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Abstract

Copy number variation (CNV) affects genomic regions from 50 bp up to entire chro-
mosomes. In addition to being one of the major forms of genomic variation during
recent evolution, CNV is implicated in many genetic disorders, complex traits and
cancers. Whole-genome sequencing (WGS) makes it possible to interrogate the
genome for different types of variation: single nucleotide variants, small insertion-
deletions, copy-number variant and other structural variants. However, technical
bias remains a challenge for CNV detection, especially in repeat-rich regions or to
detect small or somatic variants. The vast majority of CNV detection methods an-
alyze one sample at a time or only aggregate evidence across samples. In this work,
I present a different approach that uses a large set of reference samples to correct
for technical variation. This population-based approach is used on three different
applications. First at the chromosome arm level, I used WGS data across 93 blood
samples to detect somatic CNV in paired kidney cancer samples. The population-
based approach was sensitive enough to detect somatic loss or gain of chromosome
arms despite weak signal in the bulk samples. We further studied tumors from male
patients and found that somatic loss of chromosome Y was frequent and resulted
in down-regulation of important genes such as KDM5D and KDM6C, two tumor
suppressors previously associated with cancer. Next, a method was implemented
to identify CNVs across the genome following a similar population-based strategy.
After an extensive comparison with existing methods and experimental validation,
we found that our method, PopSV, was more sensitive than other methods. Using
PopSV and WGS data for 198 individuals with epilepsy and 301 controls, we studied
the distribution of small CNVs across the genomes of epilepsy patients. In addition
to the known enrichment in large rare exonic CNVs, we found a significant enrich-
ment of rare exonic CNVs smaller than 50 Kbp in epilepsy patients, especially in
genes predicted to be intolerant to loss of function variants. More interestingly we
observed, for the first time, a strong enrichment of non-coding CNVs close to known

epilepsy genes. Finally, we used PopSV to investigate copy number variation in low-
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mappability regions. Thanks to its population-based strategy, PopSV’s performance
was stable across different repeat profiles and we further analyzed the genomes of
640 healthy individuals. In contrast to existing CNV databases, we found a large
amount of CNVs in repeat-rich regions and identified regions with recurrent CNVs
that were absent from existing CNV catalogs, many of which were located within
or near protein-coding genes. Independently from the known enrichment in seg-
mental duplications, we found strong CNV enrichments in low-mappability regions,
DNA satellites, short-tandem repeats and specific families of transposable elements.
Thanks to the ever-reducing cost of sequencing, large-scale WGS datasets are be-
coming more and more common. By using information across several samples, this
work shows that variant detection can be dramatically improved and benefit CNV

studies in cancer, complex disease or in challenging genomic regions.
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Résumé

Les variabilités du nombre de copies (VNCs) sont des variations génomiques af-
fectant 50 nucléotides ou plus. Les VNCs ont fortement contribué a 1’évolution
humaine récente mais jouent aussi un role important dans de nombreuses mal-
adies génétiques et autres caracteres complexes. Le séquencage du génome permet
d’étudier différent types de variations génomiques: les substitutions d’un nucléotide,
les petites insertions/délétions ainsi que les VNCs et autres variants structuraux.
Cependant la présence de biais techniques limite la détection des VNCs, en par-
ticulier dans les régions répétées du génome ou pour détecter les variants les plus
petits ou somatiques. La plupart des méthodes de détection de VNCs analysent
chaque échantillon séparément ou accumulent naivement le signal dans plusieurs
échantillons. Dans cette étude, je présente une nouvelle approche qui vise a utiliser
un groupe d’échantillons comme référence pour intégrer la variation d’origine tech-
nique. Cette approche est appliquée dans le cadre de trois études génomiques. Dans
un premier temps au niveau chromosomique, j'utilise des données de séquencage de
93 échantillons de sang pour détecter des VNCs somatiques dans des échantillons de
tumeur du rein provenant des mémes individus. Grace a 'utilisation d’échantillons
de référence, les pertes ou gains de chromosomes somatiques dont le signal est faible
ont aussi pu etre détectées. Dans cette étude, nous nous concentrons ensuite sur la
perte somatique du chromosome Y dans les tumeurs des patients hommes. Entre
autre nous montrons que la perte somatique du chromosome Y est associée a une
diminution de I'expression de ses genes, dont KDM5D et KDM6C, deux genes sup-
presseurs de tumeurs. Dans un second temps, j’ai développé une méthode utilisant
une approche similaire pour détecter des VNCs dans le génome. A T’aide de données
de séquencage et de validation expérimentale, nous montrons que notre méthode,
PopSV, est plus sensible que les méthodes existantes. Nous étudions ensuite la dis-
tribution des VNCs dans 198 individus atteints d’épilepsie et 301 controles. Nous
retrouvons ’enrichissement connu des VNCs larges, rares et exoniques mais nous

