different functional roles in gene regulation, such as the
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control of alternative splicing, nonsense-mediated decay and chromatin organization
(Gehring and Roignant, 2021; Jo and Choi, 2015; Peccarelli and Kebaara, 2014;

Schwartz et al., 2009).

1.2.2 Cis-Candidate Regulatory Regions

Other functional non-coding regions include DNA sequences that recruit transcription
factors and structural proteins to allow transcription of other DNA sequences. Regions
of open chromatin, where histone modification of active enhancer elements (H3K27Ac
and H3K4Mel) and/or transcription factor binding can be detected are termed cis-
Candidate Regulatory Regions (cCREs). Different types of cCREs are summarized by
the ENCODE Candidate Regulatory Elements resource (promoters, enhancers and

CTCF-bound) (Moore et al., 2020).

Promoters are DNA sequences extending 250 bp immediately up- and downstream of
a gene Transcription Start Site (TSS) where relevant proteins (such as RNA polymerase
and transcription factors) bind to initiate transcription. In contrast, enhancers mediate
temporal and tissue-specific regulation of transcription via long-distance (dELS) or

proximal (pELS) interactions with promoter regions (Moore et al., 2020).

Functional alteration, expression quantitative trait loci (eQTL) density, and chromatin
interactions have been used to link cCREs to specific genes (Akbarian et al., 2015;
Lonsdale et al., 2013; Moore et al., 2020; Schoenfelder and Fraser, 2019; Schopflin et
al., 2022). However, some cCREs do not have a gene-specific effect and, instead,
ensure optimal chromatin architecture for gene regulation. Regulatory regions interact
with each other inside topologically associating domains (TAD), which constitute the

fundamental units of three-dimensional nuclear organization. Binding sites for the zinc
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finger protein CCCTC-binding factor (CTCF), or CTCF-bound elements, reside
predominantly at TAD boundaries and help in the restriction of interactions between

enhancers and promoters (Nanni et al., 2020).

1.2.3 Non-coding RNA

Non-coding RNA (ncRNA) genes produce functional RNA that is not translated into
proteins. Some are also structured into exons and introns in the genome (Carninci et al.,
2005; Kapranov et al., 2007; Kellis et al., 2014; Mattick, 2001; Mattick et al., 2023).
There are many different types of ncRNAs, which can be divided into two categories:
housekeeping ncRNAs and regulatory RNAs (Mattick, 2001). In eukaryotes,
housekeeping RNAs are widely conserved and required for basic cell processes
(Necsulea and Kaessmann, 2014). Ribosomal RNAs (rRNAs) and transfer RNA
(tRNA) act during protein synthesis by serving as scaffolds of ribosomes and
transferring specific amino acids to the nascent peptide, respectively (Giegé, 2008;
Sloan et al., 2017). Other housekeeping RNAs, such as small nucleolar RNAs
(snoRNAs), help in the modification of rRNAs and tRNAs, while small nuclear RNAs
(snRNAs) assist in the process of intron-splicing from pre-messenger RNAs (pre-
mRNAs) (Huang et al., 2022; Karijolich and Yu, 2010). Regulatory RNAs, on the other
hand, have varying levels of conservation, with many being species-specific (Necsulea
and Kaessmann, 2014). MicroRNAs (miRNAs) target complementary sequences in
mature messenger RNAs (mRNAs) to prevent their translation into protein (Bartel,
2018; Jonas and Izaurralde, 2015). Approximately one hundred miRNAs are highly
conserved in sequence and expression levels across mammalian species, but others are
lineage-specific (Necsulea and Kaessmann, 2014). Other examples of regulatory RNAs

are Piwi-Interacting RNAs (piRNAs), which modulate DNA transposable element
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activity, and circular RNAs (circRNAs), whose functions are still unclear but are
thought to interact with proteins and other types of RNA to regulate their biogenesis
and activity (Ozata et al., 2019; Xu and Zhang, 2021). These last two RNA elements

are believed to have low conservation across species (Necsulea and Kaessmann, 2014).

1.2.3.1 Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are linear RNAs longer than 200 nucleotides that
regulate gene expression by many different mechanisms. LncRNAs bind proteins, RNA
and DNA and are involved in every step of the DNA to protein process (Yao et al.,
2019). The vast majority of IncRNAs are cell and developmental-stage specific, and
they exhibit very rapid turnover across species (Derrien et al., 2012; Necsulea and
Kaessmann, 2014). Whereas some genes annotated as pseudogenes may act in the same
way as IncRNAs (N. Wang et al., 2019), several studies have documented evidence that
many transcripts thought to be IncRNAs may, indeed, encode small functional peptides
(Anderson et al., 2015; Nelson et al., 2016). For example, the small peptide DWOREF,
previously annotated as IncRNA LOC100507537, has been shown to perform an

essential role in myocyte contractility (Nelson et al., 2016).

Depending on their subcellular localization, IncRNAs can directly participate in a
variety of processes. For example, the IncRNA XIST silences the transcription of an
entire X chromosome in the nucleus for gene dosage compensation in females (Hall
and Lawrence, 2010). Many other IncRNAs contribute to chromatin remodelling and
accessibility or interact with transcription factors and RNA polymerases to modulate
the generation of new transcripts (Boque-Sastre et al., 2015; Calo et al., 2015; Chu et

al., 2011; Jain et al., 2016; Rinn et al., 2007). The activity of IncRNAs in the nucleus
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also influences RNA splicing and nuclear retention (Sasaki et al., 2009; Valgardsdottir
et al., 2008; Yamazaki et al., 2018). In the cytoplasm, IncRNAs are involved in the
regulation of translation and post-translational modifications of proteins, modulating
mRNA stability and recruiting protein modifying enzymes (Gong and Maquat, 2011;

Ingolia et al., 2014; Poliseno et al., 2010; Wang et al., 2014; Zamore et al., 1997).

The investigation of camouflaged and non-coding regions represents a significant
challenge in the field of disease genetics. These regions, due to their inherent
complexities, have been systematically underexplored, limiting our understanding of
their contributions to complex disorders, such as psychiatric diseases. However, given
the pressing need to unravel the intricate genetic architecture underlying these

disorders, it is imperative that we shift our attention towards these difficult regions.

1.3 Genetic architecture of psychiatric disorders

Psychiatric disorders encompass a diverse range of mental conditions characterized by
atypical patterns of cognition, emotion, and behaviour (Eaton et al., 2008). They signify
an enormous societal and individual burden since, second only to musculoskeletal
disorders (arthritis, low back pains, gout etc.), psychiatric disorders are one of the main
contributors to years lived with disability worldwide (Eaton et al., 2008; GBD 2019
Diseases and Injuries Collaborators, 2020). In the context of genetics, they are
categorized as “complex disease”, meaning that, as opposed to Mendelian disease,
thousands of genomic variants in conjunction with environmental factors lead to the
development of psychiatric traits (Jostins and Barrett, 2011; P. H. Lee et al., 2019;
Romero et al., 2022). The pathophysiology of psychiatric disorders remains intractable

in most cases. Approaches that have been successful for other areas of complex disease,
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such diabetes type Il or Crohn’s disease, have failed to define the molecular disruptions
and structural pathology that predispose individuals to psychiatric disease (Gettler et
al., 2021; Hahn et al., 2022; Smoller et al., 2019; Sullivan et al., 2012; Voight et al.,

2010).

The substantial impact of genetic variation on the susceptibility to a wide spectrum of
psychiatric disorders has been firmly established by family/twin studies and large-scale
genomic studies. Autism spectrum disorder (ASD), schizophrenia, bipolar disorder, and
attention-deficit hyperactivity disorder (ADHD) reach estimates of around 80%
heritability, followed by anxiety disorder, anorexia nervosa (less than 60%), and major
depressive disorder (MDD, less than 40%) (Smoller et al., 2019). Through common
variant-level analysis of major psychiatric disorders comprising more than 725,000
cases and controls, noteworthy evidence of pleiotropy has emerged, exemplified by the
fact that 75% of the genome-wide significant and independent loci associated with one
disorder are implicated in two or more other disorders (P. H. Lee et al., 2019).
Schizophrenia and bipolar disorder are the most genetically correlated disorders (rgz =
0.68). Through genetic correlations including all genotyped single nucleotide
polymorphisms (SNPs), four clusters have been suggested: disorders with psychotic
experiences (schizophrenia and bipolar disorder), disorders with compulsive behaviors
(anorexia nervosa, Tourette syndrome and obsessive-compulsive disorder), disorders
of early neurodevelopmental onset (ASD and ADHD) and mood and internalizing
disorders (MDD and anxiety disorder) (Grotzinger et al., 2022; Romero et al., 2022).
All these psychiatric disorders have been delineated with specific and different
diagnostic criteria; however, it is a widespread accepted fact that an individual receiving

treatment for a mental disorder is at increased susceptibility of experiencing another
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psychiatric trait (AL-Asadi et al., 2015; Plana-Ripoll et al., 2019). Additionally, rare
variants with greater effect sizes also contribute to the genetic susceptibility to
psychiatric disorders, particularly for disorders with significant fitness consequences

such as ASD and schizophrenia (Rees et al., 2021).

1.4 Psychotic disorders are human-specific

Psychotic experiences are characterized by the loss of contact with reality. They
originated with the evolution of human species. In comparison with some components
of other psychiatric disorders, including hyperactivity, limited social interaction, or
anxiety, which can be modeled in other species, psychotic symptoms have only been
described in humans (Levchenko et al., 2023; Scheepers et al., 2018). Interestingly,
common genetic variants associated with psychotic disorders (schizophrenia and
bipolar disorder) can predict creativity (Power et al., 2015). Although a precise
definition of the concept of creativity is difficult to determine, similar trends have been
observed in numerous epidemiological studies (Herbert, 1959; Jamison, 1989; Juda,
1949; Karlsson, 1970; Ludwig, 1992; Nancy C. Andreasen, 1987; Post, 1994). The
capacity of artistic creations and the communication of abstract ideas became gradually
more prominent in our Hominin relatives (Aubert et al., 2019; DI et al., 2018; Gonen-
Yaacovi et al., 2013; Hennessey and Amabile, 2010; Jaubert et al., 2016; Joordens et
al., 2015). Thus, psychotic symptoms have been interpreted as reflecting the abilities of
imagination and abstract thinking, which conferred significant evolutionary advantages
to the human species, but are occasionally prone to deregulation (Scheepers et al.,

2018).
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Genetic variants across the frequency spectrum implicated in schizophrenia exhibit a
significant overlap with human accelerated regions (Bhattacharyya et al., 2022; Caseras
et al., 2021; Erady et al., 2022). These genomic regions represent sequences that were
conserved across all other primate, mammalian, or vertebrate species, but evolved
rapidly in human species, and may be responsible for traits exclusive to humans. Of
note, human accelerated regions are observed predominantly in the non-coding genome
(Whalen and Pollard, 2022). Due to the meaningful overlap between the human-specific
nature of schizophrenia, the expansion of segmental duplications (camouflaged
regions), and accelerated evolution of non-coding regions, the research themes of this

thesis will largely focus on these concepts.

1.5 Schizophrenia

Schizophrenia is a common and severe psychiatric disorder that affects how a person
thinks, feels, and behaves. With a lifetime risk of approximately 0.7%, it is correlated
with substantial overall health deterioration (linked to smoking, substance abuse and
obesity) and social impairment, increased risk of suicide and reduced life expectancy
of approximately 15 years (Charlson et al., 2018; Hjorthej et al., 2017; McGrath et al.,
2008; Pompili et al., 2007; Wiersma et al., 2000). It is estimated that around 1 in every
3 people with schizophrenia attempts suicide at some point in their lifetime (Pompili et
al., 2007). The prevalence of schizophrenia has risen from 13.1 million cases in 1990
to 23.1 million cases in 2019, with the greatest increases seen in Eastern Sub-Saharan
Africa and North Africa/Middle East, owing to rapid population expansion in those

regions (Charlson et al., 2018; GBD 2019 Diseases and Injuries Collaborators, 2020).
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Schizophrenia usually develops in the late teenage years or early adulthood and affects
men and women almost equally (male:female ratio of 1.4), with an incidence of 16.7
per 100,000 individuals in 2019 (Charlson et al., 2018; GBD 2019 Diseases and Injuries
Collaborators, 2020; McGrath et al., 2008). People with schizophrenia experience a
range of symptoms, categorized as positive symptoms (delusions, hallucinations,
disordered thinking, and abnormal behavior) and negative symptoms (social isolation
and apathy). These symptoms can be very distressing and disruptive and can make it
difficult for people with schizophrenia to function in their daily lives, leading to

cognitive impairment in many cases (Dollfus and Lyne, 2017; Tandon et al., 2013).

Delusions are false beliefs that are not based in reality, such as being convinced of being
spied on by relatives or other people or believing that someone possesses special powers
or abilities. Hallucinations are false perceptions that can affect any of the senses, such
as hearing voices or seeing things that are not there. Disordered thinking hinders the
ability of people with schizophrenia to organize their thoughts or communicate
effectively, while abnormal behavior can manifest as agitation, catatonia, or other
unusual movements or actions. According to the latest edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-V) the presence of at least two of the
core symptoms (at least one of these should be delusions, hallucinations, or
disorganized speech) over a period of six months, with at least one month of active

symptoms, is required for the diagnosis of schizophrenia (Tandon et al., 2013).

The neurochemical imbalances that underpin schizophrenia’s clinical features are not
fully understood. Previous studies have suggested that presynaptic dopamine

constitutes the common pathway that is dysregulated as a result of environmental and
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genetic factors (Howes and Kapur, 2009). More recent findings integrate the alteration
of synaptic plasticity and the disruption of inhibitory modulation of synaptic signaling
through GABAergic neurotransmission (Pocklington et al., 2015). In addition, the
classical complement cascade, which harbours the strongest genetic association with
schizophrenia through common variants, was implicated with the excessive ‘pruning’
of synapses observed in brains of affected individuals (Ripke et al., 2014; Sekar et al.,
2016). The abnormal processes specific to schizophrenia are believed to initiate at early
stages of brain development, years before the age of illness onset (Grotzinger et al.,
2022; Owen et al., 2011; Rapoport et al., 2012). The latest mechanistic hypothesis,
which accounts for major risk factors and clinical characteristics, proposes that people
at risk of schizophrenia are born with more stress-vulnerable synapses, which may
result in the disruption of synaptic activity in pyramidal neurons (negative symptoms)
and disinhibition of dopamine pathways (positive symptoms) later in life depending on

the exposure to triggering factors (Howes and Onwordi, 2023).

Treatment for schizophrenia typically involves a combination of antipsychotic
medications, that almost exclusively address positive symptoms, and psychotherapy (Li
et al, 2016; Patel et al., 2014; Sanyal and Van Tol, 1997). The principal
pharmacological mechanism of antipsychotic medications is their antagonistic action
on D2 dopamine receptors (Besnard et al., 2012; Li et al., 2016; Sanyal and Van Tol,
1997). Despite antipsychotic treatment, around 30% of individuals with schizophrenia
continue to show symptoms and suffer significant impairment. The only remaining
treatment option for resistant patients is clozapine (Meltzer, 1997). Although it is
unclear which characteristics are precisely responsible for its efficacy in treatment-

resistant schizophrenia, the pharmacological profile of clozapine comprises relatively
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low affinity for D2 receptors and a much higher affinity for D4 dopamine receptors as
well as for subtypes of serotonin receptors (Besnard et al., 2012; Li et al., 2016; Sanyal

and Van Tol, 1997).

Schizophrenia is a chronic condition, and some people may experience persistent
symptoms and require ongoing care. The persistence of symptoms, poor adherence to
the treatment plan, lack of awareness and substance abuse are predictors of disease
relapse (Higashi et al., 2013; Kelly and Daley, 2013; Schoeler et al., 2017). The main
pharmacological interventions currently in use were established in the 1950s and 1970s,
indicating a severe lack of progress in therapeutic development (Meltzer, 1997; Patel
et al., 2014; Sanyal and Van Tol, 1997). With proper treatment and support, many
people with schizophrenia are able to manage their symptoms and lead fulfilling lives.
In fact, approximately 1 in 7 schizophrenia cases recover, based on clinical and social
functioning indicators (Jadskeldinen et al., 2013). By deepening our understanding of
the molecular aetiology, the scientific community could greatly improve the quality of

life of those at risk of experiencing persistent symptoms of schizophrenia.

1.5.1 Environmental risk factors

Adverse environmental factors increase the chances of triggering schizophrenia
symptoms. Depending on when in life environmental factors have more influence, they
can be grouped into early development, proximal, and onset factors (Stilo and Murray,
2019). Pregnancy complications and advanced parental age constitute factors that act
early in development (Abel et al., 2010; Cannon et al., 2002; Dalman et al., 2001;
Kotlicka-Antczak et al., 2014; Rubio-Abadal et al., 2015). Migration, especially from

developing countries, living in urban areas and, in general, social adversity (in
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childhood defined as sexual, physical, or psychological abuse, bullying and/or parental
death), are included in the group of proximal factors (Agid et al., 1999; Arseneault et
al., 2011; Fisher et al., 2013; Gianfrancesco et al., 2019; Morgan et al., 2008, 2007;
Stilo et al., 2013; Trotta et al., 2013; Varese et al., 2012). Remarkably close in time
with the age of onset, the other primary environmental factors are drug abuse and
trauma. Individuals that suffer the first episode of psychosis are likely to have lived
alone and have been socially isolated and economically disadvantaged, not only at onset

but also 5 years prior (Morgan et al., 2008; Stilo et al., 2013).

1.5.2 Genetic risk factors

The heritability of schizophrenia has been estimated to be around 60-80% in
family/twin studies, indicating that genetic factors explain a large proportion of the
variation in susceptibility to the disorder (Owen et al., 2016; Owen and Williams,
2021). However, identifying the specific genetic variants that contribute to

schizophrenia has proved to be challenging.

1.4.2.1 Common variation

Common genetic variation, which is defined as variation that is present in at least 1-5%
of the population, can explain up to 24% of the genetic liability (Trubetskoy et al.,
2022). Genome-wide association studies (GWAS) have identified a large number of
genetic variants that are associated with increased risk for schizophrenia, revealing its
highly polygenic nature (Trubetskoy et al., 2022). These studies directly genotyped
thousands of common SNPs with probe arrays. Because recombination of DNA
happens in blocks of genomic segments (haplotype blocks), certain SNP alleles in

proximity to each other occur together more often than can be accounted for by chance
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(Halldorsson et al., 2019). This phenomenon, known as linkage disequilibrium (LD),
allows for the imputation from reference samples that have undergone whole-genome
sequencing of millions of SNPs not targeted by SNP arrays (Dias et al., 2022). Not only
single nucleotide variants, but also common copy number variants (CNVs), can be
captured in GWAS because CNVs lead to different allele frequencies (although the
probe coverage in regions with common CNV tends to be lower) (Campbell et al., 2011;
J. Chen et al., 2016; Craddock et al., 2010; Ebbert et al., 2019). In the last 15 years,

GWAS efforts have revolutionized the research on genetic risk to schizophrenia.

In European populations, the first GWAS was performed in 2009 and reported 3
independent genome-wide significant loci using data from less than 50,000 people
(Purcell et al., 2009). By 2014, 108 loci had been identified due to a 3-fold increase in
sample size compared to the 2009 GWAS (Ripke et al., 2014). The most recent large-
scale GWAS, which used data from more than 300,000 individuals, identified
associations with schizophrenia at 287 distinct genomic loci that survived the threshold
for genome-wide significance (Trubetskoy et al., 2022). After fine-mapping, a process
by which GWAS signals are refined to identify variants that are truly causal to the
phenotype, 120 genes were found to be likely implicated (Schaid et al., 2018;
Trubetskoy et al., 2022). Synaptic function, which is believed to be disrupted in
schizophrenia, was found to be the most affected pathway in the prioritized genes
(Trubetskoy et al., 2022). Previously, common variation linked to schizophrenia had
been shown to be enriched in genes intolerant to loss of function variants (LoF-
intolerant genes) (Lek et al., 2016; Pardinas et al., 2018). The accumulation of variants
with small phenotypic effects at common allele frequencies in constrained genes may

be possible because the strong selection against highly deleterious variants reduces the
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number of available haplotypes (Pardinas et al., 2018). Some of the genes known to
contribute substantially to genetic risk via rare variants, such as GRIN2A and SP4, were
also prioritized candidate genes from fine-mapping of SNPs reaching genome-wide

significance in GWAS (Singh et al., 2022; Trubetskoy et al., 2022).

The only other population where large-scale GWAS has been performed is in East
Asian ancestry individuals. With only the top 3 loci shared with European ancestry,
they reported an additional 16 loci seemingly specific to the East-Asian population
(Lam et al., 2019). Other genetic studies in African American, Indian and Latin
American populations, albeit not large-scale, have also underlined the differences in the
genetic architecture of schizophrenia between populations (Bigdeli et al., 2020;

Gulsuner et al., 2020; Periyasamy et al., 2019; Suarez et al., 2006).

Polygenic risk score (PRS) has become a powerful tool for predicting genetic liability.
PRS measures the cumulative contributions of common variants associated with a trait.
Different p value thresholds (not only genome-wide significance) can be used for
calculating PRS, with higher PRS indicating higher genetic liability (Lewis and Vassos,
2020). Alone, PRS can explain up to 7.7% of heritability of schizophrenia (Trubetskoy
et al., 2022). While the predictive power of PRS has been applied to other common
diseases in the clinic, PRS in schizophrenia are currently not reliable enough for

diagnostic purposes (Lewis and Vassos, 2020).

1.4.2.2 Rare variation

Rare variants are commonly defined as those with less than a 1% allele frequency. Both

single nucleotide variants (SNVs), which include insertion or deletion of a few
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nucleotides (indels), and copy number variants (CNVs, those that affect from 50 to
millions of base pairs) have been studied in rare variant analyses. Depending on the
design of the study, rare variants can be identified in a case/control comparison, similar
to GWAS, or in pedigree or family trio studies. The latter allow for the identification
of de novo variants, which are present in the affected offspring but absent in the parents
(Bergen et al., 2019). Because schizophrenia leads to a reduction in fecundity (McGrath
et al., 1999), it has been hypothesized that rare and de novo variants play an important

role in schizophrenia genetic aetiology (Howrigan et al., 2020).

The huge amount of computer memory that whole genome sequencing experiments
(WGS) require hinders the design of studies with sufficient sample size to detect
significant associations (Pervez et al., 2022). Consequently, SNV analyses in
schizophrenia have systematically excluded non-coding regions. A whole exome
sequencing (WES) case/control study in the European population that combined data
from over 24,000 schizophrenia cases and 97,000 controls, identified 22 genes
harbouring damaging SNVs that achieved substantial levels of significance (false
discovery rate < 0.05), with 10 reaching genome-wide significance (p < 2 x 10—6)
(Singh et al., 2022). The most significant gene was SETDI/A, which codes for a
component of a histone methyltransferase protein complex involved in gene regulation
from early development (Singh et al., 2022; Wang et al., 2021). Not only European
ancestry studies, but also South African and Taiwan ancestries, have shown that
damaging SNVs are enriched in conserved and LoF-intolerant genes in schizophrenia
(Gulsuner et al., 2020; Howrigan et al., 2020). The most recent family trio study,

including data from 3,444 schizophrenia parent-proband trios, lacked sufficient power
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to detect exome-wide significant variants, but found enrichment of damaging de novo

SNVs in LoF-intolerant genes in probands (Rees et al., 2020).

1.4.2.2.1 Copy number variants

The same data generated by SNP arrays in GWAS can be utilized to detect CN'Vs. The
largest CNV study to date, in over 21,000 schizophrenia cases and 20,000 controls
found eight loci that together explain 0.85% of the genetic liability to the disorder
(Marshall et al., 2017). The CNV locus with the highest penetrance was a 1-3 Mb
deletion in 22q11.2, which confers a 20-fold increased risk, with nearly 25% of carriers
developing schizophrenia (Bassett and Chow, 2008; Marshall et al., 2017).
Additionally, CNV burden, measured by the length of genes affected, was increased in
schizophrenia, while no contribution to genetic risk was found from CNVs that do not
disrupt genes, or in other words, are exclusively non-coding (Marshall et al., 2017).
Moreover, schizophrenia CNVs are enriched in LoF-intolerant genes, with the signal
concentrated among deletions, while the rest of genes affected by CNVs may not

contribute to genetic aetiology (Singh et al., 2017).

1.5.3 The complex genetic aetiology of schizophrenia

Schizophrenia is a polygenic disorder that is often comorbid with other psychiatric
conditions (Kessler et al., 2005). This fact is reflected in the high correlation of common
genetic liability between schizophrenia and bipolar disorder (rg = 0.68), and the
substantial genetic correlation of schizophrenia with other psychiatric disorders (rg
ranging from 0.22 to 0.34) (Grotzinger et al., 2022). Genetic correlations of common
variants between psychiatric conditions are replicated in other non-European

populations (Trubetskoy et al., 2022). In addition, rare variants are shared between
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psychiatric and neurodevelopmental disorders (Niarchou et al., 2019; Singh et al., 2022,
2017). For example, although the 22q11.2 deletion has been reported as most highly
prevalent in schizophrenia, individuals with ASD, ADHD, and mood and anxiety
disorders also exhibit high frequency of the 22q11.2 deletion (Schneider et al., 2014).
This pattern is also observed for other CNV loci associated with schizophrenia

(Niarchou et al., 2019; Rees et al., 2014b; Rees and Kirov, 2021; Thygesen et al., 2018).

Schizophrenia exhibits lower CNV penetrance compared to other neurodevelopmental
disorders, with rare CNV and common SNP burden interacting in genetic risk (Bergen
et al., 2019; Kirov et al., 2014; Tansey et al., 2016; Vassos et al., 2010). Additionally,
gene-set enrichment analysis revealed that the burden of de novo variants in
schizophrenia is significantly higher in genes previously implicated in multiple
neurodevelopmental disorders (Singh et al., 2022). It is also believed that genetic and
environmental factors may interact to increase the risk of schizophrenia. For example,
some genetic variants may increase susceptibility to environmental stressors such as
cannabis use, while others may protect against them (Hillmer et al., 2021). The use of
genetic diagnosis only for schizophrenia might therefore still be challenging because
pleiotropic effects that confer a risk for general psychiatric psychopathology may need

to interact with specific genetic factors and environmental stressors to cause the disease.

1.6 Missing heritability

Narrow sense heritability is the portion of phenotypic variance in a population
attributable to additive genetic factors. Early studies of human genetics suggested that
genetic variants could explain a large proportion of the phenotypic spectra of highly

heritable complex traits and diseases. The “missing heritability” problem arose when
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genetic studies failed to identify these variants in psychiatric disorders (Owen and
Williams, 2021). Remarkably, heritability of schizophrenia is estimated to be
approximately 80% from twin/family studies, in contrast to the heritability explained
by SNPs (24%) and CNVs (0.85%) (Marshall et al., 2017; Owen et al., 2016;
Trubetskoy et al., 2022). Leaving other confounders aside (such as the shared
environment in family studies), the disparity between estimates is not only attributed to
the lack of statistical power due to small sample sizes, but also to the inability to identify

or interpret variants across the genome (Owen and Williams, 2021).

The heritability explained by CNVs is strikingly small despite the tremendous efforts
made to date, which analysed more than 40,000 individuals (Marshall et al., 2017).
During the CNV calling process, many events are filtered out to ensure the avoidance
of noisy signals that arise, for example, in segmental duplications (Ebbert et al., 2019).
Moreover, CNVs affect numerous genes and non-coding regions and, on many
occasions, it is difficult to identify the critical region that underpins the genetic risk to

schizophrenia (Chen and The gnomAD consortium, 2022).

The succeeding chapters of this thesis are dedicated to addressing the long-standing
scientific neglect surrounding camouflaged and non-coding regions, particularly in the
context of schizophrenia. The aims of chapters 2 and 3 is to shed more light on their
potential genetic contributions to the pathogenesis of schizophrenia. In chapter 4, the
focus shifts towards the investigation of the functional role in the brain of a recently
evolved non-coding RNA within a rapidly evolving segmental duplication locus — the
Pregnancy Specific Glycoprotein (PSG) locus. Through these integrated efforts, this

thesis seeks to close the cycle of scientific neglect and pave the way for significant
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advancements in our understanding of the genetic architecture and functional aspects

of schizophrenia and brain disorders.
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Chapter 2: Contribution of copy number variants in
segmental duplications to schizophrenia genetic liability

2.1 Summary

Schizophrenia is a common neurodevelopmental disorder characterized by delusions,
hallucinations, and cognitive impairment. Due to the limited progress made in
identifying genetic variants associated with schizophrenia, the genetic architecture of
the disorder remains largely unknown. Large-scale analyses have identified several
CNV loci associated with schizophrenia, but much of the genetic risk from CNVs for
schizophrenia remains to be unaccounted for. To address this gap in knowledge, an
association study was conducted in a dataset of 8,261 schizophrenia cases and 16,410
controls. Segmental duplications are a source of CNVs and recently evolved genomic
elements involved in unique human brain traits. This work focuses on CNVs that
overlap with a segmental duplication by more than 50% of its length (Figure 1), which
have been excluded previously. A new ultrarare duplication locus affecting the
dopamine receptor D5 gene (DRDJ5) was identified in 9 cases and O controls. This
discovery sheds new light on the genetic basis of schizophrenia and supports the
hypothesis that dopaminergic pathways may be important in the development of the
disorder. Additionally, this work underscores the importance of including previously
neglected regions of the genome in GWAS and provides a foundation for future studies

aimed at understanding the genetic susceptibility to other psychiatric disorders.
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2.2 Introduction

2.2.1 Classifications of CNVs

Copy-number variants (CNVs) are structural genomic alterations that involve the
duplication and deletion of from 50 bp to megabase-scale genomic segments
throughout the human genome (Hujoel et al., 2022; Zarrei et al., 2015). CNVs have
been shown to contribute to a wide range of disorders, including neuropsychiatric
diseases (Hujoel et al., 2022; Malhotra and Sebat, 2012; Marshall et al., 2017; Rees et
al., 2014c; Rees and Kirov, 2021; Yoon and Mao, 2021). Their phenotypic impact is
not only limited to LoF events affecting protein-coding genes. CNVs can also have
unique functional consequences not comparable with those of single nucleotide
polymorphisms (SNPs). For example, duplications can increase gene dosage, while

deletions can eliminate regulatory elements (Malhotra and Sebat, 2012).

2.2.1.1 Recurrent and non-recurrent CNV's

Several different ways to categorize CNVs beyond duplications and deletions exist.
They can be classified as recurrent or non-recurrent based on the boundaries of the
CNV. Recurrent CNVs have boundaries that are identical or nearly identical among
different individuals, whereas non-recurrent CNVs have different boundaries even
when they encompass the same genomic region. Recurrent CNVs typically arise
through non-allelic homologous recombination (NAHR) of segmental duplications. In
contrast, non-recurrent CNVs are typically formed through less frequent mechanisms
such as non-homologous end joining (NHEJ), fork stalling and template switching
(FoSTeS), and microhomology-mediated break-induced replication (MMBIR) (Arlt et

al., 2012; Lee et al., 2007; Liu et al., 2012, 2011).
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Recurrent CNVs are more likely to have been identified and characterized because of
their stability across different individuals, whereas non-recurrent CNVs may be more
challenging to detect and analyze due to their variable boundaries (Liu et al., 2012,
2011). However, non-recurrent CNVs can also be important contributors to disease and
have been implicated in various genomic disorders (Arlt et al., 2012; Ishizuka et al.,
2020; Kirov et al., 2009; Lowther et al., 2017; Schaaf et al., 2012). CNV events
associated with disease are believed to contain a “critical” region, which refers to the
smallest genomic segment within a CNV that is necessary and sufficient to cause a
particular phenotype. While CNV loci might have recurrent or non-recurrent
boundaries, identifying the critical region is important for understanding the molecular
basis of a phenotype and developing targeted interventions or therapies for individuals

with the CNV (Riggs et al., 2020).

2.2.1.2 Common and rare CNVs

Another classification system of CNVs is based on their frequency in the population.
Common CNVs are generally defined as those that occur with a frequency of more than
1% in the general population. These CNVs are contained in regions of the genome that
are more susceptible to genomic rearrangements, such as segmental duplications and
therefore, have recurrent boundaries (Kim et al., 2008). In contrast, rare CN Vs are those
that occur with a frequency of less than 1% in the general population. These CNVs are
often larger in size and are typically associated with more severe pathogenicity. Rare
CNVs can also be de novo; meaning they are not inherited from either parent but arise
spontaneously during gametogenesis or early embryonic development, with either

recurrent or non-recurrent boundaries (Li et al., 2020; Thygesen et al., 2018).
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Notably, the distinction between common and rare CNVs is not always straightforward,
as the frequency cutoff used to define rare CNVs can vary depending on the specific
population being studied and the genomic regions being examined. Additionally, some
CNVs may be classified as rare in one population but common in another (Aguirre et

al., 2019; Kato et al., 2010).

2.2.1.3 Genic and non-genic CNVs

Genic CNVs and non-genic CNVs refer to the location of the variant boundaries with
respect to the genomic regions containing protein-coding genes. Genic CNVs involve
gains or losses of entire coding genes or exons. These variants have the potential to
directly impact protein expression or mRNA splicing. It is believed that the genetic
contribution of CNVs to schizophrenia liability is concentrated in genic CNVs

(Marshall et al., 2017).

Non-genic CNVs, on the other hand, occur in intergenic regions, regulatory regions
such as enhancers or promoters; or in regions containing non-coding RNAs, repetitive
elements, or structural elements such as centromeres or telomeres. These variants may
affect the expression of nearby genes by altering the chromatin structure or the distance
between the gene and its regulatory elements, without directly affecting the gene
sequence. Although they are believed to be less important than genic CNV's, non-genic
CNVs have also been linked to various diseases, such as cancer and developmental
disorders, through their effects on gene expression regulation (Han et al., 2020;

Spielmann and Klopocki, 2013; Zhang and Lupski, 2015).
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2.2.2 Detection methods for CNVs
Several technologies can be used to detect CNVs. The choice of the appropriate method
should depend on the research question, the sample size, the available resources, and

the level of resolution required.

2.2.2.1 Microarray

These methods use microarray platforms to detect CNVs and rely on the differential
hybridization of probes representing different regions of the genome to identify CNVs.
Comparative genomic hybridization (CGH) involves the comparison of two DNA
samples labelled with different fluorophores, a test sample (often from a patient with a
disease) and a reference sample (typically from a healthy individual), which are then
co-hybridized on the microarray. The resolution of CGH is restricted to alterations of
approximately 5-10 Mb (Weiss et al., 1999). On the other hand, SNP genotyping arrays
can be used to detect CNVs with a resolution ranging from hundreds of base pairs to
several megabases depending on the probe coverage, and they can also provide
information on the zygosity, boundaries, and size of CNVss, without the requirement of
a test and reference sample pair (Colella et al., 2007; Oldridge et al., 2010; Wang et al.,
2007). Because the same data generated for GWAS can be employed for the detection
of CNVs, this is the most common technique in large-scale CNV studies. In most cases,
probe data is processed with PennCNV, which utilizes a hidden Markov model (HMM)
based logarithm that identifies CNVs from fluorescence intensity signals and allele

frequencies (Wang et al., 2007).
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2.2.2.2 Next-generation sequencing (NGS)

NGS-based methods for CNV detection rely on the read depth and/or split-reads
analysis of short reads generated from whole-genome sequencing or whole-exome
sequencing (Coutelier et al., 2022; Moreno-Cabrera et al., 2020). The read depth
approach involves counting the number of reads that map to each genomic region and
comparing it to the expected coverage based on the genome-wide average. CNVs can
be detected as regions with increased or decreased read depth compared to the reference
(Abyzov et al., 2011; Boeva et al., 2011; Fowler, 2022; Jiang et al., 2015; Johansson et
al., 2016; Povysil et al., 2017; Rajagopalan et al., 2020; Talevich et al., 2016). Split-
reads analysis, on the other hand, involves identifying reads that span the breakpoint of
a CNV and align partially to two different genomic regions. CNVs can be inferred by
detecting clusters of split reads that overlap within a given region (X. Chen et al., 2016;
Rausch et al., 2012). While NGS methods overcome the limitation of resolution and
coverage biases from SNP arrays, they demand high costs and large storage systems,
which limit their use in large scale studies (Coutelier et al., 2022; Moreno-Cabrera et

al., 2020).

2.2.2.3 Polymerase chain reaction (PCR)

These methods use the PCR technique to amplify specific regions of the genome and
detect changes in copy number. They can be used for targeted detection of CNVs or
validation of candidate loci from large-scale studies. One commonly used method is
quantitative PCR (qPCR), which measures the relative copy number of a specific
genomic region by comparing the amount of PCR product from the target region to that

of a reference region. Typically, the polymerization reaction is engineered to produce

45



fluorescence when the target sequence is being amplified. This method is simple,
inexpensive, and can be used with a small amount of starting material, but it has limited
resolution and may not accurately detect CNVs that are smaller than the size of the PCR

amplicon (Ma and Chung, 2014; Ponchel et al., 2003).

Another PCR-based method for CNV detection is digital droplet PCR (ddPCR), which
partitions the sample into thousands of small qPCR reactions to achieve an absolute
quantification of the target sequence. This method can detect CNVs with higher
precision and resolution than simple qPCR and can be used with low input DNA, but it

is generally more expensive and time-consuming (Taylor et al., 2017).

2.2.3.4 Karyotype and Fluorescence in situ hybridization (FISH)

A karyotype is an ordered depiction of the chromosomes of an individual, organized by
size, banding pattern, and centromere position (Tjio and Levan, 1956). Karyotyping can
detect large-scale chromosomal abnormalities such as aneuploidy (an abnormal number
of chromosomes) and structural rearrangements such as chromosomal translocations
that result in chromosomal arm aneuploidy. It constituted one of the first diagnostic
tools for genetic abnormalities such as Down syndrome, Turner syndrome, and
Klinefelter syndrome (Gekas et al., 2011; Jacobs and Strong, 1959; Sybert and
McCauley, 2004). Karyotyping is also utilized in cancer diagnosis and research to
uncover chromosomal abnormalities linked to tumour formation or progression
(Baudoin and Bloomfield, 2021). FISH uses fluorescent probes that hybridize to
specific DNA sequences and can be used to visualize the location and copy number of

a specific gene or genomic region in the chromosome. This method has higher
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resolution than karyotyping and can detect smaller CNVs or changes in specific genes

(du Manoir et al., 1993; Kallioniemi et al., 1996).

2.2.3 CNVs and their contribution to schizophrenia genetic risk

CNVs have been a major focus of research in schizophrenia due to their potential
impact on genes involved in important neurodevelopmental processes such as
neurotransmitter signaling, synapse formation, and neuronal migration (Girirajan et al.,
2012, 2011; Marshall et al., 2017). In neuropsychiatric disorders, much attention has
been given to rare CNVs, as it is believed that these variants have a greater effect size
on disease risk compared to common variants (Kirov et al., 2014; Legge et al., 2021;
Rees and Kirov, 2021). CNV loci previously implicated in schizophrenia are discussed

below and summarized in Table 1.

2.2.3.1 Deletion at 22q11.2 (DiGeorge syndrome)

The 22q11.2 deletion has been extensively studied in schizophrenia. The deletion
encompasses a 3 Mb region with recurrent boundaries overlapping segmental
duplications and affecting more than 60 genes. The “critical” region has been narrowed
down to the hemizygous loss of at least 30 of these genes. Despite this, the specific
genes that contribute to schizophrenia susceptibility remain unclear. This is further
complicated by the fact that several candidate genes, including PRODH, PIK4CA and
ZDHHCS, are in regions of segmental duplication (Marshall et al., 2017; Qin et al.,

2020; Rees et al., 2014c).

Individuals with 22q11.2 deletion syndrome have a significantly increased risk of

developing schizophrenia compared to the general population (20-30 odds ratio), with
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approximately 0.29% of schizophrenia patients having this deletion (Marshall et al.,
2017; Rees et al., 2014c). Of note, protective effects have been attributed to duplications
of this locus (Rees et al., 2014a). Schizophrenia in 22q11.2 deletion syndrome shares
core symptoms, treatment response, and MRI brain anomalies with schizophrenia in the
general population. However, individuals with 22q11.2 deletion syndrome may have
distinguishable physical traits (such as mild facial dysmorphic features), different
auxiliary clinical characteristics (congenital heart defects), and may have cognitive
deficits diagnosed as other psychiatric disorders in childhood, such as ADHD, ASD,

and generalized anxiety disorder (McDonald-McGinn et al., 2015; Qin et al., 2020).

2.2.3.2 Duplication at 16p11.2

The 16p11.2 duplication spans a region of 600 Kb enclosed by recurrent boundaries,
affecting at least 30 genes. The 16pl11.2 locus has attracted attention due to its
bidirectional link to certain neurodevelopmental and psychiatric diseases. Deletions at
16p11.2 increase the risk of developing ASD and intellectual disabilities, but not
schizophrenia (Cooper et al., 2011; Marshall et al., 2017; Rees et al., 2014c). In
contrast, a high risk of developing schizophrenia has been shown in carriers with
16p11.2 duplication (odds ratios 8 to 24-fold), but only a small proportion have
intellectual disability and they do not generally show autistic traits. Therefore,
phenotypic effects of the 16p11.2 duplication may be more specific to schizophrenia
than to intellectual disability, unlike the 22q11 deletion (Chang et al., 2017; Kirov et
al., 2014; McCarthy et al., 2009; Niarchou et al., 2019). Although many genes in this
locus have potential roles in neurodevelopment, no independent genes seem to act alone

in its phenotypic effects, and instead, disruption of the hippocampal-orbitofrontal and
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hippocampal-amygdala pathways has emerged as the most probable explanation for the

involvement of the 16p11.2 duplication in schizophrenia (Bristow et al., 2020).

2.2.3.3 Deletions and duplications at 1g21.1

The 1g21.1 deletion and duplication have also been linked to increased risk of
schizophrenia (deletions odds ratio = 6.8 and duplication odds ratio = 2.3), as well as
other neuropsychiatric disorders (Marshall et al., 2017; Yoon and Mao, 2021). The most
common form of CNVs in the 1q21.1 locus affects a region of approximately 1 Mb,
with adjacent segmental duplications at both sides that constitute the recurrent
boundaries. No single gene or critical region has been identified to explain the
pathogenic effect. In addition, the clinical representation is very broad, as carriers of
the 1g21.1 deletion or duplication are predisposed to other psychiatric and
neurodevelopmental disorders such as ASD, anxiety and mood disorders, intellectual
disabilities, ADHD, sleep disorders, and speech and motor delays; as well as physical

abnormalities in several organs and microencephaly (Yoon and Mao, 2021).

2.2.3.4 Deletions in NRXN1 (2p16.3)

Non-recurrent deletions of different sizes disrupting exons of the NYRN1 gene directly
implicate this gene in the development of schizophrenia (Kirov et al., 2009; Marshall
et al., 2017). The NXRNI gene has been described to play an essential role in the
synapses of the brainstem and neocortex (Zeng et al., 2013). Variants of NRXNI
increase the liability of developing schizophrenia (odds ratio = 9), as well as cognitive
impairment, ASD, substance dependence, and developmental delay (Ishizuka et al.,

2020; Lowther et al., 2017; Schaaf et al., 2012).
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2.2.3.5 Deletions at 3g29

The 1.6 Mb recurrent deletion at 3q29 is estimated to occur in approximately 1 in
30,000 individuals in the general population, but in approximately 1 in 100 individuals
with schizophrenia, representing, at least, a 30-fold increase in risk. Being so rare, the
association between 3q29 deletions and schizophrenia is not as statistically significant
as some other CNVs, such as the 22q11.2 deletion or the 16p11.2 duplication, but it has
been consistently reported in multiple studies (Baba et al., 2019; Marshall et al., 2017;
Mulle et al., 2010; Quintero-Rivera et al., 2010). Individuals with the 3q29 deletion
may also exhibit a range of physical and developmental abnormalities, including
microcephaly, intellectual disability, and cardiac and skeletal anomalies, and other
psychiatric disorders, such as bipolar disorder and ASD (Chirita Emandi et al., 2019;
Clayton-Smith et al., 2010; Li et al., 2009; Quintero-Rivera et al., 2010; Willatt et al.,
2005). While the specific genes affected by the 3q29 deletion have not yet been clearly
identified, it is thought that their disruption may affect neural development and

function, leading to an increased susceptibility to schizophrenia (Dasouki et al., 2011).

2.2.3.6 Duplications at 7q11.23 (Williams-Beuren syndrome)

This chromosomal region is involved in several critical developmental processes in the
cardiovascular and neurological systems, and recurrent 1.3Mb duplication at this locus
is known to cause Williams-Beuren syndrome (WBS), a rare genetic disorder
characterized by distinct facial features, developmental delay, ASD and cardiovascular
anomalies (Kozel et al., 2021; Sanders et al., 2011; Wang et al., 2023). Recent studies
have shown that individuals with a duplication at 7q11.23 have a significantly increased

risk of developing schizophrenia compared to the general population, with an estimated
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odds ratio of 5.2-fold (Marshall et al., 2017; Mulle et al., 2014). The critical region that
contributes to schizophrenia risk is still unclear, and further research is needed to

elucidate the underlying mechanisms of this association (Qaiser et al., 2021).

2.2.3.7 Deletions and duplications at 15q11-q13

The segmental duplication enrichment in this genomic region facilitates the generation
of recurrent CN'Vs. Large but ultrarare duplications, involving more than 5.5 Mb, are
associated with the Prader-Willi and Angelman syndromes, which are characterized by
developmental delay, metabolic and behavioral phenotypes, and confer more than 10-
fold increase in the risk of suffering schizophrenia (Marshall et al., 2017). Other smaller
and more frequent CN'Vs at this locus show less prominent odds ratios for schizophrenia
(1.8-4.6) (Marshall et al., 2017; Rees et al., 2014¢). An interesting feature of this locus
is the high concentration of genes that undergo genomic imprinting, a phenomenon that
heritably silences the expression of one of the parental alleles of certain genes. Critical
regions thus only have an impact on the phenotype if they are disrupted on a specific
parental allele; for example, the Angelman syndrome is caused by the loss of the
maternally inherited UBE3A4 gene allele (Amos-Landgraf et al., 1999; Ingason et al.,

2011a; Kalsner and Chamberlain, 2015).

2.2.3.8 Other deletions and duplications at 16p

With substantially lower odds ratios compared to other loci (1.7-3.3), a recurrent 700
Kb duplication at 16p13.11 and a recurrent 500 Kb deletion at 16p12.1 have been
shown to contribute to schizophrenia genetic risk. Both are multigenic and a critical

region has not been discovered. Other neurodevelopmental phenotypes such as
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intellectual disability, developmental delay and ASD have been associated with
16p13.11 duplication and 16p12.1 deletion carriers (Cai et al., 2022, p. 13; Ingason et

al., 2011b; Rees et al., 2014c).

