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INTRODUCTION

Copy number variations (CNVs) are deletions and duplications of genomic seg-
ments. They were first discovered in the context of developmental delay and neuro-
psychiatric disorders, where they exhibited severe pathogenic effects. The current
knowledge indicates, however, that CNVs are abundant in the genomes of both
healthy and diseased individuals. In fact, it is suggested that CN'Vs affect a sub-
stantially larger fraction of a person’s genome than single nucleotide variants
(SNVs). Nevertheless, the majority of studies aiming to discover the genetic basis
of traits predominantly prioritise the investigation of SN'Vs. This is due to metho-
dological challenges originating from the process of CNV discovery, quality
control, and association testing. Still, owing to their propensity to encompass or
disrupt genes and regulatory elements, CNVs are believed to have a more signi-
ficant impact on phenotype compared to SNVs, making CNV studies pivotal for
comprehending the complex genetic architecture underlying human traits and
diseases.

This thesis aims to advance our understanding of CNVs and their effect on
clinically relevant phenotypes. It is divided into two main sections — a literature
overview and an experimental part. In the literature part, I introduce the spectrum
of CNVs in the human genome. More specifically, I describe how they are cate-
gorised, formed, and distributed across the chromosomes, and what are the mecha-
nisms underlying their effects on phenotype. A brief overview is provided for all
major CNV detection approaches. However, given the focus of this thesis on
CNVs detected from microarray data, an entire subsection is dedicated to the
characterisation of this means of CNV discovery. Additionally, the current state
of rare CNV-phenotype association studies is described to the best of my knowl-
edge. In the experimental part of the thesis, I present the results from five original
publications. First, I present an approach of deriving and employing an omics-
informed CNV quality score, which leads to higher statistical power in CNV
association studies. Secondly, I zoom in on one well-described pathological CNV
and characterise its novel association to pubertal timing. Finally, I elaborate on
three collaborative efforts aimed at creating extensive maps for CNV-phenotype
associations and dosage dependent genes. Altogether, this thesis strives to
improve all three key steps of detecting CNV effects on phenotypes: the pre-
analysis quality control, the discovery of associations, and the follow-up studies
of potentially causal mechanisms.
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1. REVIEW OF THE LITERATURE

1.1. Overview of copy number variations (CNVs)

1.1.1. CNV categorisation and formation

Genetic variants are categorised into two primary classes: ‘small genetic variations’
including single nucleotide variations (SNVs) and short insertions/deletions (i.e.,
indels), and structural variations (SVs) which refer to alterations in the structure
of the genome encompassing larger DNA segments. SV size is typically defined
as ranging from 50 base pairs (bp) to entire chromosomes. SVs can overlap genes,
regulatory regions, and other functional elements, leading to a spectrum of
consequences, from benign polymorphisms to disease susceptibility.

Copy number variations (CNVs) are a specific type of SVs that involve chan-
ges in the number of copies of DNA segments. CNVs are divided into two variant
classes: deletions (a decrease in the number of copies) and duplications (an in-
crease in the number of copies) (Figure 1). Since CNVs result in net gain or loss
of genomic content, they are frequently referred to as ‘unbalanced’ SVs, as op-
posed to dosage-neutral variants like inversions and translocations which are
referred to as ‘balanced” SVs. Common (>1% frequency) CNVs are sometimes
called copy number polymorphisms (CNP), similarly to common SNVs, which
are known as single nucleotide polymorphisms (SNP).

CNVs can be categorised as biallelic or multi-allelic. Biallelic CNVs have two
primary allelic states, the presence and the absence of a particular deletion or
duplication. They can be represented similarly to SNVs and are easier to detect
and analyse due to their binary nature. Like SNVs, biallelic CNVs can be
heterozygous or homozygous, depending on whether just one or both chromo-
somal alleles have undergone a deletion or duplication. Multi-allelic CNVs
(mCNVs, Figure 1) are variations where there are multiple possible copy number
states for a particular genomic segment. For example, two plasma protein coding
genes HPR and ORM1 frequently (>20%) show higher copy numbers (up to 8
and 13 copies, respectively) in certain population groups (Handsaker et al., 2015).

Based on their location and frequency CNVs can be classified as either re-
current or sporadic. Recurrent CNVs reappear independently with consistent break-
point regions, leading to a higher CNV frequency in the population. Sporadic
CNVs, on the other hand, arise spontaneously across the genome and conse-
quently exhibit lower frequency. These two categories also have distinct preva-
lent formation patterns. The most frequent mechanism for de novo formation of
recurrent CNVs is nonallelic homologous recombination (NAHR) during
meiosis. This means that two genomic regions that are close to identical but not
alleles, such as low-copy repeats or segmental duplications, misalign and the sub-
sequent process of DNA replication leads to deletion or duplication of genomic
content (Lupski and Stankiewicz, 2005). Analogous sources of misalignment
during homologous recombination and CNV formation are variable number
tandem repeats (Conrad et al., 2010). Additionally, nonrecurrent or sporadic CNVs
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can form during nonhomologous end-joining (NHEJ) which is a reparation mecha-
nism for double-stranded breaks in DNA and which can lead to loss or gain of
genetic material due to inaccurate ligation (Lupski and Stankiewicz, 2005). Besides
de novo formation, CNVs can also appear somatically via similar mechanisms
during cell division or DNA damage. This process is particularly common in
cancer development (Beroukhim et al., 2010).

Reference

—A >

Deletion (DEL) Duplication (DUP) Multi-allelic CNV (mCNV)

**’

AA)K >
A)A =) A)—»

Figure 1. Compared to reference, deletions (DEL) decrease and duplications (DUP)
increase the copy number of a particular genomic segment (denoted with A). Multi-allelic
CNVs (mCNYV) exhibit multiple possible copy number states per segment (Inspired by
Collins et al. (2020), Figure 1A).

1.1.2. CNV distribution and abundance in human genome

Several genome-wide SV and CNV maps have been compiled to quantify the
distribution and abundance of CNVs in the human genome (Abel et al., 2020;
Almarri et al., 2020; Byrska-Bishop et al., 2022; Collins et al., 2020; Sudmant et al.,
2015). Most evaluations so far have been performed in short-read whole-genome
sequencing (WGS) studies. Based on these, it has been estimated that 3.7-9.5%
of the genome, depending on the variant stringency level and sample diversity, is
copy number variable (Conrad et al., 2010; Zarrei et al., 2015). Sudmant et al.
(2015) have evaluated that each individual harbours a median of 18.4 Mbp of
SVs, out of which a vast majority are CNVs (11.3 Mbp mCNVs, 5.6 Mbp biallelic
deletions and 0.5 Mbp biallelic duplications). However, later studies suggest
these numbers are actually much higher (Byrska-Bishop et al., 2022). Impor-
tantly, CN'Vs alter a substantially larger number of nucleotides per genome than
SNVs (Sudmant et al., 2015).

While exact CNV count and size distribution in studies vary due to differences
in CNV definition, methodology, and sample sets, all agree that deletions are on
average shorter but detected more frequently compared to duplications. The
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median size for deletions detectable from WGS reads is 756 bp, while for dupli-
cations it is 4,283 bp (Collins et al., 2020). Both indicate that the majority of
CNVs are short (<10 kbp).

Average CNV count per sample in large high-coverage (~30X or more) short-
read WGS studies varies in ranges ~1,550-4,781 for deletions, ~490-2,522 for
duplications and 425-1,356 for mCNVs, with the highest CNV count per sample
found in African ancestry populations (Abel et al., 2020; Byrska-Bishop et al.,
2022; Collins et al., 2020; Handsaker et al., 2015), a result aligning with general
knowledge about greater genetic diversity within African populations in contrast
to non-African populations (Campbell and Tishkoff, 2008). Moreover, leveraging
recent long-read WGS technologies for CNV detection have raised the CNV yield
per genome up to 25,000, with nearly 70% of the calls not detectable from short
reads (Ebert et al., 2021).

A vast majority of CNVs are rare. To date the largest CNV studies show that
91-92% of deletions and 87-95% of duplications have frequency <1% and
roughly half of the variants (51-60% of deletions and 47-60% of duplications)
detected in recent studies are singletons or found only in a group of close relatives
(Abel et al., 2020; Collins et al., 2020). Evidently, CNV size and frequency are
negatively correlated (Collins et al., 2020), indicating a more pathogenic effect
and negative selection of large CNVs. Still, despite being individually rare, large
CNVs are collectively common with over 5% of individuals carrying CNVs >500
kbp and over 1% carrying CNVs >1 Mbp (Itsara et al., 2009).

Common CNVs, defined as CNPs, are often short and exhibit behaviour ana-
logous to SNPs. A significant number of common deletions are in high linkage
disequilibrium (LD) with nearby SNPs/indels (median peak r* > 0.8), while for
biallelic duplications the LD is lower with median peak r* = 0.52 (Sudmant et al.,
2015). This can be due to duplicated alleles being dispersed across genome
instead of being in tandem (Conrad et al., 2010).

CNVs have an uneven distribution across the genome. As previously stated,
this is influenced by the repetitive sequence context of a particular genomic region.
It has also been shown that biallelic deletions and duplication are more frequent
near telomeres, while mCNVs are enriched in centromeric regions (Collins et al.,
2020). About 3,163 genomic regions have been discovered where CNVs seem to
cluster. These include 30 regions that exhibit an excess of CNVs (>4 standard
deviations (SD)), indicating loci corresponding to more ‘fragile’ sites (Sudmant
et al., 2015). Furthermore, it has been shown that chromosomes 22 and Y show a
higher frequency of duplications, while chromosomes 19, 22, and Y display a
greater number of deletions when compared to the remainder of the genome
(Zarrei et al., 2015). Considering that CNVs often fall into genomic regions that
are more challenging to analyse, the actual CNV abundance is likely under-
estimated in most studies.
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1.1.3. The mechanisms of CNV effects on phenotype

Varied in their size and location, CNVs possess the capacity to intersect genes,
regulatory domains, and other functional elements, leading to a spectrum of out-
comes. The effect on human phenotype can arise through diverse molecular
mechanisms, including alteration of gene dosage, disruption of coding or regu-
latory sequence, unmasking recessive alleles, gene fusion and others (Zhang
et al., 2009).

Deletions that intersect with genes can result in the loss of entire or partial
coding sequence. Similarly, duplications can disrupt the gene and cause frame-
shifts. Both are considered as predicted loss-of-function (LoF) mutations. Besides
LoF, duplications can cause complete copy gain of genes or a subset of exons
(i.e., intragenic exonic duplications or IED). In total, different studies have esti-
mated that SVs alter approximately 162—-189 genes per individual, with the
majority (~60%) of the variants being LoF mutations (Byrska-Bishop et al., 2022;
Collins et al., 2020; Ebert et al., 2021). This suggests that over 25% of all rare
protein-truncating mutations are SVs (Collins et al., 2020).

The CNVs that overlap the sequence of dosage sensitive (DS) genes are typi-
cally large and rare (Itsara et al., 2009). These variants can lead to haploin-
sufficiency — a phenomenon where a single operative gene copy is not sufficient
for normal function — or triplosensitivity (i.e., duplication intolerance). Currently
(2024/01), ClinGen Dosage Sensitivity Map contains 423 and 24 known haploin-
sufficient (HI) and triplosensitive (TS) genic regions, respectively (HI/TS Score
of 3) (ClinGen Dosage Sensitivity, 2024). Interestingly, several genes exhibit
bidirectional intolerance to dosage change (Ruderfer et al., 2016). DS genes are
typically longer, have well-conserved coding sequence and promoters, and higher
expression, especially during early development (Huang et al., 2010). Additio-
nally, a more recent study has shown higher deletion intolerance in cancer-related
genes, while duplication-specific constraint suggests strong intolerance to varia-
tion altering normal developmental pathways (Aguirre et al., 2019).

Hybrid or fusion genes are formed when two previously independent genes are
merged into a chimeric structure. Most frequently, they are created by trans-
locations, inversions and interstitial deletions with breakpoints in different genes
(Panagopoulos and Heim, 2021). Fusion genes play a crucial role in cancer
development by creating abnormal proteins (Yoshihara et al., 2015; Zhang et al.,
2009). Among other fields, the importance of fusion genes is further characterised
in the studies of colour-blindness (Deeb, 2005) and pharmacogenetics (Gaedigk
et al., 2010).

1.1.4. CNV detection approaches

In the early days of genomic aberration detection, cytogenetic karyotyping was the
visual examination approach to identify gains and losses of genomic content of
5 Mbp or larger (Dowjat and Wlodarska, 1981; Pepler et al., 1968). This was
further advanced by the appearance of Fluorescence In Situ Hybridisation (FISH),
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which enabled a more focused visualisation of CNVs in specific chromosomal
regions (Feuk et al., 2005; Ravnan et al., 2006). A significant breakthrough was
achieved through Comparative Genomic Hybridisation (CGH), a method in
which test and reference (e.g., tumour and normal) samples are labelled with dif-
ferent fluorescent dyes (green and red) and hybridised to metaphase chromo-
somes. The relative deficiency or excess of genomic material is detected based
on the differences of fluorescent signal intensities between these samples (Kallio-
niemi et al., 1992). Deviations from the equal amounts of green and red fluo-
rescence indicate chromosomal imbalances in the test sample compared to the
reference sample. This was the earliest approach to enable genome-wide screening
of CNVs. Still, its detection resolution resembled that of cytogenetic methods.