montrons que les VNCs codants plus petits que 50,000 nucléotides sont aussi en-
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richis dans les malades, notamment dans les genes prédis pour étre intolérants aux
variants perte de fonction. Nous observons aussi pour la premiere fois un enrichisse-
ment de VNCs non-codants proches de genes associés a I’épilepsie. Dans un troisieme
temps, j'utilise PopSV pour étudier la distribution des VNCs dans les régions répétées
du génome de 640 individus sains. Malgré la difficulté inhérente a ces régions, la
performance de notre approche reste stable. Nous trouvons de nombreux VNCs
dans les régions répétées et identifions des régions qui contiennent fréquemment des
VNCs mais absentes des catalogues publics de VNCs, notamment proches de genes.
De plus, nous décrivons un enrichissement dans les régions de faible mappabilité
et dans certaines familles de satellites, microsatellites et éléments transposables,
indépendemment de I’enrichissement connu dans les duplications segmentales. Ces
résultats démontrent les bénéfices de 1'utilisation d’échantillons de référence pour
détecter les VNCs a partir de données de séquencage et pour étudier le profile

génomique de cancers, maladies complexes ou génomes d’individus sains.
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AT: Adenine or Thymine.

BAM: Binary Alignment/Map.

BLAST: Basic Local Alignment Search Tool.

bp: base pair.

cDNA: complementary DINA.

CENet: Canadian Epilepsy Network.

ccRCC: clear cell Renal Cell Carcinoma.

CNYV: Copy-Number Variation or Copy Number Variant.
CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats.
CTG: Centromere, Telomere, Gaps.

DGV: Database of Genomic Variants.

DNA: DeoxyriboNucleic Acid.

DNase: DeoxyriboNuclease.

dsDNA: double-stranded DNA.

eQTL: expression Quantitave Trait Locus.

ERV: Endogenous RetroVirus.

FDR: False Discovery Rate.

FISH: Fluorescent In Situ Hybridization.

FoSTeS: Fork Stalling and Template Switching.

GC: Guanine or Cytosine.

GoNL: Genome of NetherLands.

GTEx: Genotype-Tissue Expression project.

HERV: Human Endogenous RetroVirus.

HIV /AIDS: Human Immunodeficiency Virus/Acquired Immune Deficiency Syndrome.
ICGC: International Cancer Genome Consortium.

IQR: InterQuartile Range.

Kbp: Kilo base pair, i.e. 1,000 bp.
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LOX: Loss Of (chromosome) X.

LOY: Loss Of (chromosome) Y.

Mbp: Mega base pair, i.e. 1 million bp.

Gbp: Giga base pair, i.e. 1 billion bp.

MEI: Mobile Element Insertion.

MMEJ: Microhomology-Mediated End Joining.
NHEJ: Non-Homologous End Joining.
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OMIM: Online Mendelian Inheritance in Man.
PCR: Polymerase Chain Reaction.

QTL: Quantitave Trait Locus.

RCC: Renal Cell Carcinoma.

RD: Read-Depth, also called read coverage or depth of coverage in the literature.
RNA: RiboNucleic Acid.

RPKM: Reads Per Kilobase per Million mapped reads.
RT-PCR: Real-Time PCR.

sCNV: somatic Copy-Number Variation.

sLOY somatic Loss Of (chromosome) Y.

SNP: Single Nucleotide Polymorphism.

SNV: Single Nucleotide Variant.

SV: Structural Variation or Structural Variant.
STR: Short Tandem Repeat.
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TAD: Topologically Associating Domains.
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Chapter 1

Introduction

1.1 Structural Variation and Copy-Number Vari-

ation

1.1.1 Types of Structural Variants

Structural variants (SVs) are defined as genetic variation of more than 50 base pairs.
The different canonical forms of SV include deletion, duplication, novel insertion,
inversion and translocation?. Deletions and duplications of a genomic region, which
affect DNA copy number, are collectively known as copy number variants (CNVs).
A duplication can be broadly defined as a gain in copy number of a region, either in
tandem configuration (tandem duplication) or in a distant locus. In contrast, inver-
sion and translocation are considered balanced rearrangements: no DNA sequence
is lost or gain. In reality, small deletion or duplication are often present around their
breakpoints®®. Transposable elements retrotransposition creates mobile element in-
sertion (MEI). Because these elements are present in the genome, polymorphic MEI
are often considered CNVs. In general, a “novel” insertion involves the insertion of
a DNA sequence absent from the genome, e.g. viral DNA, but the term is also used
in the MEI literature to describe a new insertion of a transposable element.
Complex SVs involve a combination of canonical forms at the variant level”. In a
recent study using high-depth long-insert and linked reads sequencing®, thousands

of SVs were found to be complex. Most of these complex SVs (84.4%) involved
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inversions, consistent with previous studies that had noticed small deletions and