2.2.3.9 The discovery gap

Previously implicated CN'Vs can only confidently explain up to 0.85% of schizophrenia
heritability, in contrast to the estimated heritability of the disorder by family/twin
studies (80%) (Marshall et al., 2017; Owen et al., 2016; Owen and Williams, 2021).
Even though large-scale, genome-wide CNV analyses have been performed in
schizophrenia, they have shown a lack of efficiency for the discovery of new loci, in
contrast with common variants efforts with GWAS (Marshall et al., 2017; Rees et al.,
2014c; Trubetskoy et al., 2022). One of the reasons new loci are not being discovered
might be the systemic disregard of crucial regions, such as segmental duplications, in
the CNV field. In previous large-scale studies, CNV events overlapping a segmental
duplication by more than 50% of their length have been excluded due to the expected
low specificity of SNP probes in repetitive regions (Figure 1). However, segmental
duplications are the source of almost all the CN'Vs implicated in schizophrenia, and
they harbour genes and regulatory regions responsible for cognitive traits that are
uniquely human (Erady et al., 2022; Florio et al., 2018; Mangan et al., 2022; Marshall
et al., 2017). In this chapter, high quality probes are selected from SNP microarray
platforms to improve the confidence of CNV calls overlapping a segmental duplication
by more than 50% of their length (Figure 1). Associations with schizophrenia are tested
only in this set of CNVs, extracted from raw data used in previous large-scale analyses.

The method developed in this chapter assumes that enough paralog sequence in the
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segmental duplication has evolved independently to contain specific sequence that SNP

probes can target.

53



Table 1. List of CNV loci previously implicated in schizophrenia.

First identified in (Rees et al., 2014c), odds ratio and p-values from the most recent
large-scale study (Marshall et al., 2017). * PVAL = meta-analysis P value. ** OD =
Meta-analysis odds ratio.

LOCUS UNIQUE REGION P VAL* OD** BOUNDARIES
(HG19)
1q21.1 del chrl:146527987- 0.00000021 6.8 Segmental
147394444 duplication
1q21.1 dup chrl:146527987- 0.022 23 Segmental
147394444 duplication
NRXNI1 del chr2:50145643- 0.000028 4.5 Non-recurrent
51259674
3929 del chr3:195720167- 0.0002 18 Segmental
197354826 duplication
WBS dup chr7:72744915- 0.045 5.2 Segmental
74142892 duplication
PWS/AS dup chr15:22805313- 0.0000004 Inf Segmental
28390339 duplication
15q11.2 BP1- chr15:22805313- 0.000023 1.8 Segmental
BP2 del 23094530 duplication
15q13.3 del chr15:31080645- 0.0015 4.6 Segmental
32462776 duplication
16p13.11 dup chr16:15511655- 0.0022 1.7 Segmental
16293689 duplication
16p12.1 del chr16:21950135- 0.00034 3.3 Segmental
22431889 duplication
16p11.2 dup chr16:29650840- 3.7E-15 11 Segmental
30200773 duplication
22ql1.2 chr22:19037332- 0 Inf

(DiGeorge/VCFS 21466726

syndrome) del
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Figure 1. Visual abstract of chapter 2.

Segmental duplications (such as the PSG locus on chromosome 19q13.2) are the source of
recurrent CNVs included in genetic association analyses and associated with schizophrenia
(Table 1). In CNVs previously included in genetic association analyses, segmental
duplications are predominantly found only at the boundaries. Therefore, while some of the
microarray probes are expected to be low quality at the boundaries, the majority of sequence
covered by the CNV is specific, and therefore they are included in analyses. CNVs that are
overlapped by segmental duplications by more than 50% of their length are expected to be
covered by too many low quality probes and are filtered out before the association test. In this
chapter, we focus specifically on the previously excluded CNVs, and develop a method to
study them in the context of schizophrenia genetic liability.
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2.3 Results

2.3.1 Gene-wise analysis

Association of CNV loci with a phenotype in case/control studies can be performed by
assessing which genes are disrupted by a set of overlapping CNV, rather than focusing
on the CNVs per se. This approach is more informative because CNV critical regions
tend to be in coding genes (Marshall et al., 2017). This analysis employed raw data
from the Molecular Genetics of Schizophrenia (MGS) study (2,200 schizophrenia cases
and 2,571 controls, Affymetrix Genome-Wide Human SNP Array 6.0, with 1,425,313
probes used) and the ClozUK study (6,061 schizophrenia cases and 13,839 controls,
common probes from several [llumina microarrays used [Table 4], with 295,912 probes
used). All controls were individuals with no psychiatric diagnoses. First, each protein-
coding gene was evaluated for exon-disrupting CNVs in schizophrenia cases and
controls in each study independently. The analysis was restricted to protein coding
genes in segmental duplications plus adjacent genes disrupted by a set of CNVs that
overlapped more than 50% of a segmental duplication (number of genes = 2644). In the
MGS dataset, duplications affected 151 genes, while deletions disrupted a total of 105
genes. Only 6 genes in duplications and 5 genes in deletions were enriched in cases or
controls with nominal levels of significance (logistic regression P < 0.05;
Supplementary Table 1, Supplementary Table 4). The most significant gene affected
by duplications in MGS was DPY19L2 on chromosome 12, but it was not captured in
the ClozUK study. DPYI9L2 is predominantly expressed in the testis and mutations
and deletions in this gene have been found in infertile men (Supplementary Table 1)
(Harbuz et al., 2011, p. 1; Zhu et al., 2013). This signal can be seen on chromosome 12

in Figure 2. Genes encoding olfactory receptors (OR4N2, OR4M1, OR4Q3, OR11H2)
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in chromosome 14 are affected by deletions only in MGS (Supplementary Table 4).
Olfactory receptors are expressed in sensory neurons in the nose and have expanded in
mammals by gene duplication to allow for a more complex perception of different odors
(Malnic et al., 2004). This signal can be seen in Figure 3. In the ClozUK samples,
duplications spanned 74 genes whereas deletions were found in 34 genes. Only 5 genes
in the duplications set and 1 gene in the deletions reached nominal significance for the
association with either cases or controls (Supplementary Table 2, Supplementary Table
5). None of the genes in either study survived the conservative Bonferroni correction
for multiple testing of 2,644 genes (P < 1.89 x 10°%). It was noted that more genes were
affected by duplications than deletions in both datasets (MGS 151 versus 105; ClozUK
74 versus 34). The smaller number of disrupted genes in the ClozUK datasets compared
to the MGS dataset was counterintuitive, since ClozUK is a more sizable study, and
thus, more events affecting a higher number of genes is expected. This observation
reflects the difference in the number of probes of the SNP arrays used in each study.
The SNP arrays in the ClozUK datasets shared less than 300,000 common high-quality
probes, in contrast to MGS, for which more than a million high quality probes could be
used for CNV calling, conferring more detection sensitivity to the MGS dataset (See
2.5.2 Exclusion of low-quality probes and Table 4, page 76-77). Moreover, the [llumina
arrays used in the ClozUK studies specifically select against probes in segmental
duplications. Consequently, many CNVs in segmental duplications may have been

overlooked in the ClozUK datasets.

Both datasets were combined to improve statistical power (8,261 schizophrenia cases
and 16,410 controls, henceforth referred to as the combined dataset). In this case, 10

genes from 7 different duplication loci exhibited nominal significant enrichment in
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either cases or controls (Figure 2, Supplementary Table 3). In deletions, 6 genes were
affected by 3 different loci surpassing nominal significance (P < 0.05) (Figure 3,
Supplementary Table 6). Low overlap in genes affected was observed between studies
(Figure 2, Figure 3). After filtering for genes that were affected by CNV events in both
datasets, only two candidate genes remained, DRDS5 (duplications, Figure 2) and TARP
(deletions, Figure 3). However, deletions in TARP were more frequent in cases in MGS
(0.5% in cases versus 0.04% in controls; Supplementary Table 4) while only controls
in the ClozUK study showed such deletions (0% in cases versus 0.03% in controls;
Supplementary Table 5). For this reason, deletions in TARP were not considered
further. The TARP gene encodes for an unrearranged version of the T cell receptor y
chain that is expressed in non-lymphoid tissues, especially in the prostate. Variation in
this gene has been linked to the concentration of plasminogen activator inhibitor-1 in

plasma (Lanktree et al., 2010).

Duplications spanning DRD5 occurred only in cases in both studies. The DRDS
duplication frequency in cases in MGS was 0.09%, which is consistent with the
frequency of 0.08% observed in ClozUK schizophrenia cases. The gene DRDS5 encodes
for the D5 subtype of the dopamine receptor. The dopamine pathway disruption is the
main molecular explanation for positive symptoms in schizophrenia (Howes and
Kapur, 2009; Howes and Onwordi, 2023). Although the DRDS5 duplication was the best
novel candidate, it failed to survive correction for multiple testing (logistic regression
P =6.20 x 10™, odds ratio (OR) = 2.24 x 10°, 95% confidence interval (95%CI) = 1.55
x 10'-1.69 x 10%) (Figure 2). When all CNVs, including those that are not spanned by
segmental duplications by more than 50% of their length were inspected through UCSC

Genome Browser, two other duplications were found to disrupt DRDS in cases (Error! R
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eference source not found.). In the future, odds ratios and p values should be updated
using all CNVs. Caution should be taken with extremely high odds ratios, since they
could be inflated due to low sample size with no observations in controls. Because the
DRD5 duplication appears to be ultrarare (frequency less than 0.1%), this discovery

would benefit from a more statistically powerful dataset.
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Figure 2. Manhattan plot for the gene-wise analysis of duplications

Loci supported by both MGS and ClozUK are represented by diamonds instead of circles.
The two significance thresholds are highlighted (nominal p = 0.05, Bonferroni p=1.89 x 10
9%). The significant locus supported by both studies on chromosome 4 is highlighted (DRD5).
On chromosomes 10 to 15, several loci reach nominal significance but are only supported by
one study (Supplementary Table 1, Supplementary Table 2, Supplementary Table 3).
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Figure 3. Manhattan plot for the gene-wise analysis of deletions.

Loci supported by both MGS and ClozUK are represented by diamonds instead of circles.
The two significance thresholds are highlighted (nominal p = 0.05, Bonferroni p=1.89 x 10
9%), The gene TARP is highlighted because it is supported by both studies. Significant loci on
chromosomes 6 and 14 are only found in the ClozUK and MGS studies, respectively
(Supplementary Table 4, Supplementary Table 5, Supplementary Table 6).

61



2.3.2 Genome-wide analysis of CNV burden

Possibly because the sample size was insufficiently powered and the two studies
showed low overlap in SNP array probes, genome-wide significant associations at
individual loci were not observed. An alternative in these situations is to assess the
burden of pools of variants between cases and controls instead of single loci and analyze
which general characteristics of CNVs could be contributing to schizophrenia risk
(Legge et al., 2021; Marshall et al., 2017). For example, rare CNVs in schizophrenia
are more abundant, longer, and affect more genes compared to controls; in other words,
CNV burden is elevated in schizophrenia. However, CNVs that overlapped more than
50% of a segmental duplication had been excluded (Marshall et al., 2017). In this study,
CNV burden was analyzed in the set of CNVs that overlapped by a segmental
duplication by more than 50% of their length (Figure 1). First, CNV burden in each
individual was measured by the number of CNV deletions or duplications they
exhibited. No significant enrichment was found (combined dataset, CNVs, OR = (.87,
95% CI = 0.65-1.17, P = 3.67 x 10°!; Supplementary Table 7) Increased burden by
length (combined dataset, CNVs, OR = 0.99, 95% CI = 0.99-1.00, P = 4.86 x 10°};
Supplementary Table 8) or the number of genes affected (combined dataset, CNVs, OR
=1.04, 95% CI = 0.92-1.17, P = 5.42 x 10"'; Supplementary Table 9) was also not

observed.

When inspecting the two studies separately, MGS showed increased burden by number
of genes affected (MGS, CNVs, OR = 1.11, 95% CI = 0.97-1.26, P = 1.31 x 10}),
whereas the ClozUK dataset gave the opposite result (ClozUK, CNVs, OR =0.68, 95%
CI=0.48-0.98, P = 3.66 x 10%). Such conflicting results in the two cohorts may reflect

the non-overlapping SNP probe coverage between the datasets and the limited number
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of probes within segmental duplications, which may have hindered sensitivity,

particularly in the ClozUK datasets.

2.3.2.1 Gene-set burden analyses

A primary reason for studying CNVs in segmental duplications is that these genomic
regions harbour human-specific genes and open chromatin regions essential for brain
development (Florio et al., 2018; Mangan et al., 2022). In addition, genomic regions
with accelerated evolution in humans are enriched in variants implicated in enhanced
cognition and schizophrenia, which are traits characteristic of humans (Corces et al.,
2020; Erady et al., 2022; Xu et al., 2015). In this chapter, it was hypothesized that CNV
burden by number of genes affected could be concentrated in great ape specific genes
important for brain evolution. To assess this, CNVs were mapped to a previously
described gene set of 50 great ape specific genes preferentially expressed in progenitors
of fetal neocortex (Florio et al., 2018). To avoid disturbance of the signal from global
gene enrichment in the different datasets, correction for the total number of genes
affected was added to the analysis. Deletions in great ape specific genes preferentially
expressed in progenitors of fetal neocortex were enriched in controls, indicating that
these variants could have a protective effect (combined dataset, deletions, OR = 0.10,
95% CI =0.01-0.61, P = 9.20 x 107; Table 2). Results were consistent in both MGS

and ClozUK datasets.

CNVs were also scanned for disruption of “human ancestor quickly evolved regions”
(HAQERs, n = 79) that overlap open chromatin genomic windows in the developing
human brain (Kundaje et al., 2015; Mangan et al., 2022). When burden by the number

of HAQERs disrupted was measured, the signal was significantly protective for
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deletions (combined dataset, deletions, OR = 0. 003, 95% CI = 0.00-0.53, P = 2.32 x
10%; Table 3), similar to great ape specific genes preferentially expressed in progenitors
of fetal neocortex. These results suggest that, while human-specific coding and non-
coding elements have had an essential role in the evolution of human brain unique traits,
they may also take part in the genetic liability of human brain unique susceptibilities,
such as schizophrenia. Albeit an exciting hypothesis, it is important to note that the
numbers of individuals contributing to the association are low (Table 2, Table 3), which
inflates odds ratios and potentiates winner’s curse (Xiao and Boehnke, 2009).
Therefore, these conclusions should be treated with caution subject to further

replication.
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Table 2. CNV Burden by number of disrupted great ape specific genes preferentially
expressed in progenitors of fetal neocortex.

Results are organized by study and type of CNV (CNV = deletions and duplications together,
DUP = duplications, DEL = deletions). OR = Odds ratio, CI1 — 95% lower limit confidence
interval, CI2 — 95% upper limit confidence interval, SE = standard error, NCONTROLS =
number of controls with variant and average number of disrupted elements of interest per
individual between brackets, NCASES = number of cases with variant and average number of
disrupted elements of interest per individual between brackets.

TYPE OR CI1 CI2 SE PVAL NCONTROLS NCASES

CNV 035 002 349 089 3.81E-01 6(1.33) 1(2)
MGS DUP NA NA NA NA NA 0 (0) 0 (0)
DEL 024 001 236 060 227E-01 6(1.33) 1)
CNV  0.03 0.00 0.49 0.12 9.92E-03 22 (1) 2 (1)
ClozUK DUP  0.04 0.0 11.13 284 3.05E-01 3(1) 0 (0)
DEL 0.05 0.00 0.79 0.0 3.11E-02 19 (1) 2 (1)
CNV  0.08 0.01 0.57 0.14 9.20E-03 28 (1.07) 3 (1.33)
Combined DUP  0.05 0.00 11.57 295 3.13E-01 3(l) 0 (0)
DEL 0.10 0.01 0.63 0.16 1.28E-02 25 (1.08) 3 (1.33)

65



Table 3. CNV Burden by the number of disrupted “human ancestor quickly evolved
regions” (HAQERs).

Results are organized by study and type of CNV (CNV = deletions and duplications together,
DUP = duplications, DEL = deletions). OR = Odds ratio, CI1 — 95% lower limit confidence
interval, CI2 — 95% upper limit confidence interval, SE = standard error, NCONTROLS =
number of controls with variant and average number of disrupted elements of interest per
individual between brackets, NCASES = number of cases with variant and average number of
disrupted elements of interest per individual between brackets.

TYPE OR CI1 CI2 SE PVAL NCONTROLS NCASES

CNV  0.004 0.000 0.737 0.19 3.55E-02 5(1) 0 (0)
MGS DUP 0035 0.000 14.008 3.57 2.97E-01 2 (1) 0 (0)
DEL  0.003 0.000 0.500 0.13 2.22E-02 5(1) 0 (0)

CNV  0.009 0.000 9.692 247 3.31E-01 2(1.5) 0 (0)

ClozUK DUP  0.017 0.000 19.031 4.85 255E-01 1(1) 0 (0)
DEL  1.801 0.005 68.798 17.55 7.76E-01 1(2) 0 (0)

CNV  0.003 0.000 0513 0.3 2.13E-02 7(1.14) 0 (0)
Combined DUP  0.019 0.000 4.949 126 1.83E-01 3 (1) 0 (0)
DEL  0.003 0.000 0.533 0.14 2.32E-02 6(1.16) 0 (0)

66



2.3.3 Validation of the DRDS5 duplication

First, DRD5 duplications were inspected with the UCSC Genome Browser, revealing
that they overlap with a significant portion of a segmental duplication, which confirmed
that this rare variant would have been excluded from any previous CNV analysis
(Figure 4A). A separate locus that is prone to copy number variation was found to
overlap approximately 40 Kb with the DRDS5 duplication upstream boundary in the
MGS dataset only. Other genes are partially or fully affected by the duplication,
including DEFB131A4, MIR54612, AB059369, DO584669 and SLC249 (Figure 4A).
The protein-coding genes DEFBI31A4 and SLC2A9 have a role in the immunologic
response against invading pathogens and the excretion of urate through the kidneys,
respectively (Kim et al., 2015; Vitart et al., 2008). Genetic variants in SLC249 and uric
acid levels in the blood have been associated with social phobia and anxiety (Lyngdoh
et al., 2013). MIR54612, AB059369, DQ584669 appear to be non-coding genes with
poor experimental characterization. Since DRDS takes part in the dopamine pathway
and constitutes the only gene inside all possible boundaries of the duplication locus of
interest, it is most likely that the DRDS5 gene represents the critical region for the
involvement of this CNV locus in schizophrenia pathogenesis. Of note, when
examining CNVs that have been included in previous genetic studies (not covered by
segmental duplications by more than 50% of their length), two additional duplications

in cases disrupt DRDS towards their upstream boundary (Figure 4B).

Turning to the SNP coverage in the DRDS5 duplication, it was observed that the
Affymetrix array used in MGS provided adequate coverage (up to 90 probes), while
only 6 to 24 SNP probes in Illumina arrays from the ClozUK datasets covered the

relevant region (Figure 5, Figure 6). The consistent boundaries of the DRDS duplication
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in MGS and ClozUK studies indicated encouraging evidence for validation (Figure
4A). PennCNYV software was utilized to perform CNV calling, which integrates Log R
ratios (probe intensity signals, LRR) and B allele frequencies (A/B allele frequencies,
BAF), in a hidden Markov model (HMM). Like all statistical models, the HMM used
by PennCNV can fail to accurately identify CNVs in certain situations. It is of the
utmost importance to review the raw LRR and BAF traces in order to validate CNV

calls in cases where the SNP coverage is poor (Wang et al., 2007).

Probe LRR and BAF traces in the MGS dataset clearly followed the trend expected for
a duplication event (Figure 5, Figure 6). First, the DRDS5 duplication exhibited a
substantial increase in LRR in probes within the locus compared to LRR values of
probes beyond the boundaries. In addition, B allele frequencies transitioned from 3
possible states (AA 0.0, AB 0.5, BB 1.0) to 4 states (AAA 0.0, AAB 0.25, ABB 0.75,
BBB 1.0). Since many probes in Affymetrix arrays are specific for copy number
detection and are only informative for intensity signals (LRR) but do not distinguish
between alleles, the B allele frequency trend was supported by considerably less probes
(25 probes versus 90 total probes). However, it was still visible (Figure 5). Samples
from the ClozUK studies were also confirmed to harbour the DRD5 duplication through

LRR and BAF traces (Figure 6).
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Figure 4. CNV tracks in the DRD5 duplication locus in 4p16.1 (hg19 genome version).

A) Duplications covered by more than 50% by segmental duplication. CNVs from each
individual contributing to the association are named MGS_1, MGS 2, ClozUK 1, ClozUK 2,
ClozUK 3, ClozUK 4, ClozUK 5 in the order from top to bottom in their corresponding
tracks. B) CNV tracks in the DRD5 duplication locus at 4p16.1 including CNVs that do not
overlap >50% of a segmental duplication in the ClozUK (Cardiff) datasets. Cases Cardiff
(ClozUK) Duplications track includes all duplications, whereas Cases Cardiff (ClozUK)
Segdup Duplications includes duplications overlapping >50% of a segmental duplication. This
shows that two duplications that would have been included in previous analyses affect DRDS.
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Figure 5. LRR and BAF traces from raw files from MGS study (hg19 genome version).

A) MGS_1; B) MGS_2. Black lines delineate duplication boundaries. Each dot represents the
signal for either fluorescence intensity or LRR (top plot) of B allele frequency or BAF (bottom
plot). Both the increase in fluorescence intensity and the transition from 3 possible states
(AA/AB/BB) to 4 (AAA/AAB/ABB/BBB) of the B allele frequency confirms a duplication
inside the boundaries.
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Figure 6. LRR and BAF traces from raw files from ClozUK study (hg19 genome

version).

A) ClozUK _1; B) ClozUK 2; C) ClozUK_3; D) ClozUK _4; E) ClozUK 5. Black lines
delineate duplication boundaries. Each dot represents the signal for either fluorescence intensity
or LRR (top plot) of B allele frequency or BAF (bottom plot). Both the increase in fluorescence
intensity and the transition from 3 possible states (AA/AB/BB) to 4 (AAA/AAB/ABB/BBB)

of the B allele frequency confirms a duplication inside the boundaries.
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2.4 Discussion

The results of this study revealed that an ultrarare (< 0.1%) 500 Kb recurrent duplication
harbouring the gene DRD) is associated with an increased risk of schizophrenia. Of
note, this duplication overlaps a segmental duplication by more than 50% of its length,
a type of genomic region that had not previously been analyzed in relation to
schizophrenia risk. This finding highlights the importance of examining less-studied
regions of the genome to report novel genetic risk factors for complex disorders such

as schizophrenia.

While other genes are affected by the different duplication events, such as SLC2A49,
which has been associated with social phobia and anxiety (Lyngdoh et al., 2013), DRDS5
is the only gene in the locus that is affected by all the duplication events. DRDS gene
encodes the G protein-coupled dopamine receptor D5 (Sunahara et al., 1991).
Dopamine is a neurotransmitter that plays a crucial role in many brain functions
(motivation, pleasure, reward), and constitutes the common pathway behind
schizophrenia pathophysiology and treatment, especially for positive symptoms
(Besnard et al., 2012; Howes and Kapur, 2009; Howes and Onwordi, 2023; Li et al.,
2016; Sanyal and Van Tol, 1997). Five different dopamine receptors exist in humans
(D1-D5), which can be classified between D2-like receptors (encoded by genes DRD2,
DRD3 and DRD4) and D1-like receptors (encoded by genes DRD1 and DRDY5) (Missale
et al., 1998). One of the main differences between the two types is their ligand-binding
affinity — D2-like receptors have a 10- to 100- fold increase in the affinity for dopamine
compared to D1-like receptors. In addition, D1-like receptors are generally categorized
as positive regulators, while D2-like receptors tend to have inhibitory roles, however,

their positive and/or inhibitory effects are tuned by the formation of heterocomplexes
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between each other and other receptors (Beaulieu et al., 2005; Hamid et al., 2016).
Genetic case/control studies have implicated variants affecting DRDI, DRD2, DRD3
and DRD4 in not only schizophrenia susceptibility and differential treatment response,
but also ADHD and bipolar disorder genetic risk (Cengiz et al., 2023; Hwang et al.,
2012; Ishizuka et al., 2020; Kegeles et al., 2010; Lee et al., 2011; Liu et al., 2014;
Talkowski et al., 2008; Zhang et al., 2015). In contrast, no robust evidence has been
reported for DRDS through this type of analysis in any psychiatric disorder (Hwang et

al., 2012; Lee et al., 2011; Zhao et al., 2014).

In a pedigree study that examined high-burden rare CNVs, the duplication in the 4p16.1
region that encompasses DRDJ5 was identified in six individuals from one family of
European ancestry, where four of them were diagnosed with schizophrenia or
schizoaffective disorder. The remaining two individuals who carried the same
duplication did not show any psychiatric disorders; however, their age at onset was still
below the average for the family. To validate this variant, they used three different
techniques due to its location in a segmental duplication (Van Den Bossche et al., 2013).
The research performed in this chapter is thus the first investigation to report a
significant association between the DRDS5-containing 4pl6.1 duplication and

schizophrenia in a large-scale case/control study.

The primary constraints of this study originated from technical limitations in the probe
intensity data of SNP arrays. CN'Vs that were smaller than the SNP array resolution
were unavailable and many CNVs are expected to have been overlooked due to
inadequate coverage of SNPs. As a result, the power to detect individual CNV loci that

overlapped a segmental duplication by more than 50% of its length is insufficient,
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which is why the total CNV burden was also investigated. However, pooling variants
together to analyze CNV burden from segmental duplications did not result in more

positive results.

Protective effects (OR < 1) were observed for variants affecting human-specific
elements, especially deletions. While suggestive, the number of CNV events supporting
this finding is very low. Protective ORs could be a consequence of the number of
controls in this study being considerably higher (16,410 controls compared to 8,261
schizophrenia cases). Ideally, a balanced dataset would be used to validate this finding.
Overall, the low SNP coverage limitation could be resolved with the development of
bioinformatic tools that can detect variants in segmental duplications from whole-
exome or whole-genome sequencing data. This is an encouraging area for future

research, especially in challenging loci (ISeri¢ et al., 2022; Prodanov and Bansal, 2020).

Another limitation of this research is that, although the DRD35 duplication is present in
both studies with different SNP coverages (MGS/ClozUK), it remains to be externally
validated. Experimental work, such as Quantitative Polymerase Chain Reaction (QPCR)
or Droplet Digital PCR (ddPCR) will be necessary to conclusively replicate this finding.
After validation of the DRDS5-containing 4p16.1 duplication, characterization of the
gene expression effects should be examined, as another possibility is that the critical
region in the duplication corresponds to a cis- or trans-acting non-coding regulatory

region outside DRDS.

Heritability estimates were not calculated for the DRD5 duplication due to its extremely
low frequency. However, this discovery offers new opportunities for closing the

heritability knowledge gap in schizophrenia, providing insights into difficult genomic
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regions that may control the genetic mechanisms underlying this disorder. Overall, it is
expected that other structural variants that are not captured by current genotyping
platforms or bioinformatic analyses, including structural variants in the sex
chromosomes, small CNVs, inversions, balanced chromosomal rearrangements and
short tandem repeats are also an essential part of the solution to the missing heritability
problem. To what extent each type of variant is important will only be addressable when
these techniques are adequately developed and suitably powered datasets are generated
(Brandler et al., 2016; Gymrek et al., 2016; Marshall et al., 2017; Sekar et al., 2016;

Sudmant et al., 2013).

The methods used in this study could be extended to evaluate genetic susceptibility to
additional neuropsychiatric diseases. The inclusion of variants identified across
difficult genomic regions could pave the way for elucidating the complex genetic
architecture of other psychiatric disorders, advancing our understanding of the
underlying pathophysiology, and ultimately facilitating the development of targeted

therapeutics.
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2.5 Methods

2.5.1 Samples

Data from two different studies contributed to this CNV analysis. First, the Molecular
Genetics of Schizophrenia (MGS) study, which was accessed through the dbGap
repository upon request (https://www.ncbi.nlm.nih.gov/gap/, phs000167.v1.pl,
phs000021.v3.p2), and provided 2,389 schizophrenia cases and 2,821 controls of
European ancestry and 1,042 cases and 1,009 controls African American ancestry.
Additionally, data from the ClozUK study was obtained through collaboration with the
Division of Psychological Medicine and Clinical Neurosciences in Cardiff University,
which stored the data locally. The ClozUK study included a total of 7,401 schizophrenia
cases and 15,698 controls combined from different datasets (Table 4). European

ancestry samples consisted in 6,112 schizophrenia cases and 14,347 controls.

A detailed description of clinical and phenotypic characteristics of the participants of
different studies are available from previous publications (Manolio et al., 2007;
Marshall et al., 2017; Rees et al., 2014c; Sanders et al., 2008; Suarez et al., 2006). In
all studies, genotyping was performed on DNA obtained from blood samples. Samples
of European ancestry in both studies comprised the “discovery sample”. Independent
datasets to constitute a “replication sample” were not available or had generated data
that failed to be suitable for the analysis conducted in this study (e.g., large-scale exome

SNP array platforms).

2.5.2 Exclusion of low-quality probes
SNP arrays contain thousands or millions of SNP probes that can be used to genotype

samples by measuring the hybridization signal intensity for each SNP probe. Sequence
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specificity of the probe refers to how well the probe sequence matches the intended
target DNA sequence. Cross-hybridization can occur when a probe sequence has partial
or complete homology with a non-target region of the genome, resulting in a
hybridization signal that is not specific to the intended target DNA, which may lead to
overestimation of CNV frequency and false positives. Therefore, probe sequence
specificity constitutes an essential factor in SNP array platforms for detecting CNV
events. It is believed that probe sequence specificity is systematically low in segmental
duplications, which is why CNVs overlapping a segmental duplication by at least 50%

of'its length have been excluded in previous large-scale analyses (Marshall et al., 2017).

In this study, a BLAT-based alignment tool (pblat) is used to detect SNP probe off-
targets in each of the dataset’s arrays (Table 4). Probe array sequences were obtained
from the Geo Platforms database (https://www.ncbi.nlm.nih.gov/geo). BLAT is
suitable for this purpose since it is specifically optimized for searches of regions with
at least 95% similarity over a stretch of at least 25 bases, which is the approximate

length of a SNP probe (Script 1) (Kent, 2002).

(Script 1) pblat hg37.bit probe.fa -repMatch=2253 -stepSize=5 -minScore=20 -

minldentity=0 -threads=8 -out out.psl

A probe was deemed low quality and filtered out whenever more than one target was
identified. The number of SNP probes before and after this quality control step in the
ClozUK datasets is shown in Table 4. For the MGS dataset, both schizophrenia cases
and controls were genotyped in Affymetrix Genome-Wide Human SNP Array 6.0 (Geo
Accession GPL6801), which comprised 1,878,055 probes before filtering and

1,425,313 probes after filtering.
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Table 4. Number of samples and SNP array probes on each ClozUK dataset.

N
N COMMON
N N PROBES UNIQUE UNIQUE
DATASET SAMPLES ARRAY (GEO NUMBER) TOTAL PROBES PROBES
CLOZUK-1 2496 HumanOmniExpress-12v1 730,525 403,934
(GPL18900)
CLOZUK-2 989 HumanOmniExpress-12v1- 719,660 398,413
- 1 B (GPL18900)
% finalCogs 169 HumanOmniExpress-12v1- 719,665 398,417
6 1 B (GPL18900)
CLOZUK B2 3660 HumanOmniExpress-12v1- 951,117 392,524
1 B (GPL18900)
CLOZUK B4 87 HumanOmniExpress-12v1- 951,117 392,524
1 _B (GPL18900)
WTCCC2 5619 Illumina 1.2M (GPL6984) 1,238,733 706,255 205.912
Kora 1869 Illumina HumanOmni2.5 2,443,179 1,323,571 pro’bes
(GPL23136)
Melanoma 2598 Illumina 951,117 430,618
“ HumanOmnil Quad v1-0-B
g (GPL8882)
= | Mammography 974 [llumina 1,134,514 645,687
CZ: HumanOmnil Quad v1-0 B
@} (GPL8882)
COPD_controls 998 Illumina HumanOmnil- 1,134,514 645,687
Quad v1-0 B (GPL8882)
CD_controls 3640 Illumina HumanOmni2.5- 2,443,177 1,323,570
4v1-H (GPL23136)
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2.5.3 CNYV detection

Log R Ratios (LRR) and B-allele frequencies (BAF) were generated for the MGS
dataset using Affymetrix Analysis Power Tools (v2.11). All samples had high
genotyping quality metric (> 0.86). For the ClozUK datasets, LRR and BAF data were
obtained through collaboration with Cardiff University. PennCNV software (v1.0.5)
was used to call CNVs using LRR and BAF data, following a standard protocol that
accounted for GC content. DNA sequences with higher GC content tend to have higher
hybridization signals than sequences with lower GC content. Therefore, if GC content
is not accounted for, regions of the genome with high GC content may be incorrectly
identified as having copy number gains, while regions with low GC content may be
incorrectly identified as having copy number losses. This is particularly important in
this study, whose aim is to identify rare CNVs associated with diseases, because even
a few false positive or false negative CNV calls could lead to spurious associations with
disease risk. To ensure that CNVs were called consistently across all microarrays used
in the ClozUK datasets, only the consensus set of 295,912 common probes present in
all microarrays were used (Table 4). Detected CNV events in an individual were
merged if the distance between them was less than 50% of their combined length, using
a custom R script. This step is necessary because, albeit rare, the HMM algorithm in
PennCNV may artificially fragment large CNVs into adjacent smaller events. Due to
possible aneuploidy, samples were excluded if more than 10% of any chromosome was

copy number variable.
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2.5.3.1 CNV quality control

CNVs were subjected to further filtering using PennCNV. Specifically, CNVs that were
less than 10 kb in length, covered by less than 5 probes in the ClozUK dataset and less
than 10 probes in the MGS dataset, or overlapped with telomeres by more than 50% of
their length or with immunoglobulin genes and centromeres by more than 10% of their
length were excluded. Annotations of telomeres, centromeres and immunoglobulin
regions were supplied by PennCNV. Finally, CNV loci that had a frequency greater
than 1% were excluded using PLINK (v1.07) to assess rare events, and only CNVs that
overlapped more than 50% of a segmental duplication were kept for further analyses

(Table 5).

2.5.3.2 Sample quality control

Samples that exhibited significant deviations in LRR standard deviation, BAF drift,
wave factor, or total number of CNVs were excluded from the analysis. Log R Ratio
represents the log-transformed intensity ratio between a DNA sample and its baseline
signal. LRR standard deviation is calculated from values across all probes in a sample.
High LRR standard deviation indicates that signal intensity values are too variable.
BAF drift refers to the deviation of BAF values from the expected 0.5 value for
heterozygous SNPs. A high level of BAF drift indicates that the BAF values are
unreliable, and that genotyping data in the sample may not be accurate. High LRR
standard deviation or high BAF drift happen due to factors such as poor sample quality,
sample processing issues, or technical noise in the data. The wave factor is calculated
as the standard deviation of the second derivative of the LRR values across the genome

(in other words, it represents how much the signal oscillates around the mean). A high

82



wave factor indicates that the LRR values are affected by systematic biases, such as GC

content.

Samples with high LRR standard deviation, high BAF drift or high wave factor are
typically excluded from CNV calling analysis because they are more likely to produce
false positive or false negative CNV calls. Additionally, samples that exhibited a high
number of CNV events relative to other samples in the dataset were also excluded, since
it indicates poor quality data or technical issues that could affect CNV calling accuracy
such as DNA fragmentation. Values were considered outliers when they surpassed the

mean plus 3 standard deviations (Figure 7, Figure 8)
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Figure 7. Samples quality control histograms for the MGS study.

Dashed lines indicate outlier thresholds. Samples beyond these values were excluded. Sample
CNYV count histogram y axis is in logarithmic scale for better visualization.
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Figure 8. Samples quality control histograms for the ClozUK study.

Dashed lines indicate outlier thresholds. Samples beyond these values were excluded. BAF
drift, wave factor and sample CNV count histogram y axes are in logarithmic scale for better
visualization.
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The numbers of samples that passed quality control in MGS were 2,200 cases and 2,571
controls, whereas in the ClozUK study were 6,061 cases and 13,839 controls. All

genomic coordinates reported in this study refer to the UCSC build 37, hgl9.

2.5.4 Gene-wise analysis

In order to identify new risk loci, a gene-based approach was employed in this study.
Using GENCODE gene coordinates (v42lift37, Table 5), each coding gene in the
genome was assessed for exon-disrupting CNVs. Deletions and duplications were
analyzed separately with PLINK. Initially, genes were evaluated individually in each
study (MGS/ClozUK) using logistic regression with sex and CNV length as covariates.
To increase statistical power, the studies were later combined, and logistic regression
was performed again, this time incorporating the previous covariates as well as the

study identifier (Equation 1).

(Equation 1) Phenotype (1/0) ~ CNVs disrupting the gene (Absolut count) + Sex (F/M) +

Length (KB) + [Dataset (MGS/ClozUK), only when combined dataset was tested]

The nominal significance threshold was established at P <0.05. To correct for multiple
testing, Bonferroni correction was applied, with the nominal P value divided by the
number of possible genes affected. However, not all genes were considered in this
correction, as CNVs were restricted to segmental duplications and the potential number
of genes affected was thus limited to segmental duplications and their surrounding
genes (n = 2644 genes, P < 1.89 x 10%). This gene-centric approach allowed for
detection of signal from both single gene enrichments and larger recurrent events via

contiguous gene enrichments.
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Notably, logistic regressions were performed with the logistf function in R, since it is
specifically designed for logistic regression with small to moderate sized datasets,

particularly those with rare events.

2.5.5 CNV burden analyses

The burden of CNVs per individual was assessed through three different methods: (i)
calculation of the number of CNVs per individual, (ii) quantification of the kilobase
burden of CNVs, (iii) determination of the number of genes impacted by CNVs. Only
CNVs that overlapped with coding exons were considered for gene counting. Individual
burden was annotated with PLINK, and logistic regressions were conducted in R
utilizing the g/m function of the stats package (pooling variants increases number of
events, which enables the use of standard methods of logistic regression). The number
of CNVs was only adjusted for sex (Equation 2), while sex and the number of CNVss
were considered as covariates for the total length of base pairs affected by CNVs
(Equation 3). Finally, sex, the number of CNVs, and CNV length were considered as

covariates for the total number of genes impacted (Equation 4).

(Equation 2) Phenotype (1/0) ~ N CNVs (Absolut count) + Sex (F/M) + [Dataset

(MGS/ClozUK), only when combined dataset was tested]

(Equation 3) Phenotype (1/0) ~ Length (KB) + Sex (F/M) + N CNVs (Absolut count)

+ [Dataset (MGS/ClozUK), only when combined dataset was tested]

(Equation 4) Phenotype (1/0) ~ N genes affected (Absolut count) + Sex (F/M) + N
CNVs (Absolut count) + Length (KB) + [Dataset (MGS/ClozUK), only when combined

dataset was tested]
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This approach allowed for the independent analysis of each type of burden, since it is
expected that a higher number of CNVs results in longer segments of DNA affected by

CNVs, and a higher number of genes disrupted too.

2.5.5.1 Genomic element enrichment

Genomic element sets that have been previously associated with brain development
and/or schizophrenia and are enriched in segmental duplications were compiled from
previous studies (Table 5). To test for an association between schizophrenia CNVs and
disrupted genomic element sets, logistic regression was performed using the logistf
package in R (again, because the number of elements disrupted was low, Table 2, Table
3). Sex, number of CNVs, and CNV length were included as covariates in the regression
analysis (Equation 5). Additionally, for the gene set, the logistic regression was further
adjusted for the global number of genes affected by CNVs to account for any non-
specific association signals that may be reflective of CN'V burden stratification between

cases and controls (Equation 6).

(Equation 5) Phenotype (1/0) ~ N elements affected (Absolut count) + Sex (F/M) + N
CNVs (Absolut count) + Length (KB) + [Dataset (MGS/ClozUK), only when combined

dataset was tested]

(Equation 6) Phenotype (1/0) ~ N genes from gene-set affected (Absolut count) + Sex
(F/M) + N global genes affected (Absolut count) + N CNVs (Absolut count) + Length

(KB) + [Dataset (MGS/ClozUK), only when combined dataset was tested]
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2.5.6 Validation

The DRDS5 duplication was validated through a meticulous inspection of the boundaries
in the UCSC Genome Browser. Custom tracks were created from PennCNV output files
for duplications and deletions to facilitate this process (custom R scripts). Additionally,
the raw LRR and BAF traces were plotted using the ggplot package in R to ensure the

accuracy of the CNV calls.
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Table 5. Genomic annotations used in non-coding constraint study.

SET DESCRIPTION N DOWNOADED FROM REFERENCES
Segmental  Summary of large 51,599 non- hgl9/genomicSuperDups (Bailey et al., 2001;
duplications genomic Duplications independent UCSC Genome Browser @ Bailey and Eichler,
(>1Kb >90% similar) regions Track 20006)
Global Basic Gene 62,703 GENCODE v42lift37 https://
Annotation (reference genes www.gencodegenes.org/
chromosomes only)
Great-ape Great-ape specific 50 genes Supplementary material = (Florio et al., 2018)
specific genes preferentially from reference
brain genes expressed in
progenitors of fetal
neocortex
HAQERs Human ancestor 79 regions | https:// (Mangan et al., 2022)
quickly evolved www.vertgenlab.org/
regions overlapping haqer2022.html

open chromatin
windows in the
developing brain
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Chapter 3: Contribution of constrained non-coding regions
in copy number variants to schizophrenia genetic risk

3.1 Summary

Common and rare genetic variants reported in psychiatric disorders, especially
schizophrenia, are concentrated in biologically essential genes with high constraint
against loss-of-function mutations. Copy number variants (CNVs) in exclusively non-
coding regions were assumed to be unimportant. A new constraint score that includes
non-coding regions allows for further investigation of this aspect. CNV calls from three
different studies were meta-analyzed, comprising 14,155 schizophrenia cases and
21,660 controls. Constraint Z score in 1kb genomic windows was used to annotate CNV
constraint, and to then evaluate the contribution of constraint from coding and non-
coding disrupted regions. CNVs associated with schizophrenia mapped to regions with
increased non-coding constraint compared to CNVs in controls. The non-coding
constraint signal in genic CNVs covaried with coding constraint, whereas non-genic
CNVs showed higher non-coding constraint driven by candidate cis-regulatory
elements (promoters and enhancers) in schizophrenia. These findings suggest that
CNVs associated with schizophrenia are likely to occur in regions that are functionally
important for gene regulation, even if they do not directly affect coding regions. This
study highlights the importance of considering non-coding regions in disease genetics
to improve our understanding of the functional impact and pathogenicity of CNVs in
schizophrenia, which may lead to new strategies for risk prediction and targeted

therapy.
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3.2 Introduction

3.2.1 Coding and non-coding constraint

Genomic mutational constraint refers to the selection pressure that acts to prevent or
reduce the accumulation of mutations in specific regions of the genome. These regions
are usually essential for the proper functioning of biological processes or for
maintaining the structural integrity of the genome. Therefore, mutations that occur in
constrained regions are more likely to be deleterious and have a negative impact on
fitness, leading to their removal from the population over time (Karczewski et al., 2020;

Pollard et al., 2010).

There are several ways to quantify constraint estimates. Population genetic-based
methods quantify the observed variation in a genomic region and compare it to the
expected mutation rate, to determine whether the region is subject to purifying selection
in the human lineage (Chen and The gnomAD consortium, 2022; di lulio et al., 2018;
Gussow et al., 2017; Halldorsson et al., 2022; Karczewski et al., 2020; Lek et al., 2016;
Vitsios et al., 2021). A study from the Exome Aggregation Consortium (ExAC) of
protein-coding variation from over 60,000 individuals developed a coding-exome-wide
metric that estimated the probability of a gene being loss-of-function (LoF) intolerant
(pLI). This metric originated the concept of constrained genes (pL1>0.9, n=3,230),
which are characterized as being involved in core biological processes and widely
expressed across tissues (Lek et al., 2016). This study preceded a larger analysis of over
125,000 whole-exome and 15,000 whole-genome sequences, as part of the Genome
Aggregation Database (gnomAD). In contrast to the dichotomous use of pLI, the bigger

sample size allowed for the generation of a continuous metric that reflected the degree
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of intolerance to LoF variation in each gene, termed loss-of-function observed/expected

upper bound fraction (LOEUF) (Karczewski et al., 2020).

Metrics that quantify gene constraint have greatly facilitated the interpretation of
pathogenicity of genetic variants associated with disease. Rare variants (including
SNVs, CNVs and de novo variants), which are more frequently deleterious, are enriched
in constrained genes (pLI > 0.9) in traits with lower reproductive fitness such as
schizophrenia, ASD and developmental disorders (Havdahl et al., n.d.; Karczewski et
al., 2020; Singh et al., 2017). In schizophrenia, the enrichment in constrained genes
persists in common variant associations and accounts for 30% of the SNP heritability
(Pardinas et al., 2018). Equivalent findings were observed when using the continuous
LOEUF variable. Therefore, it is believed that LoF intolerant genes play a significant
role in the genetic architecture of cognitive and psychiatric traits, especially in

schizophrenia (Karczewski et al., 2020).

Other metrics of human population genetic-based constraint extend to the whole
genome, allowing the measure of constraint in non-coding regions. These methods
quantify the depletion of variation in artificial genomic windows of arbitrary sizes. A
number of different metrics have been developed in recent years. The Orion metric was
generated with data from over 1,500 whole-genome sequences, utilized windows
ranging from 10 to 1,000 bp and integrated effects of trinucleotide context in the
analysis (Gussow et al., 2017). Using a different strategy that relied on 7-nt motifs
rather than genomic windows, the context-dependent tolerance score (CDTS) employed
whole-genome sequence data from more than 11,000 individuals (di Iulio et al., 2018).

Subsequent efforts raised the number of participants considerably. The genome-wide
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residual variation intolerance score (gwRVIS) was constructed upon whole-genome
sequencing data from over 60,000 individuals and was based on a non-overlapping 3-
nt window method (Vitsios et al., 2021). Additionally, the UK Biobank released a
Depletion Rank (DR) score, computed from the analysis of over 150,000 whole-
genome sequences, that integrated previous methodological approaches with C>G de

novo enriched region information from a family trio study (Halldorsson et al., 2022).