A notable upgrade to CGH was array CGH (aCGH) (Lucito et al., 2003). Simi-
larly, CNVs are called by contrasting signal intensity between a test and a refe-
rence sample. However, the full metaphase chromosomes of CGH are replaced
with up to millions of short (>25 bp) immobilised DNA probes as hybridisation
targets (Theisen, 2008). The main advantages of aCGH over preceding methods
were proportionally higher resolution and the ability to simultaneously perform
high-throughput genome-wide CNV detection in larger sample sets. A study has
shown that aCGH has an over 10% detection rate of clinically relevant chromo-
somal abnormalities and it was the first approach for the identification of pre-
viously undescribed CNVs as incidental findings with unclear clinical relevance
(Shaffer et al., 2007).

In more recent developments, SNP microarrays have gained prominence over
aCGH in the field of CNV detection from hybridisation intensities. As CNVs
discovered from SNP arrays is the main topic of this thesis, the technology with
its possibilities and limitations is thoroughly described in section 1.2.

Sequencing-based methods have distinct advantages over array-based ap-
proaches for detecting small CNVs and achieving higher resolution for deter-
mining CNV breakpoints. Unlike microarrays, sequencing also enables the simul-
taneous discovery of other SV types. There are four main SV detection concepts,
all of which require the mapping of sequencing reads or contigs to the reference
genome (Alkan et al., 2011; Kosugi et al., 2019). First, tools that focus solely on
copy number estimation mainly use read depth (RD) methods (Abyzov et al.,
2011; Klambauer et al., 2012). These algorithms assume that deletions and dupli-
cations show reduced and heightened read depth, respectively, when compared
to diploid regions. Secondly, read pair (RP) approaches search for regions where
there are inconsistences between the reference genome and the span and/or orien-
tation of the mapped read pairs. For example, read pairs that map too far apart
indicate the presence of a deletion. Additionally, split read (SR) approaches focus
on reads that span SV breakpoints and thus do not map continuously to the refe-
rence genome. Instead, in SV regions a part of the read aligns to one location, and
another part to a different location. Finally, (local) de novo assembly approaches
can be used to detect SVs by assembling the sequencing reads to contigs and
subsequently aligning the contigs to the reference genome. Most of the widely-
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used sequencing-based detection algorithms for short-read WGS use a combi-
nation of these concepts (Chen et al., 2016; Handsaker et al., 2011; Layer et al.,
2014; Rausch et al., 2012). Still, different algorithms are optimised for different
SV types and sizes. In order to increase the detection accuracy and sensitivity, it
has been advised to use several tools for CNV/SV discovery and combine the
results (Byrska-Bishop et al., 2022; Collins et al., 2020; Sudmant et al., 2015;
Vialle et al., 2022). This approach has been employed by many large SV studies
(Byrska-Bishop et al., 2022; Collins et al., 2020; Sudmant et al., 2015; Vialle
et al., 2022).

Despite being an improvement on microarray-based methods, CNV/SV de-
tection from short-read WGS has several constraints. RP, SR, and assembly
approaches have limited accuracy in repetitive regions, while RD methods suffer
from poor breakpoint precision (Alkan et al., 2011). To overcome these short-
comings, long-read WGS data can be leveraged for CNV/SV discovery. Typi-
cally, either de novo assembly (Wenger et al., 2019) or alignment-based ap-
proaches are used (Heller and Vingron, 2019; Jiang et al., 2020; Smolka et al.,
2024). As long reads often span full SV regions, the latter can utilise both inter-
and intra-read signatures. However, the high cost of long-read WGS remains the
limiting factor for its wide-spread use.

Another group of sequencing-based algorithms is designed specifically for
CNYV detection from coding regions using whole-exome sequencing (WES) data.
Those algorithms rely mostly on RD methods. However, the non-uniformity of
read coverage and non-contiguous nature of sequenced regions, demands extra
steps for denoising or removal of systematic biases (Babadi et al., 2023; Fromer
et al., 2012; Klambauer et al., 2012; Krumm et al., 2012).

Besides common array- and sequencing-based approaches, CNV detection
methods have been developed for a few unconventional data layers. Recently, a
few alignment-free algorithms for CNV estimation from sequencing reads have
been developed (Pajuste and Remm, 2023; Shen and Kidd, 2020). These methods
utilise the abundance of short DNA fragments with fixed length (i.e., k-mers)
calculated directly from raw reads. Additionally, CNV detection approaches have
been developed for methylation array (Feber et al., 2014; Marzouka et al., 2016)
and RNA sequencing (RNAseq) data (Talevich and Hunter Shain, 2018).

1.2. CNV discovery from SNP microarrays

At the time of conducting most of the work for this thesis, microarrays were the
most numerous datasets for CNV detection. As being the prime source of SNV
information used in genetic association analyses, the already existing microarray
intensity data were simply repurposed for CNV discovery in a cost- and time-
efficient manner. Besides large-scale data availability, the improved genome
coverage of SNP microarrays presented another great advancement over aCGH
techniques by enabling CNV detection with ~1 kilobase resolution. Although
microarray-based methods have more recently given way to WGS-based
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approaches due to the increasing number of WGS samples available, they are still
frequently and efficiently used for rare CNV detection in large cohorts.

1.2.1. SNP microarray signal metrics and algorithms
for copy number inference

Similarly to aCGH, SNP microarray-based CNV detection relies on the measure-
ments of hybridisation intensities. There are two key aspects that differentiate
between aCGH and SNP microarray data in the context of CNV detection (Alkan
et al., 2011). First, only one (test) sample is used in the hybridisation process per
microarray. Instead of using a reference sample, the signal is normalised against
the expected intensities calculated based on a population of samples. For com-
mercially available microarrays, the reference population is usually chosen by the
manufacturer. The normalised signal, referred to as ‘log R ratio” (LRR), is sub-
sequently employed for CNV detection as in aCGH approach. Second, for each
SNP included on the microarray, a pair of probes are used to capture allele-
specific fluorescent signal. The relative ratio between the intensities of two alleles
per SNP, referred to as ‘B allele frequency’ (BAF), can be incorporated to increase
sensitivity of CNV discovery. Both metrics, as well as the signal changes in case
a CNV is present, are illustrated in Figure 2.

Based on the underlying statistical framework that infers CNV regions from
LRR and BAF values, most of the CNV discovery approaches are classified as
either segmentation algorithms (often originally built for aCGH) or Hidden Markov
models (HMM). Furthermore, some methods have been developed with certain
genotyping platforms (such as Illumina or Affimetrix) in mind while others are
more universal (Balagué-Doboén et al., 2022).

The most widely used tools for CNV detection from SNP microarray data use
an HMM-based algorithm. This approach assumes that the observed (‘emitted”)
intensity per SNP corresponds to a ‘hidden’ copy number state with an integer
value (usually between 0 and 4). A transition from one state to another imposes
a penalty leading to a sequence of states with longer stretches of consecutive probes
with similar values. QuantiSNP (Colella et al., 2007) is one of the first developed
software tools of this kind. It uses an Objective Bayes framework for setting prior
state probabilities corresponding to a fixed false positive (type I error) rate and
incorporates both LRR and BAF values for copy number state inference. PennCNV
(Wang et al., 2007) improves the HMM algorithm by combining LRR/BAF values
with population frequencies of B alleles (PFB) and SNP locations. Longer dis-
tance between neighbouring SNPs results in higher probability of having the copy
number state change between them. Furthermore, PennCNV can integrate family
information to update the state transition locations (CNV boundaries) in off-
spring. Both QuantiSNP and PennCNYV tools are designed for Illumina and Affi-
metrix genotyping platforms.
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Figure 2. Log R ratio (LRR; upper plot) and B allele frequency (BAF; lower plot) signals
in copy neutral, deletion (yellow vertical lines), and duplication (blue vertical lines)
regions. For each copy variable region, all possible genotypes comprising A and B alleles,
are presented. Abbreviations: CN, copy number.

Birdsuite (Korn et al., 2008) is a CNV detection approach optimised for the Affy-
metrix platform. It has separate modules for genotyping of known common CNV
regions and detection of rare or de novo CNVs. Unlike in previous software, Bird-
suite seeks to overcome the issues of heterogeneity of probe performance caused
by different probe sets showing different intrinsic measurement variance and
allele frequency spectrum across samples. First, those properties are modelled on
the single SNP level and then included in an HMM algorithm together with
LRR/BAF and PFB values to search for consistent evidence for CNVs across
multiple neighbouring SNP sites. Birdsuite is also one of the few algorithms that
combines CNV and SNP information to accurately genotype SNPs within CNV
regions resulting in genotypes such as A (in deletions) or AAC (in duplications).

Recently, a haplotype-informed CNV detection algorithm HI-CNV has been
developed for biobank-scale datasets (Hujoel et al., 2022). Its aim is to increase
the power to detect CNVs carried by multiple individuals that have co-inherited
the same CNV-containing haplotype from a common ancestor. First, HI-CNV
identifies identity-by-decent DNA segments based on SNV data. Then, for each
haplotype a set of “haplotype neighbours” are defined and CNVs are detected by
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an HMM algorithm using the intensity data of all haplotype neighbours simul-
taneously. To our knowledge, this is the first approach to leverage the intensity
data across multiple samples to aid in CNV detection.

Additionally, a few commercial CNV discovery software tools exist such as
CNVPartition as part of Illumina’s GenomeStudio platform (Illumina Genome-
Studio 2.0 Plug-ins, 2017), an analogous software for Affymetrix implemented
in Affymetrix Array Power Tools (ThermoFisher Scientific Axiom CNV Summary
Tools Software, 2015) and others. Moreover, as part of the iPSYCH Initiative
(IPSYCH, 2022), a tool is developed for the CNV detection from amplified DNA
of dried blood spots (iPsychCNV, 2017).

At the time of writing, PennCNV stands out as the most extensively used CNV
detection algorithm for SNP microarray data (PubMed citations: PennCNV 1,011,
QuantiSNP 334, Birdsuite 485; 12.02.2024). This popularity can be attributed to
its user-friendliness, optimisation for different genotyping platforms, and com-
mendable performance in terms of specificity, reliability, reproducibility, and
mitigation of bias (Balagué-Dobon et al., 2022).

1.2.2. Limitations of SNP microarray-based CNV discovery

Although being an improvement over aCGH, CNV discovery from SNP
microarray intensities still has several shortcomings. These mainly arise from the
SNP distribution on the array or high variance and suboptimal signal-to-noise ratio
of probe intensities.

First, as CNV detection requires consistent evidence of altered intensities across
neighbouring SNPs, the resolution of the CNV calls depends on the number of
good-quality SNPs overlapping the CNV region. It is not feasible to detect precise
CNV breakpoints, and short CNVs are often overlooked due to inadequate SNP
density of these regions on the microarray. For example, by default, PennCNV
requires the intensities of at least three consecutive SNPs to confirm the presence
of a CNV event (Wang et al., 2007). However, regions with frequent CNVs often
lack sufficient coverage on SNP arrays (i.e., termed “unSNPable genome”) as a
result of difficult assay design and implementation (Winchester et al., 2009).

Second, even for regions with good SNP microarray coverage, the signal inten-
sities are normalised against a reference population which is implicitly assumed
to be copy neutral (i.e., diploid). This assumption is evidently no longer appli-
cable when considering regions that overlap with common CNV events (Win-
chester et al., 2009). Moreover, consistent discrepancies between the reference
population and the sample of interest increase the signal variability estimates, and
consequently impact on the reliability of CNV calls (Pinto et al., 2011). It has
been stated that aCGH where only one reference sample is used for signal
normalisation tends to have better signal-to-noise ratio compared to SNP arrays
(Liu et al., 2019). To alleviate the problem of common CNVs and unSNPable
regions, and provide a more uniform coverage of the genome, different microarray
manufacturers have started to include specific probes on their SNP microarrays
for the detection of CNVs with >5% frequency (Illumina Technical Notes, 2007).
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Furthermore, microarray-based methods can usually only distinguish between
copy number states ranging from 0 to 4. As the number of copies increases, the
differences in signal intensities become subtler and the precise copy number
detection becomes more challenging. Moreover, deletions are easier to detect
compared to duplications as the former represents a 50% signal intensity reduc-
tion, while the latter only a 33% intensity increase (Balagué-Dobon et al., 2022).

All the previously mentioned aspects contribute to the relatively large false
negative (FN) rate of SNP microarray-based CNV detection. Although, the exact
number of detectable CNVs and FN rate depends on the array and dataset, the
general yield appears to be an order of magnitude lower compared to WGS-based
approaches (Winchester et al., 2009). To make matters worse, due to high
variance and noise in probe-specific intensities, array-based CNV discovery also
suffers from a high false positive (FP) rate. A study reveals that, depending on
the array, the fraction of CNVs that can be validated using WGS reads range
between 0% and 86%, with arrays containing the largest number of probes and
extensive exonic coverage being least suitable for CNV discovery (Haraksingh
et al., 2017). Another study incorporating three microarray-based detection algo-
rithms — PennCNV, QuantiSNP and CNVPartition — shows that these tools only
agree in approximately 20% of the cases (Macé et al., 2016). These findings indi-
cate that strict quality control steps must be taken prior to further analyses.

1.2.3. Quality control and filtering of microarray-based CNV calls

While the measures to improve FN rates of CNV detection are limited, FP rates
can be better quantified and controlled by quality control and filtering. This is
especially important in large-scale CNV genome-wide association studies (CNV
GWASs) where manual curation of the CNV data is not feasible. Various filtering
approaches have been suggested. These are mainly based on arbitrarily set cut-
off values of different CNV or sample-specific parameters, e.g., CNV length,
number of calls per sample, metrics calculated based on intensity signals, etc.
(Aguirre et al., 2019; Chettier et al., 2014; Kendall et al., 2016; Marshall et al.,
2017; Palta et al., 2015; Pinto et al., 2011; Wang et al., 2007).