.68 More extreme genomic events can cre-

duplications at inversions breakpoints
ate complex SVs that combine dozens of canonical forms and span large regions or
several chromosomes. An example is chromothripsis, also called chromosome shat-
tering, which creates a highly fragmented profile with dozens of segments recombined
in a different order resulting in a patchwork of duplicated/deleted/inverted regions.
While originally though to be rare, recent surveys showed a higher than expected
prevalence of somatic and germline chromothripsis. For example, a pan-cancer study
found chromothripsis in 38.9% of the glioblastomas and in 8.7% of other cancer

9 In the recent study of 689 individuals with autism spectrum disorder and

types
other developmental abnormalities, two cases harbored germline chromothripsis®.

While SV are intuitively defined in relation to the ancestral state of the genome,
it is important to note that in practice the reference genome is used as baseline. As
a result, a variant is a difference in sequence compared to the reference genome but
not necessarily compared to the ancestral genome. For example, a recent mobile
element insertion might be present in the reference genome but when absent, i.e. in
the ancestral state, it is often called a deletion. Similarly, rare deletions of unique
regions in the reference genome would resemble novel insertions.

CNVs and in particular deletions have been widely studied. One reason is tech-
nological as large CNVs have been routinely studied before the advent of high-
throughput sequencing, for example using karyotyping or hybridization approaches
(see section 1.2.1). In addition, CNVs, and in particular deletions, are though to
have a stronger functional impact compared to balanced variants. A deletion dis-
rupts an entire region and potentially several genes while balanced SVs or insertions
might affect only the regions around the variant boundaries or insertion site.

The gain or loss of a full chromosome, also called aneuploidy, is particularly rare
in normal cells due to the large phenotypic effects of a dosage change in hundreds
to thousands of genes. However, aneuploidy is a hallmark of cancer and observed

frequently across cancer types, as described in Section 1.7.2. With whole-genome
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doubling, full or arm-level chromosomal CNVs are at the high end of the variant

size spectrum.

1.1.2 Mechanism of Formation

The mechanisms of SV formation are diverse and result in a heterogeneous distribu-

410,11 " New variants

tion of SV across the genome, both in term of size and location
can occur during DNA repair, recombination, replication or through retrotranspo-
sition.

Non-homologous end joining (NHEJ) is a DNA repair mechanism that often
results in deletions. In the presence of double-strand breaks, the two ends slowly
denature until the arrival of the repair machinery that joins the two ends. Oc-
casionally, misalignment of the overhanging ends lead to small insertions. Larger
sequences can also be incorporated during the repair, leading to large insertions.

Microhomology-mediated end joining (MMEJ) is a type NHEJ which repair the
double-strand DNA breaks using micro-homology (5-25 bp) between the broken
ends. MMEJ often result in deletions of the sequence between the micro-homology
regions but can also create translocation and more complex variants.

Homologous recombination is another repair mechanism that uses a template,
usually another chromatid, to repair double strand breaks. By aligning a template,
homologous recombination can repair accurately a double strand break even if part
of the original nucleotides were lost. Mis-alignment, potentially due to the presence
of repeats, results in repair between non-allelic regions and leads to deletions.

Similarly, non-allelic homologous recombination (NAHR) occurs when sister chro-
matids are not correctly aligned during recombination. Depending on the mis-
alignment configuration, NAHR results in deletion, duplication or inversion. The
chromatid misalignment is often caused by the presence of highly similar sequences.
Genomic repeats like segmental duplications and transposable elements are frequent
templates for NAHR. The majority of NAHR in recent human evolution involved

L1 elements although Alus are enriched around older rearrangements'?3. NAHR
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can also occur during mitosis!'4.

Fork stalling and template switching (FoSTeS) occurs during DNA replication
when a strand is detached from its current fork and continues replicating in another
strand. Depending on the sequence of switches, FoSTeS can result in a translocation,
deletion, duplication or inversion.

Slippage during DNA replication can lead to small deletions or duplications,
creating and maintaining tandem repeats. Short tandem repeats are particularly
susceptible to shrinkage or expansion using this mechanism. While each slippage
might only affect a few base pairs, sequential events lead to polymorphic alleles that
can differ by hundreds of base pairs between two genomes.