All these metrics (Orion, CDTS, gwRVIS, DR) showed association with GWAS and
ClinVar catalog variants, highlighting their ability to prioritize non-coding variants.
However, they failed to account for the effect of regional genomic features such as
centromeres and telomeres on the mutation rate beyond the influence of trinucleotide
context (di Tulio et al., 2018; Gussow et al., 2017; Halldorsson et al., 2022; Vitsios et
al., 2021). To solve this issue, the Genome Aggregation Database (gnomAD), which
accumulated whole-genome sequence data from over 70,000 individuals, adjusted the
expected mutation rate of each trinucleotide context depending on the genomic feature,
derived from the frequency of de novo mutations that these genomic features exhibited
in previous family-based whole-genome sequencing studies. The gnomAD analysis
computed a constraint Z score from non-overlapping 1,000 bp windows, which out-
performed all previous constraint metrics in predicting non-coding variants associated

with disease (Chen and The gnomAD consortium, 2022).

Putative functional non-coding regions (introns, cCREs, and non-coding genes) exhibit
higher mutational constraint compared to genomic regions with no annotated function,
as shown in the CDTS, DR and Z score studies (Chen and The gnomAD consortium,

2022; di Iulio et al., 2018; Halldorsson et al., 2022). Consequently, it is expected that
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dosage alteration of constrained non-coding functional regions by CNVs contributes to
the genetic risk of cognitive and psychiatric traits, in parallel with LoF-intolerant genes.
Accordingly, non-coding Z score constraint presented a substantial increase in CNVs
associated with developmental disorders compared to CNVs in controls. Notably, the
enrichment survived correction for gene content and gene constraint, indicating that the
dosage of constrained non-coding regions may underpin the pathogenicity of CNVs

associated with developmental disorders (Chen and The gnomAD consortium, 2022).

Overall, constraint from genetic variation is an important concept in understanding the
function and pathogenicity of variants in diverse genomic regions, as it aids in
identifying regions that are under strong selection pressure to maintain their integrity.
This is of utmost importance in psychiatric disorders, in which variants affecting
constrained regions are enriched (Havdahl et al., n.d.; Karczewski et al., 2020; Pardifias
et al., 2018; Singh et al., 2017). The enrichment of variants of all frequencies in
constrained genes in schizophrenia underlines their involvement in the development of
the disorder. Therefore, the development of tools that classify CNVs according to the
constraint of genes and other functional elements they disrupt would be a valuable
addition to the study of schizophrenia and other disorders. In this chapter, the
contribution of constraint from non-coding regions is explored in CNVs in

schizophrenia.

3.2.2 Study design
In this chapter, the contribution of non-coding constrained regions to schizophrenia
genetic liability is explored for rare CNVs using data from 14,155 schizophrenia cases

and 21,660 controls. The same CNV calls that had been used in a previous study showed
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that LoF-intolerant genes are enriched in schizophrenia CNVs (ClozUK1 with 6,307
cases and 10,675 controls and ClozUK2 with 5,648 cases and 8,414 controls) (Rees et
al., 2014c; Singh et al., 2017). Here, the ClozUK1 and CLozUK2 datasets were
combined with the MGS dataset (2,200 cases and 2,571 controls), for which CNV calls

were made as described in chapter 2 of this thesis.

The constraint metrics used here differ from a previous study that evaluated the
enrichment of disrupted constrained genes (established at a threshold of pLI > 0.9 for
LoF-intolerance) in schizophrenia CNVs. In this chapter, the focus is on non-coding
constraint (continuous variable based on 1 kb windows across the genome) (Chen and
The gnomAD consortium, 2022; Lek et al., 2016). Previously, different individuals
were annotated with the number of LoF-intolerant genes (pLI > 0.9) that were
encompassed by CNVs. In that study, the probability of an individual having
schizophrenia was tested against the number of LoF-intolerant genes disrupted (Singh
et al., 2017). Because there is no non-arbitrary cut-off for variation intolerance in the Z
score constraint windows, a different strategy was undertaken in this chapter. Here,
CNVs were annotated with the maximum Z score of the disrupted 1kb windows, and
the probability of a CNV occurring in an individual that has schizophrenia was tested

against this score (Figure 9).

The 1kb defined windows could potentially overlap any type of genomic annotation,
including coding genes (Chen and The gnomAD consortium, 2022). To test non-coding
constraint exclusively, any Z score value from a 1kb window that spanned 1 bp or more
of a coding exon was removed, and CNVs were assigned a constraint with maximum Z

scores and tested for association with schizophrenia. This strategy is repeated
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throughout the chapter to examine the contribution of different functional non-coding

regions (cCCREs, ncRNAs and introns) (Figure 9).

The research reported in this chapter is exploratory. The goal of an exploratory analysis
is to identify patterns, trends, outliers, and relationships within the data, and to generate
hypotheses for further investigation. Multiple tests are performed to formulate more
targeted research questions or hypotheses for subsequent analyses. While this increases
the likelihood of type I error in statistics (significant results purely by chance),
corrections for multiple testing are typically not done in exploratory analyses, since
they serve as a foundation for hypothesis generation followed by more rigorous

statistical analyses (Grove and Andreasen, 1982).

The development of a framework for interpreting non-coding region variants will
facilitate the discovery of new types of disease-causing variants, expanding our
knowledge of additional contributors to disease genetic risk. In this chapter, the
relevance of non-coding regions is studied through the Z score constraint metric, which
provides insights into the degree of selective pressure acting upon them, and thus, their
biological relevance. By evaluating the effects of genes and functional non-coding
annotations (intron, cCCREs, and ncRNAs) on the constraint of CNVs in schizophrenia
patients, it is possible to discern which specific non-coding regions play a more critical

role in the etiology of the disorder.
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Figure 9. Analysis strategy: example of the assignment of constraint to CNVs
conditioning on the genomic annotation.

Test: CNV (Phenotype 1/0) ~ Annotation constraint (Maximum Z score) + Covariates

1
Z score values

Non-coding annotations include cCREs, ncRNAs, introns, and regions with no annotated
function. Genomic annotation includes everything else. In cases where a window overlaps a
coding exon and a cCRE, the window was categorized as coding (see hierarchy established in

Table 6).
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3.3 Results

3.3.1 CNVs in individuals with schizophrenia exhibit higher non-coding
constraint than CNVs in controls

CNVs implicated in developmental delay have been shown to harbour increased Z score
constraint compared to controls (Chen and The gnomAD consortium, 2022). To test
whether this characteristic is shared with schizophrenia, CNVs from the three different
studies (ClozUK1, Clozuk2 and MGS) were annotated with the maximum Z score
constraint of disrupted 1kb windows. The probability of a CNV belonging to an
individual that has schizophrenia was then tested against the maximum Z score of
disrupted 1kb windows with a logistic regression (Figure 9). Effects of CNV length and
other covariates were accounted for (See 3.5 Methods, page 113). Meta-analysis of the
three different studies showed that schizophrenia CNVs displayed association with
increased genomic Z score constraint (OR=1.08, P < 2.53 x 107%; Figure 10A;
Supplementary Table 10). The signal was consistent in all studies: MGS (OR=1.16, P
<4.32 x 10°%), ClozUK1 (OR=1.07, P < 5.55 x 107%%) and ClozUK2 (OR=1.04, P <
1.79 x 107%!; Figure 10A; Supplementary Table 10). Deletions contributed substantially
to the association (meta-analysis OR=1.14, P < 2.08 x 107%) in comparison to
duplications (meta-analysis OR=1.05, P < 9.70 x 10%%; Figure 10A; Supplementary

Table 10).

To test the contribution of the non-coding regions exclusively, Z score values from 1kb
windows that overlapped at least 1bp of a coding exon were removed. The number of
CNVs removed due to this filtering is reflected in the numbers of CNVs contributing
to the regression in Figure 10B. CNVs were annotated again with the highest Z score

from non-coding 1kb windows (hereafter referred to as non-coding constraint; 3.2
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Introduction, Figure 9; 3.5 Methods; Table 6). Meta-analysis showed that non-coding
constraint in the CNV is associated with schizophrenia (OR=1.05, P < 4.53 x 107%;
Supplementary Table 10). This observation was driven by deletions (OR=1.13, P <1.39
x 107%; Figure 10B; Supplementary Table 10) while duplications displayed no

association (OR=0.99, P < 7.29 x 107°!; Supplementary Table 10).

To evaluate different functional genomic elements separately, the Z score constraint of
CNVs was annotated based on, firstly, 1kb windows overlapping coding exons. Any Z
score from disrupted 1kb windows that overlapped a coding exon but also a non-coding
exon, intron, or cCRE was considered in the coding exon group and excluded in the rest
of the categories (3.2 Introduction, Figure 9; 3.5 Methods; Table 6). The maximum of
these Z scores in the CNV is referred to as coding constraint in this chapter. Following
the same pattern as the genomic constraint, coding constraint was increased in
schizophrenia CNVs compared with controls, especially in deletions (OR=1.20, P <
2.68 x 107%; Figure 10B; Supplementary Table 10). This discovery supports previous
studies that reported an enrichment of constrained genes in deleterious rare variants in

schizophrenia (Singh et al., 2017).

Additionally, the contribution of different functional non-coding regions was assessed
(3.2 Introduction, Figure 9; 3.5 Methods; Table 6). The cCRE constraint, represented
by the maximum Z score constraint from windows in the CNV that overlapped cCREs
in non-coding regions (which could span non-coding exons and introns), showed
association with schizophrenia (deletions OR=1.15, P < 5.46 x 10%; Figure 10B;
Supplementary Table 10). Separately, non-coding exon constraint, (from non-coding

exons outside cCREs), was higher in schizophrenia (deletions OR=1.13, P < 5.56 x
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107%; Figure 10B; Supplementary Table 10). It is important to note that non-coding
exon Z score windows could extend through introns of coding genes. When exclusively
intronic Z score windows were used to annotate the maximum constraint in the CNV,
the significant association held (deletions OR=1.13, P < 2.70 x 107%; Figure 10B;

Supplementary Table 10).

The association was further tested after removing Z scores coming from any genic
region (coding exons, non-coding exons, and introns) and any cCRE (promoters,
enhancers, CTCF-bound elements), in other words, excluding all coding and non-
coding disrupted 1 kb windows with an annotated function (3.2 Introduction, Figure 9;
3.5 Methods; Table 6). In this case, while the number of CNVs included in the analysis
was not substantially reduced, the association lost statistical significance (deletions
OR=1.12, P < 7.12 x 10"%; Figure 10B; Supplementary Table 10), indicating that the
signal is predominantly coming from functional non-coding regions (non-coding RNA

genes, introns and/or cCRE regions).
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A Genomic constraint

CNV Controls/Cases Study OR (95% CI) OR (95% CI) P value
CNV 2305/2337 MGS 1.16(1.08-1.24) : —.— 4.32e-05 "
CNV 2660/1858 ClozUK1 1.07 (1-1.14) :—-— 5.65e-02
CNV 3095/2045 ClozUK2 1.04(0.98-1.11) - 1.79e-01
CNV 8060/6240 Meta 1.08 (1.04-1.13) :+ 2.53e-04 ™
Duplications 1315/1286 MGS 1.08 (0.98-1.19) :—0— 1.30e-01
Duplications 1919/1332 ClozUK1 1.03(0.94-1.12) --— 5.20e-01
Duplications 2103/1347 ClozUK2 1.04(0.95-1.14) —:-— 3.44e-01
Duplications 5337/3975 Meta 1.05(0.99-1.11) {-'- 9.70e-02
Deletions 990/1041 MGS 1.3 (1.16-1.46) 1 —e— 4.63e-06 "~
Deletions 741/526 ClozUK1 1.14(1.01-1.27) :—'— 2.78e-02"
Deletions 992/698 ClozUK2 1.08(0.98-1.19) :—-— 1.30e-01
Deletions 2723/2265 Meta 1.14(1.07-1.23) ! . 2.08e-04 ™
1.00 1.25 150

B Constraint from different annotations

CNV Controls/Cases OR (C1-CI2) OR (95% CI) P value
All 2723/2265 1.14 (1.07-1.23) : — 2.08e-04 **
Coding exons 13731341 1.2(1.1-1.31) | —_—— 2.68e-05 ***
All non-coding 2723/2265 1.13(1.056-1.22) | 1.39e-03 **
cCREs 27042247 1.15(1.08-1.23) T 5.46e-05 "™
Non-coding exons 1980/1653 1.13 (1.04-1.24) P 5.56e-03 **
Introns 2381/2014 1.13 (1.04-1.22) b 2.70e-03 **

No function annotated 1867/1595 1.12 (0.99-1.26) —— 7.12e-02

Figure 10. Primary findings. Z score constraint is increased in CNVs in schizophrenia
cases compared to CNVs in controls.

A) Forest plot for the association of the maximum Z score of 1 kb windows disrupted by the
CNV and schizophrenia case/control status across studies (MGS, ClozUKI1, ClozUK2 and
meta-analysis) and type of CNV (CNV coloured in black, duplications in blue and deletions in
red). B) Forest plot for the meta-analysis of the association with schizophrenia case/control
status of the Z score constraint in deletions only (All = maximum Z score from all disrupted
windows; coding exons = maximum Z score from coding exons; all non-coding = maximum Z
score from windows overlapping any non-coding region; cCREs = maximum Z score from
windows overlapping cCREs in exclusively non-coding regions; non-coding exons = maximum
Z score from windows overlapping non-coding exons; introns = maximum Z score from
windows overlapping introns and lastly; no function annotated, maximum Z score from
windows that do not overlap any functional annotation).
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3.3.2 Sensitivity analyses

3.3.2.1 CNVs previously implicated in schizophrenia

Much of the CNV burden, measured by the number of genes affected, is driven by CNV
loci previously associated with schizophrenia (Marshall et al., 2017). To evaluate
whether the non-coding signal is concentrated in these loci also, the analysis was
repeated following removal of CNVs that overlap regions listed in Table 1 (Methods).
Comparable effect sizes and significance levels were observed to the analysis that
included previously implicated CNVs (deletions including reported loci meta-analysis
OR=1.13, P < 1.39 x 107%; Figure 10A; Supplementary Table 10; versus deletions
excluding reported loci meta-analysis OR=1.13, P < 1.74 x 107%); Figure 11A;
Supplementary Table 11). This suggests that the non-coding constraint signal is coming

predominantly from loci that have not been yet reported.

3.3.2.2 LoF intolerant genes (pLI < 0.9)

Rare deletions affecting LoF-intolerant genes are enriched in people with
schizophrenia, while other deletions seemingly display the same frequency in people
with and without schizophrenia (Singh et al., 2017). Non-coding regions surrounding
LoF-intolerant genes should exhibit higher constraint against variation due to linkage
disequilibrium. To check that the increased non-coding constraint in deletions in
schizophrenia was not a consequence of the presence of LoF intolerant genes in the
same variant, the number of LoF-intolerant genes disrupted was added as a covariate in
the analysis (3.5 Methods). Non-coding Z score constraint in schizophrenia CNVs
remained significantly increased (deletions meta-analysis OR = 1.10, P = 8.80 x 107°);

Figure 11B; Supplementary Table 12). Different functional annotations were tested
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separately (cCRE constraint, non-coding exon constraint, intronic constraint), and
major findings remained significant (Supplementary Table 12). Remarkably, coding Z
score constraint retained a significant association with schizophrenia even after
correcting for the number of LoF-intolerant genes disrupted (pLI <0.9), which suggests
pLI fails to cover the whole spectrum of variation in coding genes that has a substantial

phenotypic effect (Supplementary Table 12).
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A Previously implicated regions removed

CNV Controls/Cases OR (95% CI)

CNV 7974/6087 1.04 (1-1.09)
Duplications 5273/3899 0.99 (0.93-1.05)
Deletions 2701/2188 1.13 (1.05-1.22)

B Correcting for LoF intolerance

CNV Controls/Cases OR (95% CI)

CNV 8060/6240 1.02 (0.97-1.07)
Duplications 5337/3975 0.96 (0.9-1.02)
Deletions 2723/2265 1.1 {1.03-1.18)

Figure 11. Sensitivity analyses of non-coding constraint.
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P value

6.91e-02
6.4%e-01
1.74e-03 **

P value

4.07e-01
1.98e-01
8.80e-03 **

A) Correction for previously implicated CNV loci in schizophrenia. B) Correction for the

number of LoF-intolerant genes (pLI < 0.9) in the CNV. Forest plots show the meta-analysis
of the association of the maximum non-coding Z score in the CNV and schizophrenia

case/control status across types of CNV (all CNVs coloured in black, duplications in blue and

deletions in red).

105



3.3.3 Constraint in genic and non-genic CNVs

Previous studies have shown that there is no increase in burden, measured by the length
of the CNV, from CNVs that do not overlap a protein-coding gene (referred to as non-
genic CNVs), in schizophrenia (Marshall et al., 2017). However, it could be possible
that, albeit not longer, non-genic CNVs in schizophrenia disrupt regions with higher
non-coding constraint compared to controls. To evaluate this, CNVs were separated
into genic and non-genic, depending on whether they spanned at least one base pair of
a protein-coding exon. Meta-analysis showed that non-coding Z score constraint
enrichment in schizophrenia was only seen in genic deletions (meta-analysis OR=1.22,
P < 9.72 x 10™%; Figure 12A, Supplementary Table 13). Meanwhile, non-coding
constraint was not significantly increased in non-genic CNVs in schizophrenia
compared with controls (deletions meta-analysis OR=0.95, P < 3.39 x 107%!; Figure
12A, Supplementary Table 14). It was noted that non-genic CNVs were substantially
smaller than genic CNVs (Supplementary Figure 1). Since CNV calls had been filtered
by size and number of SNP probes to reduce noisy signals in the primary analysis (>
50,000 bp and > 50 probes), non-genic CNVs whose Z score constraint contributed to
pathogenicity could have been filtered out. Consequently, the analysis was repeated
including smaller CN'Vs (> 10,000 bp but less than 50,000 bp). To ensure that quality
CNV calls were prioritized, only CNVs that had more than 10 SNP probes and a probe
density of more than 1 probe for every 5,000 were considered. All previous tests
maintained the same trends except non-genic CNVs (Figure 12A-B; Supplementary
Table 10; Supplementary Table 11; Supplementary Table 12; Supplementary Table 13;
Supplementary Table 14; Supplementary Table 15; Supplementary Table 16;

Supplementary Table 17; Supplementary Table 18). In non-genic CNVs, higher non-
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coding constraint in duplications became protective (meta-analysis OR=0.95, P <2.37
x 107°2; Figure 12B) while non-coding constraint in deletions showed a trend towards
association with schizophrenia (meta-analysis OR=1.04, P < 5.53 x 107%?; Figure 12B).
When cCRE constraint was inspected, the association of deletions with schizophrenia
reached significance (meta-analysis OR= 1.04, P < 1.76 x 10~%; Supplementary Table
14), a finding that was not observed for any other functional annotation. This finding
suggests that smaller CNVs that do not affect coding genes directly but disrupt cCREs
(regulatory regions) under high constraint could be involved in the pathogenesis of

schizophrenia.

3.3.3.1 Coding Z score constraint effect in genic CNVs

The association of coding Z score constraint with schizophrenia was independent of the
number of LoF intolerant genes disrupted by the deletion (Supplementary Table 12).
Because this indicated that the pLI metric may not be representing the whole spectrum
of variation in coding genes with disease-relevant effects, the coding Z score needed to
be tested in a sensitivity analysis. Therefore, the contribution of non-coding constraint
Z score was tested again correcting for the maximum coding exon Z score in genic
CNVs. This resulted in either the loss of statistical significance in deletions (meta-
analysis OR = 1.09, P = 3.17 x 107!; Figure 12C; Supplementary Table 15) or,
surprisingly, the change of direction of effect sizes in CNVs and duplications (Figure
12C; Supplementary Table 15). This sensitivity analysis indicates that the association
of non-coding constraint with genic deletions in schizophrenia is correlated with coding
Z score constraint. The same loss of enrichment was observed when testing functional

non-coding region Z scores separately (Supplementary Table 15). Additionally, there

107



could be a possible protective effect coming from the non-coding regions in genic
duplications after accounting for the constraint of the genic part (Figure 12C). The same

trend was observed in non-genic duplications (Figure 12B).
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A Genic vs non-genic CNVs: Primary filters

CNV Controls/Cases

Genic 5498/4463

Genic 4047/3056

Genic 1451/1407
MNon-genic 25621777
MNon-genic 1290/919
MNon-genic 1272/858

OR (C1-CI2)

1.04 (0.98-1.1)
0.96 (0.89-1.03)
1.22 (1.08-1.37)
1.01 (0.94-1.08)
1.02 (0.91-1.14)

)

(
(
(
0.95 (0.87-1.05

OR (95% CI)

S

09 10 11 12 13

P value

2.05e-01
2.88e-01
9.72e-04
8.76e-01
7.68e-01
3.3%e-01

B Genic vs non-genic CNVs: Secondary filters including CNVs smaller than 50 Kb

CNV Controls/Cases OR (CI1-CI2) OR (95% CI) P value
Genic 14203/10304 1.06 (1.02-1.1) —— 2.88e-03 **
Genic 8430/6002 1.03 (0.98-1.09) e 2.10e-01
Genic 577314302 1.08 (1.02-1.14) - 9.49e-03 **
Non-genic 15334/10626 1.01 (0.98-1.04) —— 5.13¢-01
Non-genic 5646/3982 0.95 (0.9-0.99) —— 2.37e-02*
Non-genic 9688/6644 1.04 (1-1.07) —— 5.53e-02
0.800.85 1.001.051.10
C Non-coding constraint in genic CN'Vs: correcting for coding constraint
CNV Controls/Cases OR (95% CI) OR (95% CI) P value
CNV 5498/4463 0.93 (0.86-0.99) - 3.55e-02 "
]
Duplications 4047/3056 0.86 (0.79-0.93) - 1.78e-04 ***
Deletions 14511407 1.09 (0.92-1.29) o 3.17e-01

075100125150

Figure 12. Comparison of the contribution of non-coding constraint in genic and non-
genic CNVs.

A-B) Forest plot shows the meta-analysis of the association of the maximum non-coding Z
score in the CNV and schizophrenia case/control status across different types of CNV. A) CNVs
filtered by > 50 kb and > 50 SNP probes. B) Smaller CNVs filtered by > 10kb, > 10 SNP probes
and > 1 probe every 5 kb. C) Effect of the addition of the coding-exon Z score correction in the
association of the maximum non-coding Z score in genic CNVs with schizophrenia. Both types
of CNV coloured in black, duplications in blue and deletions in red.
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3.3.3 Other Z score measures

In addition to the maximum Z score, the mean, median and sum Z score in the CNV
were used to evaluate whether other ways to annotate Z score constraint in CNVs were
more effective predictors. The maximum Z score method allows for the identification
of the putative critical region, whereas metrics like the mean, median and sum reflect
the constraint of the CNV as a whole. In this case, all (coding and non-coding) Z scores
were tested. Both mean (deletions meta-analysis OR = 1.17, P = 5.74 x 1075,
Supplementary Table 17, and median (deletions meta-analysis OR = 1.17, P = 8.69 x
107%; Supplementary Table 18) exhibited higher effect sizes and significance than the
maximum Z score showed in the primary analysis (Supplementary Table 10). In
contrast, the sum of the Z score failed to report an effect despite reaching significance
(Supplementary Table 16, ORs are always 1). This could be explained by the presence

of a few windows in the CNVs with extremely negative Z scores that introduce noise.
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3.4 Discussion

The present study investigated the role of Z score constraint of copy number variants
(CNVs) in schizophrenia. The results indicate that CNVs in schizophrenia cases, and
especially deletions, are significantly enriched for regions with higher levels of
constraint compared to CNVs in controls, suggesting that the disruption of constrained
genomic regions, including non-coding regions, plays a role in the development of
schizophrenia. The sum of all Z scores in the CNV failed to replicate the primary
findings obtained with the maximum Z score, which suggests that, while CNVs may
span thousands of base pairs with extremely low constraint, the pathogenicity of the

variant resides in the disruption of a highly constrained critical region.

These findings are consistent with previous research indicating that rare CNVs that
disrupt LoF-intolerant genes confer significant genetic risk for schizophrenia (Singh et
al., 2017). This 1is consistent with evidence from other psychiatric and
neurodevelopmental disorders that the disruption of essential biological pathways may
contribute to their pathogenesis (Havdahl et al., n.d.; Karczewski et al., 2020; Pardifias
et al., 2018; Singh et al., 2017; Trubetskoy et al., 2022). For example, rare, non-
recurrent deletions affecting exons of NRXN/ (with a pLI value of 0.99964) have been
reported in schizophrenia as well as other psychiatric disorders (Ishizuka et al., 2020;

Kirov et al., 2009; Lowther et al., 2017; Marshall et al., 2017; Schaaf et al., 2012).

The role of constrained non-coding regions in schizophrenia had not been examined
previously. This study shows, for the first time, that non-coding regions with higher
constraint are enriched in deletions in schizophrenia, similar to LoF-intolerant genes.

Importantly, the signal is driven by those non-coding regions with an annotated
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function, such as cCREs (promoters, enhancers, or CTCF-bound elements), non-coding

RNA genes and introns.

The enrichment of non-coding constraint survived the exclusion of previously
implicated CNV loci in schizophrenia, which highlights the potential use of Z score
constraint for the discovery of novel loci. The association of non-coding constraint with
deletions in schizophrenia remained significant after correcting for the number of LoF-
intolerant genes disrupted by the CNV. Surprisingly, Z score constraint from coding
regions was higher in schizophrenia CNVs independently of the number of LoF-
intolerant genes disrupted by the CNV as well, which indicates that the Z score metric
captures levels of constraint that underlie disease susceptibility but fail to be reflected
by loss-of-function intolerant definitions (Chen and The gnomAD consortium, 2022;

Lek et al., 2016).

A distinction between the contribution of genic CNVs and non-genic CNVs was made
in a previous study and pointed towards a null contribution of non-genic CNVs
(Marshall et al., 2017). In this study, genic deletions showed increased Z score
constraint in schizophrenia, consistent with previous evidence (Singh et al., 2017). In
terms of exclusively non-coding constraint in genic CNVs association with
schizophrenia, this correlated with the coding Z score constraint of windows disrupted,
but not with the number of LoF-intolerant genes affected. This finding has two
implications. First, in genic CNVs, critical regions fall primarily in protein-coding
genes. Secondly, Z score constraint metric may be more informative in CNVs than the

number of affected genes with high probability of being loss-of-function intolerant

(pLD).

112



Additionally, this study implicates non-genic CNVs with high constraint in
schizophrenia genetic liability, in contrast to previous studies that suggested that non-
genic CNVs were unimportant (Marshall et al., 2017). Another important finding of
this study is that the effect of non-genic CNV non-coding constraint is concentrated in
cCREs disrupted by smaller deletions (less than 50kb). Perhaps this is because longer
CNVs are likely to span one or more coding exons that accumulate causal association,
and therefore non-coding critical regions can only be found in smaller CN'Vs. Lastly,
the protective signal observed from non-coding regions in both genic CNVs (after
adjusting for gene constraint) and non-genic CNVs is intriguing. Overall, these results
suggests that the loss of constrained non-coding DNA, for example, an enhancer, may
disrupt pathways in the same way loss-of-function variants in constrained protein-
coding genes do, whereas the duplication of such regulatory region may not result in an
increased dosage of the protein-coding gene linked to it. Instead, the duplication of an
enhancer could be contributing to redundancy (e.g., assuring the enhancer is somewhat
in the right place to carry out its function). Nevertheless, a duplication of a TAD-
boundary could have dramatic consequences in gene regulation. To add mechanistic

clarity to this issue, different cis-acting regulatory regions should be treated separately.

This study has some limitations. First, our analysis depends on the resolution of the
1,000 bp windows (Chen and The gnomAD consortium, 2022). Any genomic window
that overlapped 1 bp of a coding exon was considered as coding. This decision was
made based on the hierarchy established upon the average Z score constraint of different
functional elements (Table 6); however, it may be excessively strict and inflate the
contribution of some categories, for example, coding exons. Second, the effect of

linkage disequilibrium was not considered. It is possible that some non-coding regions,
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even in non-genic CNVs, show higher constraint as a consequence of being physically
close to a LoF-intolerant gene, and not due to an essential function attributed to its DNA

sequence (Pardifas et al., 2018; Tapper et al., 2005).

This study did not focus on specific loci. Because the functional consequences of the
disrupted non-coding genomic elements were not investigated, it is unclear how
constrained non-coding regions directly or indirectly contribute to the pathogenesis of
schizophrenia. However, one can speculate that the disruption of enhancers and/or
TAD-boundaries by smaller CNVs could cause the aberrant expression of genes with
an essential role in, for example, synaptic processes. Future research is needed to better
understand the functional consequences of CNVs in schizophrenia, and to identify
additional genetic risk factors for the disorder. Recent efforts from different research
groups and consortia, such as GTEx, PsychENCODE or the Allen Brain Atlas offer
exciting possibilities for linking non-coding regulatory regions to coding genes,
including expression data at the single cell resolution and genotyping data from
psychiatric patients and controls, which would allow for the identification of eQTLs
active in specific cell-types that are important in brain development and disease
(Akbarian et al., 2015; Bryois et al., 2022; Lonsdale et al., 2013; Miller et al., 2014;
THE GTEX CONSORTIUM, 2020). Also, the level of conservation of a DNA
sequence across species, which can inform about its functionality, was not integrated
into this analysis (Pollard et al., 2010). Such conservation scores were excluded because
one of the main assumptions of this thesis is that recently evolved genomic regions
comprise a substantial proportion of the genetic susceptibility to schizophrenia in

humans.
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In conclusion, this study provides novel evidence that the non-coding regions disrupted
by CNVs in schizophrenia are more likely to be highly constrained, suggesting that the
disruption of not only biologically essential coding genes, but also non-coding
functional elements may contribute to the development of the disorder. In future, it may
be more informative to categorize variants based on their downstream effects on gene
expression in model organisms and patient derived cells and organoids. These findings
highlight the potential for the use of gene constraint metrics together with non-coding
constraint analysis for identifying novel loci that confer genetic liability for
schizophrenia. Furthermore, this approach may ultimately lead to the development of

more effective diagnostic and treatment strategies for the disorder.
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3.5 Methods

3.5.1 CNV calls

Pre-made CNV calls that had already passed quality control filtering from three
independent studies were included in this study. The studies were 1) Molecular Genetics
of Schizophrenia (MGS); ii) ClozUK1; and iii) ClozUK2. The MGS study used the
[lumina Affymetrix 6.0 probe array, with 2,200 cases and 2,571 controls. ClozUK1
used the Human Omni Express 12v1 probe array, with 6,307 cases and 10,675 controls.
ClozUK2 also used the Human Omni Express 12v1 array, with 5,648 cases and 8,414
controls. In total, 14,155 cases and 21,660 controls were used in this study. Two
additional different CNV quality control thresholds were used to filter CNVs: CNVs
filtered by > 50 kb and > 50 SNP probes, and > 1 probe every 5 kb; and CNVs filtered

by > 10kb, > 10 SNP probes, and > 1 probe every 5 kb.

3.5.2 Annotation of CNV Z score constraint based on genomic features

For each CNV, a maximum Z score was annotated. First, all Z score windows were
considered to assess genomic constraint. Because different genomic elements overlap
with each other, a hierarchy was later established based on the average Z score of each
feature, with coding regions having the highest priority, followed by cCREs, non-
coding exons, introns, and ultimately, regions with no annotated function (Introduction
Figure 9; Table 6). Gene and cCRE annotation from the Basic Gene Annotation Set
(GENCODE Version 42lift37) and the Candidate cis-Regulatory Elements by
ENCODE (Registry of cCREs V3) was employed. Scanning of overlapping features

was performed with the scan_region.pl tool in the PennCNV v1.0.5 software.
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3.5.3 Logistic regression and meta-analysis

For each study, a logistic regression analysis was performed, using the CNV
case/control status (of the person harbouring the CNV) as the dependent variable, and
the maximum Z score constraint (from the functional category of interest [ Table 6]) as
the independent variable. The logistic regression model was adjusted for sex and length
of the CNV as covariates (Equation 7). Odds ratios (ORs) and 95% confidence intervals
(Cls) were calculated for each study. Effect sizes and standard errors were combined
across the three studies by a meta-analysis using inverse-variance weighting fixed-
effect model. All statistical analyses were performed with the stats and rma packages

in R.

(Equation 7) CNV case/control status (0/1) ~ Maximum constraint (Z score) + length

CNV (bp) + sex (male/female)

3.5.3.1 Sensitivity analyses

To assess whether known loci explained the majority of the signal, CNVs were filtered
out if they spanned any of the previously implicated loci in Table 1 and logistic
regression in the form of Equation 7 was performed. To test for correlation with the
number of LoF-intolerant genes affected, this variable was added as a covariate to the
regression (Equation 8). The list of LoF intolerant genes (pLI > 0.9) was available from
a previous study (Lek et al., 2016). For genic CNVs, an additional sensitivity analysis
was performed, testing for the association with the maximum coding constraint Z score
(Equation 9). All statistical analyses were performed with the stats and rma packages

in R.
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(Equation 8) CNV case/control status (0/1) ~ Maximum constraint (Z score) + length

CNV (bp) + sex (male/female) + LoF-intolerant genes affected (absolute number)

(Equation 9) genic CNV case/control status (0/1) ~ Maximum non-coding constraint
(Z score) + length CNV (bp) + sex (male/female) + Maximum coding constraint (Z

score)
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Table 6. Hierarchy for the different categories of constraint Z scores windows tested.

MEAN Z
CATEGORY DEFINITION SCORE
CODING Coding exons Coding exons overlapping any other 1.51
functional annotation
NON- cCREs cCREs not overlapping any coding exon, 0.66
CODING but overlapping non-coding exons and
introns
Non-coding Non-coding exons not overlapping any 0.08
exon coding exon or cCRE, but overlapping
introns
Introns Introns not overlapping any other -0.1
functional element
No function Intergenic and non-regulatory (no cCRES) -0.68
annotated
ALL Genomic - 0.03
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Chapter 4: In silico characterization of PSG8-4S51 long non-
coding RNA in the segmentally duplicated PSG locus and its
involvement in human brain development and disease

4.1 Summary

The segmentally duplicated Pregnancy-specific Glycoprotein (PSG) gene family may
be the most rapidly evolving locus in the human genome. Genes derived from
segmental duplications are important drivers of brain evolution. This chapter describes
the in-silico characterization of PSG§-4S1, a human oligodendrocyte-specific IncRNA,
emphasizing the possibilities of utilizing bioinformatic resources for the selection of
candidates for study of brain evolution relevant genes specific to humans. Expression
of PSG8-AS1 orthologs was evaluated in the brain of several primate species and was
found only in humans. In addition, its putative functions in oligodendrocytes and
involvement in oligodendroglioma were examined. PSG8-AS1 was found to be highly
correlated with the expression of myelin components, as well as predicted to bind many
proteins implicated in the transport of plasma membrane constituents. Additionally,
PSG8-AS1 may be a promising candidate for a diagnostic biomarker in glioma, with
prognostic value in oligodendrogliomas. Understanding the functions of IncRNAs such
as PSG8-AS1, generated in segmental duplications, in the human brain will contribute
to our knowledge of the molecular mechanisms underpinning human cognitive

capacities and developing new therapeutic approaches for brain diseases.
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4.2 Introduction

4.2.1 The pregnancy-specific glycoprotein (PSG) locus

The human pregnancy-specific glycoprotein (PSG) segmentally duplicated locus
located at 19q13.2-13.31 encodes 10 proteins (PSG1-9, PSG11) predominantly
produced in the placenta (Moore et al., 2022; Moore and Dveksler, 2014). During
pregnancy, PSGs are secreted at high levels into the maternal bloodstream, where they
may modulate the immunological and vascular systems (Rattila et al., 2019; Shanley et
al., 2013; Towler et al., 1977, 1976; Zimmermann and Kammerer, 2021). PSGs can
activate soluble and extracellular matrix bound TGF-p, potentially regulating processes
in diverse tissues (Ballesteros et al., 2015). Deregulation and genetic variation in the
PSG locus have been identified as a risk factor for pregnancy-related complications,
such as preeclampsia (Arnold et al., 1999; Blankley et al., 2013; Chang et al., 2016;
Gormley et al., 2017; Hertz and Schultz-Larsen, 1983; MacDonald et al., 1983; Rattila
et al., 2019; Temur et al., 2020; Zhao et al., 2012). Preeclampsia is characterized by
high blood pressure and is one of the leading causes of maternal and foetal morbidity
and mortality (Phipps et al., 2019). Apart from the placenta, PSGs are expressed
throughout the gastrointestinal system and in some tumours (Houston et al., 2016;
Kawano et al., 2007; Mathews et al., 2020). In a recent study, approximately 20% of
patients with lung, breast, uterine, and colon cancer were found to have an altered PSG
expression profile, which was associated with a poor prognosis (Mathews et al., 2020).
In conjunction with prior discoveries linking PSGs to immunological tolerance, these

findings implicate PSGs in a putative immune tolerance mechanism of malignancy.

There is solid evidence that PSG genes are subject to rapid evolution, including CNVs,

divergence in the composition and structure of protein domains, and non-conservative
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changes in the amino acid sequence of open reading frames (Chang et al., 2016;
Sudmant et al., 2013; van der Lee et al., 2017). Some orthologous gene pairs exist
between mouse and rat, as well as between humans and apes (Moore and Dveksler,
2014). Despite the rapid evolution of PSG genes, the encoded proteins in all analysed
species—including those of the mouse, horse, and human—share analogous functions
(Kammerer et al., 2020; Shanley et al., 2013; Warren et al., 2018). Currently, selection
for enhanced gene product dosage rather than for functional diversification provides a
better explanation for the growth and rapid development of PSG families across species

(Haig, 2008, 1993; Moore, 2012).

The PSG locus segmental duplication has been identified as the locus most prone to
copy number variation in the human genome (Sudmant et al., 2013). The outstanding
evolutionary pressure on the PSG locus has been interpreted as a consequence of
maternal-foetal conflict. The maternal-foetal conflict theory, derived from parent-
offspring conflict, is based on the different selective forces in the mother and the
embryo governing the level of maternal investment in the pregnancy. Therefore,
selection of maternal genes will limit resource transfer (such as glucose) to the embryo,
whereas embryonic genes will favor it (Haig, 2008, 1993; Moore, 2012). Such conflicts
may encourage rapid evolution within and between species and underpin the generation
of new genes in the PSG locus including the uncharacterized IncRNA PSGS8-AS1,

whose function is explored here.

4.2.2 The non-coding content of the PSG locus
Two of the eleven PSG genes, specifically PSGI0 and PSG7, may not function

predominantly as proteins. PSG10 has been commonly excluded from the PSG protein
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family (PSGI1-9, PSGI11) since it has been annotated as a pseudogene. PSGI0P
harbours a very premature stop codon in the majority of the population, with less than
1% of alleles of SNP rs1367178999 (T/A/C) leading to an intact open reading frame in
humans (Sherry et al., 2001). Although not producing a protein, the transcript is still
expressed and may retain functionality (N. Wang et al., 2019). The PSG10P transcript
has been described as a sink for microRNA miR-19a-3p, which regulates the expression
of ILIRAP mRNA by binding to its 3’ untranslated region (UTR). The PSGI0P/miR-
19a-3p/IL1RAP axis may influence the invasion capacity of trophoblasts under hypoxia
and be dysregulated in preeclampsia, which implicates the non-coding version of

PSGI0P in pregnancy in parallel with the PSG proteins (N. Wang et al., 2019).

Another common SNP responsible for a truncation of a PSG protein is rs113247044,
which results in a stop codon in PSG7 exon 2 in approximately 70% of people. The
effect of rs113247044 on PSG7 mRNA levels was investigated alongside the
investigations contributing to this thesis and published (Moore et al., 2022). Individuals
inferred to have the frequent, truncating genotype showed significantly lower levels of
PSG7 mRNA, indicating that the rs113247044 stop codon allele may cause nonsense-
mediated mRNA decay. It is unknown whether the PSG7 transcript is functional as a
ncRNA or if the exclusion of exon 2 or initiation of translation from a downstream

AUG codon results in a protein product (Moore et al., 2022).

The IncRNA PSGS-AS1 overlaps the opposite strand of a non-canonical PSGS§ intron
isoform. Its sequence is not derived from the PSG coding exons, suggesting it did not
evolve from a truncation of a PSG protein. In this chapter, publicly available

transcriptomic and genomic datasets are used to elucidate PSGS8-ASI possible
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relationship with the coding PSG genes and functions in human biology and disease.
Evidence provided in this chapter indicates that PSG8-ASI genomic sequences have
emerged in the primate linage. However, it may only be expressed in humans, where it
may be a brain-specific IncRNA involved in myelin sheath formation by

oligodendrocytes.

4.2.3 The human brain is uniquely complex

The human brain is unique in its complex functions and abilities, and this is reflected
in its epigenetic and transcriptomic diversity compared to other tissues and species (An
et al., 2023; Berg et al., 2021; Florio et al., 2015; Jeong et al., 2021; Laukoter et al.,
2020; Liu et al., 2022). Epigenetic diversity refers to differences in DNA methylation
or histone modifications between different tissues, while transcriptomic diversity refers

to differences in gene expression patterns between tissues.

One of the main differences between the brain and other tissues is its unique set of
epigenetic signatures. Histones are proteins that package DNA into structures called
chromatin and their modification patterns are highly tissue-specific. Depending on the
degree of compaction of nucleosomal DNA, the rate of transcription will vary (Hyun et
al., 2017; Lewis et al.,, 2021; Sadakierska-Chudy and Filip, 2015). DNA CG
methylation is a stable epigenetic alteration of genomic DNA that represses
transcription and plays a crucial part in brain development. DNA methylation in a non-
CG context, namely CH methylation (where H = A, C, and T), is more frequent in the
brain compared to other tissues and is linked to postnatal neuronal development and
cell-type-specific transcriptional activity (Jeong et al., 2021; Stroud et al., 2017).

During the evolution of the human brain, significant modifications in DNA methylation
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have taken place in cell-type- and cytosine-context-specific ways. These DNA
methylation changes have a significant impact on the regulatory architecture of the

human brain and disease vulnerability, including in schizophrenia (Jeong et al., 2021).

Ultimately, distinct epigenetic signatures such as histone modifications and DNA
methylation in the brain result in a unique set of gene expression patterns. A recent
study used the Genotype-Tissue Expression (GTEX) transcriptomic resource to build a
brain-specific gene database based on the specificity index T parameter (Liu et al., 2022;
Lonsdale et al., 2013; Yanai et al., 2005). Housekeeping genes are characterized by
specificity index t values close to 0, whereas tissue specific genes tend towards the
maximum value of 1. After removing many genes with very low expression, the
specificity index t was calculated and brain-specific genes were defined as those
upregulated in brain tissues and with a specificity index ©>0.9. A total of 475 coding
genes and 134 non-coding RNAs were identified as brain-specific, which indicates that
more than 600 genes are expressed exclusively in the brain. This includes genes
involved in synaptic plasticity, learning and memory, and brain development (Liu et
al., 2022). Of note, the previously uncharacterized IncRNA PSGS8-4S1 is contained
within this brain-specific gene list as AC004603.4, an alias used in previous genome
assemblies. Possibly, many other cell-specific non-coding transcripts have been
excluded due to their poor representation in bulk-RNAs sequencing datasets.
Understanding how these cell specific gene networks are uniquely expressed in the
brain can provide new insights into the evolutionary processes that have shaped human

cognitive function and brain disease.
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4.2.4 Specific cell types in the brain

The brain is composed of many different types of cells, each with a specific function
and gene markers. Neurons are the primary cells of the nervous system and are
responsible for transmitting signals in the brain. They have a unique shape characterized
by a cell body, dendrites, and an axon (Elston et al., 2001). Providing support and
insulation to neurons, glial cells are involved in a variety of metabolic and
immunological functions and include astrocytes, oligodendrocytes, and microglia
(Allen and Lyons, 2018). Ependymal cells line the ventricles of the brain and play a
role in the production and circulation of cerebrospinal fluid (Jiménez et al., 2014).
These cell types are produced by neural stem cells (NSCs), which play a key role in
brain development, and repair and recovery after injury (Zhao and Moore, 2018).
Lastly, radial glial cells serve as scaffolds for the migration and differentiation of

neurons during brain development (De Juan Romero and Borrell, 2015).

In this chapter, PSGS8-ASI is characterized as an oligodendrocyte (OL) specific
IncRNA. In the central nervous system (CNS), oligodendrocytes are the cells engaged
in myelinating axons (de Faria et al., 2021; Grotheer et al., 2022; Marton et al., 2019;
Ouyang et al., 2019). Myelination is the process by which axons are covered with
oligodendrocyte membrane material that has a unique protein and fatty acid
composition. This covering, termed myelin, helps the nerve fibres to conduct electrical
signals more efficiently, resulting in faster and more reliable communication between
neurons (Grotheer et al., 2022; Knowles et al., 2022). Not only myelin gene expression,
but also other factors such as cell-cell adhesion between the axon and oligodendrocyte
membrane are essential for the biogenesis of functional myelin (Asou et al., 1995;

Kachar et al., 1986; Laursen et al., 2009; Marton et al., 2019). Thus, the
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oligodendrocyte differentiation program in humans is a precisely orchestrated process
that involves the coordination of thousands of genes (Knowles et al., 2022). It is critical
to broaden our knowledge in the oligodendrocyte-specific transcriptome machinery
since functional myelination is essential for cognition (Maas et al., 2020; Steadman et
al., 2020), and oligodendrocyte dysregulation influences a variety of demyelinating
conditions such as multiple sclerosis (Dobson and Giovannoni, 2019); acute
disseminated encephalomyelitis (Paolilo et al., 2020); and psychiatric disorders such as

schizophrenia and ASD (Fessel, 2022; H. Lee et al., 2019).

A myriad of oligodendrocyte-specific IncRNAs have been studied in mice (Dong et al.,
2015; He et al., 2017; Li et al., 2018; Mercer et al., 2010; Stolt et al., 2005; Tochitani
and Hayashizaki, 2008; Wei et al., 2021), but replication of these findings in humans is
unlikely due to high interspecies divergence of non-coding transcripts and divergent
oligodendrogenesis regulation (Bradl and Lassmann, 2010; Cabili et al., 2011; Paralkar
et al., 2014; Zhao and Moore, 2018). The lack of human oligodendrocyte models
impedes the transition of IncRNA research to a human brain-specific focus. Only one
IncRNA, OLMALINC, has been identified as being specifically associated with human
oligodendrocytes (Mills et al., 2015), but the MO3.13 oligodendrocyte cell line used in
that study has been shown to be ineffective at modelling oligodendrocyte behaviour
(De Kleijn et al., 2019). However, the scientific community's increasing access to
bioinformatics resources provides an opportunity to identify and investigate new

candidates.
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Each of these cell types is essential for the activity of the brain and the integration of
neural signals; therefore, disruptions in the function or number of any of these cell types

could contribute to a variety of neurological and psychiatric disorders.