More specifically, summary statistics (mean and several measures of varia-
tion) calculated based on LRR and BAF signals are used to evaluate DNA sample
quality. For example, waviness factor (WF), which characterises the amount of
dispersion in hybridisation intensity, is a metric often considered. While the causes
of “genomic waves” in microarray data are not fully understood, it has been re-
ported that the magnitude of waves correlates with DNA quantity and GC content
(Diskin et al., 2008). Higher GC content leads to stronger hybridisation while
lower GC content can cause lack of hybridisation (Koltai and Weingarten-Baror,
2008), causing variation in intensity signals. Therefore, to reduce the waviness
the intensities are subjected to adjustment based on GC content, which is a feature
provided by PennCNV. Another option is to exclude samples based on their WF
(e.g., absolute WF >0.03).
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Additionally, most studies filter out individuals based on their overall CNV
burden, as a very high number of CNV calls per sample (e.g., >30) is likely to
indicate poor quality intensity signals. Furthermore, SNP call-rate is used to
exclude poor quality samples (e.g., <96%). In CNV GWASs, individual variants
are excluded if they fail a set length or probe composition criteria (e.g., <10
overlapping probes). Moreover, singletons and ultra-rare CNVs are omitted from
analyses due to lack of statistical power. On the other hand, in some instances,
CNVs with higher frequency (e.g., >5%) are also excluded (Hujoel et al., 2022)
as microarrays are not optimised for the detection of common CNVs and rare
CNVs are more likely deleterious.

As an alternative to the conventional cut-off-based filtering, a continuous
CNV quality score has been developed (Macé¢ et al., 2016). It predicts the proba-
bility that a CNV region is consensually called between PennCNV, QuantiSNP
and CNVpartition tools. In this thesis, we refer to it as the consensus-based
quality score (cQS). Based on simulation studies, it has been estimated that the
cQS improves the statistical power of CNV association detection by up to 20%
as conventional filtering strategies tend to be too strict and remove many high
quality consensus CNV calls (Macé et al., 2016). The main limitation in cQS
development, however, is its reliance on only one input (i.e., SNP microarray
data) without any independent validation data layer such as aCGH, WGS or other.

1.3. CNV-phenotype associations

It has long been understood that CNVs increase the risk for severe developmental
delay and neuropsychiatric disorders (Coe et al., 2014; Rees and Kirov, 2021) —
conditions often diagnosed in early childhood. However, when it was found that
healthy adults also carry CNVs, their pathogenicity became under question. The
discovery revealed the incomplete penetrance of CNVs (Kirov et al., 2014),
meaning that individuals carrying a specific (pathogenic) CNV do not con-
sistently express the associated phenotype. Indeed, several studies have shown
that 5-10% of the general healthy population carry a potentially pathogenic large
or intermediate-size rare CNV (Itsara et al., 2009; Mannik et al., 2015). While
originally the CNV studies were carried out almost exclusively in clinical cohorts,
the establishment of large biobanks, such as UK Biobank (UKBB) (Bycroft et al.,
2018), Estonian Biobank (EstBB) (Leitsalu et al., 2015) and others, have enabled
to thoroughly study the phenotypic variability of rare CNVs in cohorts with no
clinical preselection.

Many CNV-phenotype association analyses have been conducted using CNVs
discovered from sequencing data (Billingsley et al., 2023; Chen et al., 2021; Fitz-
gerald and Birney, 2022; Khan et al., 2018; Werling et al., 2018; Wheeler et al.,
2022). However, in this thesis we concentrate on analyses that incorporate
microarray-based CNV calls, with special emphasis on methodological aspects
in biobank cohorts. Although these methods miss a substantial fraction of CNVs,
it is generally believed that the majority of large CNVs with deleterious effects
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are captured. This, and easy access to extensive datasets, provides sufficient
justification to use those CNVs in association analyses.

The constraints of CNV analyses emerge from incomplete penetrance (i.e.,
small effect sizes in association studies) and rarity of CNVs, especially in un-
selected populations. To overcome these issues, collapsing or burden testing
methods are often used where, instead of focusing on each CNV individually, the
collective burden of genome-wide CNVs or CNVs overlapping a gene or
genomic region of interest is analysed. Variant-level CNV GWASs, however,
present a set of completely unique methodological challenges that arise from
intersecting CNVs having variation in breakpoints, size, dosage and details of
gene disruption (Tzeng et al., 2015). As there are no best practice pipelines or
software designed specifically for array-based CNV associations, different stu-
dies use various methods to overcome these issues. The main approaches are
described in section 1.3.2. of this thesis.

1.3.1. Pathogenic CNVs and genomic disorders (GD)

Cytogenetic analyses were the first approaches to associate large genomic re-
arrangements to neurodevelopmental conditions (Vorstman et al., 2006). With
the emergence of array-based methods, the detection resolution for CNVs rose
significantly, and arrays became the main clinical diagnostic test for individuals
with developmental disabilities or congenital anomalies (Miller et al., 2010).
However, as the majority of CN'Vs are rare and/or nonrecurrent, determining the
clinical significance of each variant remains challenging. To facilitate inter-
pretation, pathogenic CNVs together with phenotype records, are compiled into
the Database of Chromosomal Imbalance and Phenotype in Humans Using
Ensembl Resources (DECIPHER) (Firth et al., 2009). Currently (2024/03),
DECIPHER contains 48,585 CNVs from 47,980 patients.

Pathogenic CNVs associated with severe health conditions are often termed
as genomic disorders (GD) (Harel and Lupski, 2018). GDs are characterised by a
wide variety of phenotypes and health outcomes, most often linked to develop-
mental delay and neuropsychiatric disorders. Examples of GDs include Charcot-
Marie-Tooth (CMT) disease most frequently caused by a duplication in the
17p11.2 region encompassing the PMP22 gene (Online Mendelian Inheritance in
Man (OMIM) (OMIM, 2024) database ID: 118220), DiGeorge or 22q11.2 dele-
tion syndrome (OMIM: 188400), Miller-Dieker syndrome caused by a deletion
in chromosome 17p13.3 (OMIM: 247200), Prader-Willi syndrome caused by the
loss of function or deletion of a specific set of genes on paternal chromosome 15
(OMIM: 176270), proximal 16p11.2 deletion (OMIM: 611913) and duplication
(OMIM: 614671) syndromes, and others. The effect of GDs on phenotype is
recognised for being highly pleiotropic. Specifically, the 16p11.2 CNVs have
been associated with developmental delay (Shinawi et al., 2010), schizophrenia
(McCarthy et al., 2009), autism spectrum disorders (ASD) (Weiss et al., 2008),
body mass index (BMI) (Jacquemont et al., 2011; Walters et al., 2010), head size
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(Qureshi et al., 2014) and other phenotypes (Crawford et al., 2019; Giannuzzi
et al., 2022; Zufferey et al., 2012).

There are several widely-used approaches for linking potentially pathogenic
CNVs to phenotypes (Malhotra and Sebat, 2012). First, family cohorts of un-
affected parents and affected offspring have been studied to detect (recurrent) de
novo CNVs associated with the disease, such as autism (Sanders et al., 2015;
Sebat et al., 2007), schizophrenia (Kirov et al., 2012), and bipolar disorder
(Georgieva et al., 2014; Malhotra et al., 2011). Additionally, case-control sample
sets have been compiled for CNV burden and variant-level association detection.
For example, greater genome-wide burden of rare CN'Vs has been associated with
schizophrenia (Buizer-Voskamp et al., 2011; Szatkiewicz et al., 2014; Walsh
et al., 2008) and autism (Girirajan et al., 2013). Large studies have been conduc-
ted to discover and characterise associated pathogenic CNV regions in schizo-
phrenia patients (Marshall et al., 2017; Rees, Walters, Chambert, et al., 2014;
Rees, Walters, Georgieva, et al., 2014) and in children with intellectual disability,
developmental delay, ASD and congenital malformations (Coe et al., 2014;
Cooper et al., 2011).

Conventionally, the penetrance and pleiotropy of pathogenic CNVs have been
characterised in clinically preselected cohorts (Curry et al., 2013; Fetit et al.,
2020; Michaelovsky et al., 2012; Shriki-Tal et al., 2017; Skre, 1974; Taylor et al.,
2023). However, analyses of pathogenic CNVs in biobanks and cohorts of
healthy adults, have shed even more light on the effects of those CNVs in the
general population. Although seemingly healthy, several studies have indicated
that adults carrying known pathogenic CNVs suffer from various conditions
detrimental to their health or quality of life. Findings reveal that CNVs linked to
schizophrenia and other neurodevelopmental disorders cause impaired perfor-
mance on cognitive tests and lower educational qualifications (Kendall et al.,
2016), and that overall burden of large and rare (<0.05%, >250kb) deletions and
duplications is negatively associated with educational attainment in healthy
adults (Ménnik et al., 2015). Additionally, the burden of rare deletions have been
linked to lower 1Q (Huguet et al., 2018). Furthermore, pathogenic CNVs have
been found associated with numerous physical traits such as BMI, hand grip
strength, pulse rate, blood pressure, fat percentage and others (Jacquemont et al.,
2011; Owen et al., 2018). It is noteworthy that in most cases the effects are in the
direction of reduced performance and increased mortality (Owen et al., 2018).
Additionally, carriers of pathogenic CNVs suffer from various common health
outcomes such as diabetes, hypertension, obesity and renal failure (Crawford
etal., 2019).

1.3.2. Genome-wide CNV association studies (CNV GWAS)
in population biobanks

The focus of CNV association analyses has largely remained on neurodevelop-
mental conditions. These analyses have assumed that both CNVs and associated
disorders are rare and that CNVs have large pathogenic effects. The few exceptions
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include a CNV association study on endometriosis (Chettier et al., 2014) and
another on cardiovascular disease (Glessner et al., 2020). However, the so-called
‘Common Disease, Rare Variant’ hypothesis argues that rare variants with rela-
tively high penetrance are in fact the major genetic contributors to susceptibility
of common disease (Schork et al., 2009). In this light, studying the effect of rare
CNVs on a much broader set of phenotypic traits is commendable.

The emergence of large datasets and biobanks have facilitated association
testing for rare CNVs detected from SNP microarray intensities. Previously
described burden testing is a suitable method to further overcome the issues with
low CNV frequencies. Alternatively, instead of collapsing variants to increase
statistical power, one may opt for consolidating phenotypes. For association
testing between rare CNVs and common human diseases, Li et al. (2020) have
combined individuals with disease phenotypes into four major case categories as
well as control samples. The authors suggest that due to a significant pleiotropic
effect of CNVs, this approach is an acceptable substitute where phenome-wide
analyses are not feasible.

A meta-analysis study of associations between rare CNVs and four anthropo-
metric traits was carried out on data from UKBB and 25 smaller cohorts (Macé¢
et al., 2017). The authors used PennCNYV for CNV detection and incorporated the
cQS quality measure (described in section 1.2.3.) to produce a more precise
probabilistic CNV call (Macé et al., 2016). Instead of using full CNV regions,
probabilistic copy number dosages were retrieved for each microarray probe used
for CNV detection. The dosages were subsequently input into a linear regression
model and analysed using custom scripts. Altogether, seven CNV regions were
discovered to be associated to one or several of the tested traits.

The largest phenome-wide CNV analysis to date was conducted by Aguirre et
al. (2019) analysing 3,157 continuous and disease phenotypes in UKBB. To sur-
mount most of the challenges presented by CNV analyses, this study only in-
corporated recurrent PennCNV calls with fixed breakpoints and frequency
>0.0005%. The CNV dosages were coded as SNV effect allele dosages and
analysed with PLINK v2 software (Chang et al., 2015), originally designed for
SNV analyses. Variant-level analysis and gene-level burden testing were carried
out and resulted in 4 and 32 associations per phenotype on average, respectively.

The most recent CNV association study conducted on 56 quantitative traits of
UKBB participants, achieved a 6-fold increase in CNV detection sensitivity com-
pared to previous analyses with 269 independent associations involving 97 loci
and 252 likely-causal CNVs (Hujoel et al., 2022). This increase can be attributed
to a more sensitive HI-CNV pipeline (described in section 1.2.1.) and the inclu-
sion of related individuals in the analysis. The associations were tested with linear
mixed models implemented in BOLT-LMM (Loh et al., 2015) and three analysis
types were used: probe-level, CNV-level, and gene-level tests. Approximately
half of the detected loci revealed putative target genes.

Recent CNV GWASs underscore the importance of CNVs in shaping pheno-
typic diversity and human disease. It has been discovered that there is an excess
of rare CN'Vs overlapping OMIM morbid genes as well as significant SNV GWAS
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loci (Li et al., 2020), and that the majority of associated rare CNVs are the likely-
causal variants in the locus linked to phenotype (Hujoel et al., 2022). This further
emphasises the need for extensive association and subsequent follow-up analyses.
However, CNV studies are few in numbers due to challenges in variant discovery,
quality control and analysis methods.
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2. AIMS OF THE STUDY

The aim of this thesis is to improve the quality assessment of SNP microarray-
based CNV calls and leverage the CNV data to detect novel CNV-phenotype
associations, either at a genome-wide scale or by focusing on a single well-estab-
lished pathogenic CNV region.