To retrotranspose, a mobile element is first transcribed into a RNA copy which
is then converted back to a DNA. The DNA copy then inserts itself at another
location of the genome. The DNA sequence of autonomous TEs, such as L1s, code
for proteins responsible for the reverse transcription and insertion into the genome.
Other TEs use the machinery from autonomous elements to retrotranspose. A
similar mechanism is responsible for the insertion and retrotransposition of viral
DNA. Once inserted in the host genome, the viral DNA can often copy itself in other
genomic locations or in other cells. Similar to retrotransposons, new insertions can
then be considered as duplication events.

The mechanism of formation is often inferred from the sequence around the
variant boundaries!!. Segmental duplication or large repeats flanking a variant
suggest NAHR. Micro-homology at the boundaries is a sign of MMEJ. No homology
points at either NHEJ or FoSTeS.

Aneuploidy arise from problems with the chromosome migration during mitosis.
The main mechanism behind arm-level losses or gains are fusion of chromosomes
after pericentromeric breakage. Breaks near centromeres can happen in fragile sites,
which tend to break under certain conditions, or due to merotelic attachment, an

abnormal attachment of sister chromatids during mitosis!®.
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1.1.3 Association with Disease and Functional Impact of

CNV

CNYV and disease Individuals suffering from numerous diseases including obe-

7 20 21

sity 16, schizophrenia ', autism!®, epilepsy !, Crohn’s Disease?’, cancer?! and other

223 carry SVs with a demonstrated detrimental effect?425:26,

inherited diseases
First, a few Mendelian disorders are exclusively caused by CNV in specific regions.
For example, Williams-Beuren Syndrome which typically presents facial dysmor-
phies and intellectual disability, is caused by deletions at 7q11.23. As another ex-
ample, the deletion of the PMP22 gene is the most common mutation responsible
for hereditary neuropathy with liability to pressure palsies. In the early 1990s, Lup-
ski et al. were surprised to find that a duplication in the same region segregated
perfectly with hereditary neuropathy Charcot-Marie-Tooth type 1A%7. The region
had been identified using linkage analysis but the idea of a gene-dosage mechanism
for the disease was so unexpected that both Nature and Science refused to review
the paper.

CNVs resulting in gene-dosage changes have often milder effects but many have
been associated with complex traits or susceptibility to disease. Frequent deletions
in the GSTM1 gene were identified as a risk factor for asthma in independent stud-
ies across different populations?®. Another example of common disease-associated
CNV involve the DEFB/ gene. The median copy number of this gene is 4 in healthy

9

individuals. A lower number of copies has been associated with Crohn disease? and

higher copy number with psoriasis®. Deletions and duplications of the CCLS3L1
gene are also associated with distinct phenotypes. Deletions increase HIV/AIDS
susceptibility®' while duplications increase the risk to develop rheumatoid arthri-

32

tis In the examples above, variation in the copy number of the entire gene is

affecting the gene dosage resulting in gene expression changes. Although genes with
common CNVs are assumed to be tolerant to dosage changes, gene expression tend
to change with the number of gene copies in the genome. For example, Hand-

L. 33

saker et al.”? studied multi-copies CNVs and showed that the resulting gene dosage
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changes correlated with gene expression.

CNYV and gene expression Quantitative trait loci (QTL) and more precisely
expression QTLs (eQTLs) are genomic variants that are associated with changes in
gene expression. While most of the eQTLs tested and found are single nucleotide
variants (SNVs), WGS has allowed the detection of hundreds of SV-eQTLs. Among
the first to look for SV-eQTLs, Stranger et al. identified dozens of CNVs in four
human populations that were associated with gene expression®®. Around half of the
associated CNVs were located outside of the affected gene or only overlapped par-
tially, hinting at an alternative to the gene dosage mechanism. Later, Lower et al.
characterized deletions that affected the expression of a gene located 300 Kbp away;,
NMEA, by analyzing gene expression and using conformation capture to demon-
strate physical contact between the two distant regions®. Combining their WGS
data with RNA sequencing across 462 individuals, the most recent SV catalog from
the 1000 Genomes Project identified 54 eQTLs whose lead variant was a SV and
166 additional SVs that were in linkage disequilibrium with SNV-eQTLs®. Most of
these SV-eQTLs overlapped coding sequence but some were located in non-coding
regions upstream of the affected gene. Only 0.56% of the eQTLs were attributed
to SV but this number might be an underestimation because of the higher noise
in SV calling compared to SNV calling. To improve on this, a recent study used
deep WGS to more reliably call SVs and investigated SV-eQTLs in multiple tissues
from the GTEx dataset®. Using state-of-the-art approaches to infer causal vari-
ants, they estimated that 3.5-6.8% of eQTLs could be attributed to SVs. Although
less abundant than SNV-eQTLs, SVs had a larger effect size. The comprehensive
analysis of the location and effect of these causal SV-eQTLs nicely clarified the rela-
tion between SV and gene expression. When overlapping coding regions, SV-eQTLs
affected gene expression following the gene dosage model, that is deletion leading
to down-regulation and duplication to up-regulation. Non-coding SV-eQTLs, which
represented the vast majority of SV-eQTLs (89%), were enriched in or close to regu-

latory regions (e.g. exons, transcription start site, transcription factor binding sites,