4.2.5 Brain disease

Brain disease refers to a broad and complex range of medical conditions that affect the
structure or function of the brain, leading to various levels of impairment. There are
many types of brain pathologies, including neuropsychiatric disorders, neurological
diseases, and brain tumours. Most of the genetic signal in neurologic and
neuropsychiatric disorder GWAS comes from non-coding regions (Hattori et al., 2003;
Umeton et al., 2022; Xiao et al., 2017), emphasizing the relevance of non-coding RNA
in the brain. In addition, many IncRNAs are dysregulated in human brain disease (Table
7) (Cai et al., 2020; Faghihi et al., 2008; Katsel et al., 2019; Katsushima et al., 2016;
Lipovich et al., 2012; Liu et al., 2016; Talkowski et al., 2012; Voce et al., 2019; Yue et
al., 2019). Neuropsychiatric disorders have been reviewed in the general introduction
in this thesis. Neurologic diseases occur because of structural, biochemical, or electrical
abnormalities in the brain and spinal cord. They can be caused by a variety of factors,
including brain injury, infection, and genetic mutations. Some common examples of
neurologic diseases comprise neurodegenerative disorders such as Alzheimer’s and
Parkinson’s disease, demyelinating diseases like multiple sclerosis and acute
disseminated encephalomyelitis, and other conditions including epilepsy and strokes
(Faghihi et al., 2008; Galovic et al., 2021; Hoftberger and Lassmann, 2018; Lamptey et

al., 2022).
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Table 7. LncRNAs dysregulated in brain disease

LncRNAs are listed by alphabetical order of the references.

LNCRNA NAME DISEASE REFERENCE
& CHANGE

LINC00998 Glioblastoma (Cai et al., 2020)
downregulation

BACEI-AS upregulation
NEATI downregulation
TUGI upregulation
BDNFOS downregulation
LOC646329 upregulation
LINC00299 genomic
rearrangement

MALATI upregulation

TUG]I upregulation

Alzheimer’s disease
Schizophrenia
Glioblastoma
Epilepsy
Glioblastoma
Neurodevelopmental
delay

Glioblastoma upon
temozolomide
treatment

Multiple sclerosis
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Brain tumours also fall in the category of neurologic illness. The most common form
of malignant brain tumour arises from glial cells or their precursors. Gliomas continue
to be among the most challenging cancers to treat, with a 5-year overall survival of
35%. Treatment commonly involves a combination of surgery, radiation therapy, and
chemotherapy, but the prognosis and treatment options vary depending on the tumour

subtype and stage (Lapointe et al., 2018).

The understanding of glioma pathogenesis has greatly improved in the last 15 years,
leading to the discovery of several clinically different genetic alterations that, together
with histology, have contributed to improved diagnosis, grading and treatment decision
making (Lapointe et al., 2018; Louis et al., 2016). Briefly, diffuse gliomas can be
classified by the mutation in the isocitrate dehydrogenases 1 and 2 (IDHI and IDH?2).
Wildtype tumours (IDH-wt) mostly develop into grade IV glioblastomas, the most
aggressive subtype of glioma with a median overall survival of one year (Eckel-Passow
et al., 2015; Wick et al., 2009). In the cases where the /DH gene is mutated (IDH-mt),
tumours are further categorized by the codeletion of chromosomes 1p and 19q from a
non-balanced centromeric translocation t(1;19)(q10;p10), termed 1p/19q codeletion.
The detection of 1p/19q codeletion distinguishes oligodendroglioma from astrocytoma
and confers a favourable prognosis (median overall survival of more than twelve years)
(Ducray et al., 2008; Eckel-Passow et al., 2015; van den Bent, 2007). The remaining
IDH-mt gliomas are associated with an intermediate prognosis, which varies between
two years and twelve years median overall survival depending on the grade of the
tumour (Lapointe et al., 2018; Louis et al., 2016). Of note, it has been proposed that
oligodendroglioma-specific tumour suppressor genes reside in 1p/19q, such as FUBP1

at 1p and CIC atl19q, among others (Bettegowda et al., 2011; Gladitz et al., 2018).
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Because of the differences in gene distribution on chromosomes between humans and
model species, this genomic signature of oligodendrogliomas is most likely unique to

humans (Lv et al., 2021).

The study described in this chapter is the first attempt to characterize a human brain-
specific IncRNA derived from a segmental duplication. The under-representation of
IncRNAs in bulk-RNA-seq studies and the lack of human oligodendrocyte cell models
has been overcome by the utilization of publicly available brain single cell and spatial
RNA-seq resources. Another major challenge encountered has been the camouflaged
nature of the PSG locus, which has hindered the association of variation of PSG8-4S1
with phenotypes. However, the specific expression of PSG8-AS! in oligodendrocytes
and its location at 19q, whose deletion together with 1p and the /DH mutation
characterizes oligodendrogliomas, were the basis for the study of the possible

involvement of PSG8-AS1 in gliomas.
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4.3 Results

4.3.1 PSG8-AS1 is an oligodendrocyte-specific IncRNA

The relationship of PSGS8-AS1 with the coding PSG genes was initially examined by
comparing their respective tissue expression patterns. According to GTEx, PSGS8-4S1
is considerably enriched in all compartments of the brain, in contrast to coding PSGs,
which are expressed in the placenta and other tissues at lower levels (placental datasets
GSE109082 and GSE148241, Table 9, Figure 14A-B) (Lonsdale et al., 2013).
Antisense IncRNAs are known to regulate the transcription of parental mRNA (Boque-
Sastre et al., 2015). However, due of the non-overlapping tissue expression patterns and
the extremely low transcription of the PSGS intron which PSG8-AS1 overlaps across
all tissues, downregulation of PSG8 expression by PSG8-ASI seems unlikely (Figure

13) (Figure 14A-B).

There is evidence that IncRNAs are cell type-specific (Cabili et al., 2011). Cell
specificity was analysed using two publicly available brain single cell RNA sequencing
(scRNA-seq) datasets containing cell identity information (GSE67835 and
GSE118257, Table 9). PSGS8-4AS1 was preferentially expressed in oligodendrocytes
across all cell subtypes, despite being less abundant than marker genes in both datasets
(Figure 15A-B). This observation can be explained by the fact that IncRNAs will be
more challenging to detect in sScRNA-seq experiments due to their low expression levels
compared to coding RNAs (Cabili et al., 2011). When PSGS8-4S1 expression is present
in other cell types, such as endothelial cells, oligodendrocyte markers are also expressed
(Figure 15A-B). The Brain Cell Type Specific Gene Expression R/Shiny tool

(http://celltypes.org/brain/) (McKenzie et al., 2018) further validates oligodendrocyte

specificity (Supplementary Figure 2).
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Transcription factor binding to ENCODE cCREs in proximity to the genomic sequence
of PSGS8-AS1 was scrutinised to further examine its specificity for oligodendrocytes
(Supplementary Table 19). Up to 60 general gene regulatory proteins act on PSGS8-AS1-
associated enhancers, 20 of them having a role in CNS function. The RE1-Silencing
Transcription factor (REST) complex, which represses transcription of genes
underpinning neural cell fate decisions in non-neural tissues, also targets PSG8-AS1
regulatory regions (Figure 16). Interestingly, commitment to the oligodendrocyte
lineage relies on the coordination of REST and CoREST regulatory modules (Abrajano
et al., 2009). Of particular interest, two transcription factors essential for terminal
oligodendrocyte differentiation and myelination, ZNF24 and TCF7L2 (Elbaz et al.,
2018, p. 24; Zhang et al., 2021), interact with enhancer EH38E1955813, 10 kb
downstream of PSG8-AS1 promoter (Figure 16; Supplementary Table 19). In addition
to proximity, the accumulation of expression quantitative trait loci (eQTL) active in
brain for PSGS-AS1 expression in the same genomic location indicates that enhancer
EH38E1955813 is likely to regulate PSGS8-ASI transcription (Figure 16;
Supplementary Table 20). The tumour suppressor protein p53 binds to enhancers
EH38E1955805 and EH38E1955806 1 kb upstream of the promoter (Figure 16;
Supplementary Table 19). Since p53 promotes cell differentiation and coordinates the
tumour suppressor transcriptome across all cancers (Hafner et al., 2019), this interaction
suggests not only a potential involvement of PSG8-AS1 in the final maturation of

oligodendrocytes, but also in tumours arising from glial cells.
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Figure 13. Expression of PSG8 is low across tissues.

The exon that involves PSG8-AS1 overlapping intron is never detected in GTEx data
(Lonsdale et al., 2013).
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Figure 14. Different tissue expression of the PSG genes and PSG8-4S1.

A) The median expression in Transcripts per Million (TPM) for each gene and tissue from
GTEx is shown as a heatmap. B) The median expression in TPM for each gene in two different
placenta datasets is shown as a heatmap (placental datasets GSE109082 and GSE148241,
Table 9).
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Figure 15. Comparison of single cell-specific expression of PSG8-4S51 with brain cell
marker genes.

Normalized expression is shown as colour intensity, whereas the percentage of cells where gene
expression is identified is represented by the size of the circle in the dotplot. A) Data from
GSE67835 (scRNA-seq from human brain samples). B) Data from GSE118257 (scRNA-seq
from human brain samples). For more details about datasets, please see Table 9.
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Figure 16. Localization of cCREs, different sets of transcription factor binding proteins,
and eQTLs that potentially regulate PSG8-AS1.

Modified from UCSC browser (genome version hg38). GENCODE V41 track shows IncRNA
genes in green and pseudogenes in pink. ENCODE cCREs track shows CTCF-bound only in
blue, distal enhancers in light yellow, proximal enhancers in orange, and promoters in red.
Transcription factor binding sites (General, CNS, REST complex, TP53, ZNF24 and TCF7L2)
and eQTLs are shown in different shades of red.
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4.3.2 PSG8-AS1 emerged in the Catarrhini lineage

To retrieve potential orthologs of the human PSGS8-AS1 gene, the blastn online tool
(https://blast.ncbi.nlm.nih.gov/) was used to interrogate the most up to date collections
of genomes and validated or predicted RNAs from all species (termed the nr collection,
which includes non-redundant sequences of genomic DNA, plasmid DNA, contigs, etc.
in GenBank, EMBL, DDBJ, PDB and RefSeq databases). The sequence of human
PSG8-AS1 RNA (NR _036584.1) was introduced as input and the alignments were
filtered by more than 80% span and similarity. Annotated IncRNAs from the gorilla
(Homininae), orangutan (Hominidae), gibbon (Hominoidea), Tibetan macaque, drill
and baboon (Catarrhini) were found in the putative orthologs list. The rhesus macaque
was also included in the results list; however, similarity was found with genomic
sequence instead of an annotated, cloned RNA entity. The genomic coordinates in the
rhesus macaque were used to specify a preliminary annotation for the orthologous

PSG8-AS1 IncRNA in this species (Table 8).

Transcript annotation in primate genomes is consistent with the conservation at the
genome level (Figure 17). Best alignments (represented by “nets”) in the UCSC
browser Mammals Multiz Alignment & Conservation (27 primates) track were
inspected. Segments spanning exons 2 and 3 are either not continuous or poorly
assembled in the chimpanzee and bonobo genomes. One explanation for why this
segment remains intact in the human genome might be that the chimpanzee and bonobo
individuals whose DNA was sequenced for the reference genome assembly happened
to have a structural variant, or the assembly algorithm failed to resolve this segmentally
duplicated locus. Since segmental duplications are challenging to assembly, PSG8-A4S1

might simply be camouflaged in the latest chimp and bonobo genomic assemblies.
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Another explanation is that the common ancestor between humans, chimps and
bonobos had a functional copy of PSGS8-4S1, but it was only retained in the human
lineage and lost in the chimp and bonobo. Although significant sequence is conserved
(Figure 17; Figure 18), gaps in alignment nets with other species are more abundant
due to the common structural rearrangements in segmental duplications and different

chromosomal architecture.

The conservation at the RNA level was also inspected by the multiple alignment of
RNA sequences of PSG8-4S1 orthologs (Figure 18; Table 8). The exon composition is
not the same across orthologous IncRNAs, with the macaques, drill and baboon losing
exon 1 almost entirely, and gibbons, who are depleted of significant sequence of exon
4. The magnitude of functional change these alterations have in other species is
unknown; however, it suggests that exon 2 and exon 3 might be more important for

PSG8-AS1 functionality.

To evaluate if PSGS8-4AS1 candidate orthologs are expressed in primates other than the
human, RNA-seq reads from brain and other tissues from several primate species were
realigned to capture PSGS8-4S1 (GSE100796 and GSE30352, Table 9, Figure 19A-B).
In the case of rhesus monkey, a modified annotation file was created to include the
predicted PSG8-AS1 ortholog. The levels of PSG8-AS1 RNA were higher in the human
brain compared to other human tissues and other primates (Figure 19A-B). Of note,
only one or two individuals for each primate are included in the datasets, except for
humans. Although more primate individuals should be assessed, this finding suggests
that transcription of PSGS8-4AS1 orthologs in other primates might be inconsequential,

whereas the active expression is enriched in the human brain. The emergence of genes
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important for brain evolution in primates with enriched expression in the human brain
has been described previously and it has been speculated that specific changes in
regulatory elements occurred in these genes during human evolution (Florio et al.,

2018).
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Figure 17. Best alignments to the human genome (represented by “nets”) in the UCSC
browser Mammals Multiz Alignment & Conservation (27 primates) to PSG8-AS1.

Human genome version is hg38. PSG8-4S1 sequence in the human genome is shown at the top
(boxes=exons, lines=introns, arrows=strand). For alignments, boxes represent ungapped
alignments; lines represent gaps. In the chimp, bonobo, gorilla and orangutan, blue boxes
indicate alignment to chromosome 19, whereas red boxes indicate an alignment to clone contigs
that cannot be confidently placed on a specific chromosome. Arrows indicate the direction of
the alignment. In the rest of the primates the colour is simplified to grey only. Again, boxes
represent ungapped alignments and lines represent gaps. Primate phylogeny is show to the left,
where thicker lines represent species that harbour a PSG8-AS1 ortholog based on the “blastn”
result.
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Table 8. Putative PSGS8-AS1 orthologs obtained from blastn.

ACCESSION SPECIES COMMON QUERY PER. LENGTH
NAME COVER IDENTITY (BP)

XR _004068020.1 Gorilla Gorilla 100% 96.16% 1866
gorilla

XR 002912515.1 Pongo abelii ~ Orangutan 100% 93.94% 1880

XR 004026472.1 Nomascus Gibbon 80% 93.44% 1508
leucogenys

XR 004251333.1 Hylobates Silvery 80% 93.71% 1596
moloch gibbon

NA Macaca Rhesus 97% 90.11% NA
mulatta macaque

XR _007721678.1 Macaca Thibetan  97% 90.13% 1814
thibetana macaque

XR 001007954.1 Mandrillus Drill 97% 89.93% 1900
leucophaeus

XR 003116959.1 Theropithecus Gelada 97% 89.58% 1813
gelada baboon
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Figure 18. Multi-Alignment of the RNA sequences of the PSG8-451 orthologs

Gaps or nucleotide substitutions are white; matches in exons (as annotated in the human) are
different colours (Exon 1 =red, Exon 2 = blue, Exon 3 = green, Exon 4 = dark blue). The white

in the human represents gaps only.
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Figure 19. Barplots showing PSG8-AS1 and ortholog expression levels in different
primate species and tissues.

Expression units is Reads per Million (RPM). More than one bar in the same colour and species
indicates different individuals. A) Expression data from different tissues, including the Central
Nervous System (CNS), in human, gorilla, orangutan and macaque (GSE100796). Different
colours represent distinct tissues. B) Expression data from different sections of the brain in
human, gorilla, and gibbon (GSE30352). Different colours represent distinct brain regions.
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4.3.3 PSG8-AS1 may be involved in myelination
Since many novel genes important for human brain evolution are expressed in
developmental stages, PSGS8-4AS1 expression was inspected in the Allen Brain Atlas

human brain development transcriptomic resource (https://portal.brain-map.org/),

(Hawrylycz et al., 2012). This dataset includes 31 different time points pre- and post-
birth from 26 brain regions. Levels of PSG8-AS1 transcription were compared with
specific brain cell markers (McKenzie et al., 2018) (Figure 20). Coincident with the
start of oligodendrogenesis and the period of most rapid myelination in humans (25-27
postconception [pcw]| weeks and 2 years after birth, respectively), PSG8-ASI
expression peaks at the same time as oligodendrocyte markers MBP and MOG (de Faria
et al., 2021; Ouyang et al., 2019). In contrast, astrocyte markers GJ42 and AQP4 start
increasing before the initiation of gliogenesis at approximately 24 pcw, similar to neural
markers GAD?2 and SLC17A7. Expression of the latter two markers declines around the

start of the synaptic pruning process (2-3yrs) (Ouyang et al., 2019).

To get a clear picture of the genes that are co-expressed with PSG8-4S1, Weighted
Gene Correlation Network Analysis (WGCNA) (Langfelder and Horvath, 2008) on the
Allen Brain Atlas dataset was performed. This method suits the scientific question as it
is used to find clusters or “modules” of highly correlated genes in a multidimensional
transcriptomic dataset (Langfelder and Horvath, 2008). The genes most correlated with
PSG8-AS1 inside the module were MBP, FOXO4 and KIFIC (Supplementary Table
21). A pathway enrichment analysis was conducted on the PSG§-4S7 module using the
Database for Annotation, Visualization and Integrated Discovery (DAVID) tool
(Dennis et al., 2003). The most significant pathways were related to myelination

(Structural Constituent of Myelin Sheath, Myelin Sheath, Compact Myelin) and cellular
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membrane composition (Integral Component of Membrane, Integral Component of
Plasma Membrane, Plasma Membrane, Sphingolipid de novo Biosynthesis,
Sphingolipid Metabolism) (Figure 21; Supplementary Table 22). Of note, sphingolipids
are crucial for the synthesis and maintenance of the myelin sheath (Giussani et al.,
2021). Although only marginally significant, Oligodendrocyte Differentiation was also

enriched.

According to the LncATLAS resource (https:/Incatlas.crg.eu/), PSGS8-ASI is
preferentially expressed in the nucleus in several cell lines (Mas-Ponte et al., 2017).
Alignment data from the neuroblastoma SK-N-SH cell line from ENCODE, used in the
LncATLAS study, shows signal only in the plus strand of the nuclear fraction (Figure
22). In the nucleus, IncRNAs recruit proteins for a variety of purposes (Yao etal., 2019).
To investigate which RNA-binding proteins might interact with PSG8-4S1, catRapiD
v2.1 predictor tool was used (Armaos et al., 2021). catRapiD v2.1 utilizes the nucleotide
sequence and known interactions between protein domains and RNA to calculate an
Interaction Propensity Score (IPS). Proteins with a IPS above 90 were selected for
functional annotation analysis with the DAVID online tool (Figure 23A;
Supplementary Table 23). Membrane protein transport and tight cell-cell junctions
were among the most significant results (Figure 23B; Supplementary Table 24), which
moderately resembles the set of pathways enriched in the WGCNA PSGS§-4S1 module.
Interestingly, the third most correlated gene with PSGS-4S7 in the WGCNA module
was KIFIC after MBP and FOXO4 (Supplementary Table 21), which encodes for a
kinesin-like protein that participates in the transport of proteins through the Golgi
system, predominantly in neurons (Lipka et al., 2016; Siddiqui et al., 2022). KIF1C was

predicted to bind PSGS-AS1 with a PRS of 80.08 (Supplementary Table 23), a value
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that is still over the 3™ quantile in the IPS distribution (Figure 23A). Mutations in
KIFIC have been associated with hereditary spastic paraplegia and cerebellar
dysfunction in which focal cerebral white matter lesions occur (Dor et al., 2014;

Marchionni et al., 2019; Oteyza et al., 2014).

Studies have shown that oligodendrocytes transport mRNAs and proteins to the myelin
membrane through microtubule-based transport. These ribonucleotide protein
complexes deliver mRNAs to the myelin compartment for local protein synthesis
(Carson et al., 1997; Torvund-Jensen et al., 2018, 2014). In fact, in the mouse, Mbp
mRNA is transported to the myelin sheath by a kinesin-dependent mechanism (Carson
et al., 1997). In this way, PSG8-4AS] may act in the nucleus as a link between mRNAs
and ER/Golgi system proteins like KIF1C for their translation and transport to the

membrane.
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Figure 20. Expression of PSG8-4S1 and several brain cell markers across brain
developmental stages.

Expression units are Reads per Million (RPM). PSG8-AS! boxplots are shown in grey,
oligodendrocyte markers in blue, astrocyte markers in red and neuron markers in brown.
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Figure 21. Barplot showing False Discovery Rate (FDR) of enriched pathways in the
gene set enrichment analysis of the PSGS8-AS1 high-correlated gene expression module.

Pathway name format was simplified for visualization. Gene set enrichment analysis was
performed with DAVID online tool.
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Figure 22. Alignment coverage density across PSG8-AS1 in the SK-N-SH neuroblastoma
cell line.

Genome version is hg38. PSG8-AS1 is shown at the top. Boxes represent exons, while lines
represent introns. The arrows indicate the PSGS-AS! is on the plus strand. SK-N-SH cell
fractions shown are nuclear (top), whole (middle), and cytosolic (bottom). For each fraction,
two isogenic replicates and strand specific reads are available. Although the peaks of read
counts are enriched in exonic regions, some intronic noise signal can be observed, except for
exon 1. It could be possible that, in cell line SK-N-SH, the transcription start site is located a
few tens of base-pairs upstream of the reference.

149



60 A

40 4

20 4

T
0 25 50 75 100 125
Interaction Propensity Score

Intracellular Protein Transport -
Golgi apparatus

Tight junction

Golgi apparatus

Cytoskeleton -

Protein transport

Cell junction 1

Membrane A

Cell membrane {

Tight junction 1

Golgi membrane A

Microtubule

ER to Golgi Anterograde Transport -
Transport to the Golgi and subsequent modification -

0l

0 1 2 3 4
-log(FDR)

Figure 23. Prediction of protein interaction with PSG8-AS1 results.

Prediction was performed with catRapiD v2.1. A) Distribution of IPS of the RNA-binding
proteome to PSG8-AS1. 1%, 2", and 3™ quantile are highlighted in grey dotted lines. The filter
threshold at 90 is indicated by a solid red line. B) Barplot showing False Discovery Rate (FDR)
of enriched pathways in the gene set enrichment analysis performed with DAVID online tool
of the highest scoring proteins predicted to interact with PSG8-AS1. Pathway name format was
simplified for visualization.
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4.3.4 PSG8-AS1 as a potential biomarker in glioma

A biomarker refers to a measurable molecular feature that can be used to diagnose,
classify, or predict the behaviour of a tumour (Kerr and Yang, 2021). Biomarkers in
glioma can include genetic mutations, epigenetic alterations, changes in gene or protein
expression, and changes in other features, such as histological parameters, or contrast
enhancement on magnetic resonance imaging (MRI) (Lapointe et al., 2018; Louis et
al., 2016). No substantial expression of PSG8-AS1 in any other tumour or healthy tissue
was observed in TCGA data (accessed through GEPIA 2, http://gepia2.cancer-pku.cn/).
According to mutational TCGA  data accessed through cBioPortal
(https://www.cbioportal.org/), no germline or somatic mutations are found in PSGS$-
AS1 in grade II and III oligodendroglioma and astrocytoma (low-grade gliomas or
LGG) (Cerami et al., 2012; Gao et al., 2013; The Cancer Genome Atlas Research
Network, 2015). Copy number alterations of PSG8-AS]1 are found in around 1% of
low-grade gliomas. However, copy number variants happen frequently in the PSG locus
as it constitutes a segmental duplication, therefore, other copy number changes like
double deletions or amplifications might be germline, non-tumour causing variants. The
copy number of PSG8-AS1 in IDHmt 1p/19q codeleted gliomas is always 1 in TCGA
data, consistent with the location of this gene in 19q13.2 (Cerami et al., 2012; Gao et

al., 2013; The Cancer Genome Atlas Research Network, 2015).

The RNA levels of PSG8-AS! in non-tumoral and tumoral tissue were assessed in two
different datasets (GSE165595 and GSE59612, for details see Table 9). PSG8-AS1
expression is lower in any subtype of glioma when compared with paired non-tumour
brain tissue (Pairwise Wilcoxon Rank Sum Tests; “non-tumoral” vs. glioblastoma

p=0.0037; “non-tumoral” vs. IDHmt p=0.0002; “non-tumoral” vs. IDH-mt 1p/19q
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codeletion = 7.6e-05) (Figure 24A). Contrast enhancement on MRI, which is associated
with the destruction of the blood-brain barrier and higher malignancy, is specific to
high-grade gliomas (Gill et al., 2014; Pronin et al., 1997). When comparing non-
neoplastic brain tissue with contrast-enhancing glioma and non-enhancing glioma, the
expression of PSG8-AS1 was only significantly lower in contrast-enhancing samples,
meaning PSG8-ASI could be an indicator of glioma malignancy (Pairwise Wilcoxon
Rank Sum Tests; non-neoplastic vs. contrast-enhancing glioma p=6.5e-08; non-
neoplastic vs. non-enhancing glioma p=0.13; non-enhancing glioma vs contrast-

enhancing glioma p=4.5e-09) (Figure 24B).

To investigate the potential clinical significance of PSGS8-4S! downregulation, the
association between PSGS8-AS1 state and survival was examined. Given mutations and
gene copy number could not be used for survival analyses since they were the same in
all samples, TCGA patients were stratified by molecular subtype and PSG8-AS1
expression (high = top 25% and low = bottom 25% in each molecular subtype). Kaplan-
Meier analysis and Log-rank tests were carried out to evaluate the effect on overall
survival. In the IDH-mt 1p/19g-codeleted glioma, high expression levels of PSG8-4S1
significantly correlated with longer patient survival time (Log-rank p = 0.019), whereas

there was no effect on survival for the no-codeletion subtypes (Figure 25).

The results of these analyses suggest that PSGS8-4S1 levels might have diagnostic value
in gliomas. Furthermore, PSG8-4S1 expression could serve as a prognostic biomarker
in IDHmt 1p/19q codeleted gliomas (oligodendrogliomas). The specific influence of
PSG8-AS1 expression on oligodendroglioma overall survival and no other gliomas

support the previous evidence shown in this chapter that links PSGS8-4S1 with
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oligodendrocyte function and implies that PSGS8-ASI levels are reduced in

oligodendroglial tumour-transformed cells with enhanced malignancy.
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Figure 24. Expression of PSG8-4S1 in tumours compared to paired non-tumoral tissue.

A) Violin plots showing Transcript Per Million (TPM) values from the GSE165595 dataset. B)
Violin plots showing Fragments Per Kilobase of exon per Million mapped fragments (FPKM)
values from the GSE59612 dataset. Individual values are shown in dots. Significant differences

between the groups was assessed with a Kruskal-Wallis test (nonparametric one-way
ANOVA).
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Figure 25. Kaplan-Meier survival curves in patients from the LGG TCGA study
stratified by PSG8-AS1 expression and molecular subtype.

Time is expressed in years.
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4.4 Discussion

The aim of this study was to characterize PSG8-4S1, a IncRNA located in the rapidly
evolving PSG locus, which harbours the placenta expressed Pregnancy-Specific
Glycoprotein genes. The results demonstrate that PSG8-4S1 exhibits a non-overlapping
expression pattern with the coding PSGs (PSGI-9, PSGI1) and is predominantly
expressed in the brain. The initial characterization of PSG8-4S! in the brain included
the analysis of its expression pattern in various cell types using single-cell RNA data.
PSG8-AS1 was found to be present at very low levels in most cells with predominant
expression in oligodendrocytes. Several other cell types were also found to express
PSG8-AS1, but only when oligodendrocyte markers were also present. This observation
might be explained by an incorrect classification of, for example, a subgroup of cells
as endothelial cells instead of oligodendrocytes. A major caveat of sCRNA-seq is that
the cell identity annotation is often made manually, which prevents reproducible
annotations (Abdelaal et al., 2019; Ianevski et al., 2022). Transcription factors ZNF24
and TCF7L2, important regulators of oligodendrocyte differentiation and myelination
in humans (Elbaz et al., 2018; Zhang et al., 2021), bind to putative enhancers of PSGS§-

AS1, which supports the idea that PSG8-4S1 is an oligodendrocyte specific gene.

PSG8-AS1 was anticipated to be human-specific due to its localization to a segmental
duplication, which are known to give rise to novel genes important to human brain
evolution (Florio et al., 2018; Vollger et al., 2022). Conservation analyses here showed
that PSG8-AS1 emerged in the Catarrhini lineage, although its expression was primarily
observed in humans. Examples of human brain-specific genes that are present in

primates but only exhibit transcription in humans have been described previously
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(Florio et al., 2018). Additionally, research on recent changes in human brain evolution
has focused on neurons in the past, however, it is expected that neurons alone cannot
explain the enhanced cognitive capabilities in humans (Berto et al., 2019; Donahue et
al., 2018; Rilling and van den Heuvel, 2018; Sousa et al., 2017). According to a recent
study, oligodendrocytes in the human brain exhibit more rapid evolution than neurons
(Berto et al., 2019). Moreover, humans exhibit more complex structural and functional
connectivity that relies on myelination compared to non-human primates, requiring a
longer time for myelination to occur in humans (Donahue et al., 2018; Miller et al.,
2012; Rilling and van den Heuvel, 2018). Oligodendrocytes constitute 75% of the non-
neural cell populations in the human cortex (Pelvig et al., 2008). This, together with the
growing evidence linking myelination and oligodendrocyte function to cognition and
neuropsychiatric  disorders, suggests that the characterization of human
oligodendrocyte-specific genes such as PSG8-ASI might shed more light on the
processes that underpinned the evolution of our unique cognitive capacities and that are
dysregulated in human brain pathology (Fields et al., 2014; Maas et al., 2020; Mighdoll

et al., 2015; Voineskos et al., 2013).

In this chapter, , PSGS8-AS1 was found to be co-expressed with oligodendrocyte markers
during brain development. Genes highly correlated with PSG8-4S1 were implicated in
myelination and the composition of the plasma membrane (Figure 20, Figure 21). The
pathways enriched in the putative PSGS8-ASI-interacting proteome were associated
with the plasma membrane, tight junctions, and protein transport across the Golgi
systems (Figure 23B). One promising binding partner candidate, KIF1C, is encoded by
the second most correlated gene with PSG8-4S! and was found in the putative PSGS-

AS1-interacting proteome (Supplementary Table 23). Overall, the findings presented in
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this chapter suggest that PSG8-4S1 might participate in the transport of myelin sheath
constituents to the cell membrane. The transport of the myelin membrane components
and the capacity for coordinated membrane expansion are key elements in the
mechanism of myelin assembly (Baron et al., 2015; Feldmann et al., 2011; Lam et al.,
2022; White and Kriamer-Albers, 2014). The mechanism by which PSGS8-4S1 might
regulate this process remains unclear. As reported here, its predominant localization to
the nucleus (Figure 22) indicates that PSG8-4S1 might be involved in the regulation of
gene expression or mRNA processing relating to proteins comprising myelin and
membrane components (Mattick et al., 2023). Nevertheless, although not validated, the
predicted interacting-proteome suggests that PSGS-4S! could have a role outside the
nucleus. From an evolutionary perspective, the expression of PSG8-AS1 specifically in
human oligodendrocytes could be responsible, in part, for distinctive myelination
mechanisms that may underpin unique human cognitive abilities, such as the timing

and the pattern of myelination during development (Glasser et al., 2014).

One of the main limitations of this study is the inability to find genetic associations in
the PSG locus. Repetitive genomic regions where alignment of reads is challenging or
specificity of array probes is low, referred to as camouflaged genomic regions, are
depleted of SNPs or CNVs associated with disease in GWAS studies. The absence of
genetic association with disease is mainly due to the current bioinformatic methods
inefficiently capturing camouflaged regions. However, disease-relevant genes in
camouflaged regions exist, especially in humans, as seen in chapter 2 and previous

evidence (Ebbert et al., 2019).
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It was hypothesized that PSG8-AS! might be involved in glioma since the tumour
suppressor transcription factor p53 binds a proximal enhancer. In addition, the
codeletion of 19q, where PSG8-4S1 is located, together with 1p, is used as a genetic
marker for oligodendroglioma. Accordingly, PSGS8-AS1 expression showed diagnostic

value for all subtypes glioma, and prognostic value specifically for oligodendroglioma.

Another limitation of this study is the absence of confirmatory studies in cell and animal
models, or in human tissue samples. There are several reasons for this. First, the
utilization of human oligodendrocyte cell lines HOG and MO3.13, a common practice
in many previous studies of oligodendrocyte function, has been discouraged due their
reduced myelination capacity under differentiating conditions (De Kleijn et al., 2019).
On the other hand, glioma cell lines harbouring the IDH mutation and the 1p/19q
codeletion are difficult to grow due to their slow doubling time. Only two other cell
lines, BT054 and BT088, have the relevant genomic alterations. These cell lines were
developed more than ten years ago but lack genomic and transcriptomic validation
(Kelly et al., 2010). Secondly, the most fundamental aspects of human brain
development and function are difficult to replicate in animal models (Zhao and
Bhattacharyya, 2018). A negative result in a mouse model, for example, would not
negate a role for PSG8-AS1 in myelination in humans. In future research, utilization of
oligodendrocyte progenitors derived from human induced pluripotent stem cells
(hiPSCs) or human cerebral organoids together with the perturbation of PSGS8-AS1
expression should be considered to fully characterize this human oligodendrocyte-
specific IncRNA (Lopez-Caraballo et al., 2020; Mahmoud et al., 2019; Pantoja et al.,

2020; Xu et al., 2021).
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In summary, this chapter provides the first in-silico characterization of PSGS8-ASI, a
human oligodendrocyte-specific IncRNA mapping to a segmental duplication and
suggests that it may play a role in the regulation of several key signalling pathways
involved in the transport of myelin and membrane components. The findings also
suggest potential biomarker utility for PSG8-4S1 in oligodendrogliomas. Future studies
will be required to investigate and validate the precise mechanisms by which PSG8-
AS1 regulates these pathways and to explore its potential as a therapeutic target for

oligodendrocyte-dysregulation-related disorders.
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4.5 Methods
4.5.1 Gene expression datasets
Gene expression and exon usage data of the PSGs and non-coding PSGS8-ASI in

different adult tissues was accessed through the GTEx Portal (www.gtexportal.org).

The GTEx consortium (V8) repository provides a collection of RNA-sequencing
(RNA-seq) data from 54 tissues obtained from a total of 948 human donors. The
expression data used were gene-level transcript per million (TPM) quantifications

generated by the GTEx consortium (Lonsdale et al., 2013).

BrainSpan, an atlas of the developing human brain, which includes RNA-seq data from
31 different time points pre- and post-birth from 26 distinct brain regions obtained from
a total of 42 human donors, was accessed through the Allen Brain Atlas portal

(https://portal.brain-map.org/). Normalized expression data in RPKM (reads per

kilobase of exon model per million mapped reads) generated by the BrainSpan resource

was used for analyses (Miller et al., 2014).

The Cancer Genome Atlas (TCGA, PanCancer Atlas) Low Grade Gliomas (LGG)
collection, comprising 514 LGG brain tumour samples subject to RNA-seq were
accessed through TCGAbiolinks R package (Script 2) (The Cancer Genome Atlas

Research Network, 2015).

(Script 2) TCGADbiolinks::GDCquery(project = CancerProject, data.category =
"Transcriptome Profiling", data.type = "Gene Expression Quantification", sample.type

= ¢("Primary Tumor"), workflow.type ="HTSeq - Counts")
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Gene counts were normalized by the trimmed mean of M-values (TMM) method
(Robinson and Oshlack, 2010). Briefly, the TMM method uses a reference sample (the
sample with the median/mean library size) to calculate library size factors with the
trimmed mean of the log-ratios of the counts between each sample and a reference
sample. Then, the library size factors are used to adjust the counts for each gene, to
account for differences in sequencing depth and composition between the samples.
After TMM normalization of the gene counts, gene expression data was converted to

Counts Per Million (CPM). Data processing was performed with edgeR R package.

Publicly available datasets that did not belong to a public consortium or atlas were
accessed through the Gene Expression Omnibus (GEO) database

(https://www.ncbi.nlm.nih.gov/geo/) (Table 9).
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Table 9. Gene expression datasets accessed through GEO.

ACC = GEO accession, EXP = Experiment type, snRNA-seq = single-nuclei RNA-seq, SPEC
= Species, SEC = Section in the chapter. GEO = Expression format in GEO, NORM = Data
transformation for analysis. TMM = trimmed mean of M-values normalization, RPM = reads

per million, TPM = transcript per million, FPKM = Fragments Per Kilobase of transcript per

Million mapped reads.
ACC TISSUE EXP SPEC SEC N GEO NOR
M
GSE10908 Placenta bulk Human 4.3.1 39 Counts TMM-
2 RNA-seq individuals RPM
GSE14824 Placenta bulk Human 4.3.1 32 Counts TMM-
1 RNA-seq individuals RPM
GSE67835 Brain scCRNA-  Human 4.3.1 466 cells Counts Counts
seq
GSE11825 Brain snRNA- Human 4.3.1 S5samples Counts Counts
7 seq (6591
cells)
GSE10079 Brain bulk Primates 4.3.2 5humans  Counts RPM
6 and RNA-seq 6 chimps
others 2 gorillas
1 gibbon
GSE30352 Brain bulk Primates 4.3.2 9 humans Counts RPM
RNA-seq 2 chimps
2 bonobos
2 gorillas
2 rhesus
GSE16559 Brain bulk Human 4.3.4 41 patients TPM  TPM
5 (glioma  RNA-seq (matched
and non- pair of
tumour) tumour
and normal
samples
GSE59612 Brain bulk Human 434 39 FPKM FPKM
(glioma  RNA-seq contrast-
and non- enhancing
tumour) samples
36 non-
enhancing
glioma
samples
17 non-
neoplastic
samples
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4.5.2 Transcription factor binding and expression quantitative trait loci (eQTLs)
The University of California, Santa Cruz Genome Browser (UCSC Browser,

https://genome.ucsc.edu/) was used to visualize the genomic location of regulatory

regions and eQTLs potentially influencing PSG8-AS1 expression in hg38. Candidate
cis-regulatory elements (cCREs), which include promoters, enhancers and CTCF-
binding elements were retrieved from the ENCODE v3 library (Moore et al., 2020).
Transcription factor binding information from the same ENCODE library was
integrated with the ORegAnno database (Lesurfet al., 2016). Transcription factors were

classified by their summary in the GeneCards database (https://www.genecards.org/).

If the central nervous system was mentioned, the protein was classified as CNS
regulation (meaning it may not have a fundamental role in the CNS, however, it has
some level of influence). If the REST complex was mentioned, the protein was
classified as REST complex. eQTLs were obtained from GTEx and PhychENCODE

resources (Akbarian et al., 2015; Lonsdale et al., 2013).

4.5.3 Conservation

The online tool blastn was used to retrieve potential PSG8-4S1 orthologs. Sequences
aligning to human PSG8-4S1 RNA sequence (NR 036584.1) were filtered by at least
80% alignment span and similarity. Synthetic constructs were excluded. Status of the
genome sequence of PSGS8-ASI across primate species was explored in the UCSC
browser Mammals Multiz Alignment & Conservation (27 primates) track. Briefly, they
used a Large-Scale Genome Alignment Tool (lastz) to generate pairwise alignments
with the human genome (Kent, 2002). Pairwise alignments are then organized into
gapless “chains” and scored by a Nearest Neighbour Algorithm (Chiaromonte et al.,

2002). Alignment “nets” show the highest-scoring chain at the top, filling the gaps with
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lower-scoring chains (Kent, 2002). This track is convenient for exploring orthologous
regions and genome rearrangements across species. The UCSC browser search result
was modified to highlight rearrangements occurring in apes. Only the highest-scoring

chain is shown in non-ape species for simplicity.

Multi-Alignment of the RNA sequences of PSGS8-AS1 orthologs was performed with
the msa package in R, using the ClustalW algorithm (Thompson et al., 1994).
Expression of PSG8-AS1 orthologs was assessed by the realignment of raw sequencing
reads from GSE100796 and GSE30352 (SRP111096 and SRP007412 Sequence Read
Archive, respectively) to the genomes of the human (hg38), gorilla (gorGor6),
orangutan (ponAbe3), gibbon (nomLeu3) and rhesus macaque (theMac10). In the case
of the rhesus macaque, the gene annotation file was modified to incorporate the putative
PSG8-AS1 ortholog. Gene read counts were converted to reads per million (RPM) in

R.

4.5.4 Weighted gene co-expression network analysis

A weighted co-expression network was constructed using the WGCNA package in R
(Langfelder and Horvath, 2008). Genes with extremely low expression were removed
(genes were kept when the expression was higher than 0.01 RPKM across two thirds of
the samples), resulting in 24,267 remaining genes. Soft-thresholding power of 7 was
selected. The adjacency matrix was calculated using the Pearson correlation coefficient,
and the topological overlap matrix (TOM) was computed to identify highly connected
modules. The modules were identified using the dynamic tree-cutting algorithm with a

minimum module size of 30 and a merge cut height value of 0.25. A total of 48 modules
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were identified. The PSG8-4AS1 containing module included a total of 365 genes

(Supplementary Table 21).

4.5.5 Prediction of binding partners

The online tool catRAPID omics V2.1 (http://www.tartaglialab.com/) was used to

generate a predicted PSG8-AS1-binding proteome (Armaos et al., 2021). catRAPID
omics V2.1 computes an interaction propensity score (IPS) using the transcript
sequence as an input, based on secondary structures and physiochemical properties of
precompiled RNA-binding motif libraries. They obtained the RNA-binding proteome

from UniprotKB/Swiss-Prot 2020 05 database.

4.5.6 Functional annotation
The functional annotation online tool from the Database for Annotation, Visualization

and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/) (Dennis et al., 2003)

was used to perform gene-set enrichment analyses. Briefly, EASE Score tests (which
are Fisher Exact tests that eliminate 1-hit gene-lists), are performed to assess
enrichment of genes of a particular pathway in a submitted list compared to a
background list. P-values are then adjusted by Bonferroni, Benjamin, and False
Discovery Rate corrections. For the functional annotation of the PSG8-4S1 WGCNA
module, the default background was utilized. For the functional annotation of the
predicted PSG8-4S1-binding proteome, the background gene set was changed to the

RNA-binding proteome from UniprotKB/Swiss-Prot 2020 05.

4.5.7 Glioma diagnostic and survival analyses
Overall expression of PSG8-AS1 across tumours was examined in GEPIA 2 online tool

(http://gepia2.cancer-pku.cn). To evaluate if PSG8-4AS1 was downregulated in glioma,
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the expression in tumour and non-tumoral tissue from glioma patients and controls was
compared in datasets GSE165595 and GSES59612. Several glioma subtypes were
included to assess the diagnostic value across different molecular subtypes of brain
tumours. The Kruskal-Wallis Test (a non-parametric alternative to one-way ANOVA
test) followed by Pairwise Wilcoxon Rank Sum Tests were performed to evaluate

significant differences between the groups.

To examine prognosis, clinical data from the TGCA was accessed with the

TCGAbiolinks R package (Script 3).

(Script 3) GDCquery_clinic(project = "TCGA-LGG", type = "clinical")

Samples were kept only if there was information about their gene expression and
clinical status. Samples were classified based on their molecular subtype (IDH-wt,
IDH-mt alone and IDH-mt with 1p/19 codeletion) and their expression of PSG8-AS1.
For each molecular subtype, the samples at the top 25% of PSG8-AS1 expression were
termed “High”, and the bottom 25% were termed “Low”. Kaplan Meier curves and
Log-rank tests were then created and visualized with survival and survminer R

packages.

4.5.8 Statistical analyses

Statistical analyses were performed with the stats package in R.
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Chapter 5: General discussion

The initial release of the human genome drafts in 2001 marked the start of a new era in
disease genetics, catalysing significant advancements (Lander et al., 2001; Venter et
al., 2001). Within a mere two decades, the vast genomic data amassed from millions of
individuals has enabled a profound understanding of the genetics behind numerous
traits, encompassing complex and polygenic characteristics like height and body mass
index (BMI), as well as clinical phenotypes such as the activation of somatic mutations
driving tumour development and germline genomic rearrangements associated with
developmental delay and psychiatric traits (Grotzinger et al., 2022; Lello et al., 2018;
Ostroverkhova et al.,, 2023; Yengo et al., 2018). Nevertheless, our current
understanding of the genome remains incomplete. Despite the existence of an enormous
amount of publicly available data, we continue to grapple with achieving the anticipated

outputs (Ebbert et al., 2019).

Significant advances have been made in disease treatment. For example, the
identification of HLA alleles associated with agranulocytosis risk following treatment
with the most effective antipsychotic drug in clinical use (Clozapine) (Konte et al.,
2021). Other areas of research, such as the study of the contribution of CNVs to
schizophrenia, have not been able to report novel genome-wide significant loci despite
increasing sample size substantially. The latest large-scale study of CNVs in
schizophrenia identified 6 novel loci with nominal levels of significance that were

validated with ddPCR. One of the other major observations of that study was that
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unreported schizophrenia-relevant CNVs are predominantly mediated by NAHR.
While they hypothesize novel CNVs are thus enriched in regions with flanking
segmental duplications, CNVs overlapping 50% of their length with a segmental
duplication were not analysed (Marshall et al., 2017). This issue frustrates a resolution
of the challenge of the missing heritability in schizophrenia and possibly other
psychiatric disorders (Owen and Williams, 2021). Camouflaged regions, exemplified
by segmental duplications in this thesis, have been sequenced and captured in genomic
arrays yet systematically overlooked in previous investigations with respect to their
contribution to disease (Baba et al., 2019; Cooper et al., 2011; Kirov et al., 2009;
Marshall et al., 2017; Mulle et al., 2014, 2010; Niarchou et al., 2019; Quintero-Rivera
et al., 2010; Rees et al., 2014c; Rees and Kirov, 2021). Another constraint to the
discovery of new genomic regions that contribute to susceptibility is the lack of
functional characterization of non-coding regions. The majority of the genetic
association signal for psychiatric disease is located to non-coding regions, and while
techniques such as fine-mapping help to characterize the biological consequences of
variants discovered through GWAS, the impact of non-coding regions in CNVs remains
difficult to interpret (Hattori et al., 2003; Marshall et al., 2017; Trubetskoy et al., 2022;

Umeton et al., 2022; Xiao et al., 2017).