The specific objectives of the thesis are as follows:

* to utilise multi-omics data layers to evaluate CNV quality and develop an
omics-informed quality score for PennCNV calls to improve statistical power
in subsequent CNV association analyses;

* to explore a novel association between the 16p11.2 BP4-BPS5 syndromic CNV
and pubertal timing, focusing on fine-mapping the CNV region to the most
likely causal gene using in vivo and in silico approaches;

* to compile a comprehensive map of rare CNV associations with clinically
relevant continuous measurements and disease phenotypes;

* to assess dosage sensitivity of genes encompassed within disease-causing
CNVs and predict haploinsufficiency and triplosensitivity of all genes across
genome.
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3. RESULTS AND DISCUSSION

3.1. Omics-informed CNV quality score (Ref. I)

The emergence of biobank datasets has resulted in increased popularity of large-
scale CNV GWASs that until recently, due to technical limitations and low variant
frequency, had remained predominantly an unexplored field. The abundance of
SNP genotyping microarray datasets has made them the main source for inference
of CNV information, as compared to considerably lower sample sizes of available
WGS data. Currently, PennCNV (Wang et al., 2007) is the most widely-used
CNV detection software from SNP microarray signals. However, this and other
similar algorithms are prone to FP (and FN) calls. Therefore, intensive quality
control is a prerequisite for any CNV association study.

This part of the thesis concentrates on improving the CNV quality prediction
methodology for SNP microarray-based detection. In order to discriminate
between high and low quality CNV calls, we have incorporated three independent
multi-omics data layers — WGS, gene expression from RNAseq, and methylation
array intensity data. Our aim was to build an omics-informed CNV quality score
(OQS; Figure 3A) model and compare it to a previously published consensus-
based quality score (cQS, see section 1.2.3.) (Macé et al., 2016) as well as
conventional CNV quality control and filtering approaches relying on cut-off
values of CNV and sample-specific parameters (e.g., CNV length, number of
calls per sample, mean and standard deviation of intensity signal parameters, etc.)
(Chettier et al., 2014; Palta et al., 2015; Pinto et al., 2011; Wang et al., 2007). The
model validations were conducted on CNVs shared between close family
members and known CNV-phenotype associations (Macé¢ et al., 2017). Further-
more, our data enabled us to evaluate the amount and distribution of FP and FN
calls of PennCNV, which are important statistics to note when conducting any
CNV GWAS. Although our work is based on PennCNV, the methodological con-
cepts introduced can be applied to any CNV detection algorithm used on sample
sets with at least one additional omics layer available.

3.1.1. Description of cohort and data preparations

Samples included in this study originated from four independent population-based
cohorts genotyped on various platforms: EstBB (Illumina Infinium Omni-
Express-24 and Illumina Global Screening Array (GSA)), Lifelines Deep
(LLDeep; Human CytoSNP-12) (Tigchelaar et al., 2015), Swiss Kidney Project
on Genes in Hypertension (SkiPOGH; Illumina 2.5) (Alwan et al., 2014) and
UKBB (Affymetrix UK Biobank Axiom and Affymetrix UK BiLEVE Axiom
arrays). All analyses were carried out under approval of relevant institutional ethics
committees and all participants signed a broad informed consent. The sample
sizes for datasets used in different steps of the study are summarised in Table 1.
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For each cohort, CNV detection was performed with PennCNYV software (Wang
et al., 2007). Adjacent CNV calls were merged and samples with >200 CNVs or
CNVs larger than 10 Mbp were removed. For each sample, we obtained the
putative CNV regions together with the values of three CNV-specific (length,
number of overlapping SNPs, PennCNV confidence score) and seven sample-
specific parameters (number of CNV calls per sample, mean and SD of BAF,
BAF drift, mean and SD of LRR, and absolute signal WF; see section 1.2.).
Additional microarray size-dependent parameters were considered, such as CNV
length and number of calls corrected for SNP density.
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Figure 3. (A) CNV quality evaluation and modelling pipeline for PennCNV calls. The
quality metrics are estimated based on (B) whole genome sequencing (WGS) and (C) gene
expression (GE) and/or methylation intensity (MET) data. (B) WGS metric is calculated
as the fraction of a PennCNV call overlapped by WGS CNVs of the same individual.
(C) To calculate GE/MET metrics, the reference distribution of expression/intensity based
on non-carriers (pink area) is approximated to a normal distribution (red dashed line). The
expression/intensity value of each potential CNV carrier (x;) is compared to the reference.
The metric is a difference between the fraction of non-carriers with the corresponding
value <x; and those with the corresponding value >x; and captures how extreme X; is
compared to the reference distribution of non-carriers. In case a CNV overlaps with
several genes/CpG sites, the metric values are averaged over them. (Adapted from Ref. I,
Figure 1)
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Table 1. Overview of datasets and sample sizes in the analysis steps. N/A, not applicable.
(Adapted from Ref. I, Table 1)

Sample counts Analysis steps
Omics-
based Model
Methy- metrics selection CNV
lation calcula- Model and associ-

Dataset n WGS array RNAseq tions  building validation ations
Estonian OmniExpress sample set (N = 7,750)
EstBB-MO 1,066 983 295 382 + + - -
First-degree
relatives 5042 N/A N/A N/A - - + -
Lifelines Deep (LLDeep; N = ~1,500)
LLDeep 1,383 N/A 768 1,098 + + - -
Swiss Kidney Project on Genes in Hypertension (SkiPOGH; N = 1,128)
SkiPOGH 466 N/A 148 405 + - - -
Parent-child
pairs 319 N/A N/A N/A - - + -
Estonian Biobank GSA sample set (EstBB-GSA; N =~200,000)
EstBB-GSA
(unrelated) 89,516 N/A N/A N/A - - - +
MZ twins 312 N/A N/A N/A - - + -
First-degree
relatives 79,903 N/A N/A N/A - - + -
UK Biobank (UKBB; N = ~500,000)
UKBB 331,522 N/A N/A N/A - - - +
MZ twins 302 N/A N/A N/A - - + -
First-degree
relatives 42,032 N/A N/A N/A - - + -

2Estonian OmniExpress first-degree relatives do not overlap with EstBB-MO samples.

Additional multi-omics layers (WGS reads, gene expression, and methylation array
data) used for CNV quality metric calculations and OQS modelling were avail-
able for a subset of EstBB (defined as multi-omics set of EstBB or EstBB-MO),
LLDeep and SkiPOGH samples. For all three sample sets, gene expression levels
were estimated from RNAseq reads and only genes showing dosage-dependence
(Pearson R > 0.1) in an independent study (Talevich and Hunter Shain, 2018)
were kept. Furthermore, expression values of the remaining genes were corrected
for independent study-specific expression quantitative trait loci (¢QTLs, P < 0.05)
in genes’ 500 kbp flanking region. Methylation intensity was captured using
[llumina Infinium Human Methylation 450k Beadchip array type Il CpG sites.
WGS CNVs were detected only in EstBB-MO dataset using GenomeSTRiP
pipeline (Handsaker et al., 2015).
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For quality score model validations, we used shared CNVs of close family
members from EstBB, SkiPOGH and UKBB. Pairs of mono-zygotic (MZ) twins
and first-degree relatives from EstBB and UKBB were detected using KING-robust
kinship estimator (Manichaikul et al., 2010) coefficient ranges [0.354—0.500) and
[0.177-0.354), respectively. SKiPOGH is a family-based cohort and parent-child
pairs were used there. For final validations in CN'V-phenotype association setting,
quality-controlled subsets of 89,516 and 331,522 unrelated European ancestry
EstBB and UKBB samples, respectively, were included (see Ref. I for details).

3.1.2. Calculation and comparison of omics-based CNV quality metrics

For each putative CNV region, we calculated up to three independent omics-based
quality metrics using EstBB-MO, LLDeep and SkiPOGH datasets. The WGS
metric was estimated as the fraction of a PennCNV call overlapping with WGS
CNVs in the same sample (Figure 3B). Methylation (MET) and gene expression
(GE) metrics were calculated for CNV regions that overlap with CpG sites and
genes, respectively. The calculations were based on the assumption that com-
pared to the general population a true CNV carrier has either excess (i.e., dupli-
cation) or lack of (i.e., deletion) genetic material, which results in higher or lower
captured (methylation or gene expression) intensity in the observed genomic
region, respectively. For example, true deletions lead to lower expression of
dosage-dependent genes and decrease overall intensity (sum of methylated and
un-methylated intensities) captured from CpG sites, while false deletions do not.
Duplications act in reverse. We exploited this phenomenon to validate detected
CNV regions.

First, for each included CpG site/gene i, we constructed the approximately
Gaussian intensity/expression distribution (with cumulative distribution function
@) based on samples assumed to be copy-neutral in this genomic region.
Secondly, we compared this reference to the intensity/expression value (x;) of a
potential CNV carrier with a measure equivalent to a signed 2-sided tail-proba-
bility p; € [0; 1], which indicates how extreme x; is compared to the general
population (Figure 3C):

pi = @(x) — (1 - ®(xy).

For each CNV, we calculated mean p; values across n CpG sites or genes of which
>80% overlap with the CNV, respectively:

n .
MET or GE = LT“”

We expected MET/GE to be < 0 (i.e., decreased intensity) for deletions and > 0
(i.e., increased intensity) for duplications. If this was not the case, the corre-
sponding values were set to 0. Finally, MET and GE were transformed to their
absolute values.
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All three calculated metrics had bimodal distribution with modes near 1 and 0,
indicating their ability to clearly differentiate between true and false calls. Further-
more, within each sample set, the metrics were highly concordant. Moderate to
strong correlation was observed between the MET and GE metrics depending on
the dataset (Pearson R € [0.59; 0.8] for deletions, R € [0.33; 0.57] for dupli-
cations), while the WGS metric was strongly correlated (R = 0.7) to both MET
and GE metrics. Interestingly, the correlation between the WGS metric and the
previously published cQS was considerably lower for comparison (R = 0.17 for
deletions, R = 0.43 for duplication). This illustrates the benefit of incorporating
omics layers as additional CNV quality validators and suggests that simply using
multiple software for array-based CNV detection (as was done for cQS) might
not be as informative. Our results also indicate that gene expression and methy-
lation data are a good alternative to WGS for CNV validation in samples with no
WGS data available.

As a final step, to keep just one quality value per CNV we defined a combined
omics-based metric as ‘the most extreme’ (i.e., furthest from 0.5) metric of the
three.

3.1.3. Estimation of false positive and false negative rate of PennCNV

Previously, it has been suggested that only approximately 20% of PennCNV calls
are high confidence true positives (Macé et al., 2016). By (a) incorporating the
previously calculated combined metric and (b) comparing PennCNV output to
WGS CNVs, we have evaluated both FP as well as FN PennCNV calls.

We found that the percentages of FP (i.e., absolute combined omics-informed
metric < 0.1) duplications were 47.5% in EstBB-MO, 28.3% in LLDeep and
59.4% in SkiPOGH. The percentages of FP deletions were equal or higher, with
47.3% in EstBB-MO, 50.5% in LLDeep and 70.9% in SkiPOGH. These results
clearly illustrate the necessity of quality control prior further CNV analyses.

Furthermore, we evaluated the genome-wide distribution of FP and FN calls
based on comparison with WGS CNVs in 979 EstBB samples. The comparison
was carried out in a probe-by-probe manner using Illumina Infinium Omni-
Express-24 autosomal probe locations (n =709,358). Overall, 17.0% (n=120,395)
of probes had FP rate > 0. We observed a negative correlation (Pearson
R = —0.12) between FP rate and CNV frequency indicating that FP calls mostly
appear as randomly distributed rare CNV events. Still, we discovered that 0.12%
(n = 816) of probes contributed to FP “hot spots” that generated FP CNVs with
>1% frequency. We suggest excluding these “hot spot” regions from association
analyses.

Additionally, we estimated that the fraction of FN CNVs based on overlap with
WGS CNVs is as high as 97.3%. This is partly due to the requirement for micro-
array-based CNVs to overlap with fixed probe locations in order to be detectable.
For PennCNV, specifically, a CNV needs to overlap with > 3 probes. When
considering only WGS CNVs that meet this requirement, the fraction of FN
dropped to 75.7% (n = 69,889) and continued dropping with increasing number
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of overlapping probes (48.4% for = 10 probes; 8.8% for = 30 probes). Another
array-based detection limitation is that all signal normalisation is based on the
assumption that the reference population is copy neutral. This hinders the
detection of high-frequency CNVs (Winchester et al., 2009). To support that
claim, we observed a positive correlation between probe-specific FN rate and
CNV frequency (Pearson R = 0.19), and CNVs with >50% frequency contri-
buted to 31.8% (n =22,196) of all FN CNVs overlapping > 3 probes.

3.1.4. Omics-informed CNV quality score (OQS) modelling and validation

The main aim of this project was to be able to extrapolate the omics-based CNV
quality estimations to datasets for which only SNP microarray data are available.
In order to do that, we built an omics-informed quality score (OQS) model that
predicts the previously described combined metrics based on CNV and sample-
specific PennCNV output parameters. The full model building workflow is de-
scribed in detail in Ref. 1. Briefly, we fitted a generalised linear regression model
with quasi-binomial link function, as the response variable was bimodal instead
of being strictly binary (typical for logistic regression). Parameter selection was
implemented in a forward stepwise algorithm where in each round a parameter
(or interaction) that minimised the 10-fold cross-validation mean square error
(MSE) was added to the model. If including additional parameters did not improve
the average MSE, the existing model was returned and the final OQS values could
be calculated as

1
"~ 1+exp (—(Bo + Xi-1 XiBi))’

0QS

where n is the number of selected PennCNV parameters, X, is the kth selected
parameter (explanatory variable), 5, is the model intercept term and [, is the
effect estimate of explanatory variable X},. OQS can obtain values between 0 and 1,
with higher values corresponding to higher confidence CNV calls. We fitted the
models separately for deletions and duplications, and for EstBB-MO and LLDeep
datasets (SkiPOGH was omitted from model fitting due to the high fraction of FP
CNYV calls).