CHAPTER 1. INTRODUCTION

enhancers, gene 3’ end) and all types of SV could lead to both higher or lower gene
expression. Finally, the effect of rare SVs on gene expression was also explored.
Despite the challenge of analyzing rare variants in a cohort of only 147 individuals,
a clear enrichment of rare SVs was found around genes that showed outlier expres-
sions in the cohort. These gene-altering rare SVs included cases from both the gene
dosage and regulatory region disruption model.

Several recent studies elegantly shed light into a mechanism by which non-coding
CNV alter gene expression called enhancer hijacking: that is, a regulatory region
inducing the ectopic expression of a gene it normally doesn’t regulate because of
a CNV-mediated re-positioning. A first example was comprehensively described in
individuals with limb malformation®”. Using conformation capture sequencing and
by recreating SVs in mice with CRISPR/Cas genome editing, they elegantly showed
that SVs crossing the boundaries of topologically associating domains (TADs) could
lead to strong phenotypes. TADs are 3D domains (mean size 830 Kbp) that con-
fine regulatory elements with their targets. The deletions, tandem duplications and
inversions resulted in ectopic interactions between a cluster of enhancers and genes
located in the neighboring TAD. Ectopic interactions were responsible for ectopic
expression of these genes during limb development in mice whose genome had been
edited to recreate the SVs. With additional genome editing and conformation cap-
ture experiments, this study concluded that the crossing of the TAD boundary was
the crucial factor rather than simply the distance between enhancers and genes. En-
hancer hijacking might also be important in cancer where a single CNV might lead to
a strong expression of oncogenes. To explore this, Weischenfeldt et al.® developed
a method that detects associations between somatic CNV breakpoints overlapping
several TADs and gene over-expression. In their study, Weischenfeldt et al.® first
described a known cancer gene, TERT, which had been already found to be upreg-
ulated by such mechanisms. Interestingly, both deletion and duplication resulted in
over-expression. They further described two genes, IRS/ and IGF2, using orthog-

onal experiments to support how the presence of somatic CNVs lead to changes in
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chromatin state and physical contact. For example, somatic deletions downstream
of IRS4 overlapped a TAD boundary and resulted in 25-400 fold over-expression of
the gene in several cancer types. In contrast, the ectopic expression of IGF2 was
due to single tandem duplication of /GF2 and a super-enhancer in the neighboring
TAD that created a novel chromatin domain with both. Additional experiments
showed that the region was active and in contact with the gene promoter in tumor
with the duplication. These enhancer hijacking events are important because the
change of a single copy can lead to large over-expression. In contrast, dosage effect

due to full-gene CNV tend to be as strong as the amplification.

1.2 Whole-Genome Sequencing

1.2.1 SV Detection Before High-Throughput Sequencing

Early cytogenetic techniques were able to detect aneuploidy and extremely large
SVs. Thanks to banding, each chromosome in a karyotype can be uniquely identified
which facilitated the detection of trisomies and their associated disorder, such as
Down syndrome (trisomy 21) and Edwards syndrome (trisomy 18). Furthermore,
the bands can be used to identify translocations and large inversions or CNVs. SVs
need to span several millions of bases, typically more than 10-20 Mbp, to have a
chance to be visible in the karyotype.

Fluorescent in situ hybridization (FISH) was developed in the 1980s. Fluorescent
probes bind to specific genomic regions by hybridization, i.e. through DNA sequence
complementarity. The presence or absence of the DNA sequence was assessed by
inspecting the fluorescence in the cells or tissue samples.

In array comparative genomic hybridization (aCGH) experiments, DNA from
a test sample and reference sample are labeled using different fluorophores and
hybridized to several thousand probes. The probes, which usually tag most of the
known genes and tile non-coding regions of the genome, are printed on a glass slide.