The characterization of the molecular functions of genes within their cellular contexts
are frequently instigated from their genetic association with disease (Grotzinger et al.,
2022; Ostroverkhova et al., 2023). Because camouflaged regions are routinely
overlooked in genetic studies, it is expected that the investigation of the molecular
function of genes inside these regions is also neglected (Ebbert et al., 2019).

Admittedly, discerning the molecular role of non-coding elements is not as
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straightforward as the exploration of the function of coding genes. As a consequence,
this perpetuates the cycle of scientific disregard, whereby “difficult genetic regions”
(represented by the camouflaged and the non-coding genome in this thesis), are
systematically neglected across many fields of study, including genetics and molecular

biology.

The work reported in this thesis attempted to address this problem using three different
approaches, as presented in chapters 2 - 4. (Figure 26). In chapter 2, camouflaged
regions, represented by CNVs overlapping a segmental duplication by more than 50%
of their length, were examined for the first time in the context of schizophrenia genetic
association studies. A 500 Kb recurrent duplication encompassing the dopamine
receptor 5 gene (DRDS), which had only been reported once before in a pedigree study,
was found in 7 schizophrenia cases and 0 controls (from a total of 8,261 schizophrenia
cases and 16,410 controls). Then, in chapter 3, the concept of constraint against genetic
variation, which represents the biological significance of a genomic region, is used to
determine whether non-coding regions disrupted in CNVs in schizophrenia cases are
more highly constrained than CNVs in non-psychiatric controls (Chen and The
gnomAD consortium, 2022). Only genic-centric measures of constraint, such us the
LoF-intolerant gene classification, had been examined previously in schizophrenia.
Using a dataset comprising 14,155 schizophrenia cases and 21,660 controls, non-
coding regions were shown to be more highly constrained in CNVs in schizophrenia
cases compared to controls, and non-genic CNVs, which were believed to be
unimportant, were found to show higher constraint, especially in regulatory regions
reported by ENCODE (cCRESs) (Marshall et al., 2017; Singh et al., 2017). Overall, the

findings of this thesis offer several new opportunities in the field of psychiatric genetics.
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First, the results from chapter 2 indicate that the development of new techniques that
allow for the detection of all structural variants will facilitate the discovery of novel
rare variants implicated in schizophrenia. In chapter 3, non-coding functional regions
disrupted by CNVs, even those without coding genes, are shown to be important
contributors to risk, which suggests that these elements should be accounted for in
future studies. These new perspectives should also be applied to other psychiatric
disorders, which may shed more light into the shared and differential pathophysiology

of these disorders and promote the development of new therapeutics.
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Figure 26. Overview of thesis structure.

Chapters 2 and 3 focused on genetic associations with schizophrenia; chapter 4 reports the
analysis of a IncRNA with a putative function in myelination in the human brain. The themes

of the three chapters cohere around the general themes of the camouflaged and the non-coding
genome.
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A different approach was undertaken in chapter 4. Segmental duplications contribute
to the generation of novel genes in the human lineage essential for brain evolution
(Florio et al., 2018; Mangan et al., 2022; Nuttle et al., 2016; Vollger et al., 2022). The
segmentally duplicated PSG locus is probably the most rapidly evolving locus in the
human genome (Sudmant et al., 2015), therefore, it was hypothesized that the
previously uncharacterized PSGS8-ASI IncRNA could be important for human brain
function and disease. Using publicly available transcriptomic datasets, a human and
oligodendrocyte specific pattern of expression was found for PSG8-4S1, with high
correlation with the expression of myelin components. The levels of PSGS8-4AS1 mRNA
were found to have diagnostic value in gliomas and prognostic value in
oligodendrogliomas. Myelination is a process linked with cognitive abilities, which
happens in a distinct manner in humans compared to other hominids (Glasser et al.,
2014). However, molecular characterization of PSG8-4S1 could not be accomplished
due to lack of suitable cell, animal or clinical models. Nevertheless, chapter 4
emphasises the need for the development of human models (such as patient-derived cell
lines and organoids) in research on human brain development, which would
complement the study of candidate genes identified in human disease genetics (Shaker

et al., 2021).

Given that complications during pregnancy have been implicated as environmental risk
factors for schizophrenia, one of the preliminary hypotheses explored in this thesis was
whether the segmentally duplicated Pregnancy-Specific Glycoprotein (PSG) locus has
CNVs that exhibited associations with schizophrenia (Abel et al., 2010; Cannon et al.,
2002; Kotlicka-Antczak et al., 2014; Rubio-Abadal et al., 2015). Notably, this locus has

already been associated with preeclampsia and other pregnancy complications (Arnold
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et al., 1999; Chang et al., 2016; Gormley et al., 2017; Hertz and Schultz-Larsen, 1983;
MacDonald et al., 1983; Rattila et al., 2019; Temur et al., 2020; Zhao et al., 2012).
Despite these intriguing connections, the PSG locus exhibits frequent copy number
variation and filtering for rare CNV events excluded many events from the PSG locus
in chapters 2 and 3. Remaining events did not show association. While another
possibility is that common CNVs in the PSG locus showed association with
schizophrenia, this would have already been captured by GWAS SNPs, which has not
been the case (Trubetskoy et al., 2022). Collectively, these findings indicate that the
PSG locus, although holding promise in terms of its potential role in pregnancy-related
disorders, does not appear to contribute substantially to the genetic architecture of

schizophrenia through CNV associations.

In this thesis, the context and limitations of each chapter are reviewed in their respective
discussions. More generally, the findings reported here should be replicated in more
highly powered datasets, and in a variety of European and other populations. For
genomics to have a significant impact on human health, the entire spectrum of human
genetic diversity needs to be examined for disease associations (Peterson et al., 2019).
Additionally, all bioinformatic findings, including those in this thesis, require

independent experimental validation.

A human-specific perspective has been adopted in this thesis. Many of the recently
evolved genomic elements that shape the unique characteristics that define our species
are located in camouflaged regions, such as segmental duplications, and/or non-coding
regions (Florio et al., 2018; Mangan et al., 2022; Nuttle et al., 2016; Vollger et al.,

2022). In the field of psychiatry, exploring human-specific genes and non-coding
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regions is particularly important as it enables us to investigate psychiatric traits that are
exclusive to humans. While numerous psychiatric disorders exhibit similar symptoms
across species, certain conditions such as schizophrenia and bipolar disorder are only
observed in humans. However, it is worth noting that primates and other mammals do
display psychiatric-like traits, including anxiety, depression, and abnormal social
behaviors (Levchenko et al., 2023; Scheepers et al., 2018). By studying these shared
and non-shared traits, we can gain valuable comparative perspectives on the
underpinnings of the biological, social, and cognitive factors that shape our mental

well-being.

The results in this thesis support the relevance of previously neglected regions to
schizophrenia genetic liability. Furthermore, a human oligodendrocyte-specific
IncRNA in such a camouflaged region was implicated in human brain development.
Further investigation of the genetics and molecular biology of such camouflaged
genomic regions may complement each other in the future, leading to novel findings

relevant to disease.
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Appendix: Supplementary material

Supplementary Figures

Chapter 3
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Supplementary Figure 1. Length distribution comparison between genic and non-genic
CNVs.

The density area before the 50 kb threshold is substantially bigger for non-genic CNVs than for
genic CNVs.
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Chapter 4

RNA expression in brain cell types
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Notes:

- Error bars represent the standard error of the mean.

- RNA expression data has been quantile normalized for all data sets

- Data is mapped to the GENCODE GRCh38.p2 or UCSC mm10 data sets for the human and mouse data. respectively.
- Where possible, we have converted from mouse to human symbols for all data sets.

- Exons are numbered by their relative position in the genome

- To find the exon genome coordinates, please use the download button

- Data is averaged across regions for some cell types in Zeisel et al.

Supplementary Figure 2. Validation of PSG8-4S51 expression specificity in
oligodendrocytes

The Brain Cell Type Specific Gene Expression R/Shiny tool was used
(http://celltypes.org/brain/) (McKenzie et al., 2018). AC004603.4 is a previous gene name for

PSG8-AS1.
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Supplementary Tables

Chapter 2

Supplementary Table 1. MGS dataset. Results of the gene-wise analysis of duplications.

Line in bold marks p value < 0.05. NAFF = number of affected individuals; NUNAFF =
number of unaffected individuals (controls); FAFF frequency in affected individuals;
FUNAFF = frequency in unaffected individuals (controls); OR = Odds ratio; CI1 — 95%
lower limit confidence interval, CI2 — 95% upper limit confidence interval; PVAL = p value;

No = number.

GENE NAFF NUNAFF FAFF FUNAFF OR CIL CIU PVAL NO
DPY19L2 29 13 0.013 0.005 9.64 2.19 4.75E+01 2.44E-03 1
CKMT1A 5 0 0.002 0.000 285.60 1.70 2.22E+07 2.70E-02 2
SYT15 6 17  0.003 0.007 0.10 0.01 7.81E-01 2.70E-02 3
SYT15B 6 17 0.003 0.007 0.10 0.01 7.81E-01 2.70E-02 4
RNASE3 12 8 0.005 0.003 859 1.13 7.22E+01 3.74E-02 5
CATSPER2 7 1 0.003 0.000 3544 1.01 6.52E+03 4.92E-02 6
NIPA1 0 4 0.000 0.002 0.01 0.00 1.01E+00 5.07E-02 7
TYWI1B 3 11 0.001 0.004 0.08 0.00 1.13E+00 6.27E-02 8
DGCR6 17 9 0.008 0.004 5.54 0.89 3.94E+01 6.60E-02 9
ENSG00000283809 17 9 0.008 0.004 554 0.89 3.94E+01 6.60E-02 10
PRODH 17 9 0.008 0.004 554 0.89 3.94E+01 6.60E-02 11
EFL1 2 0 0.001 0.000 208.38 0.64 1.76E+07 7.19E-02 12
SAXO2 2 0 0.001 0.000 208.38 0.64 1.76E+07 7.19E-02 13
TEX101 4 0 0.002 0.000 95.60 0.55 7.37E+06 9.04E-02 14
ZDHHC11 21 15 0.010 0.006 3.69 0.79 1.81E+01 9.63E-02 15
DEFB130A 10 7 0.005 0.003 6.27 0.70 6.26E+01 1.01E-01 16
FAHD2B 0 4 0.000 0.002 0.01 0.00 297E+00 1.36E-01 17
DRDS 2 0 0.001 0.000 93.61 023 836E+06 147E-01 18
UGT2B28 2 0 0.001 0.000 93.61 0.23 8.36E+06 147E-01 19
FAM90A1 8 18  0.004 0.007 0.26 0.03 1.68E+00 1.61E-01 20
PSGS8 2 6 0.001 0.002 0.10 0.00 2.51E+00 1.67E-01 21
DEFB103B 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 22
DEFB104B 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 23
DEFB105B 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 24
DEFB106B 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 25
DEFB107B 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 26
PRR23D1 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 27
SPAGI11B 6 13 0.003 0.005 0.22 0.02 1.87E+00 1.70E-01 28
PDPR 5 2 0.002 0.001 1037 035 5.82E+02 1.78E-01 29
USP17L3 3 9 0.001 0.004 0.15 0.01 2.33E+00 1.83E-01 30
USP17L8 3 9 0.001 0.004 0.15 0.01 2.33E+00 1.83E-01 31
ZNF705B 3 9 0.001 0.004 0.15 0.01 233E+00 1.83E-01 32
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Supplementary Table 2. ClozUK dataset. Results of the gene-wise analysis of

duplications.

Line in bold marks p value < 0.05. NAFF = number of affected individuals; NUNAFF =

number of unaffected individuals (controls); FAFF frequency in affected individuals;

FUNAFF = frequency in unaffected individuals (controls); OR = Odds ratio; CI1 — 95%
lower limit confidence interval, CI2 — 95% upper limit confidence interval; PVAL = p value;

No = number.

GENE NAFF  NUNAF FAFF  FUNAF OR CIL CIU PVAL  NO
F F
DRD5 5 0 00008  0.0000 132403 7.39E+00  1.0SE+08 3.54E-03 1
DEFBI13 4 0 0.0007  0.0000  989.25 4.60E+00  8.09E+07 8.45E-03 2
1A
OR4AS 9 6  0.0015  0.0004 13.67 129E+00  1.68E+02 3.01E-02 3
OR4AS 9 6  0.0015  0.0004 13.67 129E+00  1.68E+02 3.01E-02 4
OR4C46 9 6  0.0015  0.0004 13.67 129E+00  1.68E+02 3.01E-02 5
H2AC19 0 6  0.0000  0.0004 0.0l  1.44E-07  1.62E+00 835E-02 6
H3CI15 0 6  0.0000  0.0004 0.01  1.44E-07  1.62E+00 835E-02 7
H4C15 0 6 0.0000  0.0004 0.01  1.44E-07  1.62E+00 835E-02 8
CYP3A4 1 9 00002  0.0007 0.07 3.91E-04  221E+00 1.42E-01 9
MICA 0 3 0.0000  0.0002 0.04  544E-07  1.13E+01 3.08E-01 10
FOLHI1 1 0 00002 00000 2846 3.33E-02  2.74E+06 332E-01 11
HLA-B 1 0 00002  0.0000 2846 3.33E-02  2.74E+06 332E-01 12
RHCE 1 0 00002 00000 2846 3.33E-02  2.74E+06 332E-01 13
RHD 1 0 00002 00000 2846 3.33E-02  2.74E+06 332E-01 14
TMEMS5 1 0 00002 00000 2846 3.33E-02  2.74E+06 332E-01 15
0A
ZNF761 1 5 00002  0.0004 0.15 791E-04  6.65E+00 3.50E-01 16
ZNF765 1 5 00002  0.0004 0.15 7.91E-04  6.65E+00 3.50E-01 17
EFL1 1 4 00002  0.0003 026  127E-03  139E+01 526E-01 18
TEX101 1 300002  0.0002 442 2.05B-02  2.83E+02 529E-01 19
ACSMS5 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 631E-01 20
CASA 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 6.31E-01 21
CCL3L3 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 631E-01 22
CYP11B 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 6.31E-01 23
1
CYP4Z1 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 6.31E-01 24
DPP6 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 631E-01 25
ENSGO00 | 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 631E-01 26
0002556
41
GPR89B 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 6.31E-01 27
GRM5 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 631E-01 28
KLRC1 0 1 0.0000  0.0001 0.18  1.88E-06  1.54E+02 631E-01 29
KLRC2 0 1 0.000  0.0001 0.18  1.88E-06  1.54E+02 6.31E-01 30
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Supplementary Table 3. Combined dataset. Results of the gene-wise analysis of
duplications.

Line in bold marks p value < 0.05. NAFF = number of affected individuals; NUNAFF =

number of unaffected individuals (controls); FAFF frequency in affected individuals;

FUNAFF = frequency in unaffected individuals (controls); OR = Odds ratio; CI1 — 95%
lower limit confidence interval, CI2 — 95% upper limit confidence interval; PVAL = p value;
No = number.

GENE NAFF NUNAFF FAFF FUNAFF OR CIL CIU PVAL NO
DRDS 7 0 0.0008 0.0000 2235.53 1.55E+01 [1.69E+08 6.20E-04 1
DPY19L2 29 13 0.0035 0.0008 10.05 2.25E+00 5.02E+01 2.26E-03 2
SYT15 6 17 0.0007 0.0010 0.10 9.85E-03 7.35E-01 2.32E-02 3
SYT15B 6 17 0.0007 0.0010 0.10 9.85E-03 7.35E-01 2.32E-02 4
RNASE3 12 8 0.0015 0.0005 10.20 1.34E+00 8&.61E+01 2.53E-02 5
CKMT1A 5 0 0.0006 0.0000  290.55 1.65E+00 2.29E+07 2.83E-02 6
OR4AS 9 6 0.0011 0.0004 13.67 1.30E+00 1.67E+02 2.97E-02 7
OR4A8 9 6 0.0011 0.0004 13.67 1.30E+00 1.67E+02 2.97E-02 8
OR4C46 9 6 0.0011 0.0004 13.67 1.30E+00 1.67E+02 2.97E-02 9
NIPA1 0 4 0.0000 0.0002 0.00 6.25E-08 9.24E-01 4.60E-02 10
CATSPER2 7 1 0.0008 0.0001 33.28 9.26E-01 6.24E+03 5.57E-02 11
TYWI1B 3 11 0.0004 0.0007 0.08 3.26E-03 1.11E+00 6.05E-02 12
DGCR6 17 9 0.0021 0.0005 5.58 8.84E-01 4.04E+01 6.77E-02 13
ENSG00000283809 17 9 0.0021 0.0005 5.58 8.84E-01 4.04E+01 6.77E-02 14
PRODH 17 9 0.0021 0.0005 5.58 8.84E-01 4.04E+01 6.77E-02 15
DEFB130A 10 7 0.0012 0.0004 7.22  7.89E-01 7.29E+01 7.98E-02 16
H2AC19 0 6 0.0000 0.0004 0.01 1.48E-07 1.65E+00 8.53E-02 17
H3C15 0 6 0.0000 0.0004 0.01 1.48E-07 1.65E+00 8.53E-02 18
H4C15 0 6 0.0000 0.0004 0.01 1.48E-07 1.65E+00 8.53E-02 19
TEX101 5 3 0.0006 0.0002 1429 4.79E-01 5.33E+02 1.24E-01 20
ZDHHC11 23 19 0.0028 0.0012 3.02 7.19E-01 1.30E+01 1.31E-01 21
UGT2B28 2 0 0.0002 0.0000  108.17 2.50E-01 9.81E+06 1.38E-01 22
CYP3A4 1 9 0.0001 0.0005 0.07 3.99E-04 2.24E+00 1.44E-01 23
FAHD2B 0 4 0.0000 0.0002 0.02 191E-07 3.28E+00 1.45E-01 24
PSGS 2 6 0.0002 0.0004 0.09 1.81E-03 2.34E+00 1.53E-01 25
DEFB103B 6 13 0.0007 0.0008 0.21 1.99E-02 1.82E+00 1.60E-01 26
DEFB104B 6 13 0.0007 0.0008 0.21 1.99E-02 1.82E+00 1.60E-01 27
DEFB105B 6 13 0.0007 0.0008 0.21 1.99E-02 1.82E+00 1.60E-01 28
DEFB106B 6 13 0.0007 0.0008 0.21 1.99E-02 1.82E+00 1.60E-01 29
DEFB107B 6 13 0.0007 0.0008 0.21 1.99E-02 1.82E+00 1.60E-01 30
PRR23D1 6 13 0.0007 0.0008 0.21 1.99E-02 1.82E+00 1.60E-01 31
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SPAGI11B
FAM90A1
PDPR
USP17L3
USP17L8
ZNF705B
H3-7
DEFB4B
ZNF705G
CLEC18B
CTAGE15
NPIPB15
DEFB103A
DEFB104A
DEFB105SA
DEFB106A
DEFB107A
FAM90A14
FAM90A16
FAM90A17
FAM90A18
FAM90A19
FAM90A22
FAM90A23
FAM90A7
FAM90AS
FAM90A9
PRR23D2
SPAGI11A
FAM90A20P
USP17L1
USP17L4
ACSM2A
DEFB4A
GYPA
FAM90A11P
FAM90A12P
FAM90A24P
MICA
FOLH1
HLA-B
RHCE
CD177
DTX2
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0.0007
0.0010
0.0006
0.0004
0.0004
0.0004
0.0001
0.0007
0.0007
0.0001
0.0001
0.0001
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0006
0.0006
0.0006
0.0000
0.0010
0.0002
0.0004
0.0004
0.0004
0.0000
0.0001
0.0001
0.0001
0.0002
0.0000

0.0008
0.0011
0.0001
0.0005
0.0005
0.0005
0.0003
0.0007
0.0007
0.0000
0.0000
0.0000
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0006
0.0006
0.0006
0.0001
0.0010
0.0004
0.0005
0.0005
0.0005
0.0002
0.0000
0.0000
0.0000
0.0000
0.0001
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0.21
0.26
11.00
0.15
0.15
0.15
0.07
0.24
0.24
80.63
80.63
80.63
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.24
0.24
0.24
0.03
0.35
0.17
0.22
0.22
0.22
0.05
29.59
29.59
29.59
21.26
0.04

1.99E-02
3.40E-02
3.59E-01
5.82E-03
5.82E-03
5.82E-03
3.50E-04
2.16E-02
2.16E-02
9.44E-02
9.44E-02
9.44E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
3.93E-02
1.75E-02
1.75E-02
1.75E-02
3.41E-07
4.37E-02
3.12E-03
8.26E-03
8.26E-03
8.26E-03
5.59E-07
3.47E-02
3.47E-02
3.47E-02
6.57E-02
4.31E-07

1.82E+00
1.72E+00
6.35E+02
2.37E+00
2.37E+00
2.37E+00
3.39E+00
2.10E+00
2.10E+00
7.76E+06
7.76E+06
7.76E+06
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.15E+00
2.59E+00
2.59E+00
2.59E+00
1.34E+01
2.40E+00
4.42E+00
3.78E+00
3.78E+00
3.78E+00
1.15E+01
2.85E+06
2.85E+06
2.85E+06
1.80E+06
3.54E+01

1.60E-01
1.67E-01
1.73E-01
1.85E-01
1.85E-01
1.85E-01
1.90E-01
1.98E-01
1.98E-01
1.99E-01
1.99E-01
1.99E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.42E-01
2.84E-01
2.90E-01
2.94E-01
3.09E-01
3.09E-01
3.09E-01
3.12E-01
3.26E-01
3.26E-01
3.26E-01
3.30E-01
3.58E-01

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75



FKBP6
NATSB
NSUNS
PGMS
PRAMEF14
PRAMEF17
PRAMEF19
PRAMEF20
SIMC1
TRIMS0
UPK3B
ZNF761
ZNF765
POMZP3
SPDYE16
SAXO2
HNRNPCL1
DEFB131A
ANKRD36B
TP53TG3
TP53TG3F
CROCC
POTED
CST1
DEFA3
ENSG00000284337
FAM90A13P
FAM90A15P
FAM90A3P
FAM90ASP
GPR42
MALL
RGPD5
TP53TG3B
TPS3TG3C
TP53TG3E
TRIM77
EFL1
MGAM
ACSMS5
CASA
CCL3L3
CYP11B1
CYP471
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0001
0.0007
0.0007
0.0004
0.0002
0.0028
0.0005
0.0005
0.0005
0.0022
0.0000
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0004
0.0007
0.0000
0.0000
0.0000
0.0000
0.0000

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0003
0.0003
0.0006
0.0006
0.0002
0.0003
0.0015
0.0002
0.0002
0.0002
0.0011
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0002
0.0002
0.0001
0.0001
0.0001
0.0001
0.0001
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0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.16
0.16
0.34
0.34
4.93
0.21
1.70
3.06
2.85
2.85
1.58
0.16
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
6.55
242
2.05
0.19
0.19
0.19
0.19
0.19

4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
8.17E-04
8.17E-04
2.98E-02
2.98E-02
1.30E-01
3.72E-03
4.38E-01
1.15E-01
9.63E-02
9.63E-02
3.34E-01
1.86E-06
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.67E-03
7.33E-02
1.22E-01
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06

3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
6.84E+00
6.84E+00
3.37E+00
3.37E+00
1.89E+02
6.39E+00
6.56E+00
8.05E+01
1.02E+02
1.02E+02
7.54E+00
5.09E+01
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.30E+05
6.69E+01
4.28E+01
1.60E+02
1.60E+02
1.60E-+02
1.60E-+02
1.60E+02

3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.61E-01
3.61E-01
3.74E-01
3.78E-01
4.39E-01
4.94E-01
5.40E-01
5.40E-01
5.60E-01
5.73E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.96E-01
6.01E-01
6.19E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119



DPP6
ENSG00000255641
GPR89B
GRMS
KLRC1
KLRC2
KLRC3
PARP4
SLC7AS
TBC1D3B
TBC1D3C
TBC1D3D
TBC1D3E
TBC1D3H
TBC1D3I
ZNF813
GOLGASA
GYPB
UGT2B10
PSG4
PSG9
C1QTNF9
PSG11
CYP3A7

CYP3A7-
CYP3AS1P
ANKRD36

SPATA31A1
PSG7
FAMS86B1
USP17L2
USP17L7
POTEB2
GYPE
THOC3
RHD
TMEMS0A
CKMTI1B
ENSG00000284772
STRC
AIMP2
ANAPCI1
ASNS

CcCz1
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0010
0.0010
0.0001
0.0011
0.0011
0.0000
0.0047
0.0001
0.0001

0.0005
0.0002
0.0050
0.0001
0.0001
0.0001
0.0002
0.0007
0.0001
0.0004
0.0004
0.0002
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0007
0.0007
0.0002
0.0007
0.0007
0.0001
0.0041
0.0003
0.0003

0.0005
0.0001
0.0042
0.0001
0.0001
0.0001
0.0001
0.0004
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
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0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.61
1.57
0.41
0.68
0.68
0.29
0.85
0.50
0.50

0.64
0.52
0.87
1.98
1.98
1.98
1.83
1.42
0.52
1.55
1.55
1.69
1.69
1.69
2.31
2.31
2.31
231

1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
1.95E-06
6.85E-02
1.70E-01
1.93E-03
8.48E-02
8.48E-02
3.35E-06
3.25E-01
2.43E-03
2.43E-03

3.30E-02
7.06E-03
3.41E-01
8.02E-03
8.02E-03
8.02E-03
2.08E-02
1.05E-01
1.61E-03
3.44E-02
3.44E-02
1.62E-02
1.62E-02
1.62E-02
2.40E-05
2.40E-05
2.40E-05
2.40E-05

1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
1.60E+02
5.02E+00
1.34E+01
2.33E+01
5.04E+00
5.04E+00
1.05E+02
2.15E+00
2.40E+01
2.40E+01

9.27E+00
3.85E+01
2.17E+00
2.06E+02
2.06E+02
2.06E+02
1.61E+02
1.80E+01
1.69E+02
9.97E+01
9.97E+01
4.17E+02
4.17E+02
4.17E+02
1.97E+03
1.97E+03
1.97E+03
1.97E+03

6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.39E-01
6.46E-01
6.83E-01
6.83E-01
7.02E-01
7.02E-01
7.19E-01
7.28E-01
7.48E-01
7.48E-01

7.51E-01
7.52E-01
7.71E-01
7.77E-01
7.77E-01
7.77E-01
7.81E-01
7.87E-01
8.07E-01
8.20E-01
8.20E-01
8.24E-01
8.24E-01
8.24E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147
148
149
150
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152
153
154
155
156
157
158
159
160
161
162



ENSG00000273167
LYPD3
MFSD14B
NUTM2F
OCM
ODAD2
PMS2
RSPH10B
ALDH3B2
CLEC18C
OR2T29
OR2T34
PSG2
ANKRD30B
C1QTNF9B
CCDC144A
ENSG00000266302
ENSG00000284393
MIPEP
MZT2A
NBPF1
NECAP1
TUBA3D
ZNF705A
ZNF716
AMY2A
AMY2B
PSG1

PSG6
OR2G6
OR2T5
OR2T7
AMY1A
AMY1B
CNTNAP3
ANTXRL
FAMS$6B2
PSG5
OCM2
OR2T2
OR2T3
SPIDR
CYP2A6
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0001
0.0001
0.0001
0.0046
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0017
0.0017
0.0054
0.0050
0.0001
0.0001
0.0001
0.0008
0.0008
0.0004
0.0030
0.0004
0.0030
0.0000
0.0002
0.0002
0.0002
0.0002

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0039
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0012
0.0012
0.0044
0.0041
0.0002
0.0002
0.0002
0.0005
0.0005
0.0002
0.0032
0.0002
0.0023
0.0001
0.0003
0.0003
0.0001
0.0002
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231
231
231
231
231
231
231
231
1.83
1.83
1.83
1.83
0.91
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
1.16
1.16
0.92
0.92
0.68
0.68
0.68
1.20
1.20
0.77
1.08
0.80
1.07
0.71
0.85
0.85
0.94
1.02

2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
4.43E-03
4.43E-03
4.43E-03
4.43E-03
3.44E-01
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06
2.19E-01
2.19E-01
3.74E-01
3.60E-01
3.08E-03
3.08E-03
3.08E-03
1.11E-01
1.11E-01
2.04E-02
3.41E-01
2.28E-02
3.14E-01
8.43E-06
1.41E-02
1.41E-02
1.15E-02
1.42E-02

1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
7.55E+02
7.55E+02
7.55E+02
7.55E+02
2.34E+00
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
5.86E+00
5.86E+00
2.23E+00
2.30E+00
3.96E+01
3.96E+01
3.96E+01
1.19E+01
1.19E+01
2.98E+01
3.26E+00
2.39E+01
3.49E+00
2.30E+02
2.74E+01
2.74E+01
8.07E+01
5.19E+01

8.29E-01
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9.18E-01
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Supplementary Table 4. MGS dataset. Results of the gene-wise analysis of deletions.

Line in bold marks p value < 0.05. NAFF = number of affected individuals; NUNAFF =
number of unaffected individuals (controls); FAFF frequency in affected individuals;
FUNAFF = frequency in unaffected individuals (controls); OR = Odds ratio; CI1 — 95%

lower limit confidence interval, CI2 — 95% upper limit confidence interval; PVAL = p value;
No = number.

GENE NAFF NUNAFF FAFF FUNAFF OR CIL CIU PVAL NO

ORA4N2 29 13 0.013 0.005 26.08 4.32E+00 2.07E+02 2.31E-04 1
OR4M1 30 15 0.014 0.006 16.14 3.07E+00 1.04E+02 7.92E-04 2
TARP 11 1 0.005 0.0004 200.55 6.92E+00 3.44E+04 9.38E-04 3
OR4Q3 30 16 0.014 0.006 12.41 2.48E+00 7.37E+01 1.86E-03 4
OR11H2 20 11 0.009 0.004 10.59 1.56E+00 9.07E+01 1.52E-02 5
TRIM77 0 5 0.000 0.002 0.01 8.51E-08 1.12E+00 5.63E-02 6
CYP2A6 18 12 0.008 0.005 430 7.73E-01 2.63E+01 9.63E-02 7
GSTA1 0 3 0.000 0.001 0.01 1.37E-07 2.70E+00 1.18E-01 8
POMZP3 2 10 0.001 0.004 0.09 1.94E-03 1.82E+00 1.23E-01 9
SPDYE16 2 10 0.001 0.004 0.09 1.94E-03 1.82E+00 1.23E-01 10
RNASE3 2 8 0.001 0.003 0.09 1.83E-03 1.87E+00 1.24E-01 11
GSTM1 2 0 0.001 0.000 93.61 2.33E-01 8.36E+06 1.47E-01 12
GSTM2 2 0 0.001 0.000 93.61 233E-01 8.36E+06 1.47E-01 13
LINC02203 2 0 0.001 0.000 93.61 2.33E-01 8.36E+06 1.47E-01 14
OR4M2 2 0 0.001 0.000 93.61 233E-01 8.36E+06 1.47E-01 15
OR4M2-0T1 2 0 0.001 0.000 93.61 2.33E-01 8.36E+06 1.47E-01 16
OR4M2B 2 0 0.001 0.000 93.61 233E-01 8.36E+06 1.47E-01 17
OR4N4 2 0 0.001 0.000 93.61 2.33E-01 8.36E+06 1.47E-01 18
OR4N4C 2 0 0.001 0.000 93.61 233E-01 8.36E+06 1.47E-01 19
POTEM 0 2 0.000 0.001 0.01 1.75E-07 4.78E+00 1.65E-01 20
TPPP 3 1 0.001 0.0004 53.52 248E-01 4.27E+06 1.65E-01 21
FAMS86B2 4 2 0.002 0.001 10.65 3.00E-01 6.32E+02 1.93E-01 22
DHRS4L.2 0 4 0.000 0.002 0.02 2.59E-07 5.59E+00 2.00E-01 23
GPR42 9 4 0.004 0.002 490 3.94E-01 8.67E+01 2.22E-01 24
PUTATIVE 1 0 0.000 0.000 64.05 7.48E-02 6.17E+06 2.25E-01 25
SVIL 1 0 0.000 0.000 64.05 7.48E-02 6.17E+06 2.25E-01 26
THOC3 1 0 0.000 0.000 64.05 7.48E-02 6.17E+06 2.25E-01 27
ACSM2A 1 3 0.000 0.001 0.09 3.95E-04 5.47E+00 2.50E-01 28
GYPB 1 3 0.000 0.001 0.09 3.95E-04 5.47E+00 2.50E-01 29
POTEG 12 8 0.005 0.003 339 3.75E-01 3.74E+01 2.81E-01 30
GSTA2 0 2 0.000 0.001 0.03 3.68E-07 1.32E+01 2.88E-01 31
RPS15A 2 0.000 0.001 0.03 3.68E-07 1.32E+01 2.88E-01 32
POTED 0 0.001 0.000 24.63 7.61E-02 2.08E+06 3.05E-01 33
DEFB131A 13 11 0.006 0.004 2.55 3.79E-01 1.82E+01 3.35E-01 34
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Supplementary Table 5. ClozUK dataset. Results of the gene-wise analysis of deletions.

Line in bold marks p value < 0.05. NAFF = number of affected individuals; NUNAFF =

number of unaffected individuals (controls); FAFF frequency in affected individuals;

FUNAFF = frequency in unaffected individuals (controls); OR = Odds ratio; CI1 — 95%
lower limit confidence interval, CI2 — 95% upper limit confidence interval; PVAL = p value;
No = number.

GENE NAFF  NUNAFF FAFF FUNAFF OR CIL CIU PVAL NO

MICA 2 19 0.0003 0.0014 0.05 1.24E-03  7.58E-01 2.86E-02 1
CASA 1 0 0.0002 0.0000 39094  4.58E-01 3.76E+07 8.12E-02 2
SLC7A5 1 0 0.0002 0.0000 390.94  4.58E-01 3.76E+07 8.12E-02 3
GSTAl 6 9 0.0010 0.0007 428  347E-01 4.59E+01 2.46E-01 4
GSTA2 6 9 0.0010 0.0007 428  347E-01 4.59E+01 2.46E-01 5
ALG1 1 0 0.0002 0.0000 28.46  3.33E-02 2.74E+06 3.32E-01 6
C1QTNF9 1 0 0.0002 0.0000 28.46  3.33E-02 2.74E+06 3.32E-01 7
EEF2KMT 1 0 0.0002 0.0000 28.46  3.33E-02 2.74E+06 3.32E-01 8
ENSG00000273167 1 0 0.0002 0.0000 28.46  3.33E-02 2.74E+06 3.32E-01 9
TARP 0 4 0.0000 0.0003 0.07  8.72E-07 1.53E+01 3.90E-01 10
CCDC146 1 1 0.0002 0.0001 8.40 1.99E-02 3.54E+03 4.59E-01 11
ODAD2 0 2 0.0000 0.0001 0.14 1.51E-06 6.11E+01 5.60E-01 12
ANTXRL 0 1 0.0000 0.0001 0.18 1.88E-06 1.54E+02 6.31E-01 13
CYP3A4 0 1 0.0000 0.0001 0.18 1.88E-06 1.54E+02 6.31E-01 14
ZNF761 2 5 0.0003 0.0004 2.12 3.62E-02 6.42E+01 6.88E-01 15
ZNF765 2 5 0.0003 0.0004 2.12  3.62E-02 6.42E+01 6.88E-01 16
ZNF813 2 5 0.0003 0.0004 2.12 3.62E-02 6.42E+01 6.88E-01 17
UGT2B10 6 11 0.0010 0.0008 1.36 1.21E-01 1.28E+01 7.93E-01 18
AAMDC 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 19
ANKRD18A 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 20
AREG 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 21
CEACAMS 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 22
DPY19L2 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 23
ENSG00000286070 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 24
GGT1 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 25
GRMS 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 26
GYPB 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 27
INTS4 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 28
TPPP 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 29
ZDHHC11 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 30
ZDHHCI11B 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 31
BANP 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 32
NPIPB3 0 1 0.0000 0.0001 248  2.58E-05 2.12E+03 8.16E-01 33
NBPF4 0 2 0.0000 0.0001 0.76  9.04E-06 2.47E+02 9.39E-01 34
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Supplementary Table 6. Combined dataset. Results for the gene-wise analysis of

deletions.

Line in bold marks p value < 0.05. NAFF = number of affected individuals; NUNAFF =
number of unaffected individuals (controls); FAFF frequency in affected individuals;
FUNAFF = frequency in unaffected individuals (controls); OR = Odds ratio; CI1 — 95%

lower limit confidence interval, CI2 — 95% upper limit confidence interval; PVAL = p value;

No = number.

GENE NAFF NUNAFF FAFF FUNAFF OR CIL CIU PVAL NO
OR4N2 26 7 0.0031 0.0004 26.88 4.38E+00 2.17E+02 2.33E-04 1
OR4M1 27 9 0.0033 0.0005 16.50 3.08E+00 1.07E+02 8.14E-04 2
OR4Q3 27 10 0.0033 0.0006 12.57 2.47E+00 7.57E+01 1.96E-03 3
OR11H2 18 7 0.0022 0.0004 10.68 1.54E+00 9.30E+01 1.59E-02 4
TARP 11 5 0.0013 0.0003 17.93 1.64E+00 2.54E+02 1.76E-02 5
MICA 19 0.0002 0.0012 0.05 1.25E-03  7.63E-01 2.90E-02 6
TRIM77 0 5 0.0000 0.0003 0.01 8.24E-08 1.14E+00 5.75E-02 7
CAS5A 1 0 0.0001 0.0000 364.20 4.27E-01 3.50E+07 8.48E-02 8§
SLC7AS 1 0 0.0001 0.0000 364.20 4.27E-01 3.50E+07 8.48E-02 9
CYP2A6 18 11 0.0022 0.0007 4.36 7.71E-01  2.71E+01 9.63E-02 10
RNASE3 2 8 0.0002 0.0005 0.09 1.77E-03  1.89E+00 1.25E-01 11
POMZP3 2 9 0.0002 0.0005 0.10 1.97E-03  1.94E+00 1.33E-01 12
SPDYE16 2 9 0.0002 0.0005 0.10 1.97E-03 1.94E+00 1.33E-01 13
GSTM1 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 14
GSTM2 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 15
LINC02203 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 16
OR4M2 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 17
OR4M2-0T1 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 18
OR4M2B 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 19
OR4N4 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 20
OR4N4C 2 0 0.0002 0.0000 108.17 2.50E-01 9.81E+06 1.38E-01 21
POTEM 0 2 0.0000 0.0001 0.01 1.51E-07 4.13E+00 1.49E-01 22
FAMS86B2 4 2 0.0005 0.0001 12.28 3.35E-01 7.42E+02 1.72E-01 23
GYPB 1 4 0.0001 0.0002 0.07 3.14E-04 3.77E+00 1.93E-01 24
PUTATIVE 1 0 0.0001 0.0000 80.63 9.44E-02 7.76E+06 1.99E-01 25
SVIL 1 0 0.0001 0.0000 80.63 9.44E-02 7.76E+06 1.99E-01 26
THOC3 1 0 0.0001 0.0000 80.63 9.44E-02 7.76E+06 1.99E-01 27
DHRS4L.2 0 3 0.0000 0.0002 0.02 2.55E-07 6.01E+00 2.06E-01 28
ACSM2A 1 3 0.0001 0.0002 0.07 3.42E-04 4.72E+00 2.22E-01 29
GPR42 9 4 0.0011 0.0002 4.54 3.59E-01 8.17E+01 2.48E-01 30
TPPP 3 1 0.0004 0.0001 13.39 1.39E-01 4.25E+03 2.77E-01 31
RPS15A 0 2 0.0000 0.0001 0.03 3.41E-07 1.34E+01 2.84E-01 32
POTEG 11 6 0.0013 0.0004 3.15 3.44E-01 3.53E+01 3.14E-01 33
ALG1 1 0 0.0001 0.0000 29.59 3.47E-02 2.85E+06 3.26E-01 34
C1QTNF9 1 0 0.0001 0.0000 29.59 347E-02 2.85E+06 3.26E-01 35
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0.0006
0.0001
0.0013
0.0013
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0007
0.0007
0.0001
0.0002
0.0008
0.0007
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0000

0.0000
0.0000
0.0000
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29.59
29.59
21.26
2.57
10.36
2.00
2.00
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
7.80
4.87
0.16
0.41
0.41
8.27
0.27
1.83
2.09
3.56
3.56
3.56
0.14
0.16
0.16
2.52
2.52
2.52
6.55

6.55
6.55
6.55

3.47E-02
3.47E-02
6.57E-02
3.75E-01
8.11E-02
4.80E-01
4.80E-01
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
4.31E-07
1.04E-01
1.71E-01
6.51E-04
2.97E-02
2.97E-02
2.01E-02
4.51E-03
2.94E-01
1.80E-01
4.15E-02
4.15E-02
4.15E-02
1.54E-06
1.86E-06
1.86E-06
7.44E-02
7.44E-02
7.44E-02
7.67E-03

7.67E-03
7.67E-03
7.67E-03

2.85E+06
2.85E+06
1.80E+06
1.88E+01
2.84E+03
8.37E+00
8.37E+00
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
3.54E+01
1.92E+03
2.74E+02
1.67E+01
4.22E+00
4.22E+00
3.41E+03
1.00E+01
1.14E+01
2.00E+01
2.91E+02
2.91E+02
2.91E+02
6.06E+01
5.09E+01
5.09E+01
6.91E+01
6.91E+01
6.91E+01
6.30E+05

6.30E+05
6.30E+05
6.30E+05

3.26E-01
3.26E-01
3.30E-01
3.36E-01
3.36E-01
3.40E-01
3.40E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.58E-01
3.60E-01
3.64E-01
4.33E-01
4.59E-01
4.59E-01
4.60E-01
4.81E-01
5.12E-01
5.40E-01
5.55E-01
5.55E-01
5.55E-01
5.63E-01
5.73E-01
5.73E-01
5.86E-01
5.86E-01
5.86E-01
5.96E-01

5.96E-01
5.96E-01
5.96E-01

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78



NF1
OR13C2
POM121
ZNF419
ANKRD36B
SYT15
SYT15B
NIPA1
TYW1
ANTXRL
CYP3A4
DEFA1B
ANKRD36
ZNF765
CTAGE6
TCAF2
NPIPB3
POTEB2
GSTA1l
UGT2B10
NOVEL
TP53TG3B
TPS3TG3C
TPS53TG3E
RRP7A
BANP
AAMDC
ANKRD18A
AREG
CEACAMS
ENSG00000286070
GGT1
GRMS
INTS4
ZDHHC11
ZDHHC11B
CCDC144A
ENSG00000266302
NBPF1
CLEC18B
DEFB131B
MZT2B
NPIPB15
SMPD4
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0.0001
0.0001
0.0001
0.0001
0.0004
0.0004
0.0004
0.0002
0.0002
0.0000
0.0000
0.0001
0.0016
0.0002
0.0001
0.0001
0.0000
0.0004
0.0007
0.0007
0.0018
0.0001
0.0001
0.0001
0.0005
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0001
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0003
0.0003
0.0003
0.0002
0.0002
0.0001
0.0001
0.0001
0.0009
0.0003
0.0002
0.0002
0.0001
0.0003
0.0007
0.0007
0.0010
0.0001
0.0001
0.0001
0.0004
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
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6.55
6.55
6.55
6.55
0.42
0.42
0.42
0.37
0.41
0.19
0.19
0.32
1.46
2.05
0.43
0.43
0.29
0.59
1.42
1.38
1.25
0.52
0.52
0.52
0.73
2.31
231
2.31
231
2.31
231
2.31
2.31
2.31
2.31
2.31
1.83
1.83
1.83
0.51
0.51
0.51
0.51
0.51

7.67E-03
7.67E-03
7.67E-03
7.67E-03
1.35E-02
1.35E-02
1.35E-02
5.58E-03
6.63E-03
1.95E-06
1.95E-06
1.18E-03
2.40E-01
3.55E-02
1.74E-03
1.74E-03
3.35E-06
1.82E-02
1.24E-01
1.23E-01
2.36E-01
1.61E-03
1.61E-03
1.61E-03
3.41E-02
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
2.40E-05
4.43E-03
4.43E-03
4.43E-03
5.31E-06
5.31E-06
5.31E-06
5.31E-06
5.31E-06

6.30E+05
6.30E+05
6.30E+05
6.30E+05
1.01E+01
1.01E+01
1.01E+01
1.77E+01
1.56E+01
1.60E+02
1.60E+02
4.13E+01
8.75E+00
6.16E+01
3.21E+01
3.21E+01
1.05E+02
1.41E+01
1.32E+01
1.28E+01
6.46E+00
1.69E+02
1.69E+02
1.69E+02
1.28E+01
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
1.97E+03
7.55E+02
7.55E+02
7.55E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02
4.36E+02

5.96E-01
5.96E-01
5.96E-01
5.96E-01
5.97E-01
5.97E-01
5.97E-01
6.06E-01
6.38E-01
6.39E-01
6.39E-01
6.43E-01
6.77E-01
6.99E-01
7.12E-01
7.12E-01
7.19E-01
7.44E-01
7.68E-01
7.85E-01
7.93E-01
8.07E-01
8.07E-01
8.07E-01
8.28E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.29E-01
8.31E-01
8.31E-01
8.31E-01
8.55E-01
8.55E-01
8.55E-01
8.55E-01
8.55E-01

79
80
81
82
83
&4
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
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112
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114
115
116
117
118
119
120
121
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TYWI1B
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0.0000
0.0000
0.0013
0.0002
0.0002
0.0000
0.0002
0.0002

0.0001
0.0001
0.0007
0.0004
0.0004
0.0001
0.0002
0.0002
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0.51
0.51
1.18
0.81
0.81
0.71
1.02
1.02

5.31E-06
5.31E-06
1.66E-01
1.38E-02
1.38E-02
8.43E-06
1.42E-02
1.42E-02

4.36E+02
4.36E+02
8.22E+00
2.32E+01
2.32E+01
2.30E+02
5.19E+01
5.19E+01

8.55E-01
8.55E-01
8.69E-01
9.07E-01
9.07E-01
9.23E-01
9.92E-01
9.92E-01

123
124
125
126
127
128
129
130



Supplementary Table 7. Burden by number of CNVs.

Results are organized by study and type of CNV (CNV = deletions and duplications together,
DUP = duplications, DEL = deletions). OR = Odds ratio, CIl1 — 95% lower limit confidence
interval, CI2 — 95% upper limit confidence interval, SE = standard error, NCONTROLS =
number of controls with variant and average number of variants per individual between

brackets, NCASES = number of cases with variant and average number of variants per
individual between brackets.