To choose the model that is the most generalisable across different genotyping
platforms and datasets, we incorporated CNVs of MZ twins and parent-child pairs
from SkiPOGH, UKBB and EstBB (not overlapping with EstBB-MO samples).
The CNVs were divided into two sets: “familial CNVs”, 1.e., CNVs shared
between close family members (Jaccard index based on overlapping bp count of
at least 0.9) and “non-familial CNVs”. We reasoned that the former contains a
much larger subset of true positive CNVs compared to the latter. Therefore, the
best models (one for deletions and one for duplications) were chosen as the ones
that maximised the mean OQS values between the two CNV groups, averaged
over three datasets. The terms and effect sizes of the final models are presented
in Ref. I Tables S10 and S11.
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The final models were further validated on independent sets of familial and
non-familial CNVs of first-degree relatives from UKBB and EstBB (Figure 4).
On average, OQS difference between the two CNV groups ranged between 0.22
and 0.35 depending on the dataset. Importantly, OQS showed significantly higher
values (0.67—0.82 for deletions and 0.48—0.70 for duplications) for familial CNVs
compared to the previously published cQS (0.27-0.32 in deletions and 0.42-0.53
in duplications) with paired Wilcoxon test P < 1.4 X 10721 once again illust-
rating the benefit of omics-based CNV validations.

Absolute
difference
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Figure 4. Comparison of cQS and OQS on PennCNV deletion (yellow) and duplication
(blue) calls of EstBB first-degree relatives. Familial CN Vs are likely true positives, while
non-familial group contains both true and false positives. We included rare (frequency
<0.1%, striped background) familiar CNVs as a subset of CNVs less likely to validate in
a relative by chance. The mean score of each group and their pairwise difference are shown
on top of the figure. All differences are significant with p < 1.0 x 1071, (Ref. I, Figure 3)

3.1.5. Incorporating CNV quality in association studies

Predominantly, OQS models were developed with CNV association studies in
mind. Therefore, as the principal target, we tested them in an association setting
and compared to raw PennCNV output, four sets of previously published quality
filtering parameter cut-offs (Chettier et al., 2014; Palta et al., 2015; Pinto et al.,
2011; Wang et al., 2007) and cQS (Macé¢ et al., 2016). Our motivation was to
evaluate the improvement in statistical power in contrast to other methods.

We selected 21 previously established associations between CNVs and four
human anthropometric traits (BMI, height, weight and waist-hip ratio (WHR))
(Macéetal., 2017). We concentrated on mirror type association models, i.e., dele-
tions and duplications affect phenotypes with similar magnitudes but opposite
directions. For that, OQS (and cQS) values for deletions were negated prior to
incorporating the score into the association models (analogously to SNV dosages).
The analysis is then executed in a probe-by-probe manner across probes over-
lapping with >5 CNVs in the regions of interest.
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We replicated 10 associations in EstBB and 18 in UKBB dataset (Bonferroni-
corrected P < 0.05/21). Using these associations, we aimed to estimate the aver-
age relative change in explained variance when using OQS as opposed to other
methods. This was done for each phenotype and dataset separately. First, for each
significant CNV region, we clumped the probes with R? > 0.5 based on ran-
domised probe priority orders 20 times. Second, we calculated the change in
variance explained based on the clumped probes retaining 20 values depicting
that change. Finally, the average over these repetitions was reported.

We observed that OQS systematically increased the explained variance in
most of the comparisons (Figure 5). In EstBB, the increase was 2%-34% and
23%-55% when compared to raw PennCNV and cQS, respectively. In UKBB,
0QS showed improvement (up to 10%) in three out of four phenotypes compared
to raw PennCNV but compared to cQS the explained variance decreased. Partly,
this was to be expected as the associations we replicated were originally detected
in the UKBB using the cQS and, thus, the results could be biased towards
favouring cQS. Additionally, cQS could simply be more appropriate to use in the
UKBB as different scores can suit to different datasets. Importantly, though, our
results clearly indicate that using cut-off-based filtering approaches in CNV
analyses is too stringent and results in major loss of statistical power. In EstBB,
the increase was up to 56% but the change was even more notable in the UKBB
where for several filtering sets the improvement of OQS was >100% (in some
cases >400%).
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Figure 5. Change of variance explained when using OQS over raw PennCNV, four pub-
lished quality filtering approaches, and cQS in the EstBB-GSA (left) and UKBB (right),
depicted as distribution of F statistics. Explained variance is increased when F >1 and
decreased when F <1. Larger F values indicate greater improvement in statistical power
when using OQS over the given reference approach. (Ref. I, Figure 4A)
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Still, for most comparisons, modest improvements were anticipated as false CNV
calls only introduce a small amount of noise per region (FP “hot spots” excluded).
Additionally, the replicated associations mostly incorporated easily-detectable
well-studied CNV events. However, we expect to gain more statistical power in
intermediate-quality CNV regions for which the phenotype associations have
previously not been detected. Furthermore, whenever there are additional omics
data layers available, we encourage the scientific community to develop sample
set-specific quality models that are tailored to work best in given datasets of
interest. Therefore, the true extent of improvement offered by OQS and omics-
based CNV validations is yet to be determined in future CNV association studies.

3.2. Association between 16p11.2 CNV and
reproductive traits (Ref. )

Among the most studied genomic disorders in clinical and population cohorts are
the proximal 16p11.2 deletion (OMIM: 611913) and reciprocal duplication (OMIM:
614671) syndromes. The 16p11.2 locus encompasses five clusters of segmental
duplications (BP1-BP5) that cause multiple rare recurrent rearrangements, among
them a ~600 kbp CNV (denoted by its breakpoints as BP4-BP5). The CNV
harbours 28 genes and has been associated with developmental delay, schizo-
phrenia, and ASD (McCarthy et al., 2009; Shinawi et al., 2010; Weiss et al.,
2008). Deletion carriers exhibit severe obesity, while duplication carriers show
significantly reduced weight (Jacquemont et al., 2011; Walters et al., 2010). The
deletions and duplications are associated with a head size increase (macro-
cephaly) and decrease (microcephaly), respectively (Qureshi et al., 2014). Further-
more, 16pl1.2 BP4-BP5 deletions have been linked to higher risk of diabetes,
osteoarthritis, hypertension, asthma, anaemia and renal problems (Crawford et al.,
2019). A recent study has associated the 16p11.2 CNV to white blood cell counts
(Giannuzzi et al., 2022). Large SNV GWAS meta-analyses have also linked this
region to age at menarche (Day et al., 2017; Perry et al., 2014).

In this part of the thesis, we expanded on the existing knowledge about the
association between variants in the 16p11.2 region and reproductive traits by
linking the CNV directly to pubertal timing and reproductive tract disorders in
both clinical and biobank cohorts. Additionally, we conducted follow-up analyses
to characterise and fine-map the region down to the most likely causal gene
affecting pubertal timing. In this thesis, we mainly concentrate on in silico CNV
analyses. However, we briefly touch the in vivo follow-up, which have shed further
light on possible genic interaction in this region.
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3.2.1. Description of cohorts and methods

Computational analyses of this study were carried out on two clinically un-
selected population cohorts: UKBB (analysed in two release cohorts, i.e., dis-
covery and replication) and EstBB. Additionally, 16p11.2 BP4-BP5 CNV carrier
probands and their close relatives were included from the Pan-European 16p11.2
cohort and The Simons Variation in Individuals (Simons VIP) Collection of
16p11.2 Families clinical cohort. The project was approved by the Ethics Review
Committee on Human Research of the University of Tartu, Estonia and The
Committee of Human Research Ethics of the Canton of Vaud, Switzerland. All
participants signed an informed consent.

CNV detection was conducted by using the PennCNV (v1.0.4) software. All
participants with >200 CNV calls or SNP genotyping call-rate <98% were ex-
cluded. A participant was labelled as a 16p11.2 BP4-BP5 CNV carrier if they had
>70% overlap with the corresponding CNV region as defined in DECIPHER
database (chr16:29,606,852-30,199,855, human genome build 19) (DECIPHER
CNYV Syndromes, 2024; Firth et al., 2009). All UKBB and EstBB 16p11.2 CNVs
were further confirmed with the independent iPsychCNV detection software
(iPsychCNV, 2017). Additionally, the carrier status of a selection of EstBB
participants had previously been validated with quantitative polymerase chain re-
action (Ménnik et al., 2011). No CNV quality score (such as cQS or OQS) was
employed in this study, given that large well-established recurrent CNV regions,
such as 16p11.2 BP4-BP5, are typically straightforward to detect.

Finally, if more than one close family member was a CNV carrier, only one
randomly selected member was retained. Also, all CNV carriers from UKBB
replication cohort that had a family member among carriers from UKBB dis-
covery cohort were excluded. The cohort-specific numbers of CNV carriers and
copy-neutral controls included in the analyses are presented in Table 2.

For all participants, self-reported onset of puberty and BMI was obtained from
baseline recruitment questionnaires. We used age at menarche (AAM) as a proxy
for female pubertal timing. Prior to conducting the analyses, we excluded the
women with extreme outlier AAM (<5 or >25). For male participants, we only
had indicative data from UKBB questionnaires where men assessed based on
their subjective observations whether they had first facial hair and voice break at
a “younger than average”, “average” or “older than average” age. Furthermore, we
studied the abundance of diagnoses related to disorders of reproductive tract and
fertility in 16p11.2 BP4-BP5 carrier groups. In UKBB, diagnoses in the form of
ICD-10 (International Classification of Disease, 10th Revision) codes were
extracted from initial assessment visit health reports (2006-2010). In EstBB, we
queried the ICD-10 codes from the Estonian Health Insurance Fund database
(Tervisekassa, 2024). Additionally, we obtained the relevant disorders from the
medical history of Simons VIP participants.

39



Table 2. Sample counts for controls (CTRL), 16p11.2 deletion (DEL) and duplication
(DUP) carriers as well as association statistics with female pubertal timing proxied by
age at menarche (AAM). Abbreviations: Eur./non-Eur., Europeans/non-Europeans.

Cohorts
UKBB UKBB UKBB Simons Pan-
discovery  replication  (non- VIP European
(Eur.) (Eur.) Eur.) EstBB 16pl1.2 16pl1.2
Sample counts
Males CTRL 56,047 112,890 35,870 11,955
DEL 18 36 13 4 27
DUP 11 36 8 4 24
Females CTRL 62,217 133,615 43,747 22,354
DEL 11 23 18 8 22 14
DUP 23 28 4 10 20 11
Age at menarche (AAM)
Mean CTRL 12.9 13.0 13.0 13.5
[years]  pEL 114 11.9 11.9 12.3 11.0 11.6
DUP 14.4 14.0 14.7 15.6 13.3 13.5
ANOVA DEL vs
(P-val.) CTRL 1.3x1072 45x1072 0.19 0.19
DUP vs
CTRL 78x1075 1.1x10"% 013 98x10°°
Mirror
effect 1.9x 1075 65x107* 0.13 24x1075 7.7x107° 3x1073

To detect the differences of mean BMI and AAM in 16p11.2 dosage groups, we
used the analysis of variance (ANOVA) method. As due to small sample sizes
the normality assumption was weak for AAM, the results were also validated using
a non-parametric Wilcoxon rank-sum test. For binary and categorical outcomes,
Fisher’s exact test was used. Furthermore, two-sample univariate (Zhu et al.,
2016) and multivariate (McDaid et al., 2017) Mendelian Randomisation (MR) was
conducted to test whether the expression of 16p11.2 genes can be causally linked
to AAM. For this analysis, the most recent AAM GWAS (Day et al., 2017) and
whole-blood eQTL data obtained from the eQTLGen consortium (Vdsa et al.,
2021) were used. Altogether, 12 (43% out of 28) 16p11.2 BP4-BP5 region genes
with strong genetic instruments (F > 20) were included in MR. We set the
significance threshold to agyr = 0.05/12 and required P > 0.0009 in HEIDI
(Heterogeneity in Independent Instruments) test (Giambartolomei et al., 2014) to
discard cases where instead of a colocalising causal variant there are two distinct
but correlated genetic variants affecting AAM and gene expression. Finally, for
all 16p11.2 genes, mRNA over-expression and CRISPR/Cas9 genome editing
was done in Tg(gnrh3:egfp) transgenic zebrafish (Abraham et al., 2009) to in-
vestigate duplication and deletion effects, respectively, via automated live
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imaging (see Ref. Il Supplemental Methods). Tg(gnrh3:egfp) is a model designed
for studying gonadotropin-releasing hormone-3 (GnRH3) system, which is known
to be crucial for reproduction in all vertebrates.