The fluorescence of each probes is used to estimate the amount of DNA sequence in
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the test sample compared to the reference sample. Using this method, CNV down
to approximately 100 Kbp of DNA sequences can be detected. Arrays also can be
designed specifically to target regions of interest, for example with recurrent CNVs.
These custom arrays don’t cover the genome uniformly but can detect smaller CNVs
in the regions with of high probe density. This technology is not able to detect

balanced chromosomal imbalances such as translocations or inversions.

1.2.2 A New Hope

While large SVs have been identified by cytogenetic approaches and array-based
technologies, whole-genome sequencing (WGS) could in theory discover SVs of all
sizes or types>?. The vast majority of studies follow a re-sequencing strategy where
short DNA fragments (or reads) are sequenced and aligned (or mapped) to the ref-
erence genome. Furthermore, both ends of a DNA fragment are often sequenced and
this pair information can be used to improve alignment to the reference genome and
variant calling. The reads and their alignment are then used to find single-nucleotide
variants (SNVs), small insertions/deletions (indels) but also small SVs across the
genome. Array-technology required dense representation of the hybridization probes
in a region of interest to be able to detect CNVs smaller than 100 Kbp. With WGS,
the sequencing depth is now the main limiting factor, although even early experi-
ments could detect thousands of small SVs. For example, the most recent survey of
the 1000 Genomes Project used WGS with a sequencing depth of 7x and identified
more than four thousands variants per individual with a median variant size below 40
Kbp for the six different SV types analyzed®. In contrast to aCGH, the sequencing
reads can also be used to detect balanced variants such as inversions, translocations
and novel insertions. Although the detection of such variants is more challenging
than single-nucleotide variant (SNV) calling, WGS is a one-fit-all experiment that
greatly increases the resolution of SV detection.
To detect SVs from WGS, methods analyze either read-depth (RD) variation 44142,

paired-end information®*#*, breakpoints detection through split-read approach® or
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de novo assembly?. Methods are described in more details in section 1.3, with a
particular focus on CNV detection.

Another unique aspect of WGS is the possibility of pooling experiments to in-
crease the detection power of common variants. Instead of analyzing each exper-
iment separately, the sequencing reads can be pooled across several samples. For
example, it is sometimes challenging finding several reads spanning a SV breakpoint
within a single sample. By pooling several experiments, the number of supporting
reads increases if a SV is shared by several samples. This approach was used across
hundreds of samples of the 1000 Genomes Projects and greatly increased the number

of SVs discovered in the population 47,

1.2.3 The Technical Bias Strikes Back

Although it represents a considerable improvement in term of resolution, WGS is
affected by technical biases that remain an important challenge. Indeed, it has
been shown that various features of sequencing experiments, such as mappability,
GC content or replication timing, have a negative impact on the uniformity of the

48,49,50,51,52 T addition to its effect on read coverage, repeated sequences

coverage
lead to confusion in read mapping, creating SV-like patterns and thus false-positives
when calling variants.

GC content is a well-known source of bias although not completely understood.
Reduced efficiency of PCR amplification explains a large fraction of this bias and
more robust protocol were proposed®**. Still other steps of the sequencing protocols
adds substantial bias and GC bias persists even with optimized protocols®. The
bias patterns tend to be different from a sequencing center to the other®, suggesting
an effect of the library preparation or sequencing machinery. For these reasons, it
has been challenging to correct for this source of bias. With PCR-free libraries, the
effect of GC bias is reduced but still needs to be corrected for when comparing read

coverage acCross the genome.

DNA replication also affects the distribution of reads across the genome. Al-

10
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though sequencing of bulk samples, i.e. of many cells, should minimize the effect
of replication patterns, systematic increase might be present in regions that tend to
replicate earlier. For example, Koren et al. estimated replication timing across the
genome using WGS of cells in S and G1 phases®.

Finally, the mappability of the sequence affects how many reads can be confi-
dently mapped to the reference genome. The presence of repeats and other similar
regions lead to multi-mapping, i.e. several positions where a read could have orig-
inated from. Hence, when using reads with unique mapping in the genome, the
coverage in repeat-rich regions drops considerably. The challenges and proposed
solutions associated with mappability are described in more detail in section 1.4.

Unfortunately, the variability in term of read distribution is difficult to model
and correct for because it involves various factors, including some that vary from
an experiment to another and others that are still unknown. This issue particularly
impairs the detection of SV supported by weaker signal, which is inevitable in regions
of low-mappability, for smaller SVs or in cancer samples with stromal contamination

or cell heterogeneity.