TYPE OR CII CI2 SE PVAL NCONTROLS NCASES
CNV | 1.1l 0.8 1.55 0.19 5.19E-01 395 (1.08) 335 (1.11)
MGS DUP 109 076 155 0.2 6.46BE-01 345(1.08) 296 (1.10)
DEL 142 095 212 03 8.96E-02 276 (1.05) 257 (1.07)
CNV 061 03 122 024 1.62E-01 166 (1) 60 (1)
ClozUK DUP 072 035 148 029 3.73E-01 140 (1) 60 (1)
DEL 076 032 178 037 5.27E-01 114(1) 41 (1)
CNV 1 074 134 015 9.77E-01 561 (1.06) 395 (1.09)
Combined DUP 1 073 138 0.17 9.90E-01 485 (1.05) 356 (1.08)
DEL 126 088 181 024 2.12B-01 390 (1.03) 298 (1.06)
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Supplementary Table 8. Burden by length (Kb) of CNVs.

Results are organized by study and type of CNV (CNV = deletions and duplications together,
DUP = duplications, DEL = deletions). OR = Odds ratio, CIl1 — 95% lower limit confidence
interval, CI2 — 95% upper limit confidence interval, SE = standard error, NCONTROLS =
number of controls with variant and average length in KB of variants per individual between

brackets, NCASES = number of cases with variant and average length in KB of variants per
individual between brackets.

TYPE OR CII CI2 SE PVAL NCONTROLS NCASES
CNV | 1.00 1.00 1.00 0.00 3.93E-01 395 (195) 335 (175)
MGS DUP 1.00 1.00 1.00 0.00 3.35B-01 345 (224) 296 (200)
DEL 1.00 1.00 1.00 0.00 2.95B-01 276 (234) 257 (232)
CNV  1.00 1.00 1.01 0.00 6.11E-01 166 (80.3) 60 (109)
ClozUK DUP | 1.00 1.00 1.00 0.00 5.05E-01 140 (152) 60 (199)
DEL 1.00 098 101 0.01 4.93E-01 114(51.2) 41 (44.3)
CNV | 1.00 1.00 1.00 0.00 4.91E-01 561 (161) 395 (165)
Combined DUP  1.00 1.00 1.00 0.00 4.99E-01 485 (203) 356 (200)
DEL 1.00 1.00 1.00 0.0 3.18E-01 390 (181) 298 (206)
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Supplementary Table 9. Burden by number of genes affected by the CNV.

Results are organized by study and type of CNV (CNV = deletions and duplications together,
DUP = duplications, DEL = deletions). OR = Odds ratio, CI1 — 95% lower limit confidence
interval, CI2 — 95% upper limit confidence interval, SE = standard error, NCONTROLS =
number of controls with variant and average number of genes affected by CNV per individual

between brackets, NCASES = number of cases with variant and average number of genes

affected by CNV per individual between brackets.

TYPE OR CII CI2 SE PVAL NCONTROLS NCASES
CNV | 1.1l 097 126 0.07 1.30E-01 395 (4.62) 335 (4.51)

MGS DUP 1.02 094 1.12 0.05 6.13B-01 345 (6.49) 296 (6.00)
DEL 1.14 097 134 0.09 1.186-01 276 (5.52) 257 (5.68)

CNV  0.68 048 098 0.13 3.66E-02 166 (3.31) 60 (3.01)

ClozUK DUP | 0.62 0.40 096 0.14 3.03E-02 140 (4.8) 60 (4.98)
DEL 079 047 134 022 3.91E-01 114 (1.81) 41 (1.34)

CNV | 1.04 092 1.17 0.06 5.42E-01 561 (4.23) 395 (4.28)
Combined DUP 099 091 1.07 0.04 7.32B-01 485 (6.00) 356 (5.83)
DEL 111 095 129 0.09 1.82E-01 390 (4.43) 298 (5.08)
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Chapter 3

Supplementary Table 10. Primary findings of Z score constraint.

Results are separated by the type of constraint tested. For a full explanation of different
categories, see 3.5 Methods. CNV = duplications and deletions together; DUP = duplications;
DEL = deletions; KB = kilobases; N CNV UN/AFF = number of variants in controls versus
cases. Statistically significant results (p < 0.05) in both sets of CNVs (categorized by different
filtering thresholds) are highlighted as following: */* significant in both; -/- not significant in

both; */- or -/* significant in one but not the other.

>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/SKB DENSITY
STUDY TYPE | NCNV  OR(95%CI) PVAL | NCNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV | 2305/2337 1.16 (1.08-124) 4.32E-05 | 6752/6641 1.1 (1.05-1.14)  2.65E-06
*/*
MGS DUP | 1315/1296 1.08 (0.98-1.19) 1.30E-01 | 2978/2950  1.01(0.95-1.07) 7.26E-01
A
DEL | 990/1041 1.3 (1.16-1.46)  4.63E-06 | 3774/3691  1.17(1.11-1.24) 3.48E-09
*/*
CNV | 2660/1858 1.07 (1-1.14)  5.55E-02 | 9395/5802  0.99 (0.96-1.03) 6.30E-01
A
CLOZUKI D_[/{P 1919/1332  1.03 (0.94-1.12) 5.20E-01 | 4823/3081  0.96 (0.91-1.01) 1.16E-01
DEL | 741/526  1.14(1.01-1.27) 2.78E-02 | 4572/2721  1.01 (0.96-1.06) 7.24E-01
*/_
CNV | 3095/2045 1.04 (0.98-1.11) 1.79E-01 | 13464/8531  1.04 (1.01-1.07) 8.04E-03
/%
CLOZUK? D_[/J_P 2103/1347 1.04 (0.95-1.14) 3.44E-01 | 6287/3965  1.03 (0.98-1.08) 2.15E-01
DEL | 992/698  1.08(0.98-1.19) 1.30E-01 | 7177/4566  1.05(1.01-1.1)  9.41E-03
-/*
CNV | 8060/6240 1.08 (1.04-1.13) 2.53E-04 | 29611/20974 1.03 (1.01-1.06) 7.28E-04
*/*
META-ANALYSIS D_[/{P 5337/3975  1.05(0.99-1.11)  9.70E-02 | 14088/9996  1(0.97-1.03)  9.40E-01
DEL | 2723/2265 1.14(1.07-1.23) 2.08E-04 | 15523/10978 1.06 (1.03-1.09) 3.55E-05
*/*
CODING CONSTRAINT
CNV [ 1259/1438 1.12(1.04-121) 2.96E-03 | 2501/2811  1.13(1.07-12)  1.33E-05
*/*
MGS DUP | 875/894  1.09(1-1.2) 6.29E-02 | 1499/1558  1.05(0.97-1.13) 2.33E-01
/-
DEL | 384/544  123(1.09-14) 1.17E-03 | 1002/1253 1.3 (1.19-1.42)  7.33E-09
*/*
CNV | 2017/1479 1.13(1.05-121) 6.55E-04 | 4839/2995  1.03 (0.99-1.08) 1.92E-01
*/_
CLOZUKI D:/J_P 1551/1089 1.1 (1.02-12)  2.06E-02 | 2995/1880  1.03 (0.97-1.1)  3.31E-01
DEL | 466/390  1.22(1.07-1.38) 2.86E-03 | 1844/1115  1.03 (0.96-1.11) 4.15E-01
*/_
CLOZUK2 CNV | 2079/1407 1.07 (1-1.14)  5.85E-02 | 6227/4056  1.08 (1.03-1.12) 3.67E-04
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DUP | 1556/1000 1.03 (0.95-1.12) 4.61E-01 | 3530/2296  1.02(0.97-1.08) 4.05E-01
/-
DEL | 523/407  1.16(1.04-1.3) 8.28E-03 | 2697/1760  1.14 (1.07-1.21) 2.04E-05
*/*
CNV | 5355/4324 1.1 (1.05-1.15)  2.29E-05 | 13567/9862  1.07 (1.04-1.1)  3.17E-06
*/*
META.ANALYSIS D*L/J_P 3982/2983 1.07 (1.02-1.13) 1.08E-02 | 8024/5734  1.03(0.99-1.07) 1.03E-01
DEL | 1373/1341 12(1.1-1.31)  2.68E-05 | 5543/4128  1.12(1.07-1.17) 2.00E-06
*/*
NON-CODING CONSTRAINT
CNV |[2305/2337 1.12(1.03-121) 7.90E-03 | 6723/6620  1.07 (1.03-1.12) 5.87E-04
*/*
MGS DUP | 1315/1296 1.02(0.91-1.15) 6.90E-01 | 2973/2941  0.99 (0.93-1.06) 8.76E-01
A
DEL | 990/1041 1.24(1.1-14)  5.69E-04 | 3750/3679  1.14(1.08-1.21) 4.29E-06
*/*
CNV | 2660/1858 1.01 (0.94-1.09) 7.65E-01 | 9368/5788  0.99 (0.96-1.03) 7.81E-01
/-
CLOZUKI D_[/{P 1919/1332  0.94 (0.85-1.04) 2.34E-01 | 4818/3079  0.97 (0.92-1.03) 3.42E-01
DEL | 741/526  1.12(0.99-1.26) 7.26E-02 | 4550/2709  1(0.95-1.05)  9.47E-01
/-
CNV | 3095/2045 1.04 (0.97-1.11) 2.94E-01 | 13446/8522  1.03(1-1.07)  5.12E-02
A
CLOZUK? D_[/J_P 2103/1347 1.03 (0.92-1.14) 6.39E-01 | 6285/3964  1.02 (0.97-1.08) 4.49E-01
DEL | 992/698  1.08(0.98-1.2) 1.30E-01 | 7161/4558  1.04(1-1.09)  4.50E-02
/¥
CNV | 8060/6240 1.05 (1-1.1) 4.53E-02 | 29537/20930 1.03 (1.01-1.05) 9.90E-03
*/*
META-ANALYSIS D_[/{P 5337/3975  0.99 (0.93-1.05) 7.29E-01 | 14076/9984  1(0.96-1.03)  8.34E-01
DEL | 2723/2265 1.13(1.05-1.22) 1.39E-03 | 15461/10946 1.05(1.02-1.08) 1.61E-03
*/*
CCRE CONSTRAINT
CNV | 2284/2317 1.15(1.07-124) 1.52E-04 | 6283/6199  1.08 (1.04-1.12) 1.04E-04
*/*
MGS DUP | 1313/1293 1.06 (0.96-1.18) 2.31E-01 | 2834/2806  1.01 (0.95-1.07) 8.26E-01
/-
DEL | 971/1024  126(1.13-1.4)  2.88E-05 | 3449/3393  1.13(1.08-1.19) 1.45E-06
*/*
CNV | 2660/1858 1.06 (0.99-1.14) 8.33E-02 | 9155/5635  1.02 (0.98-1.05) 3.32E-01
/-
CLOZUKI D_I/J_P 1919/1332  1.01 (0.92-1.12) 7.65E-01 | 4773/3039  1(0.95-1.05)  9.90E-01
DEL | 741/526  1.13(1.01-1.26) 2.66E-02 | 4382/2596  1.02(0.98-1.07) 3.26E-01
*/_
CNV | 3092/2044 1.04(0.97-1.11) 2.58E-01 | 12980/8251  1.03 (1-1.06)  4.44E-02
-/*
CLOZUK? D_[/{P 2100/1347 1 (0.91-1.1) 9.81E-01 | 6161/3876  1.01 (0.96-1.06) 7.97E-01
DEL | 992/697  1.11(1.01-1.22) 3.40E-02 | 6819/4375  1.05(1.01-1.09) 9.65E-03
*/*
META-ANALYSIS | CNV | 8036/6219  1.07 (1.03-1.12)  9.24E-04 | 28418/20085 1.04 (1.02-1.06) 3.60E-04
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*/*

DUP | 5332/3972 1.02 (0.97-1.08) 4.35E-01 | 13768/9721 1(0.97-1.04) 7.91E-01
/-
DEL | 2704/2247 1.15(1.08-1.23) 5.46E-05 | 14650/10364 1.06 (1.03-1.09) 2.88E-05
*/*
NON-CODING EXON CONSTRAINT
CNV | 1627/1618 1.01(0.93-1.1)  7.74E-01 | 2953/2910 1.03 (0.98-1.09) 2.42E-01
i
MGS DUP | 1009/956 1(0.91-1.11) 9.35E-01 | 1564/1502 1.03 (0.96-1.11) 4.00E-01
/-
DEL | 618/662 1.05(0.9-1.21)  5.45E-01 | 1389/1408 1.05(0.96-1.14) 3.07E-01
/-
CNV | 2298/1614 1.05(0.97-1.14) 1.92E-01 | 4365/2809 1 (0.95-1.05) 8.72E-01
v
CLOZUKI DI/J_P 1694/1166  0.99 (0.89-1.09) 7.94E-01 | 2371/1597 0.95(0.88-1.03) 2.09E-01
DEL | 604/448 1.21 (1.05-1.39) 6.65E-03 | 1994/1212 1.02 (0.95-1.1)  5.36E-01
*/_
CNV | 2542/1694 1.03 (0.95-1.1) 4.96E-01 | 6023/3834 1.08 (1.03-1.12) 1.64E-03
JE
CLOZUK2 D_[/{P 1784/1151 0.96 (0.88-1.06) 4.03E-01 | 3131/1936 1.02 (0.95-1.09) 5.96E-01
DEL | 758/543 1.15(1.02-1.3)  2.02E-02 | 2892/1898 1.13(1.07-1.2)  5.71E-05
*/*
CNV | 6467/4926 1.03(0.98-1.08) 2.10E-01 | 13341/9553  1.04(1.01-1.07) 2.03E-02
*/*
META-ANALYSIS D[/J_P 4487/3273 0.98 (0.93-1.04) 5.18E-01 | 7066/5035 1 (0.96-1.04) 9.96E-01
DEL | 1980/1653 1.13 (1.04-1.24) 5.56E-03 | 6275/4518 1.07 (1.03-1.12) 1.77E-03
*/*
INTRONIC CONSTRAINT
CNV | 1627/1618 1.01(0.93-1.1)  7.74E-01 | 4759/4781 1.08 (1.03-1.13) 6.65E-04
JE
MGS DUP | 1009/956 1 (0.91-1.11) 9.35E-01 | 2247/2222 1.03 (0.96-1.11) 3.53E-01
/-
DEL | 618/662 1.05(0.9-1.21)  5.45E-01 | 2512/2559 1.13 (1.06-1.21) 1.40E-04
J*
CNV | 2298/1614 1.05(0.97-1.14) 1.92E-01 | 7155/4395 1.01 (0.97-1.06) 5.95E-01
v
CLOZUK1 D_[/{P 1694/1166 0.99 (0.89-1.09) 7.94E-01 | 3717/2390 1.02 (0.95-1.09) 5.81E-01
DEL | 604/448 1.21 (1.05-1.39) 6.65E-03 | 3438/2005 0.99 (0.94-1.05) 8.03E-01
*/_
CNV | 2542/1694 1.03 (0.95-1.1)  4.96E-01 | 9807/6221 1.03 (0.99-1.07) 1.18E-01
i
CLOZUK2 DﬁP 1784/1151 0.96 (0.88-1.06) 4.03E-01 | 4739/3040 1.06 (1-1.13) 4.58E-02
DEL | 758/543 1.15(1.02-1.3)  2.02E-02 | 5068/3181 1 (0.95-1.06) 8.60E-01
*/_
CNV | 6467/4926 1.03 (0.98-1.08) 2.10E-01 | 21721/15397 1.04 (1.01-1.06) 4.22E-03
JE
META-ANALYSIS D_[/{P 4487/3273 0.98 (0.93-1.04) 5.18E-01 | 10703/7652 1.04 (1-1.08) 5.26E-02
DEL | 1980/1653 1.13 (1.04-1.24) 5.56E-03 | 11018/7745 1.03 (0.99-1.06) 1.17E-01
*/_

NON-FUNCTIONAL REGION CONSTRAINT
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MGS

CLOZUK1

CLOZUK2

META-ANALYSIS

CNV

DUP

DEL

1812/1776

1143/1090

669/686

2215/1594

1668/1178

547/416

2495/1664

1844/1171

651/493

6522/5034

4655/3439

1867/1595

0.99 (0.9-1.11)
0.96 (0.85-1.1)
1.04 (0.86-1.25)
0.98 (0.89-1.07)
0.93 (0.84-1.04)
1.15 (0.95-1.39)
1.02 (0.93-1.12)
0.98 (0.88-1.09)
1.19 (1-1.43)

1 (0.94-1.06)
0.96 (0.9-1.02)

1.12 (0.99-1.26)
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9.23E-01

5.90E-01

6.94E-01

6.54E-01

1.91E-01

1.55E-01

6.16E-01

6.95E-01

5.56E-02

9.64E-01

1.61E-01

7.12E-02

4253/4170

2153/2088

2100/2082

6181/3892

3613/2355

2568/1537

8532/5328

4522/2728

4010/2600

18966/13390

10288/7171

8678/6219

0.99 (0.93-1.05)
0.98 (0.91-1.06)
1 (0.92-1.09)
1.04 (0.99-1.1)
1.03 (0.96-1.11)
1.05 (0.97-1.13)
1.03 (0.98-1.08)
1 (0.94-1.07)
1.07 (1-1.15)
1.02 (0.99-1.05)
1.01 (0.96-1.05)

1.04 (1-1.09)

7.16E-01

6.59E-01

9.98E-01

1.08E-01

4.32E-01

2.52E-01

2.28E-01

9.32E-01

4.20E-02

1.61E-01

8.10E-01

7.20E-02



Supplementary Table 11. Sensitivity analysis results removing previously implicated
loci.

Results are separated by the type of constraint tested. For a full explanation of different
categories, see 3.5 Methods. CNV = duplications and deletions together; DUP = duplications;
DEL = deletions; KB = kilobases; N CNV UN/AFF = number of variants in controls versus
cases. Statistically significant results (p < 0.05) in both sets of CNVs (categorized by different
filtering thresholds) are highlighted as following: */* significant in both; -/- not significant in
both; */- or -/* significant in one but not the other.

>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/SKB DENSITY
STUDY TYPE [ NCNV __ OR(95%CI) __PVAL |NCNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV [ 2296/2295 1.15(1.07-123) 1.69E-04 | 67276591 1.09 (1.05-1.14) 3.62E-06
*/*
MGS DUP | 1312/1282  1.07(0.97-1.17) 1.99E-01 | 2971/2935  1.01 (0.95-1.07) 7.78E-01
-
DEL | 984/1013  1.29(1.15-145) 9.49E-06 | 3756/3656  1.17(1.11-124) 2.92E-09
*/*
CNV | 2619/1792  1.05(0.98-1.12) 1.71E-01 | 9303/5730 0.9 (0.96-1.03) 6.31E-01
-
CLOZUKI DUP 1885/1298  1.01(0.92-1.1)  8.34E-01 | 4784/3066  0.96 (0.91-1.01) 9.49E-02
DEL |734/494  1.12(1-125)  6.00E-02 | 4519/2664  1.01(0.96-1.06) 7.43E-01
*
CNV | 3059/2000 1.03 (0.97-1.1)  2.96E-01 | 13353/8459  1.04 (1.01-1.07) 5.80E-03
-/*
CLOZUK2 DUP 2076/1319  1.03 (0.94-1.12)  5.63E-01 | 6249/3939  1.03 (0.98-1.08) 2.31E-01
DEL | 983/681  1.08(0.98-1.19) 1.21E-01 | 7104/4520  1.06(1.02-1.1)  5.11E-03
*
CNV | 7974/6087 1.07 (1.02-1.11)  2.10E-03 | 29383/20780  1.04 (1.02-1.06) 6.16E-04
kk
META-ANALYsIs | DUP 5273/3899  1.03 (0.98-1.09) 2.73E-01 | 14004/9940  1(0.97-1.03)  8.43E-01
DEL |2701/2188 1.14(1.06-122) 3.77E-04 | 15379/10840 1.06 (1.03-1.09) 2.05E-05
Kk
CODING CONSTRAINT
CNV [ 1252/1397 1.1(1.02-1.19)  9.66E-03 | 24852768 1.13 (1.07-1.19) 2.73E-05
*/*
MGS DUP | 872/880  1.08(0.98-1.19) 1.06E-01 | 1492/1544  1.04(0.97-1.12) 2.70E-01
-
DEL [380/517  122(1.07-138) 2.63E-03 | 993/1224 13 (1.19-142)  1.10E-08
*/*
CNV | 1977/1413 111 (1.04-1.19) 3.17E-03 | 4773/2928  1.03 (0.99-1.08) 1.71E-01
*/_
LA DUP | 1517/1055 1.09(1-1.19)  4.86E-02 | 2963/1865  1.03 (0.97-1.1)  3.43E-01
*/_
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DEL | 460/358 1.2 (1.05-1.37) 6.51E-03 | 1810/1063 1.03 (0.96-1.1) 4.56E-01

*/_
CNV | 2044/1363 1.05(0.98-1.12) 1.56E-01 | 6136/3998 1.08 (1.03-1.12) 4.74E-04

JE
CLOZUK2 D_I/J_P 1530/972 1.01 (0.93-1.1) 7.88E-01 | 3496/2272 1.02 (0.97-1.08) 4.21E-01
DEL | 514/391 1.16 (1.04-1.3) 9.67E-03 | 2640/1726 1.14 (1.07-1.21)  2.09E-05

*/*
CNV | 5273/4173 1.08 (1.04-1.13) 3.27E-04 | 13394/9694 1.07 (1.04-1.1) 4.02E-06

*/*
META-ANALYSIS D_}iP 3919/2907 1.06 (1-1.12) 4.61E-02 | 7951/5681 1.03 (0.99-1.07) 1.18E-01
DEL | 1354/1266 1.19(1.09-1.29) 6.60E-05 | 5443/4013 1.12 (1.07-1.17) 2.49E-06

*/*

NON-CODING CONSTRAINT

CNV | 2296/2295 1.11(1.02-1.2) 1.21E-02 | 6698/6570 1.08 (1.03-1.12) 5.16E-04

*/*
MGS DUP | 1312/1282 1.02(0.91-1.14) 7.23E-01 | 2966/2926 1(0.93-1.06) 8.81E-01

v
DEL | 984/1013 1.23 (1.09-1.39) 8.01E-04 | 3732/3644 1.14 (1.08-1.21) 2.78E-06

*/*
CNV | 2619/1792 1 (0.93-1.08) 9.49E-01 | 9276/5716 1(0.96-1.03) 8.11E-01

/-
CLOZUK1 D_[/{P 1885/1298 0.94 (0.85-1.03) 1.92E-01 | 4779/3064 0.97 (0.92-1.03) 2.98E-01
DEL | 734/494 1.1 (0.98-1.24) 1.15E-01 | 4497/2652 1 (0.95-1.05) 9.01E-01

v
CNV | 3059/2000 1.04(0.97-1.12) 2.83E-01 | 13336/8450 1.04 (1-1.07) 3.20E-02

JE
CLOZUK2 D_[/J_P 2076/1319  1.03 (0.92-1.14) 6.38E-01 | 6247/3938 1.02 (0.97-1.08) 4.68E-01
DEL | 983/681 1.09 (0.98-1.21) 1.04E-01 | 7089/4512 1.05 (1.01-1.1) 2.08E-02

J*
CNV | 7974/6087 1.04 (1-1.09) 6.91E-02 | 29310/20736  1.03 (1.01-1.05) 6.16E-03

*/*
META-ANALYSIS D_[/{P 5273/3899  0.99 (0.93-1.05) 6.49E-01 | 13992/9928 1 (0.96-1.03) 7.77E-01
DEL | 2701/2188 1.13(1.05-1.22) 1.74E-03 | 15318/10808 1.05 (1.02-1.08) 6.53E-04

*/*

CCRE CONSTRAINT

CNV | 2275/2275 1.14(1.06-1.23) 3.02E-04 | 6258/6149 1.08 (1.04-1.12)  9.68E-05

*/*
MGS DUP | 1310/1279 1.06 (0.96-1.18) 2.55E-01 | 2827/2791 1.01 (0.95-1.07) 8.25E-01

v
DEL | 965/996 1.25(1.12-1.39) 4.74E-05 | 3431/3358 1.14 (1.08-1.2) 1.01E-06

*/*
CNV | 2619/1792 1.05(0.98-1.13) 1.35E-01 | 9063/5563 1.02 (0.98-1.05) 3.18E-01

v
CLOZUKI1 D_I/{P 1885/1298  1.01 (0.92-1.11) 8.46E-01 | 4734/3024 1(0.95-1.05) 9.45E-01
DEL | 734/494 1.12 (1-1.24) 4.59E-02 | 4329/2539 1.02 (0.98-1.07) 3.38E-01

*/_
CNV | 3056/1999 1.04 (0.97-1.11) 2.44E-01 | 12870/8179 1.04 (1-1.07) 2.37E-02

JE
CLOZUK2 DUP | 2073/1319 1 (0.91-1.1) 9.78E-01 | 6123/3850 1.01 (0.96-1.06) 8.14E-01
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DEL | 983/680 1.12 (1.01-1.23) 2.46E-02 | 6747/4329 1.06 (1.02-1.1) 3.15E-03
*/*
CNV | 7950/6066 1.07 (1.03-1.12) 1.64E-03 | 28191/19891 1.04 (1.02-1.06) 1.79E-04
*/*
META-ANALYSIS D_I/J_P 5268/3896 1.02 (0.96-1.08) 4.86E-01 | 13684/9665 1 (0.97-1.04) 8.27E-01
DEL | 2682/2170 1.15(1.07-1.23) 7.15E-05 | 14507/10226 1.06 (1.04-1.09) 1.01E-05
*/*
NON-CODING EXON CONSTRAINT
CNV | 1620/1579 1.01 (0.93-1.1) 8.12E-01 | 2946/2871 1.03 (0.98-1.09) 2.60E-01
v
MGS DUP | 1006/943 1(0.9-1.11) 9.86E-01 | 1561/1490 1.03 (0.96-1.11) 4.28E-01
/-
DEL | 614/636 1.05(0.91-1.22) 5.02E-01 | 1385/1381 1.05 (0.96-1.14) 2.99E-01
/-
CNV | 2261/1551 1.05(0.97-1.14) 2.22E-01 | 4338/2775 1 (0.95-1.05) 9.83E-01
/-
CLOZUK1 D_I/J_P 1663/1134 0.98 (0.89-1.09) 7.34E-01 | 2349/1590 0.95 (0.88-1.03) 1.92E-01
DEL | 598/417 1.21 (1.05-1.39) 8.05E-03 | 1989/1185 1.03 (0.95-1.11) 4.67E-01
*/_
CNV | 2508/1654 1.02 (0.95-1.1) 5.60E-01 | 5983/3803 1.07 (1.03-1.12)  1.70E-03
*/_
CLOZUK2 D_[/{P 1759/1127  0.96 (0.87-1.05) 3.49E-01 | 3102/1925 1.02 (0.95-1.09) 6.30E-01
DEL | 749/527 1.15(1.02-1.3) 1.83E-02 | 2881/1878 1.13 (1.07-1.2) 6.03E-05
*/*
CNV | 6389/4784 1.03 (0.98-1.08) 2.61E-01 | 13267/9449 1.04 (1.01-1.07) 1.74E-02
JE
META-ANALYSIS D_[/J_P 4428/3204 0.98 (0.92-1.03) 4.28E-01 | 7012/5005 1(0.96-1.04) 9.30E-01
DEL | 1961/1580 1.13 (1.04-1.24) 5.14E-03 | 6255/4444 1.08 (1.03-1.12) 1.42E-03
*/*
INTRONIC CONSTRAINT
CNV | 1919/1957 1.08 (0.99-1.18) 8.91E-02 | 4734/4732 1.08 (1.03-1.13) 7.60E-04
J*
MGS DUP | 1154/1118 0.98 (0.87-1.12) 7.99E-01 | 2240/2208 1.03 (0.96-1.11) 3.70E-01
/-
DEL | 765/839 1.22 (1.07-1.4) 2.76E-03 | 2494/2524 1.13 (1.06-1.21) 1.13E-04
*/*
CNV | 2531/1740 1.02 (0.94-1.11) 6.40E-01 | 7063/4323 1.01 (0.97-1.06) 5.87E-01
i
CLOZUK1 D_[/{P 1845/1267 0.96 (0.86-1.07) 4.81E-01 | 3678/2375 1.02 (0.95-1.09) 6.25E-01
DEL | 686/473 1.11 (0.97-1.26) 1.25E-01 | 3385/1948 0.99 (0.94-1.05) 8.14E-01
v
CNV | 2840/1860 1.08 (1-1.16) 6.10E-02 | 9702/6151 1.03 (0.99-1.07) 1.06E-01
v
CLOZUK2 D_I/{P 1932/1235 1.09 (0.97-1.21) 1.42E-01 | 4703/3015 1.06 (1-1.13) 5.00E-02
DEL | 908/625 1.09 (0.98-1.21) 1.29E-01 | 4999/3136 1.01 (0.96-1.06) 7.54E-01
/-
CNV | 7290/5557 1.06 (1-1.11) 3.13E-02 | 21499/15206 1.04 (1.01-1.07) 3.88E-03
*/*
WALE L e BN DUP | 4931/3620 1.01 (0.94-1.08) 8.70E-01 | 10621/7598 1.04 (1-1.08) 6.21E-02
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‘ DEL ‘ 2359/1937 1.13 (1.04-1.22) 3.75E-03 | 10878/7608 1.03 (1-1.07) 9.13E-02
*/_
Supplementary Table 12. Sensitivity analysis results adding the number of LoF
intolerant genes affected.
Results are separated by the type of constraint tested. For a full explanation of different
categories, see 3.5 Methods. CNV = duplications and deletions together; DUP =
duplications; DEL = deletions; KB = kilobases; N CNV UN/AFF = number of variants
in controls versus cases. Statistically significant results (p < 0.05) in both sets of CN'Vs
(categorized by different filtering thresholds) are highlighted as following: */*
significant in both; -/- not significant in both; */- or -/* significant in one but not the
other.
>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/5KB DENSITY
STUDY TYPE | NCNV OR (95% CI) P VAL N CNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV | 2305/2337 1.11(1.03-1.19) 5.56E-03 | 6752/6641 1.07 (1.03-1.12) 3.38E-04
*/*
MGS DUP | 1315/1296 1.04 (0.94-1.15) 4.35E-01 | 2978/2950 0.99 (0.93-1.05) 7.14E-01
/-
DEL | 990/1041 1.25(1.11-1.4) 1.61E-04 | 3774/3691 1.15(1.09-1.22)  1.45E-07
*/*
CNV | 2660/1858 1.02(0.95-1.09) 5.73E-01 | 9395/5802 0.99 (0.96-1.02) 5.29E-01
/-
CLOZUK1 D_[/J-P 1919/1332  0.98 (0.89-1.07) 6.23E-01 | 4823/3081 0.96 (0.91-1.01) 1.30E-01
DEL | 741/526 1.09 (0.97-1.22) 1.54E-01 | 4572/2721 1.01 (0.96-1.06) 6.66E-01
/-
CNV | 3095/2045 1.03 (0.97-1.1) 3.19E-01 | 13464/8531 1.04 (1.01-1.07)  2.20E-02
-/*
CLOZUK2 DEP 2103/1347  1.05(0.95-1.15) 3.42E-01 | 6287/3965 1.03 (0.98-1.08) 2.12E-01
DEL | 992/698 1.06 (0.96-1.17) 2.45E-01 | 7177/4566 1.04 (1-1.09) 3.69E-02
-/*
CNV | 8060/6240 1.05(1.01-1.09) 2.78E-02 | 29611/20974 1.03 (1.01-1.05) 8.87E-03
*/*
META-ANALYSIS D_I/J_P 5337/3975 1.02(0.96-1.08) 5.49E-01 | 14088/9996 0.99 (0.96-1.02) 6.92E-01
DEL | 2723/2265 1.11(1.04-1.19) 3.36E-03 | 15523/10978 1.05 (1.02-1.08) 2.47E-04
*/*
CODING CONSTRAINT
CNV | 1259/1438 1.08 (1-1.17) 5.33E-02 | 2501/2811 1.1 (1.04-1.17) 8.40E-04
*/*
MGS DUP | 875/894  1.07(0.97-1.18) 1.90E-01 | 1499/1558  1.02(0.95-1.11) 5.31E-01
/-
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DEL | 384/544 1.18 (1.04-1.35) 1.22E-02 | 1002/1253 1.26 (1.15-1.38) 4.36E-07

*/*
CNV | 2017/1479 1.09 (1.01-1.17) 2.46E-02 | 4839/2995 1.03 (0.98-1.07) 2.43E-01

*/_
CLOZUKI1 D*I/J_P 1551/1089  1.06 (0.97-1.16) 1.70E-01 | 2995/1880 1.04 (0.97-1.1) 2.82E-01
DEL | 466/390 1.17 (1.02-1.33) 2.07E-02 | 1844/1115 1.04 (0.97-1.11)  3.03E-01

*/_
CNV | 2079/1407 1.06 (0.99-1.13) 9.49E-02 | 6227/4056 1.07 (1.03-1.12)  1.11E-03

e
CLOZUK2 DEP 1556/1000 1.04 (0.95-1.13) 4.34E-01 | 3530/2296 1.03 (0.97-1.09) 3.69E-01
DEL | 523/407 1.15(1.03-1.29) 1.64E-02 | 2697/1760 1.12 (1.06-1.19)  1.54E-04

*/*
CNV | 5355/4324 1.07 (1.03-1.12) 1.82E-03 | 13567/9862 1.06 (1.03-1.09) 5.44E-05

*/*
META-ANALYSIS D_[/{P 3982/2983  1.05(1-1.11) 6.24E-02 | 8024/5734 1.03 (0.99-1.07) 1.41E-01
DEL | 1373/1341 1.16(1.07-1.26) 3.73E-04 | 5543/4128 1.11 (1.06-1.16) 7.48E-06

*/*

NON-CODING CONSTRAINT

CNV | 2305/2337 1.07(0.99-1.17) 8.50E-02 | 6723/6620 1.06 (1.02-1.1)  7.26E-03

*/*
MGS DUP | 1315/1296 0.99 (0.88-1.11) 8.84E-01 | 2973/2941 0.98 (0.92-1.04) 5.17E-01

A
DEL | 990/1041 1.2 (1.07-1.36) 2.91E-03 | 3750/3679 1.13(1.07-1.19) 2.19E-05

*/*
CNV | 2660/1858 0.97 (0.9-1.05) 4.80E-01 | 9368/5788 0.99 (0.96-1.03) 7.37E-01

A
CLOZUKI D*[/J_P 1919/1332 0.9 (0.81-1) 4.44E-02 | 4818/3079 0.97 (0.92-1.03)  3.63E-01
DEL | 741/526 1.07 (0.95-1.21) 2.41E-01 | 4550/2709 1.01 (0.96-1.06) 7.66E-01

-/-
CNV | 3095/2045 1.03(0.96-1.1)  4.38E-01 | 13446/8522  1.03 (1-1.06) 8.72E-02

A
CLOZUK?2 D_[/{P 2103/1347 1.02 (0.92-1.14) 6.51E-01 | 6285/3964 1.02 (0.97-1.08) 4.50E-01
DEL | 992/698 1.07 (0.96-1.19) 2.03E-01 | 7161/4558 1.04 (1-1.08) 8.10E-02

e
CNV | 8060/6240 1.02(0.97-1.07) 4.07E-01 | 29537/20930 1.02 (1-1.05) 3.72E-02

J*
META-ANALYSIS DI/J_P 5337/3975 0.96 (0.9-1.02)  1.98E-01 | 14076/9984  0.99 (0.96-1.03) 6.52E-01
DEL | 2723/2265 1.1(1.03-1.19)  8.80E-03 | 15461/10946 1.05(1.02-1.08) 2.51E-03

*/*

CCRE CONSTRAINT

CNV | 2284/2317 1.11(1.03-1.19) 5.72E-03 | 6283/6199 1.06 (1.02-1.1) 2.19E-03

*/*
MGS DUP | 1313/1293 1.03 (0.93-1.15) 5.59E-01 | 2834/2806 0.99 (0.93-1.05) 7.67E-01

A
DEL | 971/1024  1.22(1.1-1.36)  2.62E-04 | 3449/3393 1.12 (1.07-1.18)  1.36E-05

*/*
CNV | 2660/1858 1.03 (0.96-1.11) 3.54E-01 | 9155/5635 1.02 (0.98-1.05) 3.65E-01

A
LA DUP | 1919/1332 0.98 (0.89-1.08) 6.91E-01 | 4773/3039 1 (0.95-1.06) 9.81E-01
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DEL | 741/526 1.1(0.99-1.23)  7.43E-02 | 4382/2596 1.03 (0.98-1.08) 2.30E-01
v
CNV | 3092/2044 1.03 (0.97-1.1) 3.71E-01 | 12980/8251 1.03 (1-1.06) 7.43E-02
i
CLOZUK2 D_I/J_P 2100/1347 1 (0.91-1.1) 9.99E-01 | 6161/3876 1.01 (0.96-1.06) 8.02E-01
DEL | 992/697 1.1 (1-1.21) 5.07E-02 | 6819/4375 1.05(1.01-1.09) 1.95E-02
JE
CNV | 8036/6219 1.05(1.01-1.1)  1.94E-02 | 28418/20085 1.03 (1.01-1.05) 2.31E-03
*/*
META-ANALYSIS DEP 5332/3972 1 (0.94-1.06) 9.63E-01 | 13768/9721 1(0.97-1.03) 9.88E-01
DEL | 2704/2247 1.13(1.06-1.21) 3.36E-04 | 14650/10364 1.06 (1.03-1.09) 6.64E-05
*/*
NON-CODING EXON CONSTRAINT
CNV | 1627/1618 0.99 (0.91-1.08) 7.95E-01 | 2953/2910 1.02 (0.97-1.08) 4.53E-01
/-
MGS DUP | 1009/956  0.98 (0.89-1.09) 7.53E-01 | 1564/1502 1.02 (0.95-1.1)  6.00E-01
v
DEL | 618/662 1.03 (0.89-1.2)  6.52E-01 | 1389/1408 1.04 (0.95-1.14) 3.76E-01
v
CNV | 2298/1614 1.03(0.95-1.12) 4.31E-01 | 4365/2809 1 (0.95-1.05) 8.68E-01
/-
CLOZUK1 D_[/{P 1694/1166 0.97 (0.88-1.08) 5.89E-01 | 2371/1597 0.95 (0.88-1.03) 2.09E-01
DEL | 604/448 1.17 (1.01-1.34) 3.07E-02 | 1994/1212 1.02 (0.95-1.1) 5.26E-01
*/_
CNV | 2542/1694 1.02 (0.95-1.1) 5.78E-01 | 6023/3834 1.07 (1.03-1.12) 2.06E-03
*/.
CLOZUK2 D[/J_P 1784/1151  0.96 (0.88-1.06) 4.12E-01 | 3131/1936 1.02 (0.95-1.09) 5.92E-01
DEL | 758/543 1.13 (1-1.27) 4.33E-02 | 2892/1898 1.13(1.06-1.2)  1.25E-04
*/*
CNV | 6467/4926 1.01(0.97-1.06) 5.38E-01 | 13341/9553  1.03 (1-1.06) 3.80E-02
JE
META-ANALYSIS D_[/{P 4487/3273  0.97 (0.92-1.03) 3.11E-01 | 7066/5035 1 (0.96-1.04) 8.69E-01
DEL | 1980/1653 1.11(1.02-1.21) 1.87E-02 | 6275/4518 1.07 (1.02-1.12) 2.86E-03
*/*
INTRONIC CONSTRAINT
CNV | 1928/1999 1.06 (0.97-1.16) 2.32E-01 | 4759/4781 1.07 (1.02-1.12)  4.63E-03
JE
MGS DUP | 1157/1132 0.96 (0.84-1.1) 5.55E-01 | 2247/2222 1.02 (0.95-1.09) 5.80E-01
v
DEL | 771/867 1.21 (1.06-1.38) 5.49E-03 | 2512/2559 1.12 (1.06-1.2) 3.02E-04
*/*
CNV | 2572/1806 0.98 (0.91-1.07) 7.13E-01 | 7155/4395 1.01 (0.97-1.06) 6.26E-01
v
CLOZUKI1 DI/J_P 1879/1301  0.92 (0.82-1.03) 1.66E-01 | 3717/2390 1.02 (0.95-1.09) 5.48E-01
DEL | 693/505 1.07 (0.94-1.22) 3.13E-01 | 3438/2005 1 (0.94-1.06) 9.98E-01
/-
CNV | 2875/1905 1.07 (0.99-1.16) 7.28E-02 | 9807/6221 1.03 (0.99-1.07) 1.44E-01
i
CLOZUK2 DUP | 1958/1263 1.1 (0.98-1.23)  9.62E-02 | 4739/3040 1.07 (1-1.13) 3.97E-02
*/*
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META-ANALYSIS

DEL

CNV
/%
DUP

DEL
)/

917/642

7375/5710

4994/3696

2381/2014

1.08 (0.96-1.2)
1.04 (0.99-1.09)
0.98 (0.92-1.05)

1.1 (1.02-1.19)

1.88E-01

1.71E-01

6.39E-01

1.36E-02

5068/3181

21721/15397

10703/7652

11018/7745

1 (0.95-1.06)
1.03 (1.01-1.06)
1.04 (1-1.08)

1.03 (0.99-1.07)

8.70E-01

1.14E-02

7.22E-02

1.00E-01

211



Supplementary Table 13. Genic CNVs results.

Results are separated by the type of constraint tested. For a full explanation of different
categories, see 3.5 Methods. CNV = duplications and deletions together; DUP =
duplications; DEL = deletions; KB = kilobases; N CNV UN/AFF = number of variants
in controls versus cases. Statistically significant results (p < 0.05) in both sets of CN'Vs
(categorized by different filtering thresholds) are highlighted as following: */*
significant in both; -/- not significant in both; */- or -/* significant in one but not the

other.
>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/SKB DENSITY
STUDY TYPE | NCNV OR (95% CI) P VAL N CNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV | 1328/1509 1.14(1.04-1.26) 5.88E-03 | 2667/2968 1.13 (1.06-1.2) 5.83E-05
*/*
MGS DUP | 902/928 1.08 (0.96-1.22) 2.05E-01 | 1582/1631 1.04 (0.96-1.13) 3.38E-01
-/-
DEL | 426/581 1.35(1.14-1.59) 3.52E-04 | 1085/1337 1.31 (1.19-1.44) 3.72E-08
*/*
CNV | 2046/1498 1.1 (1.01-1.19) 2.90E-02 | 5083/3145 1.01 (0.96-1.06) 7.80E-01
-/-
CLOZUK1 D_[/{P 1568/1102  1.05(0.94-1.16) 4.00E-01 | 3160/1975 1.01 (0.94-1.09) 7.72E-01
DEL | 478/396 1.27 (1.09-1.49) 2.89E-03 | 1923/1170 1 (0.92-1.09) 9.81E-01
*/_
CNV | 2124/1456 1.04 (0.96-1.13) 3.47E-01 | 6527/4235 1.09 (1.04-1.14) 6.20E-04
/%
CLOZUK2 D_[/J_P 1577/1026  1.01 (0.91-1.13) 8.36E-01 | 3700/2408 1.03 (0.96-1.1) 3.64E-01
DEL | 547/430 1.13 (0.99-1.3) 7.13E-02 | 2827/1827 1.15(1.07-1.24) 9.87E-05
e
CNV | 5498/4463 1.09 (1.03-1.15) 3.21E-03 | 14277/10348 1.07 (1.03-1.1) 1.21E-04
*/*
META-ANALYSIS D_[/{P 4047/3056 1.04 (0.97-1.11) 2.28E-01 | 8442/6014 1.03 (0.98-1.07) 2.34E-01
DEL | 1451/1407 1.22 (1.1-1.36) 2.86E-04 | 5835/4334 1.11 (1.06-1.17)  7.52E-05
*/*
NON-CODING CONSTRAINT
CNV | 1328/1509 1.08 (0.96-1.21) 2.01E-01 | 2638/2947 1.1 (1.03-1.18) 5.09E-03
-/*
MGS DUP | 902/928 1.01 (0.87-1.17) 8.91E-01 | 1577/1622 1.03 (0.95-1.13) 4.68E-01
/-
DEL | 426/581 1.25 (1.04-1.5) 1.79E-02 | 1061/1325 1.24 (1.11-1.38) 8.72E-05
*/*
CNV | 2046/1498 1.02(0.93-1.13) 6.21E-01 | 5056/3131 1.02 (0.96-1.08) 5.89E-01
-/-
CLOZUK1 DUP | 1568/1102 0.93 (0.82-1.05) 2.18E-01 | 3155/1973 1.05 (0.97-1.14)  2.47E-01
-/-
DEL | 478/396 1.28 (1.08-1.52) 4.82E-03 | 1901/1158 0.98 (0.9-1.07) 6.22E-01
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*/_

CNV | 2124/1456 1.03 (0.94-1.13) 5.13E-01 | 6509/4226 1.07 (1.01-1.13)  1.58E-02
JE
CLOZUK2 DEP 1577/1026  0.97 (0.86-1.1)  6.65E-01 | 3698/2407 1.02 (0.94-1.1)  6.84E-01
DEL | 547/430 1.17 (1-1.36) 4.48E-02 | 2811/1819 1.12 (1.04-1.21) 4.55E-03
*/*
CNV | 5498/4463 1.04 (0.98-1.1)  2.05E-01 | 14203/10304 1.06 (1.02-1.1)  2.88E-03
J*
META-ANALYSIS D_I/J_P 4047/3056  0.96 (0.89-1.03) 2.88E-01 | 8430/6002 1.03 (0.98-1.09) 2.10E-01
DEL | 1451/1407 1.22(1.08-1.37) 9.72E-04 | 5773/4302 1.08 (1.02-1.14)  9.49E-03
*/*
CCRE CONSTRAINT
CNV | 1320/1501 1.1 (1-1.22) 6.19E-02 | 2542/2871 1.09 (1.02-1.16)  8.05E-03
*/*
MGS DUP | 901/926 1.04 (0.91-1.19) 5.58E-01 | 1529/1588 1.02 (0.93-1.11) 6.97E-01
v
DEL | 419/575 1.24 (1.06-1.44) 7.55E-03 | 1013/1283 1.22 (1.11-1.35) 6.62E-05
*/*
CNV | 2046/1498 1.08 (1-1.18) 6.33E-02 | 4971/3065 1.04 (0.98-1.09) 1.82E-01
/-
CLOZUK1 D_[/{P 1568/1102 1.02 (0.91-1.14) 7.71E-01 | 3134/1952 1.07 (0.99-1.16) 8.75E-02
DEL | 478/396 1.26 (1.08-1.46) 2.71E-03 | 1837/1113 1.01 (0.93-1.09) 8.74E-01
*/.
CNV | 2121/1456  1.02 (0.94-1.11) 6.53E-01 | 6321/4123 1.06 (1.01-1.12)  1.65E-02
JE
CLOZUK2 D[/J_P 1574/1026  0.95(0.85-1.07) 4.12E-01 | 3642/2366 1(0.93-1.08) 9.87E-01
DEL | 547/430 1.15(1.01-1.32) 3.34E-02 | 2679/1757 1.13 (1.05-1.21) 1.07E-03
*/*
CNV | 5487/4455 1.06 (1-1.12) 3.34E-02 | 13834/10059 1.06 (1.02-1.1) 7.28E-04
*/*
META-ANALYSIS D_[/J-P 4043/3054 1(0.93-1.07) 9.33E-01 | 8305/5906 1.03 (0.98-1.08) 2.66E-01
DEL | 1444/1401 1.21(1.09-1.33) 2.97E-04 | 5529/4153 1.09 (1.04-1.15) 9.31E-04
*/*
NON-CODING EXON CONSTRAINT
CNV | 971/1059 0.96 (0.86-1.08) 5.32E-01 | 1442/1525 1.04 (0.96-1.12) 3.18E-01
v
MGS DUP | 695/707 0.98 (0.85-1.12)  7.14E-01 | 933/954 1.02 (0.93-1.12) 6.37E-01
v
DEL | 276/352 0.96 (0.76-1.21)  7.28E-01 | 509/571 1.1 (0.95-1.26)  2.13E-01
i
CNV | 1745/1299 1.05(0.96-1.16) 3.11E-01 | 2519/1677 1.04 (0.96-1.12)  3.14E-01
i
CLOZUKI1 DI/J_P 1363/958  0.98 (0.87-1.1)  7.38E-01 | 1621/1100 0.95 (0.86-1.05)  3.56E-01
DEL | 382/341 1.28 (1.08-1.53) 5.17E-03 | 898/577 1.17 (1.04-1.32) 1.13E-02
*/*
CNV | 1740/1185 1.03(0.94-1.13) 5.66E-01 | 3120/1976 1.02 (0.94-1.09) 6.80E-01
*/_
CLOZUK2 DUP | 1344/868 0.93 (0.83-1.05) 2.44E-01 | 1948/1188 0.97 (0.88-1.07) 5.38E-01
v
DEL | 396/317 1.3 (1.09-1.55)  3.78E-03 | 1172/788 1.1(0.98-1.23)  1.16E-01
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*/*

CNV | 4456/3543  1.02(0.96-1.08) 5.71E-01 | 7081/5178  1.03(0.99-1.08) 1.84E-01
-/*
META.ANALYSIS D_EP 3402/2533  0.96 (0.9-1.03)  2.42E-01 | 4502/3242  0.98 (0.93-1.04) 5.11E-01
DEL | 1054/1010 1.17(1.02-133) 2.07E-02 | 2579/1936  1.12(1.03-121) 6.26E-03
*/*
INTRONIC CONSTRAINT
CNV | 1291/1476 1.06 (0.93-1.2)  4.01E-01 | 2505/2811  1.06 (1-1.13) 5.15B-02
e
MGS DUP | 884/909  0.96(0.82-1.13) 6.25E-01 | 1504/1557  1.02(0.94-1.11) 5.91E-01
/-
DEL | 407/567 1.3 (1.06-1.61)  1.36E-02 | 1001/1254  1.16 (1.05-1.28) 4.90E-03
*/*
CNV | 2035/1496 1.05(0.95-1.16) 3.63E-01 | 4724/2935  1.05(0.98-1.11) 1.51E-01
A
CLOZUKI DﬁP 1563/1101  0.96(0.85-1.1)  5.71E-01 | 2877/1812  1.11(1.01-121) 2.59E-02
DEL |472/395  128(1.06-1.54) 8.79E-03 | 1847/1123  0.99(0.9-1.08)  7.77E-01
*/_
CNV | 2112/1447 1.14(1.03-127) 9.86E-03 | 6071/3856  1.07 (1.01-1.13)  2.65E-02
*/*
CLOZUK2 D_[/{P 1570/1019  1.11 (0.97-127) 1.21E-01 | 3422/2200  1.08 (1-1.17) 5.59E-02
DEL | 542/428  1.24(1.05-147) 1.09E-02 | 2649/1656  1.04 (0.96-1.13) 3.53E-01
*/_
CNV | 5438/4419 1.08 (1.01-1.16) 2.32E-02 | 13300/9602  1.06 (1.02-1.1)  2.27E-03
*/*
META-ANALYSIS DﬁP 4017/3029 1.01 (0.93-1.09) 8.98E-01 | 7803/5569  1.07 (1.01-1.12)  1.56E-02
DEL | 1421/1390 127(1.11-145) 6.04E-04 | 5497/4033  1.04(0.99-1.1)  1.33E-01
*/_
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Supplementary Table 14. Non-genic CNVs results.