3.2.2. Association between 16p11.2 BP4-BP5 dosage and pubertal timing

First, to assess the validity of the 16p11.2 BP4-BP5 CNV carriers, we confirmed
a previously detected highly significant and replicable association between the
CNV dosage and BMI in UKBB discovery cohort (P = 5.3 x 1072%), UKBB
replication cohort (P = 3.8 x 10™**) and EstBB (P = 6.4 x 1078) with dele-
tions increasing (UKBB males: difference of BMI between carriers and non-
carriers (A) = +6.8, UKBB females: A = +8.5) and duplications decreasing
(UKBB males: A = —1.2, UKBB females: A = —1.9) the BMI. Next, we observed
a previously unexplored association between 16pl11.2 BP4-BP5 and AAM in
UKBB discovery cohort female participants of European origin (P = 1.9 X 1075,
ANOVA, corrected for BMI, age, and four principal components (PCs)). Com-
pared to copy-neutral controls (mean AAM in group (Uyapy) = 12.9 years), the
deletion carriers had AAM 1.5 years earlier (uyay = 11.4 years, Wilcoxon
P = 0.00098) and the duplication carriers 1.5 years later (uy4p = 14.4 years,
Wilcoxon P = 0.002) (Figure 6A). These results were further validated in
Europeans from UKBB replication cohort (P = 6.5% 10"%) and EstBB
(P = 2.4 x 107>) as well as in Simons VIP (P = 7.7 x 10~°) and Pan-European
(P = 3.4 x 1073) clinical cohorts (Table 2). We separately analysed the full
sample set of UKBB non-European women and the results, despite not being
statistically significant, were consistent with other cohorts (controls: g4 = 13.0;
deletions: g4y = 11.9, P = 0.0056; duplications: py4p = 14.7, P = 0.093).

For male participants of UKBB discovery cohort we observed a non-
significant trend for deletion carriers towards earlier voice break (OR = 2.5,
Fisher’s exact test P = 0.21) and first appearance of facial hair (OR = 2.7,
P = 0.08). The duplication carriers trended towards later voice break (OR = 1.4,
P = 0.52) as well as later facial hair (OR = 2.8, P = 0.09) (Figure 6B). Similar
tendencies were present in UKBB replication cohort (see Ref. II Table S4). These
results suggest that the effect of 16p11.2 BP4-BP5 CNV on pubertal timing,
though more easily detectable in women due to data availability, is not sex-
specific.

3.2.3. Disorders of reproductive health and sexual development
of 16p11.2 BP4-BP5 CNV carriers

To further characterise the effect of 16p11.2 BP4-BP5 CNV on sexual health, we
tested for associations between CNV carrier status and diagnoses of female re-
productive tract disorders. With deletions and duplications combined, we detec-
ted nominally significant associations in EstBB for “absent, scanty and rare men-
struation” (ICD-10: N91; OR = 4.4, P = 0.013), “non-inflammatory disorders
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of ovary, fallopian tube and broad ligament” (N83; OR = 5.2, P = 0.003) and
“inflammatory diseases of female pelvic organs” (N70-N77; OR = 4.1,
P = 0.012) (Figure 6C). Altogether, 50% and 64% of EstBB deletion and dupli-
cation carriers, respectively, had been diagnosed with irregular/absent menstrua-
tion or various hormonal and ovarian disorders.

Unfortunately, these analyses resulted in no significant associations in UKBB,
possibly due to UKBB containing mostly post-menopausal women (40—69 years
of age at recruitment in 2006—-2010) with little verified diagnosis information from
before 1997 (1981 for Scottish participants). We did, however, observe that
16p11.2 deletion carriers had a significantly lower number of live births (popu-
lation average 4 = 1.81) in both UKBB discovery (4., = 0.91, P = 0.013) and
replication cohorts (ge; = 0.78, P = 2.9 X 107°). Additionally, female dupli-
cation carriers had an elevated risk of miscarriage in discovery cohort (OR = 2.5,
P = 0.037). This finding did not replicate in the second cohort.

Although we were unable to replicate many of our findings, the over-represen-
tation of reproductive disorders in 16p11.2 BP4-BP5 deletion and duplication
carriers indicates a clear pattern which can be further studied in cohorts with
larger numbers of affected samples.
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Figure 6. Distribution of age at menarche (AAM) (A) and relative age at first facial hair
(“younger than average”, “average”, and “older than average”) (B) among 16p11.2 BP4-
BP5 deletion (DEL) and duplication (DUP) carriers and copy neutral controls in UKBB
discovery cohort. (C) Prevalence of reproductive health phenotypes among 16p11.2 CNV
carriers and controls in EstBB. N91 —absent, scanty, and rare menstruation; E28 — ovarian
dysfunction; N83 — non-inflammatory disorders of ovary, fallopian tube, and broad

ligament; N70-N77 — inflammatory diseases of female pelvic organs.

3.2.4. Causal inference between 16p11.2 region gene expression and
age at menarche

Simple association analysis can link a genetic variant to a phenotype but is unable
to suggest the underlying mechanism resulting in the phenotypic change. Since
the 16p11.2 BP4-BP5 region has high gene-density with 28 overlapping genes,
we hypothesised that the CNV effect on AAM could be mediated via decreased
or elevated expression levels resulting from deletion or duplication of one or
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multiple of these genes. Therefore, as the final step of this study, we decided to
investigate if any of the genes falling into the 16p11.2 CNV region show con-
siderable evidence for being causally linked to AAM. We conducted univariate
MR which revealed three such genes: INOSOFE (standardised causal § = 0.098,
P=13x10"1), KCTDI3 (B =-0.15, P=45%10"% and MAPK3
(8 = 0.032, P = 9.8 X 1071%). Two of those genes, INOS0E and KCTD13, also
remained significant in multivariate MR. The latter has previously been identified
as the key actor in 16p11.2 dosage-dependent micro- and macrocephaly (Golzio
et al., 2012) and neurodevelopmental disorders (Coe et al., 2014; Marshall et al.,
2017).

Still, the close proximity and overlapping eQTLs of 16p11.2 region genes
hinders drawing any final conclusions from MR results alone. Furthermore, only
43% (12/28) of the genes in the region could be tested as the rest lacked strong
genetic instruments in the eQTLGen dataset. To overcome these limitations, we
individually modified the expression of all 16p11.2 genes in Tg(gnrh3:egfp)
transgenic zebrafish model and monitored GnRH3 patterning in vivo. We found
that both under- and over-expression of ASPHD1, a gene with unknown function
not included in MR, resulted in significantly decreased GnRH3 neuron area
(deletions decrease 13% compared to controls, P = 0.0031; duplications de-
crease 19%, P < 0.0001). When over-expressing ASPHDI and KCTD13 simul-
taneously, the decrease was even more pronounced (24%, P < 0.0001), sug-
gesting potential interaction. According to the GTEx tissue-specific gene ex-
pression dataset (GTEx Consortium et al., 2017), ASPHD1 is mainly expressed
in brain and pituitary gland, which further supports our hypothesis.

Overall, this study presents an elegant example of an in-depth investigation of
a previously unreported CNV-phenotype association. We used interdisciplinary
methods to suggest ASPHDI (modified by KCTD13) as the causal gene for
pubertal timing. Additional in silico and in vivo analyses can help to further
clarify the exact underlying mechanism.

3.3. Maps of medically relevant CNV-phenotype
associations and driver genes (Ref. IlI, IV, V)

Large association analyses have revealed the broad contribution of rare CNVs on
neurodevelopmental conditions (Coe et al., 2014; Marshall et al., 2017) as well
as common complex traits (Aguirre et al., 2019; Hujoel et al., 2022; Macé¢ et al.,
2017). As a result of the emergence of biobank datasets, large-scale hypothesis-
free association testing in CNV GWASs has become more feasible even for low-
frequency copy number alterations. This in turn has enabled the assessment of
dosage sensitivity of genes overlapping rare CNVs.

This part of the thesis summarises the findings of three large multi-phenotype
CNV GWASs, each analysing the effects of rare CNVs from SNP microarray-
based detection methods on over 50 medically relevant phenotypes. In Ref. III
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and IV, we focus on association detection with continuous traits and common
diseases, respectively. We bring examples of associations to further illustrate the
general patterns of CNV effects and pleiotropy. As the author of this thesis has
conducted analyses on EstBB, the examples are mainly selected from the results
that replicated within this dataset. Ref. V presents a CNV GWAS with disease
phenotypes using the largest sample size to date, comprising nearly 1 million
individuals from 17 clinical or population cohorts. The results were further lever-
aged to estimate probabilities of haploinsufficiency (pHaplo) and triplosensitivity
(pTriplo) for all autosomal genes.

3.3.1. Description of cohorts and methods

In general, there are two approaches used in large GWASSs to assure the validity
of the results: (1) the associations are detected from the initial discovery cohort
and later replicated in a second independent cohort, or (2) the associations are
independently detected from multiple cohorts and the results are meta-analysed
into one large study. We used the former approach in Ref. Il and IV where UKBB
and EstBB datasets were leveraged as discovery and replication cohorts, respec-
tively. On the other hand, in Ref. V the CNV and phenotype counts from EstBB
were combined with 16 other cohorts into a CNV association meta-analysis. As
currently there are no best practice pipelines for CNV GWASs, we use diverse
methodological approaches in our analyses, chosen according to the primary
objectives of the study and the respective dataset. For example, in Ref. III and
Ref. IV, we use the previously described approach of utilising the dosages obtained
for SNP microarray probes as CNV proxies (Mac¢ et al., 2017). The method is
suitable for genome-wide analyses that incorporate intersecting CNVs with various
sizes and frequencies. In Ref. V we use the sliding window and gene-based
approaches, which are well suited for studying large and rare CNVs with mostly
recurrent breakpoints. The full methodological overview of the three CNV
GWAS:s as well as the specific quality control steps taken in EstBB cohort for
each study are depicted in Table 3.

Additionally, for comprehensive CNV quality evaluations in Ref. III, we used
966 unrelated EstBB samples that had both genotyping array and WGS CNVs
detected with GenomeSTRIiP pipeline (Handsaker et al., 2015) available (a subset
described in section 3.1.). For each probe, Pearson’s correlation was calculated
between the two CNV profiles. Due to inconsistency in CNV breakpoints and
potential CNV fragmentation, proxy probes (r = 0.5) from 250 kbp flanking
regions were considered in case the correlation was <0.75 for the original index
probe.
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In Ref. V we specifically aimed to use the CNV-phenotype association results to
assess the dosage dependence of genes within disease-causing CNVs and on a
genome-wide scale. Briefly, as large CNVs encompass multiple adjacent genes,
all of which are not drivers, we repurposed a Bayesian GWAS fine-mapping algo-
rithm to detect the 95% credible set of most likely causal genes for each asso-
ciated locus (Kichaev et al., 2014). In this analysis, we prioritised the genes based
on the association statistics from gene-based analysis and 145 gene-level features
extracted from various sources (including GTEx v7 (GTEx Consortium et al.,
2017), Roadmap Epigenomics Project (Roadmap Epigenomics Consortium et al.,
2015) and Swissprot (Bairoch and Apweiler, 2000)). We labelled genes as
“highly confident” or “confident” if their posterior inclusion probability was >0.8
or 0.2-0.8, respectively. We further leveraged the gene-based association analysis
statistics to compute the likelihood that the gene belonged to manually curated
sets of HI or TS genes. We then modelled these likelihoods based on the 145 gene-
level annotations, which enabled us to obtain pHaplo and pTriplo scores for
18,641 autosomal protein-coding genes.

3.3.2. Discovery and replication of CNV associations
with continuous traits (Ref. Ill)

When studying the landscape of detected CNV regions in UKBB dataset, we
observed that 82% of probes had an overlapping CNV in at least one individual,
while 81% of those probes had CNV frequency <0.005%. On the other hand, 39%
of all samples had at least one high-confidence CNV and 10% had more than one.
These results further illustrate the paradigm that, although rare individually,
CNVs collectively are quite common, making them even more important subject
for closer studying.

All unique probes passing the CNV frequency cut-off >0.005% were included
in the CNV GWAS across 57 medically relevant continuous traits in UKBB
dataset. We detected 86, 68 and 50 significantly associated CNV-phenotype pairs
for mirror, deletion-only and duplication-only models, respectively, spanning 47
phenotypes (Figure 7). These results could be combined into 131 independent
associations as findings from the mirror model often (in 73% cases) replicated
with either the deletion-only or the duplication-only model type. Out of these,
61 (47%) had data available for replication analysis in EstBB cohort. We detected
6 signals that replicated with Bonferroni corrected P < 0.05/61 = 8.2 x 10™*
(Table 4) and additional 22 nominally significant signals, which was 7.2 times
more than expected by chance (two-sided binomial test: P = 7.8 X 1071%). The
effect sizes were concordant between the two datasets indicating the robustness
of the associations (Figure 8).

The quality assessment for the trait-associated CNV regions based on the
comparison to WGS CNVs showed high sensitivity and specificity. We found
high concordance (r = 0.75) for the calling profiles of 85% of the probes. Out of
the false positives (only detected by PennCNV), 92% correlated (r = 0.5) with a
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highly concordant probe nearby, indicating potential CNV fragmentation in WGS
data. Only 7% of the probes were labelled as false negatives (only detected in
WGS).

We observed highly pleiotropic effects in UKBB for some of the well-estab-
lished CNV regions including the 16p11.2 BP4-BP5 CNV region that we found
associated to 26 traits. For example, the 16p11.2 deletion was linked to levels of
insulin-like growth factor 1 (IGF-1) and insulin resistance, both previously con-
nected to short stature and increased adipose mass (Kargi and Merriam, 2013),
which are known characteristics of 16p11.2 deletion carriers. Four of the 16p11.2
BP4-BP5 associations (BMI, WHR, height, and weight) replicated in EstBB,
while an additional two (age at menarche and levels of alanine aminotransferase)
replicated with nominal significance.