1.2.4 The Return of the Long Reads

Sanger sequencing, invented in 1977°%, was used for the original sequencing of the
human genome®” and is still used today to sequence DNA fragment 500 to 1000 bp
long. The technology that followed in the 2000s is capable of sequencing shorter
reads but much more efficiently resulting in a cost order of magnitudes lower. How-
ever, many of the challenges faced by WGS is a result of the short size of the
sequenced read. Recently, new technologies have been developed to perform WGS
using much longer reads, in the range of 10-100 Kbp. PacBio was the first and has
been successfully applied to several human genomes?%%%°. Nanopore sequencing is
becoming efficient with the first human WGS sample just released publicly®. Al-
though the cost and rate of sequencing errors remains high compared to short-read

sequencing, the benefit for genome assembly or SV detection is clear.

11
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1.3 Existing CNV Detection Methods

1.3.1 Different Strategies to Detect SV and CNV

The vast majority of SV detection methods rely on evidence from the read mapping
on a reference genome: changes in read depth, B-allele frequency, discordant paired-
end mapping, or split-reads. De novo genome assembly could also be used to identify

SVs but its application using short read sequencing remains challenging.

Read depth Changes in the copy number in a region should lead to changes in
the number of reads mapped to this region in the reference genome. By modeling
read depth, sometimes called read coverage or depth of coverage, one approach is to
identify regions with significantly more reads (duplication) or fewer reads (deletion)
than in the genome or the flanking regions. Only CNV, i.e. imbalanced SVs, can
be detected by these approaches. CNV detection methods that use read depth are

described in more details in the next section.

B-allele frequency The proportion of reads supporting heterozygous SNVs can
help identify CNVs too. The loss of heterozygozity within deletions or the deviation
from the 50% coverage of the alternate allele can complement coverage signal. This
approach was inspired from CNV detection strategies developed for SNP-array, such
as in the ASCAT method®. Here the intensity of the probe and the so-called B-
allele frequency was use in concert to call CNVs. Thanks to sequencing, both the
coverage information and SNVs are more densely represented and lead to a better
resolution. Still, the B-allele information is relevant only for CNVs large enough
to span several heterozygous SNVs. Methods such as ERDS®, Control-FREEC%* or
Sequenza® integrate the B-allele frequency information to call germline or somatic

CNVs.

Paired-end mapping The distance between the two mapped reads in a pair and

their orientation can also help identify SVs. Because the majority of the reads are

12
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expected to map correctly, they can be used to estimate the expected distribution
of the distance between paired read. With this distribution, one strategy is to
retrieve pairs that are significantly too close or too far from each other. Read pairs
might map close to each other in the reference genome because of an insertion
in the sequenced DNA somewhere between the reads. More typically, reads that
map far from each other suggest a deletion in the sequenced DNA or potentially a
translocation. Finally, tandem duplications or inversions should lead to some read
pairs mapping in the incorrect orientation relative to each other. All those reads
with discordant paired-end mapping are typically retrieved and clustered together.
Each cluster of reads is then disentangled to predict the most likely variant and the

location of its breakpoints.

Split-reads The strategies described above use either reads within the variant or
around the variant’s boundaries. In contrast, the split-read approach looks for reads
exactly spanning a variant’s breakpoint. Generally, one read is mapped uniquely to
the genome and serves as an anchor while its pair is split in two pieces which are
then aligned separately. This split-mapping can be computationally expensive. To
limit the computational cost, methods analyze only pairs with one unmapped reads
or restrict the range searched for the split-mapping*>%. Split-reads can be searched
specifically to complement candidates variants identified from discordant paired-end
mapping. These additional supporting reads are tallied and used to assess the final

supporting evidence in methods such as LUMPY %" or DELLY %8,

Assembly Local assembly of reads around candidate variants has been used as
in silico validation and to characterize the breakpoint sequence® ™. Going further,
recent methods have been using local read assembly as their main SV detection
strategy, especially in cancer ™. If de novo assembly keeps improving, for example
thanks to longer reads, SV could also be called by directly comparing assembled
genomes or to the reference genome. For example, Assemblytics has been recently

developed to align two assembled genomes and to annotate SVs that differentiate

13



CHAPTER 1. INTRODUCTION

them ™.

1.3.2 CNYV Detection Using Read Depth

Single-sample methods The first methods that used read-depth signal to call
CNVs assumed a uniform read coverage across the genome and attempted to segment
it along the chromosomes. The segments produced by these approaches represent
regions with similar copy number. The circular binary segmentation, adapted from
aCGH analysis™, was one of the first and remains a popular segmentation algorithm.

Subsequent methods offered better correction of technical biases and more mod-
ern segmentation techniques. For example, CNVnator?! corrects for the GC bias,
masks repeat-rich content and uses a mean-shift segmentation approach inspired
from the image recognition field. CNVnator has been used extensively in both
germline and somatic CNV surveys®36. FREEC*? is another popular approach that
can correct for both GC bias and mappability using precomputed tracks. It seg-
ments the corrected read-depth signal with a LASSO-based segmentation approach.
FREEC has been extended to Control-FREEC to include the B-allele frequency in its
CNYV detection process.