Results are separated by the type of constraint tested. For a full explanation of different
categories, see 3.5 Methods. CNV = duplications and deletions together; DUP =
duplications; DEL = deletions; KB = kilobases; N CNV UN/AFF = number of variants
in controls versus cases. Statistically significant results (p < 0.05) in both sets of CN'Vs
(categorized by different filtering thresholds) are highlighted as following: */*
significant in both; -/- not significant in both; */- or -/* significant in one but not the

other.
>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/SKB DENSITY
STUDY TYPE | NCNV OR (95% CI) P VAL N CNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV [977/828  1.04(0.92-1.18) 5.06E-01 | 4085/3673  1.01 (0.96-1.07) 6.66E-01
-/-
MGS DUP | 413/368 0.98 (0.81-1.19) 8.47E-01 | 1396/1319 0.91 (0.82-1) 5.87E-02
-/-
DEL | 564/460 1.09 (0.92-1.3) 3.29E-01 | 2689/2354 1.06 (0.99-1.14) 9.55E-02
/-
CNV | 614/360 0.95(0.84-1.08) 4.42E-01 | 4312/2657 1 (0.95-1.05) 9.54E-01
-/-
CLOZUK1 D_}iP 351/230 0.97 (0.8-1.18) 7.82E-01 | 1663/1106 0.92 (0.84-1) 4.67E-02
DEL | 263/130 0.86 (0.71-1.03) 1.04E-01 | 2649/1551 1.04 (0.97-1.1) 2.65E-01
-/-
CNV | 971/589 1.03 (0.92-1.15) 6.50E-01 | 6937/4296 1.01 (0.97-1.06) 5.26E-01
A
CLOZUK2 D_[/J_P 526/321 1.13(0.93-1.37) 2.16E-01 | 2587/1557 1.01 (0.93-1.09) 8.49E-01
DEL | 445/268 0.97 (0.83-1.13)  6.78E-01 | 4350/2739 1.02 (0.97-1.08) 4.04E-01
-/-
CNV | 2562/1777 1.01(0.94-1.08) 8.85E-01 | 15334/10626 1.01(0.98-1.04) 5.16E-01
-/-
META-ANALYSIS ]3_ch 1290/919 1.02 (0.91-1.14) 7.77E-01 | 5646/3982 0.95 (0.9-0.99) 2.33E-02
DEL | 1272/858 0.95(0.87-1.05) 3.39E-01 | 9688/6644 1.04 (1-1.07) 5.54E-02
-/-
NON-CODING CONSTRAINT
CNV [977/828  1.04(0.92-1.18) 5.06E-01 | 4085/3673 1.01 (0.96-1.07)  6.63E-01
-/-
MGS DUP | 413/368 0.98 (0.81-1.19) 8.47E-01 | 1396/1319 0.91 (0.82-1) 5.87E-02
/-
DEL | 564/460 1.09 (0.92-1.3) 3.29E-01 | 2689/2354 1.06 (0.99-1.14) 9.44E-02
-/-
CNV | 614/360 0.95(0.84-1.08) 4.42E-01 | 4312/2657 1 (0.95-1.05) 9.60E-01
-/-
CLOZUK1 DUP |351/230  0.97(0.8-1.18)  7.82E-01 | 1663/1106  0.92 (0.84-1) 4.67E-02
e
DEL | 263/130 0.86 (0.71-1.03) 1.04E-01 | 2649/1551 1.04 (0.97-1.1) 2.69E-01
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CNV | 971/589 1.03 (0.92-1.15) 6.34E-01 | 6937/4296 1.01 (0.97-1.06) 5.19E-01
/-
CLOZUK2 D_EP 526/321 1.13 (0.94-1.37) 2.02E-01 | 2587/1557 1.01 (0.93-1.09) 8.38E-01
DEL | 445/268 0.97 (0.83-1.13)  6.78E-01 | 4350/2739 1.02 (0.97-1.08) 4.01E-01
v
CNV | 2562/1777 1.01(0.94-1.08) 8.76E-01 | 15334/10626 1.01 (0.98-1.04) 5.13E-01
v
META-ANALYSIS D_I/iP 1290/919 1.02 (0.91-1.14) 7.68E-01 | 5646/3982 0.95 (0.9-0.99) 2.37E-02
DEL | 1272/858 0.95 (0.87-1.05) 3.39E-01 | 9688/6644 1.04 (1-1.07) 5.53E-02
/-
CCRE CONSTRAINT
CNV | 964/816 1.1 (0.98-1.24) 1.17E-01 | 3741/3328 1.02 (0.97-1.08) 4.36E-01
v
MGS DUP | 412/367 1.03 (0.86-1.24) 7.40E-01 | 1305/1218 0.94 (0.86-1.03) 2.14E-01
v
DEL | 552/449 1.15(0.98-1.35) 8.40E-02 | 2436/2110 1.06 (0.99-1.13) 1.03E-01
/-
CNV | 614/360 0.98 (0.87-1.11)  7.68E-01 | 4184/2570 1.03 (0.98-1.08) 2.65E-01
/-
CLOZUK1 D_[/{P 351/230 1(0.82-1.21) 9.71E-01 | 1639/1087 0.95 (0.88-1.04) 2.64E-01
DEL | 263/130 0.86 (0.72-1.03)  1.02E-01 | 2545/1483 1.05 (0.99-1.12)  9.48E-02
v
CNV | 971/588 1.05(0.94-1.17) 4.12E-01 | 6659/4128 1.01 (0.97-1.05) 5.37E-01
i
CLOZUK2 D_[/J_P 526/321 1.1 (0.92-1.32) 3.04E-01 | 2519/1510 0.99 (0.92-1.07) 8.41E-01
DEL | 445/267 1.02 (0.88-1.18) 8.22E-01 | 4140/2618 1.03 (0.98-1.08) 2.59E-01
v
CNV | 2549/1764 1.04 (0.97-1.11) 2.89E-01 | 14584/10026 1.02 (0.99-1.05) 1.65E-01
v
META-ANALYSIS D_[/J-P 1289/918 1.04 (0.93-1.16) 4.91E-01 | 5463/3815 0.97 (0.92-1.01) 1.35E-01
DEL | 1260/846 0.99 (0.9-1.09) 8.05E-01 | 9121/6211 1.04 (1.01-1.08) 1.76E-02
JE
NON-CODING EXON CONSTRAINT
CNV | 656/559 0.98 (0.86-1.12)  8.09E-01 | 1511/1385 1 (0.92-1.09) 9.25E-01
v
MGS DUP | 314/249 0.96 (0.81-1.14) 6.25E-01 | 631/548 1.01 (0.89-1.15) 8.69E-01
v
DEL | 342/310 1.04 (0.85-1.27) 6.98E-01 | 880/837 1.01 (0.9-1.13) 9.14E-01
i
CNV | 553/315 1.01 (0.86-1.17) 9.26E-01 | 1846/1132 0.96 (0.89-1.04) 2.91E-01
i
CLOZUKI1 D_I/{P 331/208 0.98 (0.79-1.21)  8.40E-01 | 750/497 0.94 (0.83-1.07) 3.53E-01
DEL | 222/107 0.93 (0.73-1.19)  5.82E-01 | 1096/635 0.95 (0.86-1.05) 3.47E-01
v
CNV | 802/509 1.03 (0.91-1.16) 6.17E-01 | 2903/1858 1.14 (1.07-1.2) 2.64E-05
J*
CLOZUK2 DUP | 440/283 1.03 (0.86-1.23) 7.48E-01 | 1183/748 1.11 (1-1.23) 5.17E-02
v
DEL | 362/226 1.02 (0.86-1.21) 8.17E-01 | 1720/1110 1.15(1.07-1.24) 1.09E-04
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CNV | 2011/1383 1.01 (0.93-1.09) 8.41E-01 | 6260/4375 1.04 (1-1.09) 7.48E-02
/-
META-ANALYSIS D_EP 1085/740 0.99 (0.89-1.1) 8.06E-01 | 2564/1793 1.02 (0.95-1.1) 5.57E-01
DEL | 926/643 1 (0.89-1.13) 9.56E-01 | 3696/2582 1.05 (0.99-1.11) 9.53E-02
v
INTRONIC CONSTRAINT
CNV | 637/523 1.02 (0.89-1.17)  7.57E-01 | 2254/1970 1.05(0.98-1.13) 1.66E-01
i
MGS DUP | 273/223 0.97 (0.77-1.22)  7.81E-01 | 743/665 1 (0.87-1.15) 9.87E-01
/-
DEL | 364/300 1.07 (0.9-1.28) 4.31E-01 | 1511/1305 1.07 (0.98-1.16) 1.11E-01
v
CNV | 537/310 0.93 (0.81-1.08)  3.52E-01 | 2431/1460 0.99 (0.93-1.06) 7.52E-01
v
CLOZUK1 D_I/J_P 316/200 0.94 (0.74-1.2) 6.18E-01 | 840/578 0.94 (0.84-1.04) 2.27E-01
DEL | 221/110 0.83 (0.68-1.02) 7.29E-02 | 1591/882 1 (0.93-1.09) 9.19E-01
/-
CNV | 763/458 0.98 (0.86-1.11)  7.11E-01 | 3736/2365 1.01 (0.96-1.07) 6.62E-01
/-
CLOZUK2 D_[/{P 388/244 1.07 (0.85-1.35) 5.71E-01 | 1317/840 1.06 (0.96-1.17) 2.76E-01
DEL | 375/214 0.92 (0.78-1.07) 2.68E-01 | 2419/1525 0.99 (0.93-1.06) 8.13E-01
v
CNV | 1937/1291 0.98 (0.9-1.05) 5.28E-01 | 8421/5795 1.01 (0.98-1.05) 4.59E-01
i
META-ANALYSIS D_[/J_P 977/667 0.99 (0.86-1.13)  8.45E-01 | 2900/2083 0.99 (0.93-1.06) 8.44E-01
DEL | 960/624 0.92 (0.84-1.02) 1.02E-01 | 5521/3712 1.01 (0.97-1.06) 5.22E-01
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Supplementary Table 15. Genic CNVs results, correcting for the maximum Z score from
coding exons.

Results are separated by the type of constraint tested. For a full explanation of different
categories, see 3.5 Methods. CNV = duplications and deletions together; DUP =
duplications; DEL = deletions; KB = kilobases; N CNV UN/AFF = number of variants
in controls versus cases. Statistically significant results (p < 0.05) in both sets of CN'Vs
(categorized by different filtering thresholds) are highlighted as following: */*
significant in both; -/- not significant in both; */- or -/* significant in one but not the

other.
>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/5KB DENSITY
STUDY TYPE | N CNV OR (95% CI) PVAL | NCNV OR (95% CI) P VAL
UN/AFF UN/AFF
NON-CODING CONSTRAINT
CNV | 1328/1509  0.92 (0.79-1.09) _ 3.39E-01 | 2638/2947 101 (091-1.12) _ 8.72E-01
-
MGS DUP |902/928 0.9 (0.74-1.09) 2.85E-01 | 1577/1622 0.97 (0.85-1.11)  6.75E-01
-
DEL | 426/581 0.96 (0.71-1.29)  7.72E-01 | 1061/1325 1.06 (0.88-128)  5.38E-01
i
CNV | 2046/1498  0.88 (0.78-1) 4.50E-02 | 5056/3131 0.97 (0.89-1.06)  5.08E-01
%)
CLOZUKI Du? 1568/1102  0.81 (0.7-0.93) 3.03E-03 | 3155/1973 1.02(0.92-1.13)  7.40E-01
DEL | 478/396 1.17(0.91-1.52)  2.16E-01 | 1901/1158 0.89 (0.78-1.03) 1.14E-01
-
CNV | 2124/1456 099 (0.87-1.12)  8.63E-01 | 6509/4226 1 (0.93-1.08) 9.77E-01
-
CLOZUK2 DUP 1577/1026  0.92(0.79-1.07)  2.71E-01 | 3698/2407 1 (0.9-1.11) 9.68E-01
DEL | 547/430 1.15(0.91-146)  2.46E-01 | 2811/1819 0.98 (0.87-1.1) 7.39E-01
n
CNV | 5498/4463  0.93(0.86-0.99)  3.55E-02 | 14203/10304  0.99 (0.94-1.04) 7.46E-01
*/_
META-ANALYsIS | DUP 4047/3056  0.86 (0.79-0.93) 1.79E-04 | 8430/6002 1 (0.94-1.07) 9.66E-01
DEL | 1451/1407  1.09(0.92-129)  3.17E-01 | 5773/4302 0.96 (0.89-1.03)  2.72E-01
-
CCRE CONSTRAINT
CNV | 1320/1501 0,95 (0.82-1.1) 4.92E-01 | 2542/2871 0.99 (0.9-1.1) 9.13E-01
-
MGS DUP |901/926  092(0.77-1.11)  3.96E-01 | 1529/1588 0.94 (0.82-1.07)  3.43E-01
-
DEL | 419/575  095(0.75-122)  7.09E-01 | 1013/1283 1.06 (0.9-1.25) 4.84E-01
-
CNV | 2046/1498  0.97 (0.87-1.09)  6.34E-01 | 4971/3065 1.01(0.94-1.09)  7.72E-01
-
CLUZE DUP | 1568/1102  0.91 (0.8-1.04) 1.87E-01 | 3134/1952 1.05 (0.95-1.16) 3.25E-01
-
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DEL |478/396  1.17(0.93-147)  1.73E-01 | 1837/1113 0.96 (0.85-1.08)  4.52E-01
/-
CNV | 2121/1456  0.96 (0.86-1.08)  5.02E-01 | 6321/4123 1(0.93-1.07) 9.77E-01
-
CLOZUK2 DUP | IST41026 088 (076-102)  9.93E-02 | 36422366 0.97 (0.88-1.07)  5.55E-01
DEL |547/430  1.12(091-138)  2.99E-01 | 2679/1757 1.01(091-1.12)  8.20E-01
n
CNV | 5487/4455  0.96 (0.9-1.03) 2.79E-01 | 13834/10059 1 (0.96-1.05) 9.17E-01
/-
META-ANALYsIS | DUP [ 4049305 091084098 132502 | 8305/5906 0.99 (0.93-1.05)  733E-01
DEL | 1444/1401  1.07(0.93-123)  3.50E-01 | 5529/4153 1 (0.93-1.07) 9.46E-01
N
NON-CODING EXON CONSTRAINT
CNV [ 971/1059 088 (0.76-1.02) _ 8.71E-02 | 1442/1525 098 (087-1.12) __ 7.97E-01
i
MGS DUP | 695/707  0.88(0.75-1.04)  1.44E-01 | 933/954 0.95 (0.82-1.1) 4.97E-01
-
DEL |276/352  088(0.65-1.19)  4.09E-01 | 509/571 1.07(0.84-136)  5.75E-01
-
CNV | 1745/1299  0.94(0.84-1.06)  3.14E-01 | 2519/1677 1.01(091-1.11)  8.88E-01
-
CLOZUK] DUP | 13630958 0.9(079-1.03) 1.25E-01 | 1621/1100 0.92(0.81-1.04)  1.76E-01
DEL | 382/341 1.09(0.87-136)  4.69E-01 | 898/577 116 (0.99-136)  7.44E-02
n
CNV | 1740/1185  0.93 (0.82-1.05)  2.20E-01 | 3120/1976 0.94 (0.86-1.03)  1.96E-01
-
CLOZUK2 DUP | 1344868 086(075-099)  3.70E-02 | 19481188 093 (0.83-1.04)  1.82E-01
DEL [396/317  1.11(0.88-141)  3.65E-01 | 1172/788 0.95 (0.82-1.1) 4.84E-01
-
CNV | 4456/3543  0.92(0.86-0.98)  1.50E-02 | 7081/5178 0.97(0.92-1.03)  339E-01
%)
META-ANALsis | DUP | 34022533 088(082:095)  84SE04 | 45023242 0.93 (0.87-0.99)  3.19E-02
DEL | 1054/1010  1.03 (0.88-1.19)  7.23E-01 | 2579/1936 1.03(0.93-1.14)  6.08E-01
n
INTRONIC CONSTRAINT
CNV [ 1291/1476  0.89(0.75-1.05) _ 1.51E-01 | 2505/2811 0.95 (0.85-1.05) _ 3.15E-01
-
MGS DUP | 884/909  0.85(0.69-1.04)  1.12E-01 | 1504/1557 0.95(0.83-1.08)  4.52E-01
-
DEL | 407/567 092 (0.68-124)  5.88E-01 | 1001/1254 093(0.78-1.11)  427E-01
i
CNV | 20351496 0.9 (0.79-1.02) 1.08E-01 | 4724/2935 1.01 (0.93-1.1 8.38E-01
-
CLOZUKI DUP | ISSY1I01  084(0.72:097) 220802 | 28771812 1.09(0.98-122)  1.21E-01
DEL |472/395  1.11(0.85-144)  4.60E-01 | 1847/1123 0.9 (0.79-1.03) 1.13E-01
-
CNV | 2112/1447  1.14(1-13) 4.51E-02 | 6071/3856 1.01(0.94-1.09)  7.07E-01
*/_
CLOZUK2 DUP | 1570/1019 1.1 (0.94-1.29) 2.42E-01 | 3422/2200 1.09 (0.98-1.2) 1.05E-01
*/_
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META-ANALYSIS

542/428

5438/4419

4017/3029

1421/1390

1.22 (0.96-1.55)
0.96 (0.88-1.03)
0.9 (0.82-0.98)

1.07 (0.9-1.26)

1.08E-01

2.56E-01

2.11E-02

4.39E-01

2649/1656

13300/9602

7803/5569

5497/4033

0.93 (0.83-1.03)
1 (0.95-1.05)
1.05 (0.98-1.12)

0.92 (0.86-0.98)

1.74E-01

8.71E-01

1.96E-01

1.62E-02
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Supplementary Table 16. Sum Z score.

CNV = duplications and deletions together; DUP = duplications; DEL = deletions; KB
= kilobases; N CNV UN/AFF = number of variants in controls versus cases.
Statistically significant results (p < 0.05) in both sets of CNVs (categorized by different
filtering thresholds) are highlighted as following: */* significant in both; -/- not

significant in both; */- or -/* significant in one but not the other.

>10 KB
>50 KB >10 PROBES
>50 PROBES >]1 PROBE/5KB DENSITY
STUDY TYPE | NCNV OR (95% CI) P VAL N CNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV | 2305/2337 1(1-1) 2.60E-03 | 6752/6641 1(1-1) 2.67E-04
*/*
DUP | 1315/1296 1 (1-1) 3.38E-01 | 2978/2950 1(1-1) 3.63E-01
MGS -
DEL | 990/1041 1(1-1) 2.57E-03 | 3774/3691 1(1-1) 1.22E-05
*/*
CNV | 2660/1858 1 (1-1) 3.31E-05 | 9395/5802 1(1-1) 9.18E-02
*/_
CLOZUKI D:/J_P 1919/1332 1 (1-1) 2.96E-04 | 4823/3081 1(1-1) 5.20E-01
DEL | 741/526 1(1-1) 9.34E-03 | 4572/2721 1(1-1) 3.77E-02
*/*
CNV | 3095/2045 1(1-1) 9.73E-05 | 13464/8531 1(1-1) 1.13E-03
*/*
CLOZUK2 D:/J_P 2103/1347 1 (1-1) 2.06E-02 | 6287/3965 1(1-1) 2.20E-01
DEL | 992/698 1(1-1) 1.20E-04 | 7177/4566 1(1-1) 5.64E-05
*/*
CNV | 8060/6240 1 (1-1) 1.28E-10 | 29611/20974 1(1-1) 8.78E-07
*/*
META-ANALYSIS D*[/J_P 5337/3975 1 (1-1) 2.94E-05 | 14088/9996 1(1-1) 1.02E-01
DEL | 2723/2265 1(1-1) 1.03E-07 | 15523/10978 1(1-1) 4.21E-09
*/*
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Supplementary Table 17. Mean Z score.

CNV = duplications and deletions together; DUP = duplications; DEL = deletions; KB
= kilobases; N CNV UN/AFF = number of variants in controls versus cases.
Statistically significant results (p < 0.05) in both sets of CNVs (categorized by different
filtering thresholds) are highlighted as following: */* significant in both; -/- not
significant in both; */- or -/* significant in one but not the other.

>10 KB
>50 KB >10 PROBES
>50 PROBES >]1 PROBE/5KB DENSITY
STUDY TYPE | NCNV OR (95% CI) P VAL N CNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV | 2305/2337 1.18 (1.09-1.27) 3.64E-05 | 6752/6641 1.11 (1.07-1.16) 9.03E-07
*/*
MGS DUP 1315/1296 1.09 (0.98-1.21) 1.31E-01 | 2978/2950 1.02 (0.96-1.09) 5.16E-01
-/-
DEL | 990/1041 1.28 (1.14-1.44) 3.47E-05 | 3774/3691 1.17 (1.11-1.23) 2.69E-08
*/*
CNV | 2660/1858 1.08 (1-1.17) 4.86E-02 | 9395/5802 1.01 (0.98-1.05) 4.95E-01
*/_
CLOZUKI D[/{P 1919/1332 1.03 (0.93-1.14) 5.61E-01 | 4823/3081 0.98 (0.92-1.03) 4.14E-01
DEL | 741/526 1.15(1.02-1.3) 2.38E-02 | 4572/2721 1.03 (0.98-1.08) 2.23E-01
*/_
CNV | 3095/2045 1.05 (0.98-1.13) 1.48E-01 | 13464/8531 1.03 (1-1.07) 5.05E-02
-/-
CLOZUK2 DI/J_P 2103/1347 1.02 (0.92-1.13) 7.17E-01 | 6287/3965 1.03 (0.98-1.09) 2.73E-01
DEL | 992/698 1.12 (1.01-1.25) 2.91E-02 | 7177/4566 1.04 (1-1.08) 7.68E-02
*/_
CNV | 8060/6240 1.09 (1.04-1.15) 1.92E-04 | 29611/20974 1.04 (1.02-1.07) 2.10E-04
*/*
META-ANALYSIS DI/J_P 5337/3975 1.04 (0.98-1.11) 1.98E-01 | 14088/9996 1.01 (0.97-1.04) 6.42E-01
DEL | 2723/2265 1.17 (1.09-1.27) 5.74E-05 | 15523/10978 1.06 (1.03-1.09) 5.97E-05
*/*
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Supplementary Table 18. Median Z score.

CNV = duplications and deletions together; DUP = duplications; DEL = deletions; KB
= kilobases; N CNV UN/AFF = number of variants in controls versus cases.
Statistically significant results (p < 0.05) in both sets of CNVs (categorized by different
filtering thresholds) are highlighted as following: */* significant in both; -/- not

significant in both; */- or -/* significant in one but not the other.

>10 KB
>50 KB >10 PROBES
>50 PROBES >1 PROBE/5KB DENSITY
STUDY TYPE | N CNV OR (95% CI) P VAL N CNV OR (95% CI) P VAL
UN/AFF UN/AFF
GENOMIC CONSTRAINT
CNV | 2305/2337 1.17 (1.08-1.27) 6.93E-05 | 6752/6641 1.11 (1.06-1.16) 1.54E-06
*/*
MGS DUP | 1315/1296 1.08 (0.97-1.21) 1.47E-01 | 2978/2950 1.03 (0.96-1.1) 4.76E-01
-/-
DEL | 990/1041 1.27 (1.13-1.42) 6.81E-05 | 3774/3691 1.16 (1.1-1.23)  8.32E-08
*/*
CNV | 2660/1858 1.08 (1-1.17) 4.49E-02 | 9395/5802 1.01 (0.98-1.05) 5.45E-01
*/_
CLOZUKI1 D_I/J_P 1919/1332 1.03 (0.93-1.15) 5.38E-01 | 4823/3081 0.97 (0.92-1.03) 3.66E-01
DEL | 741/526 1.15(1.02-1.29) 2.46E-02 | 4572/2721 1.03 (0.98-1.08) 2.46E-01
*/_
CNV | 3095/2045 1.05(0.98-1.13) 1.43E-01 | 13464/8531 1.03 (1-1.07) 5.89E-02
-/-
CLOZUK?2 D_I/J_P 2103/1347 1.02 (0.92-1.13) 6.60E-01 | 6287/3965 1.03 (0.98-1.09) 2.50E-01
DEL | 992/698 1.12 (1.01-1.24) 3.52E-02 | 7177/4566 1.04 (0.99-1.08) 1.01E-01
*/_
CNV | 8060/6240 1.09 (1.04-1.15) 2.20E-04 | 29611/20974 1.04 (1.02-1.06) 3.58E-04
*/*
META-ANALYSIS D_I/J_P 5337/3975 1.04 (0.98-1.11) 1.86E-01 | 14088/9996 1.01 (0.97-1.04) 6.41E-01
DEL | 2723/2265 1.17 (1.08-1.26) 8.69E-05 | 15523/10978 1.06 (1.03-1.09) 1.34E-04
*/*
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Chapter 4

Supplementary Table 19. Transcription factor binding to cCREs in proximity to PSG8-
AS1 genomic location.

Transcription factor binding information was gathered from ENCODE and ORegAnno.
Distance is shown in base pairs relative to the start of PSG8-4S1 exonic sequence in
hg38. TF mentioned in the text are highlighted.

CCRE TYPE OF CCRE TF NAME FUNCTION DISTANCE
ENCODE
NAME

EH38E1955821 Distal-enhancer ATF2 General Gene -22634
Regulation

EH38E1955811 Distal-enhancer ATF3 General Gene -9538
Regulation

EH38E1955812 Distal-enhancer ATF3 General Gene -9908
Regulation

EH38E1955811 Distal-enhancer BCL3 General Gene -9538
Regulation

EH38E1955812 Distal-enhancer BCL3 General Gene -9908
Regulation

EH38E1955800 CTCF-only BCOR General Gene 30521
Regulation

EH38E1955804 Distal-enhancer Cl1orf30 General Gene 21523
Regulation

EH38E1955805 Proximal-enhancer CEBPB General Gene 1784
Regulation

EH38E1955811 Distal-enhancer CEBPB General Gene -9538
Regulation

EH38E1955811 Distal-enhancer CREBI1 General Gene -9538
Regulation

EH38E1955812 Distal-enhancer CREBI1 General Gene -9908
Regulation

EH38E1955811 Distal-enhancer CTBP1 General Gene -9538
Regulation

EH38E1955799 CTCF-only CTCF General Gene 34202
Regulation

EH38E1955800 CTCF-only CTCF General Gene 30521
Regulation

EH38E1955801 Distal-enhancer CTCF General Gene 28208
Regulation

EH38E1955802 Distal-enhancer CTCF General Gene 27952
Regulation

EH38E1955811 Distal-enhancer CTCF General Gene -9538
Regulation

EH38E1955811 Distal-enhancer CUX CNS Gene Regulation -9538

EH38E1955812 Distal-enhancer CUX1 CNS Gene Regulation -9908

EH38E1955800 CTCF-only DACHI General Gene 30521
Regulation

EH38E1955811 Distal-enhancer DPF2 General Gene -9538
Regulation
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EH38E1955812

EH38E1955811

EH38E1955812

EH38E1955811

EH38E1955812

EH38E1955805

EH38E1955811

EH38E1955812

EH38E1955814

EH38E1955815

EH38E1955811

EH38E1955811

EH38E1955810

EH38E1955811

EH38E1955811

EH38E1955810

EH38E1955811

EH38E1955813

EH38E1955811
EH38E1955811

EH38E1955805

EH38E1955811

EH38E1955805

EH38E1955806

EH38E1955811

EH38E1955813

EH38E1955811

EH38E1955808
EH38E1955809
EH38E1955818

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Proximal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Proximal-enhancer

Distal-enhancer

Proximal-enhancer

Proximal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

Promoter

Proximal-enhancer

Distal-enhancer

DPF2
ELF1
ELF1
ESRRA
ESRRA
FOS
FOS
FOS
FOS
FOS
FOSL2
FOSL2
FOXA1
FOXA1
FOXA2
GATA3
GATA3
GATA3

GATAD2B
JUN

JUND
JUND
MAFK
MAFK
MAFK
MAFK
MTALI

NA
NA
NA
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General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation

CNS Gene Regulation

General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
NA

NA
NA

-9908

-9538

-9908

-9538

-9908

1784

-9538

-9908

-11060

-11389

-9538

-9677

-8011

-9538

-9538

-8011

-9538

-10623

-9538
-9538

1784

-9538

1784

1445

-9538

-10623

-9538

63
-1434
-13012



EH38E1955822
EH38E1955823
EH38E1955811

EH38E1955805

EH38E1955811
EH38E1955812
EH38E1955801

EH38E1955811

EH38E1955811
EH38E1955814
EH38E1955815
EH38E1955800

EH38E1955801

EH38E1955811

EH38E1955800

EH38E1955811
EH38E1955812
EH38E1955800
EH38E1955801
EH38E1955802
EH38E1955811
EH38E1955812
EH38E1955811

EH38E1955812

EH38E1955811
EH38E1955812
EH38E1955813
EH38E1955800

EH38E1955811
EH38E1955801
EH38E1955801

EH38E1955802

EH38E1955811

EH38E1955812

EH38E1955813

Distal-enhancer
Distal-enhancer

Distal-enhancer

Proximal-enhancer

Distal-enhancer
Distal-enhancer
Distal-enhancer

Distal-enhancer

Distal-enhancer
Distal-enhancer
Distal-enhancer
CTCF-only

Distal-enhancer
Distal-enhancer
CTCF-only

Distal-enhancer
Distal-enhancer
CTCF-only

Distal-enhancer
Distal-enhancer
Distal-enhancer
Distal-enhancer

Distal-enhancer
Distal-enhancer

Distal-enhancer
Distal-enhancer
Distal-enhancer
CTCF-only

Distal-enhancer
Distal-enhancer

Distal-enhancer
Distal-enhancer
Distal-enhancer
Distal-enhancer

Distal-enhancer

NA
NA
NCOA3

NFE2L2

NFIB
NFIB
NFIC

NR3Cl1

PKNOX1
PKNOX1
PKNOX1
RAD21

RAD21
RAD21
RBM25

RCORI1
RCOR1
REST
REST
REST
REST
REST
RFXS5

RFXS5

SIN3A
SIN3A
SIN3A
SMARCAS5

SMARCE1
SMC3
SP1

SP1
SP1
SP1

SP1
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NA
NA

General Gene
Regulation

General Gene
Regulation

CNS Gene Regulation

CNS Gene Regulation

General Gene
Regulation

General Gene
Regulation

CNS Gene Regulation

CNS Gene Regulation
CNS Gene Regulation

General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
REST complex

REST complex
REST complex
REST complex
REST complex
REST complex
REST complex

General Gene
Regulation
General Gene
Regulation
REST complex

REST complex
REST complex

General Gene
Regulation
REST complex

NA

General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation

-23951
-27964
-9538

1784

-9538
-9908
28208

-9538

-9538
-11060
-11389

30521

28208

-9538

30521

-9538
-9908
30521
28208
27952
-9538
-9908
-9538

-9908

-9538
-9908
-10623
30521

-9538
28208
28208

27952

-9538

-9908

-10623



EH38E1955814

EH38E1955815

EH38E1955811
EH38E1955813
EH38E1955813

EH38E1955805

EH38E1955806

EH38E1955806

EH38E1955801

EH38E1955801

EH38E1955802

EH38E1955811

EH38E1955812

EH38E1955811

EH38E1955812

EH38E1955800
EH38E1955811

EH38E1955812

EH38E1955813

EH38E1955811

EH38E1955812

Distal-enhancer
Distal-enhancer

Distal-enhancer
Distal-enhancer
Distal-enhancer

Proximal-
enhancer
Proximal-
enhancer
Proximal-
enhancer
Distal-enhancer
Distal-enhancer
Distal-enhancer
Distal-enhancer
Distal-enhancer
Distal-enhancer

Distal-enhancer

CTCF-only

Distal-enhancer
Distal-enhancer

Distal-enhancer

Distal-enhancer

Distal-enhancer

SP1
SP1

TCF12
TCF12
TCF7L2

TPS3
TPS3
TP63
TRIM22
USF2
USF2
ZBTB33
ZBTB33
ZKSCANI1
ZKSCANI1

ZMYM3
ZNF217

ZNF217

ZNF24

ZNF687

ZNF687

227

General Gene
Regulation

General Gene
Regulation

CNS Gene Regulation

CNS Gene Regulation

Oligodendrocyte
Development and
Myelination
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation
General Gene
Regulation

CNS Gene Regulation

General Gene
Regulation
General Gene
Regulation
Oligodendrocyte
Development and
Myelination
General Gene
Regulation
General Gene
Regulation

-11060

-11389

-9538
-10623
-10777

1461

1330

1271

28208

28208

27952

-9538

-9908

-9538

-9908

30521
-9538

-9908

-10623

-9538

-9908



Supplementary Table 20. Cis-eQTLs for PSG8-AS1 in the brain.

eQTL information was gathered from GTEx and psychENCODE. Distance is shown in
base pairs relative to the start of PSG8-AS1 exonic sequence in hg38.

LOCATION (HG38) SOURCE DISTANCE

chr19:41991305 pshycENCODE 830468
chr19:42069100 pshycENCODE 752673
chr19:42094437 pshycENCODE 727336
chr19:42096832 pshycENCODE 724941
chr19:42107672 pshycENCODE 714101
chr19:42174477 GTEx 647296
chr19:42243381 GTEx 578392
chr19:42370749 GTEx 451024
chr19:42398019 GTEx 423754
chr19:42398020 GTEx 423753
chr19:42398025 GTEx 423748
chr19:42485003 GTEx 336770
chr19:42505685 pshycENCODE 316088
chr19:42526240 pshycENCODE 295533
chr19:42554888 GTEx 266885
chr19:42578891 GTEx 242882
chr19:42638794 pshycENCODE 182979
chr19:42698527 GTEx 123246
chr19:42698618 GTEx 123155
chr19:42699355 GTEx 122418
chr19:42700632 GTEx 121141
chr19:42705963 pshycENCODE 115810
chr19:42707734 GTEx 114039
chr19:42710459 GTEx 111314
chr19:42711349 pshycENCODE 110424
chr19:42713713 GTEx 108060
chr19:42714083 pshycENCODE 107690
chr19:42715583 GTEx 106190
chr19:42715585 GTEx 106188
chr19:42715822 GTEx 105951
chr19:42716214 pshycENCODE 105559
chr19:42717067 pshycENCODE 104706
chr19:42717298 GTEx 104475
chr19:42718403 pshycENCODE 103370
chr19:42719000 pshycENCODE 102773
chr19:42721138 GTEx 100635
chr19:42721654 GTEx/pshycENCODE 100119



chr19:42721884
chr19:42724888
chr19:42726668
chr19:42729152
chr19:42732111
chr19:42734779
chr19:42739413
chr19:42740067
chr19:42740333
chr19:42741311
chr19:42741460
chr19:42741609
chr19:42744873
chr19:42745022
chr19:42747514
chr19:42747693
chr19:42749331
chr19:42749348
chr19:42749538
chr19:42750807
chr19:42751942
chr19:42752081
chr19:42752339
chr19:42753287
chr19:42753667
chr19:42754190
chr19:42755032
chr19:42755394
chr19:42755615
chr19:42756149
chr19:42756402
chr19:42761442
chr19:42761883
chr19:42762384
chr19:42763917
chr19:42764317
chr19:42764337
chr19:42765980
chr19:42766413
chr19:42766786
chr19:42766893
chr19:42767707
chr19:42768287
chr19:42768613

pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx
pshycENCODE
pshycENCODE
GTEx
GTEx
GTEx
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx
pshycENCODE
pshycENCODE
GTEx
GTEx
GTEx
GTEx
GTEx
pshycENCODE
GTEx
GTEx
GTEx
GTEx

229

99889
96885
95105
92621
89662
86994
82360
81706
81440
80462
80313
80164
76900
76751
74259
74080
72442
72425
72235
70966
69831
69692
69434
68486
68106
67583
66741
66379
66158
65624
65371
60331
59890
59389
57856
57456
57436
55793
55360
54987
54880
54066
53486
53160



chr19:42768812
chr19:42770145
chr19:42770214
chr19:42770369
chr19:42770716
chr19:42771437
chr19:42771740
chr19:42771957
chr19:42772038
chr19:42772913
chr19:42773287
chr19:42774435
chr19:42774778
chr19:42777920
chr19:42778522
chr19:42778803
chr19:42782560
chr19:42785947
chr19:42786453
chr19:42786586
chr19:42786621
chr19:42787083
chr19:42787517
chr19:42804104
chr19:42808708
chr19:42813818
chr19:42814427
chr19:42815321
chr19:42815704
chr19:42816533
chr19:42817434
chr19:42817737
chr19:42817914
chr19:42818067
chr19:42818309
chr19:42819098
chr19:42819231
chr19:42820146
chr19:42820427
chr19:42820805
chr19:42821162
chr19:42821220
chr19:42821547
chr19:42821662

GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
pshycENCODE
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx_DOG
GTEx_DOG
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx_DOG
GTEx
GTEx
GTEx

230

52961
51628
51559
51404
51057
50336
50033
49816
49735
48860
48486
47338
46995
43853
43251
42970
39213
35826
35320
35187
35152
34690
34256
17669
13065
7955
7346
6452
6069
5240
4339
4036
3859
3706
3464
2675
2542
1627
1346
968
611
553
226
111



chr19:42821781
chr19:42822081
chr19:42822106
chr19:42822836
chr19:42824093
chr19:42824189
chr19:42824473
chr19:42824633
chr19:42825528
chr19:42826270
chr19:42826492
chr19:42827445
chr19:42827604
chr19:42827643
chr19:42828102
chr19:42830836
chr19:42830896
chr19:42831047
chr19:42831156
chr19:42831423
chr19:42831712
chr19:42832253
chr19:42832592
chr19:42832780
chr19:42832849
chr19:42833011
chr19:42833278
chr19:42833360
chr19:42833369
chr19:42833798
chr19:42833953
chr19:42833994
chr19:42834229
chr19:42834446
chr19:42835396
chr19:42837282
chr19:42837867
chr19:42838329
chr19:42838973
chr19:42840210
chr19:42840495
chr19:42843915
chr19:42844698
chr19:42844917

GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx_DOG
GTEx_DOG
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx

231

-308
-333
-1063
-2320
-2416
-2700
-2860
-3755
-4497
-4719
-5672
-5831
-5870
-6329
-9063
-9123
-9274
-9383
-9650
-9939
-10480
-10819
-11007
-11076
-11238
-11505
-11587
-11596
-12025
-12180
-12221
-12456
-12673
-13623
-15509
-16094
-16556
-17200
-18437
-18722
-22142
-22925
-23144



chr19:42845738
chr19:42847012
chr19:42847870
chr19:42850702
chr19:42850796
chr19:42851163
chr19:42851191
chr19:42851639
chr19:42852484
chr19:42853312
chr19:42854123
chr19:42854231
chr19:42855033
chr19:42855446
chr19:42855719
chr19:42855769
chr19:42856373
chr19:42856468
chr19:42857094
chr19:42858337
chr19:42859381
chr19:42859678
chr19:42862513
chr19:42865404
chr19:42867885
chr19:42868841
chr19:42870320
chr19:42870449
chr19:42871718
chr19:42879499
chr19:42879528
chr19:42879623
chr19:42879649
chr19:42880599
chr19:42884428
chr19:42885826
chr19:42886393
chr19:42894684
chr19:42894981
chr19:42895581
chr19:42896384
chr19:42897414
chr19:42898669
chr19:42898800

GTEx
GTEx
GTEx

GTEx/pshycENCODE

GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
pshycENCODE
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx

GTEx/pshycENCODE

GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx

232

-23965
-25239
-26097
-28929
-29023
-29390
-29418
-29866
-30711
-31539
-32350
-32458
-33260
-33673
-33946
-33996
-34600
-34695
-35321
-36564
-37608
-37905
-40740
-43631
-46112
-47068
-48547
-48676
-49945
-57726
-57755
-57850
-57876
-58826
-62655
-64053
-64620
-72911
-73208
-73808
-74611
-75641
-76896
-77027



chr19:42900144
chr19:42902280
chr19:42905883
chr19:42908380
chr19:42908666
chr19:42909159
chr19:42909612
chr19:42909843
chr19:42910207
chr19:42915777
chr19:42918541
chr19:42919067
chr19:42919069
chr19:42919070
chr19:42919236
chr19:42919520
chr19:42921903
chr19:42922567
chr19:42927011
chr19:42928608
chr19:42935017
chr19:42935851
chr19:42951436
chr19:42956598
chr19:42957809
chr19:42958288
chr19:42958348
chr19:42959297
chr19:42960054
chr19:42960105
chr19:43002194
chr19:43007594
chr19:43011320
chr19:43011947
chr19:43043695
chr19:43044400
chr19:43044441
chr19:43044469
chr19:43044829
chr19:43048050
chr19:43049368
chr19:43054085
chr19:43061748
chr19:43062146

GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
GTEx
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx
GTEx
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE

233

-78371
-80507
-84110
-86607
-86893
-87386
-87839
-88070
-88434
-94004
-96768
-97294
-97296
-97297
-97463
-97747
-100130
-100794
-105238
-106835
-113244
-114078
-129663
-134825
-136036
-136515
-136575
-137524
-138281
-138332
-180421
-185821
-189547
-190174
-221922
-222627
-222668
-222696
-223056
-226277
-227595
-232312
-239975
-240373



chr19:43063274
chr19:43064031
chr19:43064698
chr19:43065399
chr19:43067066
chr19:43067611
chr19:43067817
chr19:43068886
chr19:43070242
chr19:43071315
chr19:43072380
chr19:43074311
chr19:43074939
chr19:43077525
chr19:43079443
chr19:43079711
chr19:43100045
chr19:43100241
chr19:43101794
chr19:43102446
chr19:43102509
chr19:43104310
chr19:43104369
chr19:43105158
chr19:43105332
chr19:43105616
chr19:43105911
chr19:43108626
chr19:43108628
chr19:43108863
chr19:43109554
chr19:43111141
chr19:43112318
chr19:43114943
chr19:43117170
chr19:43117665
chr19:43117760
chr19:43121359
chr19:43133855
chr19:43161395
chr19:43161502
chr19:43167751
chr19:43177816
chr19:43180253

pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx

pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx

pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE

234

-241501
-242258
-242925
-243626
-245293
-245838
-246044
-247113
-248469
-249542
-250607
-252538
-253166
-255752
-257670
-257938
-278272
-278468
-280021
-280673
-280736
-282537
-282596
-283385
-283559
-283843
-284138
-286853
-286855
-287090
-287781
-289368
-290545
-293170
-295397
-295892
-295987
-299586
-312082
-339622
-339729
-345978
-356043
-358480



chr19:43180255
chr19:43180479
chr19:43183173
chr19:43260786
chr19:43265192
chr19:43266131
chr19:43270604
chr19:43274289
chr19:43274698
chr19:43275671
chr19:43328661
chr19:43667978
chr19:43683354

pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx
pshycENCODE
pshycENCODE
pshycENCODE
pshycENCODE
GTEx
GTEx
GTEx

235

-358482
-358706
-361400
-439013
-443419
-444358
-448831
-452516
-452925
-453898
-506888
-846205
-861581



Supplementary Table 21. Genes in PSG8-451 WGCNA module.