Several of the trait-associated CNVs overlapped with known Mendelian dis-
order loci. For example, the 17q12 deletion (OMIM: 614527) is known to cause
highly penetrant autosomal dominant renal cysts and diabetes syndrome, charac-
terised by renal defects. In UKBB dataset, we found that the 17q12 duplication
(OMIM: 614526) is associated with kidney damage biomarkers (cystatin C:
B =0.15mg/L, P = 4.2 x 107%; serum creatinine (SCr): f = 13.0 umol/L,
P =27x%x107; serum urea: f =0.93mmol/L, P =9.1 x 1071%). Asso-
ciation with SCr reached nominal significance in EstBB (P = 0.0015). While
deletion carriers were excluded from the analyses due to low variant frequency
(n= 6 in UKBB), they did exhibit elevated levels of all three kidney biomarkers,
suggesting that both deletions and duplications cause renal abnormalities.

Another example of new insights for a well-established CNV involves the
17p12 duplication, a variant linked to CMT disease type 1A (OMIM: 118220)
that causes nerve damage and decreased muscle mass. We observed an asso-
ciation to hand grip strength (8 = —9.8 kg, P = 4.1 x 1073%) and lower levels
of SCr (f = —13.8 umol/L, P = 6.5 x 10718) in UKBB. The latter also repli-
cated in EstBB (8 = —94.1 umol/L, P = 5.2 X 10™*), while hand grip strength
was not available. From previous studies it is known that SCr levels can be used
as a proxy for muscle mass (Thongprayoon et al., 2016). We observed that,
despite the clear actiology, only 36% of duplication carriers had previously been
diagnosed with CMT or relevant neuropathies. This subgroup also presented a
more extreme decrease of grip strength compared to the rest of the duplication
carriers (one-sided T-test: P = 0.005). Therefore, our results suggest an incomp-
lete penetrance for the 17p12 duplication in the general population.
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Figure 7. Independent genome-wide significant associations between CNV (x axis) and
traits (y axis). (+) and (-) signs mark the direction of the association. (Ref. III, Figure 2D)

Table 4. Association statistics (f§ and P-values) for CNV-trait associations that replicated
in EstBB with Bonferroni corrected significance threshold (P < 8.2 x 10™%). Row
numbers correspond to labels in Figure 8. (Adapted from Ref. 111, Figure 3B)

CNV region UKBB EstBB
(model type) Trait B P B P
1q21.1-1q21.2
(mirror) height 43 7.8 x 10722 4.6 33x107°
2 BMI 6.1 3.6 x 10727 7.0 34x1077
3 16pl1.2BP4-BP5  WHR 0.1 1.5 x 10727 0.1 7.6 x 1076
4 (deletion-only) height  -82  33x107%7 90 2.5x 1076
5 weight 111 50x1072 152 52 x 10~
17p12
6 (duplication-only) SCr -13.8 6.5 x 10718 -94.1 5.2 x107*
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An additional example involves a 16p13.11 CNV region and female reproductive
timing. In UKBB we detected an association between the deletion and increased
AAM (B = 1.1 years, P = 3.6 X 1077), while the duplication was linked to
decreased AAM (B = —0.6 years, P = 2.0 x 1071%) and age at menopause
(B = —1.8 years, P = 1.7 X 107°). The associations with duplication were repli-
cated in EstBB with nominal significance (menarche: f = —0.6 years,
P = 1.8 X 1072; menopause: f = —2.6 years, P = 4.5 x 1072). Previously, a
SNP association to AAM has been observed in this locus (Day et al., 2017). A
potential causal gene, however, remained unclear. In our study, we pinpointed
MARF1, a gene overlapping the CNV but not nearest to the SNP GWAS top hit.
Based on the Genome Aggregation Database (gnomAD) (gnomAD, 2024) the
gene is under evolutionary constraint and literature also supports its female-
specific effect on reproduction across different species including humans (Katari
et al., 2018; Kawaguchi et al., 2020; Su, Sugiura, et al., 2012; Su, Sun, et al.,
2012).

3.3.3. Discovery and replication of CNV associations
with common diseases (Ref. V)

As a logical extension of CNV associations with continuous traits, we proceeded
with association testing for a curated set of 60 common diseases using the same
CNYV datasets. In the UKBB discovery set we detected 40, 41, 21, and 38 inde-
pendent genome-wide significant signals for mirror, U-shape (similar effect in
both deletions and duplications), duplication-only and deletion-only model types,
respectively, which we combined into 73 unique disease risk-increasing or
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burden associations (32 when using the stringent experiment-wide significance
threshold) (Figure 9). Altogether, these associations mapped to 45 unique CNV
regions. We found that the genes within these disease-causing CNVs had stronger
intolerance towards LoF mutations compared to “background genes” affected by
CNVs not associated with any disease (probability of LoF intolerance: Wilcoxon
P =1.3x10"% loss of function observed/expected upper bound fraction
(LOEUF) (Karczewski et al., 2020): P = 1.9 x 10~7). Additionally, the genes
overlapping disease-causing CNVs were more likely to be triplosensitive (Wil-
coxon P = 9.0 x 10719 for genes in duplication regions, P = 1.0 x 10723 for
genes in deletion regions).

We sought to replicate our findings in EstBB cohort. We managed to test 49
out of 73 associations. We detected 3 signals that replicated with Bonferroni cor-
rected P < 0.05/49 = 1.0 X 10~3 significance and an additional 4 nominally
significant signals (P < 0.05) (Table 5). Due to over three times smaller sample
size in EstBB compared to UKBB, the replication power was strongly limited.
Still, the results corresponded to 2.9-fold (two-sided binomial test: P = 0.011)
and 16.3-fold (P = 1.1 x 10™%) enrichment for replication at P < 0.05 and
P < 5.0 x 1073, respectively, compared to what would be expected by chance.
Out of the replicated findings, five had additional support from previously
published SNV or CNV association studies (including Ref. III) for related pheno-
types and two overlapped with relevant morbid OMIM genes.

Out of 45 associated CNV regions, nine mapped to known GD (using a set
compiled by Crawford et al. (2019)). For seven of these CNVs, we found asso-
ciations with multiple phenotypes in UKBB. Similarly to Ref. III, the highest
pleiotropy was observed for the 16p11.2 BP4-BP5 deletion, which we could link
to higher disease burden as well as increased risk of 12 individual diseases across
multiple organ systems. In EstBB, the associations could be replicated for three
disease phenotypes — acute kidney injury (AKI), hypertension, and chronic
kidney disease (CKD) (Table 5). As 16p11.2 BP4-BP5 has been linked with
severe obesity (Walters et al., 2010), which is a risk factor in itself, we further
tested if the CNV-disease association could be driven by BMI. The CNV effect
on the risk for five diseases remained significant after adjusting the model for
BMI.

Previously in Ref. III, we demonstrated that 17q12 deletions and duplications
were associated with kidney damage markers. To further emphasise the link
between the 17q12 CNV region and renal problems, we showed in UKBB, and
replicated in EstBB, that both deletions and duplications increase the risk for
CKD (Table 5). We observed that the prevalence of CKD was 33.3% and 16.9%
in deletion and duplication carriers, respectively, compared to 4.4% in copy
neutral individuals. Moreover, the presence of the CNV lowered the age at CKD
onset (Cox proportional hazards model: hazard ratio = 4.6, P = 1.3 X 1077). A
recent clinical study agrees that the 17q12 CNV is the most common GD
aetiology among CKD patients (Verbitsky et al., 2023).
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We studied the CNV regions associated to seemingly unrelated phenotypes to
dissect their pattern of pleiotropy. For example, neuropsychiatric and develop-
mental conditions have been linked to two deletions in the 15q13 region (OMIM:
612001). A longer deletion, defined as BP4-BP5, fully encompasses the shorter
D-CHRNA7-BP5 deletion. Also, 15q13 duplication carriers have been shown to
exhibit psychiatric disease (van Bon et al., 2009). Based on the overlap with the
short deletion, CHRNA7 is proposed as the causal gene (Gillentine and Schaaf,
2015). In our CNV GWAS we detected associations in UKBB with 15q13 BP4-
BP5 duplication and three non-neurological disorders: AKI (Table 5), haem-
orrhagic stroke (odds ratio (OR) = 7.5, P = 4.3 x 107°), and anaemia (OR = 4.9,
P = 3.2 X 107°). However, no associations were found for D-CHRNA7-BP5
duplication. The results suggest that despite mapping to the same CNV locus, the
causes for neurological and non-neurological conditions lie in different genes.

Best Model ® Duplication-only (N=5) @ Deletion-only (N = 23) Mirror (N = 24) U-shape (N = 21)

EstBB Replication Q p<0.05/4 (N=3) O p<0.05(N=4) not significant
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Figure 9. CNV-disease association map. Colour indicates the best model type. Point size
and black contours indicate the level of EstBB replication significance. (Adapted from
Ref. IV, Figure 2)
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Table 5. Association statistics (OR and P-values) for CNV-trait associations that
replicated in EstBB (P < 0.05). Abbreviations: AKI, acute kidney injury; CKD, chronic
kidney disease; HTN, hypertension; PD, Parkinson’s disease. (Adapted from Ref. IV,
Figure 3B)

CNV region UKBB EstBB
(model type) Trait OR P OR P
16p11.2 BP4-BP5
‘= (deletion-only) AKI 16 5.6x10720 42 21x107*
E 15q13.2-1513.3
‘*g (duplication-only) AKI 46 71x1077 12 2.7 x107*
M 17q12
(U-shape) CKD 65 59x107° 18 8.6 x 1074
. 16p11.2 BP4-BPS
2 (deletion-only) HTN 46 34x1077 5.0 40x 1073
<
2 15q13.2-15q13.3
5 (mirror) asthma 0.17 1.2x107° 0.29 6.2x 1073
—  16p11.2 BP4-BP5
g (U-shape) CKD 44 27x1078 8.4 0.033
2 11pl5.4
(mirror) PD 0.05 1.9x1077 0.05 0.047

Altogether, the series of examples here and in section 3.3.2 illustrate several
interesting phenomena observable from CNV-phenotype associations. First, it
further emphasises the high pleiotropy and variable expressivity of GD loci. We
demonstrated that in the general population pathogenic CNVs, such as CKD-
associated deletion and duplication of 17q12, affect relevant biomarkers without
necessarily causing clinically diagnosable disorders. This, and higher statistical
power due to the continuous nature of biomarker measurements, make them
excellent proxies to study various underlying pathologies in any GWAS analysis.
Secondly, CNV-phenotype associations exhibit substantial overlap with
previously detected SNV GWAS loci, suggesting that both mutational classes
should be studied in combination in order to detect the exact genetic mechanisms
and causal genes. We observed that genes within phenotype-associated CNV
regions tend to have higher evolutionary constraint and dosage sensitivity com-
pared to background genes. This phenomenon is further studied in the next
section of the thesis.

3.3.4. The map of dosage sensitive (DS) genes across
human genome (Ref. V)

As discussed in section 1.1.3., the main mechanisms of CNV effect on phenotype
include the loss or complete copy gain of DS genes caused by deletions or
duplications, respectively. In this study, we aimed to annotate all protein-coding
genes with probabilities of haploinsufficiency and triplosensitivity and provide a
map of DS genes for the wider scientific community.
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As the initial step, we tested for associations with rare (<1% frequency) CNVs
and 54 disease phenotypes in a meta-analysis cohort 0f 950,278 individuals. First,
we used the approach of a 200kb sliding window in 10kb steps and performed the
association analysis per phenotype for CNVs overlapping each window (see
Table 3). The significant results were compiled to 795 unique CNV-phenotype
associations that mapped to 163 distinct rare CNVs (69 deletions and 94 dupli-
cations). We compared our results to an established set of 95 GDs and found that
55.8% (53/95) of them were present among our disease-causing CNVs. However,
when testing the 95 GDs selected a priori and using the Bonferroni-corrected
significance cut-off P < 0.05/95 = 5.26 X 10~*, we retained another 15 GDs
associated with our phenotypes. Those were included in our set of disease-
causing CNVs, totalling 178 regions carried forward to subsequent analyses. We
observed that these regions were significantly more likely to overlap with
phenotype-matched OMIM genes (one-tailed permutation test: P = 3.8 X 107%)
and were enriched for genes under strong mutational constraint (P = 0.006),
indicating a presence of at least one DS driver gene. This was further supported
by the excess of damaging de novo SNVs (Fu et al., 2022; Kaplanis et al., 2020)
within associated CNV regions, which often concentrated almost entirely in just
one or two genes.

Moreover, the gene-based association analysis was conducted. It resulted in
5,680 significant associations across 739 unique genes. None of the associated loci
were novel compared to the sliding window approach. However, 32 additional
CNV-phenotype associations were discovered. Leveraging the gene-based asso-
ciation statistics and 145 gene-level features, we were able to fine-map 90 (55.2%)
out of 163 rare associated CNV loci from the original analysis to a set of candidate
driver genes.

Finally, we developed pHaplo and pTriplo scores to predict haploinsufficiency
and triplosensitivity of 18,641 autosomal genes based on 145 gene-level features
(see section 3.3.1.). We estimated the score cut-offs such that the CNV effect
sizes would be comparable with LoF effects in genes that are well-established as
constrained for protein-truncating variants (Karczewski et al., 2020). Based on
these cut-offs (pHaplo = 0.86 and pTriplo = 0.94) we defined 2,987 HI and
1,559 TS genes. We observed that bidirectionally DS (both HI and TS) genes are
mainly defined by their evolutionary constraint. In general, HI genes appear to be
larger, further from other genes and with a high abundance of cis regulatory
elements, whereas TS genes were smaller, GC-rich, and located in gene-dense
regions.

In summary, the study presents the largest CNV GWAS to date and a pre-
liminary insight into the dosage sensitivity patterns of the genes on a genome-
wide scale. Both resources are valuable additions to CNV-phenotype association
maps described in Ref. III and IV, all of which are poised to be invaluable in
advancing research and practice in human disease and clinical genetics.
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CONCLUSIONS

In order to dissect the genetic mechanisms underlying different phenotypes, it is
imperative to investigate variant types beyond solely SNVs and small indels.
Copy number alterations detected from microarray intensities provide an excel-
lent resource to study effects of rare CNVs on human traits and common diseases.
Nevertheless, CNV studies remain challenging and methodological improve-
ments for reliable CNV detection, quality control, association testing, and follow-
up analyses remain a work in progress.

The main conclusions drawn from this thesis are as follows:

Multi-omics data can be leveraged to assess CNV quality. The quality metrics
based on three independent data layers — WGS, gene expression levels, and
methylation array intensities — all exhibited high concordance and ability to
distinguish between true and false calls from popular detection software
PennCNV. Furthermore, the metrics can be modelled based on PennCNV out-
put parameters. The resulting omics-informed quality score (OQS) improved
statistical power in CNV-phenotype association studies, showing up to 34%
and 55% increase in variance explained compared to raw PennCNV calls and
a previously published CNV quality score, respectively.

A well-established pathogenic 16p11.2 BP4-BP5 CNV region has a mirroring
effect on pubertal timing. In females, deletion and duplication carriers had
1.5 years earlier and 1.5 years later age at menarche, respectively, compared
to copy neutral controls. Similar trends were observed for male pubertal timing,
indicating that the effect is not sex-specific. /n silico and in vivo analyses sug-
gested potential causal role of ASPHDI and KCTDI3 genes in the 16p11.2
region.

Rare CNVs have significant impact on medically relevant continuous mea-
surements and common diseases. In the largest multi-phenotype CNV GWAS
to date, we observed phenotype associations with 163 distinct CNVs. The re-
sults aid in dissecting novel associations with highly pleiotropic genomic dis-
orders and variable expressivity of CNVs overlapping loci linked to mono-
genic conditions. The associated CNVs encompassing known SNV GWAS loci
help to detect the exact genetic mechanisms and pinpoint the potential causal
genes.

Disease-causing CNVs are enriched with DS genes. Furthermore, by modelling
the likelihood of haploinsufficiency and triplosensitivity based on features of
these genes, it is possible to assess the dosage sensitivity of all genes on a
genome-wide scale. In total, we defined 2,987 and 1,559 likely HI and TS
autosomal genes, respectively, which is a valuable resource for human disease
research and clinical interpretation.
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SUMMARY IN ESTONIAN

Arengud mikrokiibi-pdhiste koopiaarvu variatsioonide tuvastamises ja
fenotlilipidega seostamises

Koopiaarvu variatsioonid (ingl. k. copy number variation ehk CNV) on piir-
konnad DNA-s, mille koopiaarv erineb tavapirasele diploidsele genoomile oma-
sest kahest koopiast. CNV-de tekkimise tulemusel on genoomipiirkonnad kadunud
(nimetatakse deletsiooniks) voi mitmekordistunud (nimetatakse duplikatsiooniks).
Kuigi algselt seostati CNV-sid eelkdige raskekujuliste arenguhéiretega, siis niitid-
seks on selge, et CNV piirkondi leidub kdigi inimeste DNA-s ning nad mojutavad
oluliselt suuremat osa genoomist ning omavad ka suuremat efekti inimese tervi-
sele ja muudele tunnustele kui palju-uuritud tihenukleotiidsed poliimorfismid
(ingl. k. single nucleotide polymorphism ehk SNP). Sellest hoolimata on CNV-sid
ja nende seoseid inimese fenotiiiibiga vdhe uuritud, pohjuseks CNV-de mééira-
mise ja analiilisimise metoodika keerukus. Seetottu on oluline nii CNV-de tuvas-
tamise metoodika arendamine kui ka uute CNV-de ja fenotiiiipide vaheliste seoste
leidmine.

Toetudes teaduskirjandusele, annab véitekirja esimene osa ililevaate CNV-de
jaotusest inimese genoomis, CNV-de méidramisest ja mojust inimese fenotiiiibile.
Eraldi peatiikk on pithendatud CNV-de médramisele SNP mikrokiibi intensiiv-
suse andmetelt. Suurte olemasolevate andmemahtude tottu on mikrokiipide
kasutamine iiheks enamlevinud CNV-de tuvastamise metoodikaks. Populaarsed
koopiaarvu méddramise programmid, nditeks PennCNYV, kasutavad eelkdige kahte
moddetavat suurust iga kiibi markeri kohta: oodatava ja empiirilise signaali-
intensiivsuse logaritmitud suhet (ingl. k. Log R Ratio ehk LRR) ja tihe SNP alleeli
intensiivsuse osakaalu teise alleeli suhtes (ingl. k. B Allele Frequency ehk BAF).
Muutused LRR ja BAF signaalides viitavad CNV olemasolule vaadeldavas
genoomipiirkonnas. Samas on kiibipdhisel CNV-de méédramisel mitmeid olulisi
puudujddke. Néiteks ei saa kiibiga médrata lithikesi CNV-sid, millel pole kiibi
markeritega piisavalt iilekatet. Samuti ei vdimalda signaaliintensiivsuste analiiiis
tapselt miidrata suurte (>4) koopiaarvudega CNV-sid. Need puudused suuren-
davad valenegatiivsete CNV-de hulka, kuid kiibipdhisel tuvastamisel on mérkimis-
vadrseks probleemiks ka valepositiivsete CNV-de osakaal. Seetdttu vajavad CNV
andmed enne edasisi analiilise pohjalikku kvaliteedikontrolli. Enamasti kasu-
tatakse madala kvaliteediga proovide vdi CNV-de vilja filtreerimiseks (kiillaltki
juhuslikult méaratud) piirvéartuseid LRR ja BAF signaalide koondstatistikutele
(nt keskmist ja standardhédlvet) ja muudele parameetritele, nditeks CNV pikkus,
CNV-de arv proovi kohta jne.

Koigist puudustest hoolimata on aga mikrokiibi intensiivsustest voimalik edu-
kalt méarata eelkdige pikki harvaesinevaid CNV-sid, millel on inimese tervisele
suur (enamasti negatiivne) moju. Teaduskirjanduse iilevaate viimane peatiikk
teeb kokkuvotte seni lédbiviidud seoseuuringutest harvade CNV-dega, mille tule-
muste pohjal saab seda moju tdpsemalt kirjeldada. Valdav enamus sellistest uurin-
gutest keskendub CNV-de seostele erinevate neuroarenguliste ja -psiihhiaatriliste

57



haigustega, nditeks autism, skisofreenia ja teised. Kédesolevas véitekirjas on eri-
line tdhelepanu piihendatud aga lilegenoomsetele CNV seoseuuringutele (ingl. k.
genome-wide CNV association study ehk CNV GWAS) suurtel biopankade and-
metel, mida on seni lébi viidud vaid loetud hulk. Nende uuringute tulemused
rohutavad CNV-de olulisust fenotiiiibilise varieeruvuse kujunemisel ja haiguste
pOhjustamisel.

Viitekirja teine osa annab iilevaate viiest doktoritod osaks olevast teadus-
artiklist. Esimene artikkel keskendub CNV kvaliteedihinnangute parendamisele,
et tosta edasistes analiilisides kasutatavate CNV-de usaldusviérsust ja seeldbi
statistilist vOoimsust fenotiilibiliste seoste leidmiseks. Kasutasime kiibipohiste
CNV-de kvaliteedi hindamiseks kolme sdltumatut né ,,oomika‘“ andmekihti: tiis-
genoomide jérjestustest tuvastatud CNV-sid, geeniekspressiooni ja metiilat-
sioonikiibi intensiivsuseid. Analiiiis baseerus eeldusel, et tdesed mikrokiibilt
tuvastatud CNV-d on méératavad ka sama indiviidi tdisgenoomist ning et nad
mojutavad geeniekspressiooni ja metiilatsiooni-intensiivsuseid oodatavas suunas,
st deletsioonid madalamaks ja duplikatsioonid kdrgemaks. Tulemuseks saime iga
CNV ja oomika andmekihi kohta {ihe numbrilise suuruse, mis peegeldas vastava
CNV usaldusvéirsust. Nagime, et koik kasutatud andmestikud sobisid tdeste ja
valepositiivsete CNV-de eraldamiseks ning olid iiksteisega tugevas korrelat-
sioonis (sdltuvalt andmestikust kuni R = 0.8). Paljudel biopankadel ja andme-
kogudel aga iilalmainitud lisa-andmekihid puuduvad ja olemas on vaid mikro-
kiibi andmed. Et ka sellisel juhul saaks CNV-de usaldusvéairsust kirjeldada, I6ime
oma andmeid kasutades CNV kvaliteedimudeli. Selleks hindasime oomika and-
metelt arvutatud CNV kvaliteedivaartuseid, kasutades sisendina kiibipohiste
CNV-de parameetreid (CNV pikkus, iilekate kiibi markeritega, LRR/BAF sig-
naali statistikud jne). Saadud mudeli testimisel sdltumatul Eesti Biopanga and-
mestikul ndgime, et meie kvaliteedimudeli kasutamine suurendas seoseanaliilisi
voimsust kuni 55% vdrreldes varasemalt avaldatud CNV kvaliteedimudeliga.
Meie tulemused andsid kinnitust, et eri andmekihtide informatsiooni kaasamine
CNV-de tuvastamise protsessi aitab suurendada méédratud CNV-de usaldus-
vadrsust, mis omakorda vdimaldab leida uusi CNV-de ja fenotiilipide vahelisi
seoseid.

Teises artiklis uurisime iihte konkreetset teadaolevat haigusseoselist CNV-d,
mis paikneb 16p11.2 genoomiregioonis, ning selle varem avastamata seost puber-
teedi alguse vanusega. Leidsime, et 16p11.2 deletsioon pdhjustab tiidrukutel kesk-
miselt 1,5 aastat varasemat ja duplikatsioon 1,5 aastat hilisemat menstruatsiooni
algust. Sarnast trendi négime ka poiste puhul, kus deletsioonikandjad rapor-
teerisid vorreldes eakaaslastega varasemat ja duplikatsioonikandjad vastavalt
hilisemat hidlemurret ja karvakasvu algust néopiirkonnas. Lisaks oli meie ees-
mérgiks tuvastada 16p11.2 piirkonnast puberteediiga pdhjuslikult mdjutav geen.
Selleks viisime 14bi arvutusliku Mendeli randomiseerimise analiiiisi ning in vivo
analiiiisi sebrakalas. Nende kahe analiilisimetoodika tulemusel jéreldasime, et
toendoliselt on fenotiilip pdhjustatud kahe geeni, ASPHDI ja KCTDI3
interaktsioonist. Artikkel on elegantne ndide CNV seose- ja sellele jargnevatest
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jatkuanaliitisidest ning loob aluse edasisteks uuringuteks inimese reproduktiiv-
tervise ja 16p11.2 genoomipiirkonna soltuvustest.

Viimased kolm artiklit kirjeldavad CNV GWAS analiiiise, mille tulemusena
tuvastasime kokku mitusada seost harvaesinevate CNV-de ning erinevate haiguste
ja meditsiiniliste mootmiste (nditeks antropomeetrilised tunnused voi vere-
proovist méératavad kontsentratsioonid) vahel. Meie tulemused néitasid, et CNV
efektid on tihti pleiotroopsed, st seotud mitmete viga erinevate fenotiilipidega.
Heaks niiteks on juba varem mainitud 16p11.2 CNV piirkond, mida me seos-
tasime vastavalt 12 haigus- ja 26 pideva moodetava tunnusega. Lisaks avastasime
haigusseoselisi CNV-sid genoomipiirkondadest, mida on varasemalt analiiiisitud
SNP GW AS-is vdi mida on seostatud monogeensete haigustega. CNV-de uurimine
sellistes regioonides aitab tuvastada haiguste tekke aluseks olevat geneetilist
arhitektuuri ja mehhanisme. CNV GWAS tulemused véimaldasid meil ka hinnata
geenide doositaluvust, et tuvastada olukordi, kus deletsiooni tulemusel vihenenud
voi duplikatsiooni tulemusel suurenenud geenikoopiate arv ei ole optimaalne
organismi edukaks toimimiseks. Kokku leidsime me 2 987 deletsiooni ja 1 559
duplikatsiooni mitte-taluvat valku kodeerivat geeni, mis on suur edasiminek seni
teadaolevate doositundlike geenide arvust (ClinGen andmebaasi alusel on vas-
tavad geenide arvud 423 ja 24). Nii CNV-de ja fenotiilipide vaheliste seoste kui
ka doositundlike geenide kaardistamine on oluline samm edasisteks teadus-
uuringuteks ja CNV efektide kliiniliseks interpreteerimiseks.

Kokkuvéttes puudutab antud véitekiri kolme olulist CNV-uuringute aspekti:
analiiiisile eelnevat CNV-de usaldusvéirsuse hindamist, CNV-de seoseanaliiiise
ning viimaste tulemustel pohinevaid jitkuanaliiiise pohjuslike geenide tuvasta-
miseks. Kéesolevast toost, nagu ka mitmetest teistest teaduspublikatsioonidest,
johtub, et vaid SNP-del baseeruvad seoseanaliiiisid ei suuda erinevate haiguste ja
muude tunnuste geneetilist tagapohja tdielikult méérata ning muude variatsiooni-
tiitipide, sh CNV informatsiooni kaasamine on tdnapédeva geneetilises epidemio-
loogias dérmiselt oluline samm.
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