Genes are ordered by p-value of correlation.

ENSEMBL ID GENE NAME PEARSONCOR PVALUE

ENSG00000197971 MBP 0.912060755 4.46E-203
ENSG00000184481 FOX04 0.904772053 1.57E-194
ENSG00000129250 KIFIC 0.901444422 7.44E-191
ENSG00000227495 KIF1C-AS1 0.891445127 1.49E-180
ENSG00000078804 TP53INP2 0.876481841 6.89E-167
ENSG00000064787 BCAS1 0.868435507 2.95E-160
ENSG00000198121 LPARI 0.857134868 1.20E-151
ENSG00000168314 MOBP 0.856654684 2.68E-151
ENSG00000144283 PKP4 0.845818494 9.70E-144
ENSG00000146063 TRIM41 0.837752881 1.75E-138
ENSG00000021300 PLEKHBI 0.826824188 8.40E-132
ENSG00000154945 ANKRD40 0.822518043 2.68E-129
ENSG00000229670 PKP4PI 0.81474794 6.03E-125
ENSG00000204278 TMEM?235 0.813925686 1.69E-124
ENSG00000146122 DAAM?2 0.813691294 2.27E-124
ENSG00000204644 ZFP57 0.807184662 6.65E-121
ENSG00000180739 S1PR5 0.806771042 1.09E-120
ENSG00000124374 PAIP2B 0.802391492 1.97E-118
ENSG00000176485 PLAAT3 0.784784555 6.55E-110
ENSG00000158315 RHBDL? 0.784381265 1.00E-109
ENSG00000247049 ENSG00000247049 0.775010529 1.61E-105
ENSG00000108387 SEPTIN4 0.774011929 4.41E-105
ENSG00000235033 DAAM?2-AS1 0.77297418 1.25E-104
ENSG00000113578 FGF1 0.769139595 5.51E-103
ENSG00000203586 ENSG00000203586 0.767891078 1.86E-102
ENSG00000236239 ENSG00000236239 0.767837065 1.96E-102
ENSG00000184208 C220rf46 0.76340105 1.40E-100
ENSG00000242861 ENSG00000242861 0.762407871 3.58E-100
ENSG00000012171 SEMA3B 0.761930459 5.63E-100
ENSG00000204380 PKP4-AS1 0.761119369 1.21E-99
ENSG00000135773 CAPNY 0.757016246 5.51E-98
ENSG00000064393 HIPK? 0.755658911 1.92E-97
ENSG00000233708 ENSG00000233708 0.754314408 6.54E-97
ENSG00000182851 ENSG00000182851 0.753242275 1.73E-96
ENSG00000255953 ENSG00000255953 0.752161258 4.59E-96
ENSG00000176381 PRRIS 0.749689565 4.19E-95
ENSG00000224795 NTM-AS1 0.749570809 4.66E-95
ENSG00000109846 CRYAB 0.749055291 7.36E-95
ENSG00000114993 RTKN 0.743271071 1.16E-92
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ENSG00000225140
ENSG00000163113
ENSG00000148218
ENSG00000180354
ENSG00000108381
ENSG00000084453
ENSG00000245293
ENSG00000236859
ENSG00000227544
ENSG00000172005
ENSG00000259357
ENSG00000233552
ENSG00000197892
ENSG00000132702
ENSG00000047849
ENSG00000115468
ENSG00000244274
ENSG00000135678
ENSG00000255782
ENSG00000141524
ENSG00000049245
ENSG00000198835
ENSG00000130958
ENSG00000166091
ENSG00000224924
ENSG00000101190
ENSG00000257337
ENSG00000254806
ENSG00000214780
ENSG00000180929
ENSG00000129538
ENSG00000136541
ENSG00000065361
ENSG00000105707
ENSG00000238018
ENSG00000204282
ENSG00000173786
ENSG00000183111
ENSG00000149633
ENSG00000198585
ENSG00000139433
ENSG00000211584
ENSGO00000117115
ENSG00000205696

LOCI101930421
OTUD7B
ALAD

MTURN

ASPA
SLCOI142
CYP2UI-ASI
NIFK-A4S1
LINC03013
MAL
ENSG00000259357
ENSG00000233552
KIF13B
HAPLN?
MAP4

EFHDI
DBNDD?2

CPM
ENSG00000255782
TMC6

VAMP3

GJC2
SLC35D2
CMTM5
LINC00320
TCFL5
TNS2-AS1
SYSI-DBNDD?2
ENSG00000214780
GPR62
RNASE1
ERMN

ERBB3

HPN
SPTBNI-AS2
TNRC6C-AS1
CNP
ARHGEF37
KIAAI755
NUDTI6

GLTP
SLC4841
PADI2
ADARB2-AS1
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0.74073737

0.73761879
0.737569174
0.736188641
0.736030906
0.733180808
0.730076696
0.728681068
0.726055212
0.724033436
0.721900437
0.720707788

0.72030224
0.719732111
0.718832277
0.718085882
0.712075067
0.709773789
0.708515496
0.707147807
0.705466194
0.704150888
0.703884903
0.702710339
0.700743347
0.700470214
0.698590982
0.697646407
0.694240424
0.693984582
0.692082295
0.689725658
0.689653545
0.688457919
0.688345268
0.688206991
0.687837051
0.684362356
0.684305794
0.684301786
0.682396681
0.681018859
0.680829288
0.680775618

1.02E-91
1.44E-90
1.50E-90
4.76E-90
5.43E-90
5.77E-89
7.33E-88
2.27E-87
1.87E-86
9.32E-86
5.00E-85
1.27E-84
1.74E-84
2.71E-84
5.45E-84
9.70E-84
9.40E-82
5.25E-81
1.33E-80
3.66E-80
1.26E-79
3.27E-79
3.97E-79
9.28E-79
3.82E-78
4.64E-78
1.77E-77
3.46E-77
3.77E-76
4.51E-76
1.69E-75
8.53E-75
8.96E-75
2.03E-74
2.19E-74
2.40E-74
3.09E-74
3.22E-73
3.34E-73
3.35E-73
1.19E-72
2.97E-72
3.37E-72
3.49E-72



ENSG00000102934
ENSG00000164627
ENSG00000189058
ENSG00000124251
ENSG00000168754
ENSG00000066322
ENSG00000073417
ENSG00000123560
ENSG00000162444
ENSG00000141540
ENSG00000184343
ENSG00000204655
ENSG00000224189
ENSG00000251660
ENSG00000135525
ENSG00000179178
ENSG00000122367
ENSG00000178722
ENSG00000169562
ENSG00000139629
ENSG00000117266
ENSG00000013297
ENSG00000109099
ENSG00000177105
ENSG00000204323
ENSG00000135929
ENSG00000152689
ENSG00000154493
ENSG00000035664
ENSG00000169247
ENSG00000167191
ENSG00000183196
ENSG00000115935
ENSG00000170271
ENSG00000103089
ENSG00000187764
ENSG00000150867
ENSG00000204161
ENSG00000070759
ENSG00000080822
ENSG00000148180
ENSG00000232504
ENSG00000259070
ENSG00000187775

PLLP
KIF6
APOD
TP53TGS5
FAMI78B
ELOVLI
PDESA
PLPI
RBP7
TTYH?
SRPK3
MOG
HAGLR
ENSG00000251660
MAP7
TMEMI25
LDB3
CSorf64
GJBI
GALNT6
CDK18
CLDNI1
PMP22
RHOG
SMIMS
CYP2741
RASGRP3
C100rf90
DAPK2
SH3TC2
GPRCSB
CHST6
WIPF1
FAXDC2
FA2H
SEMA4D
PIP4K24
TMEM273
TESK2
CLDNDI
GSN
ST3GAL5-ASI
LINC00639
DNAHI7
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0.680301906
0.680203307
0.678453044
0.677277433
0.676270331
0.675324091
0.674800651
0.671996282
0.671287838
0.670554993
0.670381632

0.66334314
0.662299953
0.662105535
0.661139193
0.659709996
0.657203876
0.653796488
0.653507015
0.653486565
0.653400413
0.653100719
0.652093254
0.650863837
0.650522198
0.647290157
0.647158887

0.64580976
0.645280249
0.644870016
0.641808529
0.641363295
0.641330578
0.639614851
0.639362824
0.638534344
0.637224431
0.637204695
0.637014494
0.636631363
0.635780287
0.634758639
0.632983107
0.632746352

4.77E-72
5.09E-72
1.61E-71
3.46E-71
6.65E-71
1.23E-70
1.72E-70
1.04E-69
1.63E-69
2.59E-69
2.89E-69
2.35E-67
4.47E-67
5.03E-67
9.09E-67
2.17E-66
9.89E-66
7.59E-65
9.01E-65
9.12E-65
9.60E-65
1.15E-64
2.08E-64
4.29E-64
5.25E-64
3.46E-63
3.73E-63
8.13E-63
1.10E-62
1.40E-62
8.03E-62
1.03E-61
1.05E-61
2.78E-61
3.20E-61
5.10E-61
1.06E-60
1.07E-60
1.19E-60
1.48E-60
2.37E-60
4.18E-60
1.11E-59
1.27E-59



ENSG00000100181
ENSG00000161896
ENSG00000105695
ENSG00000167755
ENSG00000060237
ENSG00000101049
ENSG00000091513
ENSG00000205116
ENSG00000086205
ENSG00000221817
ENSG00000126822
ENSG00000172508
ENSG00000128283
ENSG00000229645
ENSG00000234198
ENSG00000237943
ENSG00000136867
ENSG00000012124
ENSG00000198753
ENSG00000120729
ENSG00000135720
ENSG00000164023
ENSG00000080819
ENSG00000092529
ENSG00000160223
ENSG00000049089
ENSG00000124920
ENSG00000099282
ENSG00000054690
ENSG00000143418
ENSG00000254081
ENSG00000133256
ENSG00000115993
ENSG00000187098
ENSG00000254129
ENSG00000258461
ENSG00000238194
ENSG00000179630
ENSG00000158715
ENSG00000171840
ENSG00000146859
ENSG00000235049
ENSG00000186417
ENSG00000158859

TPTEPI
IP6K3

MAG

KLK6

WNK]I

SGK2

TF

TMEMSSB
FOLH]I
PPP3CB-ASI
PLEKHGS3
CARNS]I
CDC42EPI
Cl4orf139
ENSG00000234198
PRKCQ-ASI
SLC3142
CD22
PLXNB3
MYOT
DYNCILI?
SGMS2

CPOX

CAPN3
ICOSLG
COL9A2
MYRF
TSPANIS
PLEKHHI
CERS2
LINC01299
PDEGB
TRAK?

MITF
ENSG00000254129
ENSG00000258461
PHACTR3-AS1
LACCI
SLC4543
NINJ2
TMEM140
LINC00940
GLDN
ADAMTS4
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0.632539444
0.632095028
0.627864287
0.627259767
0.627005057
0.626826961
0.626755499
0.6239659
0.623590727
0.623482913
0.622677642
0.619710806
0.619663617
0.618456545
0.616540883
0.616250528
0.614862022
0.614814813
0.614268725
0.613643078
0.612830105
0.610238129
0.606869863
0.605115034
0.603650679
0.60337677
0.602717404
0.602488821
0.602371898
0.602348013
0.602294896
0.601972205
0.60134862
0.600380416
0.599144692
0.598994165
0.598663338
0.59839709
0.598025293
0.597219451
0.596878461
0.596336582
0.594445417
0.59408792

1.42E-59
1.81E-59
1.81E-58
2.50E-58
2.87E-58
3.16E-58
3.28E-58
1.46E-57
1.78E-57
1.89E-57
2.89E-57
1.38E-56
1.41E-56
2.65E-56
7.18E-56
8.35E-56
1.71E-55
1.75E-55
2.32E-55
3.19E-55
4.84E-55
1.81E-54
9.86E-54
2.37E-53
4.89E-53
5.60E-53
7.75E-53
8.67E-53
9.19E-53
9.30E-53
9.54E-53
1.12E-52
1.52E-52
2.44E-52
4.46E-52
4.80E-52
5.64E-52
6.41E-52
7.68E-52
1.13E-51
1.34E-51
1.74E-51
4.31E-51
5.11E-51



ENSG00000196187
ENSG00000184007
ENSG00000119121
ENSG00000162949
ENSG00000176658
ENSG00000104205
ENSG00000158352
ENSG00000151552
ENSG00000198865
ENSG00000237133
ENSG00000137221
ENSG00000242808
ENSG00000158865
ENSG00000235865
ENSG00000126803
ENSG00000070214
ENSG00000141934
ENSG00000244062
ENSG00000079435
ENSG00000006611
ENSG00000135362
ENSG00000147459
ENSG00000172548
ENSG00000231840
ENSG00000089041
ENSG00000141458
ENSG00000241163
ENSG00000173253
ENSG00000166348
ENSG00000166387
ENSG00000119139
ENSG00000250722
ENSG00000006831
ENSG00000254481
ENSG00000236882
ENSG00000107331
ENSG00000219392
ENSG00000250198
ENSG00000126860
ENSG00000224002
ENSG00000255138
ENSG00000255470
ENSG00000164124
ENSG00000164303

TMEMG63A
PTP4A2
TRPM6
CAPNI3
MYOID

SGK3
SHROOM4
ODPR
CCDCIS52
ENSG00000237133
TJAPI
SOX2-OT
SLC5A411
GSN-ASI
HSPA2
SLC44A1
PLPP?
ENSG00000244062
LIPE

USHIC

PRRSL
DOCKS
NIPAL4
TMEM139-AS1
P2RX7

NPCI
LINC00877
DMRT?2
USP54
PPFIBP?
TJP2
SELENOP
ADIPOR?2
PTP4A2P2
LINC01554
ABCA2
ZNF602P
LINC02199
EVI2A
ENSG00000224002
GLTPPI
ENSG00000255470
TMEM144
ENPP6

240

0.593688547
0.592588459
0.591701057
0.589832868
0.587708363
0.587384489
0.586689832
0.586539979
0.586517561
0.586250534
0.585713484
0.582897874
0.579288298
0.578988034
0.578338785
0.577819406
0.577686618
0.577066904
0.576224923

0.57270227
0.572523088
0.572433328
0.571957972
0.570637435
0.570327371
0.570184728
0.569189419
0.567928576
0.566553792
0.565656802
0.565462751
0.564505665
0.564413317
0.563244924
0.563011558
0.562573106
0.561699426

0.56086882
0.560738214
0.559761654
0.558729404
0.558685289
0.557904862
0.557700514

6.19E-51
1.05E-50
1.59E-50
3.85E-50
1.04E-49
1.22E-49
1.68E-49
1.80E-49
1.82E-49
2.06E-49
2.65E-49
9.72E-49
5.06E-48
5.80E-48
7.79E-48
9.85E-48
1.05E-47
1.38E-47
2.02E-47
9.75E-47
1.06E-46
1.10E-46
1.36E-46
2.43E-46
2.79E-46
2.97E-46
4.59E-46
7.98E-46
1.45E-45
2.14E-45
2.33E-45
3.53E-45
3.67E-45
6.07E-45
6.71E-45
8.10E-45
1.18E-44
1.68E-44
1.78E-44
2.69E-44
4.17E-44
4.25E-44
5.91E-44
6.44E-44



ENSG00000010282
ENSG00000259172
ENSG00000178826
ENSG00000185896
ENSG00000010310
ENSG00000019144
ENSG00000255701
ENSG00000075651
ENSG00000174607
ENSG00000131386
ENSG00000011426
ENSG00000237798
ENSG00000150656
ENSG00000136960
ENSG00000244491
ENSG00000126653
ENSG00000111254
ENSG00000233838
ENSG00000119280
ENSG00000235189
ENSG00000140479
ENSG00000167123
ENSG00000255807
ENSG00000242150
ENSG00000141338
ENSG00000119321
ENSG00000106397
ENSG00000242337
ENSG00000259351
ENSG00000222466
ENSG00000176438
ENSG00000072310
ENSG00000100225
ENSG00000185418
ENSG00000170537
ENSG00000168297
ENSG00000237782
ENSG00000116574
ENSG00000130962
ENSG00000149218
ENSG00000184144
ENSG00000082996
ENSG00000258761
ENSG00000160862

HHATL
SNRPAI-DT
TMEM139

LAMPI

GIPR

PHLDBI
ENSG00000255701
PLDI

UGTS

GALNTIS

ANLN
ENSG00000237798
CNDPI

ENPP2
ENSG00000244491
NSRPI

AKAP3

DPH3PI

Clorf198
LOC105373335
PCSK6

CERCAM
PTP4A1P2
ENSG00000242150
ABCAS

FKBPIS

PLOD3

INHCAP
ENSG00000259351
ENSG00000222466
SYNE3

SREBFI

FBXO7

TARS3

T™MC7

PXK

PLLPPI

RHOU

PRRGI

ENDODI

CNTN2

RNF13
ENSG00000258761
AZGPI
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0.555955693
0.555336398
0.554742905
0.553928055
0.553878378
0.553081415
0.5518475
0.549350279
0.548718668
0.547483306
0.545161656
0.544163041
0.544068549
0.543686727
0.542456933
0.541867226
0.540741338
0.538113215
0.536566875
0.536067541
0.535658367
0.535090749
0.531528217
0.531282179
0.527858383
0.527688985
0.525548644
0.524286385
0.520935331
0.519192544
0.5139524
0.511166676
0.510854543
0.51046378
0.506524586
0.50592166
0.504928988
0.50335927
0.502899103
0.501997914
0.500842361
0.499879112
0.49937149
0.497653062

1.34E-43
1.74E-43
2.23E-43
3.13E-43
3.20E-43
4.45E-43
7.43E-43
2.08E-42
2.69E-42
4.46E-42
1.14E-41
1.71E-41
1.78E-41
2.07E-41
3.40E-41
4.30E-41
6.74E-41
1.91E-40
3.52E-40
4.28E-40
5.02E-40
6.27E-40
2.51E-39
2.75E-39
1.03E-38
1.09E-38
2.47E-38
3.98E-38
1.40E-37
2.67E-37
1.83E-36
5.04E-36
5.64E-36
6.49E-36
2.66E-35
3.29E-35
4.68E-35
8.14E-35
9.57E-35
1.31E-34
1.97E-34
2.75E-34
3.28E-34
5.95E-34



ENSG00000154262
ENSG00000107798
ENSG00000225279
ENSG00000135636
ENSG00000103184
ENSG00000250159
ENSG00000235903
ENSG00000139292
ENSG00000099219
ENSG00000078269
ENSG00000259604
ENSG00000132854
ENSG00000183230
ENSG00000164161
ENSG00000183549
ENSG00000133104
ENSG00000253965
ENSG00000135905
ENSG00000064651
ENSG00000169242
ENSG00000158296
ENSG00000117408
ENSG00000105889
ENSG00000143409
ENSG00000189067
ENSG00000132321
ENSG00000021826
ENSG00000155792
ENSG00000118322
ENSG00000133313
ENSG00000257761
ENSG00000005893
ENSG00000165410
ENSG00000119537
ENSG00000257283
ENSG00000170775
ENSG00000118298
ENSG00000249121
ENSG00000186056
ENSG00000186340
ENSG00000175785
ENSG00000138316
ENSG00000125703
ENSG00000057704

ABCA6

LIPA
ENSG00000225279
DYSF

SECI4LS
ENSG00000250159
CPB2-AS1

LGRS

ERMPI

SYNJ2
ENSG00000259604
KANK4

CTNNA3

HHIP

ACSM5

SPART
ENSG00000253965
DOCKI0

SLCI242

EFNAI

SLCI343

IPOI3

STEAPIB

MINDYI

LITAF

10CAI

CPSI

DEPTOR

ATPI0B

CNDP2
ENSG00000257761
LAMP?

CFL2

KDSR
ENSG00000257283
GPR37

CAl4
ENSG00000249121
MATNI-AS1

THBS?

PRIMALI
ADAMTS14
ATG4C

TMCC3
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0.496547543
0.491849501
0.491358879
0.490226539
0.489948902
0.489102152
0.489070598
0.486525821
0.478610237
0.478011873
0.476705448
0.475486141
0.474017571
0.471844153
0.470210336
0.467783085
0.467206234
0.467200264
0.46443405
0.463324429
0.463197909
0.461254876
0.45769063
0.456717164
0.456095239
0.450104349
0.446813827
0.446543235
0.445766814
0.445712925
0.444235035
0.443922303
0.438278878
0.4359446
0.435574088
0.435235103
0.428229455
0.427805087
0.426631999
0.426102494
0.422818415
0.422711307
0.422469566
0.420191752

8.71E-34
4.33E-33
5.11E-33
7.49E-33
8.22E-33
1.09E-32
1.10E-32
2.59E-32
3.48E-31
4.23E-31
6.45E-31
9.55E-31
1.53E-30
3.05E-30
5.11E-30
1.10E-29
1.31E-29
1.32E-29
3.11E-29
4.38E-29
4.55E-29
8.27E-29
2.45E-28
3.28E-28
3.96E-28
2.36E-27
6.21E-27
6.72E-27
8.42E-27
8.56E-27
1.31E-26
1.44E-26
7.24E-26
1.40E-25
1.56E-25
1.71E-25
1.20E-24
1.34E-24
1.85E-24
2.14E-24
5.21E-24
5.37E-24
5.73E-24
1.05E-23



ENSG00000130150
ENSG00000112276
ENSG00000175764
ENSG00000157483
ENSG00000196517
ENSG00000100596
ENSG00000178425
ENSG00000158079
ENSG00000250615
ENSG00000232623
ENSG00000178401
ENSG00000080200
ENSG00000160179
ENSG00000152910
ENSG00000081479
ENSG00000179363
ENSG00000242689
ENSG00000242010
ENSG00000220739
ENSG00000088970
ENSG00000249379
ENSG00000112893
ENSG00000242068
ENSG00000224101
ENSG00000234603
ENSG00000103381
ENSG00000154642
ENSG00000174137
ENSG00000226496
ENSG00000248706
ENSG00000151914
ENSG00000158516
ENSG00000154864
ENSG00000039319
ENSG00000068650
ENSG00000233878
ENSG00000123700
ENSG00000144815
ENSG00000167257
ENSG00000164176
ENSG00000245330
ENSG00000214961
ENSG00000236326
ENSG00000186318

MOSPD2
BVES
TTLLI1I
MYOIE
SLC6A49
SPTLC2
NT5DCI
PTPDCI

ENSG00000250615

MRAP-ASI
DNAJC22

CRYBG3

ABCGI

CNTNAP4

LRP2

TMEM31

CNTF
ENSG00000242010
ENSG00000220739
KIZ
ENSG00000249379
MAN241
ENSG00000242068
ELMOI-ASI
ENSG00000234603
CPPEDI

C210rf91

FAM534
LINC00323
ENSG00000248706
DST

CPA2

PIEZO2

ZFYVEILG6

ATPI114
ENSG00000233878
KCNJ2

NXPE3

RNF214

EDIL3
DEPTOR-ASI
NT5DCIP2
ENSG00000236326
BACEI
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0.419733226
0.419342974
0.419010938
0.416045041
0.410495677
0.408452878
0.406235899
0.404503394
0.404202565
0.399075935
0.398454204
0.397181671
0.392430688
0.390732479
0.390154221
0.388577639
0.386026932
0.383700428
0.376728903
0.374374953
0.374103748
0.372568518
0.371092809

0.36875905
0.365310932
0.363354176
0.362735069
0.359208599
0.358023827
0.354063049
0.351929862
0.349664741

0.34620573
0.340629876

0.33829354
0.336143772
0.324751389
0.319522336
0.314626652
0.312933806
0.311808439
0.311783352
0.307829183
0.306487369

1.19E-23
1.32E-23
1.45E-23
3.17E-23
1.35E-22
2.28E-22
4.03E-22
6.26E-22
6.75E-22
2.45E-21
2.85E-21
3.91E-21
1.25E-20
1.89E-20
2.18E-20
3.18E-20
5.85E-20
1.02E-19
5.16E-19
8.87E-19
9.43E-19
1.34E-18
1.87E-18
3.16E-18
6.81E-18
1.05E-17
1.20E-17
2.59E-17
3.35E-17
7.84E-17
1.23E-16
1.98E-16
4.08E-16
1.28E-15
2.05E-15
3.15E-15
2.92E-14
7.87E-14
1.96E-13
2.67E-13
3.28E-13
3.29E-13
6.74E-13
8.57E-13



ENSG00000244676
ENSG00000184292
ENSG00000159592
ENSG00000189134
ENSG00000113396
ENSG00000124275
ENSG00000121690
ENSG00000125954
ENSG00000246515
ENSG00000166923
ENSG00000198690
ENSG00000253921
ENSG00000257365
ENSG00000103978
ENSG00000237381
ENSG00000226752
ENSG00000228604

ENSG00000244676
TACSTD?2
GPBPILI

NKAPL

SLC2746

MTRR

DEPDC7
CHURCI-FNTB
ENSG00000246515
GREM1

FANI

ATOXI-AS1

FNTB

TMEMS87A4
NT5DCIPI
CUTALP
ENSG00000228604
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0.301063315
0.298878815
0.298802693
0.293818709
0.288187007
0.285127805

0.27529467
0.268873816
0.267467976
0.266897729
0.255534967
0.251683966
0.226928397
0.192318402
0.192280641
0.136577607
0.130065939

2.24E-12
3.27E-12
3.32E-12
7.81E-12
2.01E-11
3.34E-11
1.63E-10
4.44E-10
5.51E-10
6.01E-10
3.27E-09
5.71E-09
1.64E-07
9.85E-06
9.89E-06
0.001780423
0.002936354



Supplementary Table 22. Gene set enrichment analysis performed with DAVID online
tool of the PSG8-AS1 high-correlated gene expression module.

Showing FDR < 0.2 results.

TERM PVALU BONFERRON BENJAMIN FDR
E I I

G0O:0016021~integral component of 1.13E-07 2.78E-05 2.78E-05 2.64E-05
membrane
GO:001991 1~structural constituent of 6.17E-06 2.57E-03 2.57E-03 2.55E-03
myelin sheath
R-HSA-1660661:R-HSA-1660661 1.90E-04 3.43E-02 3.49E-02 3.49E-02
hsa00565:Ether lipid metabolism 4.74E-04 5.80E-02 3.66E-02 3.66E-02
hsa00600:Sphingolipid metabolism 5.81E-04 7.06E-02 3.66E-02 3.66E-02
GO0:0008233~peptidase activity 2.05E-04 8.18E-02 4.27E-02 4.23E-02
G0:0005886~plasma membrane 5.97E-04 1.37E-01 5.35E-02 5.09E-02
GO:0005768~endosome 9.92E-04 2.17E-01 5.35E-02 5.09E-02
GO0:0043218~compact myelin 1.07E-03 2.31E-01 5.35E-02 5.09E-02
GO0:0043209~myelin sheath 1.09E-03 2.35E-01 5.35E-02 5.09E-02
GO0:0051015~actin filament binding 4.05E-04 1.55E-01 5.63E-02 5.59E-02
GO0:0016324~apical plasma membrane 2.08E-03 4.00E-01 8.02E-02 7.63E-02
GO0:0005887~integral component of 2.78E-03 4.95E-01 8.02E-02 7.63E-02
plasma membrane
GO:0015629~actin cytoskeleton 2.90E-03 5.10E-01 8.02E-02 7.63E-02
GO0:0009986~cell surface 2.93E-03 5.15E-01 8.02E-02 7.63E-02
G0:0055037~recycling endosome 3.79E-03 6.07E-01 8.60E-02 8.18E-02
GO0:0070062~extracellular exosome 3.98E-03 6.25E-01 8.60E-02 8.18E-02
GO:0005765~lysosomal membrane 4.19E-03 6.44E-01 8.60E-02 8.18E-02
GO:0016887~ATPase activity 8.19E-04 2.89E-01 8.54E-02 8.47E-02
121.0ligoDiff 5.08E-02 1.88E-01 1.02E-01 1.02E-01
98.Dietary Fat and Gene Transcriptio  5.08E-02 1.88E-01 1.02E-01 1.02E-01
n
G0:0030139~endocytic vesicle 6.04E-03 7.75E-01 1.14E-01 1.09E-01
G0:0004180~carboxypeptidase activity 1.40E-03 4.43E-01 1.17E-01 1.16E-01
GO0:0009925~basal plasma membrane 7.54E-03 8.45E-01 1.32E-01 1.26E-01
G0O:0008360~regulation of cell shape 1.22E-04 1.28E-01 1.36E-01 1.36E-01
G0O:0042552~myelination 3.77E-04 3.45E-01 1.42E-01 1.41E-01
GO0:0030148~sphingolipid biosynthetic =~ 4.61E-04 4.03E-01 1.42E-01 1.41E-01
process
GO:0055085~transmembrane transport 5.05E-04 4.32E-01 1.42E-01 1.41E-01
G0:0005875~microtubule associated 1.07E-02 9.29E-01 1.68E-01 1.60E-01
complex
G0:0033270~paranode region of axon 1.10E-02 9.33E-01 1.68E-01 1.60E-01
hsa00340:Histidine metabolism 3.86E-03 3.86E-01 1.62E-01 1.62E-01
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Supplementary Table 23. Top 300 PSG8-4S1 protein binding predictions by catRapiD
v2.1.

Proteins are identified by the UNIPROT accession followed by the protein name and
ordered by IPS. In most cases, the PSG8-AS1 nucleotides 704-779 harbor the
strongest prediction signal.

PROTEIN_ID TOP_RNA_FRAGMEN INTERACTION_PROPENSI Z SCOR
T TY E

Q9UGPS_SEC63 704-779 120.13 5.65
014776_TCERG1 704-779 118.29 5.55
Q9H501 ESF1 704-779 117.46 5.5
P54253 ATXNI1 704-779 116.71 5.46
060293 ZFC3H1 704-779 116.52 5.45
Q5T7N2 L1TD1 704-779 115.99 542
043719 HTATSF1 704-779 115.96 541
Q9BWUO_SLC4A1A 704-779 115.68 54
P

QIUIF8_BAZ2B 704-779 115.63 5.39
Q15022_SUZ12 704-779 115.61 5.39
043290 _SARTI 704-779 113.73 5.29
Q92900_UPF1 704-779 113.55 5.28
P54277 PMS1 704-779 113.4 5.27
P49589 CARSI1 704-779 112.73 5.23
Q04637 _EIF4G1 704-779 112.25 5.2
Q13206_DDX10 704-779 111.54 5.16
Q9BXT4 _TDRDI1 704-779 111.05 5.13
QI96KR1 ZFR 704-779 110.96 5.13
P46459 NSF 704-779 110.92 5.12
Q6PKGO_LARPI1 704-779 109.82 5.06
P35221 CTNNAI 704-779 109.24 5.03
Q9BUQS_DDX23 704-779 109.08 5.02
094804 STK10 704-779 108.65 4.99
Q14692 BMSI 704-779 108.64 4.99
Q9HCS7_XAB2 704-779 107.86 4.95
Q92888_ARHGEFI 704-779 107.82 4.95
QI9NRAS8 EIF4ENIF 704-779 107.49 4.93
1

P49792 RANBP2 704-779 107.07 4.9
P36776_LONP1 704-779 106.94 4.89
Q7KZ85 SUPT6H 704-779 106.91 4.89
075643 _SNRNP200 704-779 106.85 4.89
Q8TEX9 1PO4 704-779 106.68 4.88
Q9HCE1_MOV10 704-779 106 4.84
Q8IY21 _DDX60 704-779 104.14 4.73
Q8IX12_CCARI 704-779 103.28 4.68
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Q8WXHO_SYNE2
Q7L014 DDX46
Q86US8_SMG6
P26639 TARSI
Q08211 _DHX9
Q99459 CDCSL
Q96HW7_INTS4
P26640 VARSI
Q14980 NUMAL
P09327 VILI
060522_TDRD6
QYULWO TPX2
Q8N1G2_CMTRI
QYBYX4 IFIHI
Q9Y2W1 THRAP3
Q05682 CALDI
075534 CSDEI
Q15061 WDR43
Q15393 SF3B3
P16383 GCFC2
060287 URBI
075116 ROCK2
Q9P2M7_CGN
Q8WYQ5 DGCRS
Q96T21_SECISBP2
Q7KZF4 SNDI
P43243 MATR3
P14625 HSP90BI
Q92834 RPGR
QYY5B9 SUPTI6H
Q92974 ARHGEF2
P46821 MAPIB
Q96Q15_SMG1
Q86UP2_KTNI
Q00341 HDLBP
P53618_COPBI
Q32MZ4 LRRFIPI
P41252_IARSI
Q6P9B9_INTS5
Q99590 SCAF11
Q92620 DHX38
QS8IYL2 TRMT44
060763 _USOI
Q14152_EIF3A

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
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102.83
102.34
102
101.92
101.17
100.6
99.45
99.37
99.28
99.1
98.98
98.9
98.84
98.74
98.68
98.65
98.48
98.39
98.39
98.3
98.17
97.95
97.81
97.61
97.57
97.17
97.04
97.01
96.51
96.42
96.31
96.27
96.22
96.2
96.19
96.14
96.08
95.82
95.71
95.65
95.47
95.33
95.27
95.06

4.66
4.63
4.61
4.61
4.56
4.53
4.46
4.46
4.45
4.44
4.44
4.43
4.43
4.42
4.42
4.42
4.41
4.4
4.4
4.4
439
4.38
437
4.36
436
4.33
433
432
4.29
4.29
428
4.28
428
4.28
428
427
427
4.25
425
4.25
4.24
4.23
422
421



Q6Y7W6_GIGYF2
Q69YN4 VIRMA
Q13439 GOLGA4
014787 _TNPO2
Q01082_SPTBNI
Q9Y6Y8 SEC23IP
Q14241 ELOA
Q77272 EFLI
Q14789 GOLGBI
Q8NDT2_RBMI15B
P57678_GEMIN4
P21127 CDKI11B
QYUK61 TASOR
P05023_ATPIAI
015397 IPOS
095373 _IPO7
QYH2U1 DHX36
Q92797 _SYMPK
075400 PRPF40A
Q9Y2L1 DIS3
Q9Y678 COPG1
Q9UBBY _TFIP11
Q7L7V1 DHX32
Q14697 GANAB
QYUIGO BAZIB

Q8NCMS8 DYNC2H
1
Q8WUM4 PDCDGIP

Q9UJC3 HOOK1
043592 XPOT
Q6ZU64 CFAP65
P24928 POLR2A
P09874 PARPI
Q72406 MYH14
Q6IMNG6_CAPRIN2
P78316_NOP14
Q92614 MYO18A
QINRR4 DROSHA
P42704 LRPPRC
P55196_AFDN
Q05707 COLI14A1
Q9Y3T9 NOC2L
043707 ACTN4
Q9HCG8 CWC22

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
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94.89
94.79
94.64
94.4
94.24
93.95
93.83
93.77
93.7
93.65
93.57
93.52
93.42
93.12
92.83
92.76
92.76
92.67
92.66
92.49
92.46
92.39
923
92.25
92.22
92.17

92.17
92.14
92
91.96
91.87
91.49
91.37
91.17
91.15
90.9
90.8
90.72
90.59
90.24
90.2
90.04
90.01

4.2
4.2
4.19
4.17
4.17
4.15
4.14
4.14
4.13
4.13
4.13
4.12
4.12
4.1
4.08
4.08
4.08
4.07
4.07
4.06
4.06
4.06
4.05
4.05
4.05
4.05

4.05
4.04
4.04
4.03
4.03
4.01

3.99
3.99
3.97
3.97
3.96
3.96
3.94
3.93
3.92
3.92



015042_U2SURP
P46087 NOP2
Q05193_DNMI
Q58A45_PAN3
Q9COBO_UNK
Q86XP3_DDX42
Q14151 _SAFB2
Q9C0C9 UBE20
Q92616_GCN1
Q9BZJ0_CRNKLI

000566 _MPHOSPH]
0
Q8N163 CCAR2

Q5T5J6_SWTI
P07814_EPRSI
Q14690 PDCDI11
QYCOE2_XPO4
Q86VP6_CANDI
QYBX66_SORBSI
QYUII4 HERC5
QYP2E3_ZNFXI1
Q86URS5_RIMSI
Q9Y520 PRRC2C
Q13144 EIF2B5
QYNZJ5_EIF2AK3
000410 IPO5
Q14974 KPNBI
QYH583_HEATRI
QYUI17_DMGDH
P54886 ALDHISAI1
Q7Z5L2_R3HCCIL
P30414 NKTR
P55072_VCP
P17480 UBTF
QYHOD6_XRN2
P78344 EIF4G2
Q5JTZ9 AARS2
Q8WUQ7_CACTIN
Q15020_SART3
Q7Z3Z4 PIWIL4
QYNQC3_RTN4
QYUKV3_ACINI
Q969389 GFM2
075460 ERN1

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
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89.95
89.89
89.7
89.63
89.6
89.51
89.44
89.26
89.24
89.16
89.12

&9
88.98
88.97
88.88
88.81

88.8
88.6
88.56
88.54
88.49
88.38
88.34
88.27
88.14
88.02
87.96
87.92
87.88
87.69
87.66
87.45
87.43
87.42
87.39
87.37
87.31
87.21
87.12
87.02

87
86.89
86.88

3.92
3.91
3.9
3.9
3.9
3.89
3.89
3.88
3.88
3.87
3.87

3.86
3.86
3.86
3.86
3.85
3.85
3.84
3.84
3.84
3.83
3.83
3.83
3.82
3.81
3.81
3.8
3.8
3.8
3.79
3.79
3.77
3.77
3.77
3.77
3.77
3.77
3.76
3.75
3.75
3.75
3.74
3.74



QSIXT5_RBM12B
QY6EK7 FAMI20B
043491 EPB41L2
Q72333 _SETX
P78527 PRKDC
P78332 RBM6
Q9NR97_TLRS
Q15459 SF3Al
Q96J94_PIWILI
Q8TDD1_DDX54
Q9BQ52_ELAC2
Q5QJE6 DNTTIP2
Q13435 SF3B2
P21333 FLNA
075152 _ZC3H11A
QYH9A5 CNOTI0
QYYG6KS OAS3
QYP2E9 RRBPI
P11498 PC
QYBRZ2 TRIMS56
Q03701_CEBPZ
Q8N5C6_SRBDI
Q8TC59 PIWIL2
QYP2J5 LARSI
Q05823 RNASEL
QYGZR7 DDX24
Q8NAT2_TDRDS5
QYNYKI1 TLR7
Q13395 _TARBPI
Q8IX01 SUGP2
P15924 DSP
Q12873_CHD3
060231 _DHX16
Q14004 CDK13
Q8IY81 FTSJ3
QYH2T7 RANBP17
Q96GQ7 DDX27
Q9Y4C8_RBM19
Q8TCS8 PNPTI
QYBXT8_RNF17
P38646_HSPA9
Q8NI36_WDR36
QS5TOF9 CC2DIB
P27816_MAP4

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
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86.84
86.81
86.75
86.73
86.66
86.65
86.6
86.57
86.51
86.5
86.32
86.19
86.09
85.9
85.89
85.76
85.71
85.65
85.56
85.55
85.47
85.41
85.25
85.25
85.23
85.18
85.06
84.98
84.83
84.81
84.76
84.71
84.66
84.57
84.34
84.29
84.12
84.07
84.06
83.97
83.9
83.86
83.83
83.71

3.74
3.74
3.73
3.73
3.73
3.73
3.73
3.72
3.72
3.72
3.71
3.7
3.7
3.68
3.68
3.68
3.67
3.67
3.66
3.66
3.66
3.66
3.65
3.65
3.65
3.64
3.64
3.63
3.62
3.62
3.62
3.62
3.61
3.61
3.6
3.59
3.58
3.58
3.58
3.57
3.57
3.57
3.57
3.56



QYNRC6_SPTBN5
QYUPR6_ZFR2
Q07954 LRPI
Q9HOHO INTS2
Q5VYS8 TUT7
QYUPN6_SCAF8
QYUIA9_XPO7
QS8IYT2_CMTR2
QYUGUO_TCF20

Q9BQGO_MYBBPI
A
Q6NWY9 PRPF40B

QYBXT6 MOVIOLI
Q29RF7_PDS5A
Q09161 NCBPI
QYHCKS5_AGO4
QYUPTS8 ZC3H4
Q96QU8_XPO6
Q12788 TBL3
Q9HBLO TNSI
Q8N5U6 RNF10
Q92973 TNPOI
Q6ZP01 RBM44
Q8WTT2 NOC3L
Q8N3C0 ASCC3
Q14147 DHX34
Q14764 MVP
Q9UPQ9 TNRC6B
Q9Y608 LRRFIP2
Q92499 DDXI1
P47897 QARSI
P04114 APOB
Q9COB9_ZCCHC2
P52756_RBMS5
Q75QN2_INTSS
QYH9J4 USP42
Q99798 _ACO2
QI9NVR5 DNAAF2
Q96RP9_GFM1
QYBXJ9 NAAIS
P58107 EPPKI1
Q8N201_INTSI
094906 PRPF6
Q7L8L6 FASTKD5

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
1-76
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
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83.58
83.37
83.32
83.2
83.19
83.13
83.1
83.08
83.06
83.05

82.92
82.88
82.68
82.64
82.34
823
82.14
82.01
81.97
81.96
81.92
81.73
81.72
81.71
81.68
81.63
81.6
81.55
81.54
81.53
81.5
81.26
81.23
81.1
81.1
81.06
81.02
80.86
80.66
80.58
80.55
80.49
80.36

3.55
3.54
3.54
3.53
3.53
3.53
3.52
3.52
3.52
3.52

3.51
3.51
3.5
3.5
3.48
3.48
3.47
3.46
3.46
3.46
3.46
3.44
3.44
3.44
3.44
3.44
3.44
3.44
3.43
3.43
3.43
3.42
3.42
3.41
3.41
3.41
3.4
3.4
3.38
3.38
3.38
3.37
3.37



P55060 CSEIL
Q9BVJ6 _UTP14A
Q99973 TEP1
QSTAP6_UTP14C
043896 KIF1C
Q00839 HNRNPU
QYUI26_IPO11
P98175 RBM10
QYNX05_FAM120C
QYUKK3_PARP4
P11171 EPB41
Q92667 _AKAPI
043823 AKAPS
015381 NVL
QYNYF8_BCLAFI
P13010_XRCC5
QYNZB2_FAMI120A
Q16891 IMMT
015455 _TLR3
P21399 ACOI
QS8NDG6_TDRD9
Q5H9UY DDX60L
P35579 MYH9
QS8IZH2_XRNI1
Q96RS0_TGS1
Q76FK4_NOLS
P13639 EEF2
P59045 NLRP11
Q01974 ROR2
Q86Y13_DZIP3
Q15424 SAFB
P56192_ MARSI
QYNR48 ASHIL
Q9H2Y7 ZNF106
P29375 KDMS5A
Q8NHU6_TDRD7
060518 RANBP6
Q5XG87_TENT4A
Q72627 HUWEI
P19338 NCL
Q8NBJI9_SIDT2

Q9UBK2_PPARGC]
A
Q9UNX4 WDR3

704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779
704-779

704-779
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80.32
80.24
80.22
80.21
80.08
80.05
80.04
79.94
79.77
79.71
79.69
79.48
79.46
79.41
79.41
79.39
79.37
79.35
79.32
79.15
79.12
79.05
78.84
78.78
78.76
78.69
78.63
78.59
78.56
78.5
78.47
78.44
78.42
78.41
78.39
78.29
78.1
78.07
77.98
77.65
77.65
77.63

77.6

3.36
3.36
3.36
3.36
3.35
3.35
3.35
3.34
3.33
3.33
3.33
3.32
3.31
3.31
3.31
3.31
3.31
3.31
3.31
33
3.29
3.29
3.28
3.28
3.27
3.27
3.27
3.27
3.26
3.26
3.26
3.26
3.25
3.25
3.25
3.25
3.24
3.23
3.23
3.21
3.21
3.21

3.21



A2RTX5 TARS3
Q53GS7_GLEI
043432 EIF4G3
QYH9P5 UNKL

704-779
704-779
704-779
704-779

253

77.58
77.49
77.26
76.98

3.21
3.2
3.19
3.17



Supplementary Table 24. Gene set enrichment analysis performed with DAVID online
tool of the predicted PSG8-4S1-binding proteome.

Showing FDR < 0.2 results.
TERM PVALUE BONFERRONI BENJAMINI FDR
GO:0006886~intracellular 1.09E-05 8.56E-03 8.59E-03 8.59E-03
protein transport
KW-0333~Golgi apparatus 5.05E-04 1.41E-02 1.47E-02 1.26E-02
hsa04530:Tight junction 1.55E-04 1.38E-02 1.39E-02 1.39E-02
G0:0005794~Golgi apparatus 5.16E-05 1.43E-02 1.44E-02 1.44E-02
KW-0206~Cytoskeleton 1.47E-03 4.04E-02 2.13E-02 1.84E-02
KW-0653~Protein transport 4.46E-04 2.43E-02 2.45E-02 2.45E-02
KW-0965~Cell junction 7.33E-03 1.86E-01 7.09E-02 6.11E-02
KW-1003~Cell membrane 1.30E-02 3.07E-01 8.08E-02 6.96E-02
KW-0472~Membrane 1.39E-02 3.25E-01 8.08E-02 6.96E-02
KW-0796~Tight junction 2.01E-02 4.34E-01 9.71E-02 8.37E-02
GO0:0000139~Golgi 7.62E-04 1.91E-01 1.06E-01 1.06E-01
membrane
KW-0493~Microtubule 3.41E-02 6.21E-01 1.41E-01 1.22E-01
R-HSA-948021~Transport to 8.51E-04 3.02E-01 1.80E-01 1.80E-01
the Golgi and subsequent
modification
R-HSA-199977~ER to Golgi 8.51E-04 3.02E-01 1.80E-01 1.80E-01

Anterograde Transport
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