Methods inspired from aCGH offer to use another sample as control. Although
variants in the control sample might create problems down the line, it is partic-
ularly sensible when studying tumors whose tumoral and normal tissues has been
sequenced. By using the normal sample (usually blood) as control, the CNV de-
tection is naturally reduced to the detection of somatic CNVs, i.e. present in the
tumor but absent from the normal sample. In practice the methodology is similar
to the single-sample approaches described above but using the read-depth ratio of
the tumor versus normal tissues. A few methods have further been implemented
specifically with cancer in mind and estimate the tumor ploidy and/or stromal con-

tamination before or during CNV calling%>7.
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Multi-samples methods To improve the sensitivity of the variant detection and
model the region-specific pattern of read depth, a few methods have been developed
to jointly analyze multiple samples together.

cn.MOPS considers simultaneously several samples and detects copy number vari-
ation using a Poisson model and a Bayesian approach®?. By jointly analyzing sam-
ples, cn.MOPS calls variants based on the strength of the read-depth signal across
the samples. Even if the signal-to-noise ratio is small, the presence of a consistent
pattern in several samples provides further evidence that the region contains a CNV
in those samples.

The second version of GenomeSTRIP models the read depth across hundreds of
samples as a mixture of Gaussian distributions?®?. It is particularly useful to geno-
type multi-copies variants in the genomes, i.e. regions that have more than two
copies in most individuals. Multi-copies variants create different groups of samples
that translate into different RD distributions. By deconvoluting the mixture of dis-
tributions, the relative difference between RD modes help associate each distribution
(and sample) to a copy-number estimate. As it relies on full signal (i.e. around inte-
ger values in the model) and a simple read-depth normalization, it is still limited in
regions with low coverage and for small or rare variants. The power to detect a vari-
ant increases with the frequency of polymorphisms as more individuals populate the
different genotype groups, improving the copy-number estimation. GenomeSTRiP
2.0 was successfully applied to 849 individuals from the 1000 Genomes Project and
unmasked the population variation of hundreds of multi-copies variants.

Both c¢n.MOPS and GenomeSTRIP use the additional samples to find further
support for a variant, which is particularly efficient at detecting common CNVs.
However, both methods define models with full copy number changes which has
limited power when dealing with CNVs with partial signal (e.g. small variants,
somatic variants, or variants in low-mappability regions). In contrast, the approach
described later in this work uses the multiple samples differently: they are used to

define a baseline for the technical variation, not to aggregate evidence supporting
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a variant. When the coverage diverges enough from this baseline, no matter the
frequency or the strength, a CNV is called. In theory such approach will be able
to better detect rare variants, small variants, somatic variants and variants in low-
mappability regions.

These approaches are also called population-based methods because they jointly
study a population sample of sequencing experiments, i.e. a group of samples repre-
sentative of the technical variation across experiments®?. Of note, the term popula-

tion in this context refers to a statistical population rather than human populations.

1.4 Low-Mappability Regions

1.4.1 The Different Classes of Human Repeats

1.53 Gbp of the human genome is annotated as a repeat when considering elements
identified by Repeat Masker™ and segmental duplications. Repeats are classified
based on their size, sequence and mechanism of formation.

Segmental duplications (SDs) are large regions (>1 Kbp) with high similarity
(>90%). Usually the results of NAHR, segmental duplication are known hotspots
of structural variation. SDs can be nested, i.e. duplications within duplications.
These class of repeat is thought to have boosted recent human evolution””. Humans
experienced a high rate of SD creation in recent evolution which contributed to the
expansion of important gene families. Large families of genes involved in immune
response, cell adhesion and brain development cluster within SDs.

Transposable elements (TE) represents approximately 45% of the human genome.
TEs are interspersed in the genome: if we cut the reference genome in consecutive
windows of 500 bp, 70.5% of the windows would overlap transposable elements.
Their wide distribution make them a popular template for NAHR. Some TE fami-
lies tend to cluster in fragile regions of the genome, which are regions that tend to
break under certain stress conditions. A small fraction of TEs of the Alu, L1 and

78

SVA families are still active in the human genome®. Retrotransposition of these
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elements contributes to novel MEL.

Satellites consist of sequences that are repeated, most of the time in a tandem
configuration, and span large regions. The size and composition of the repeated
sequence, also called unit, define the different classes of satellites. Most of the macro-
satellites are present close to centromeres, the main family being alpha satellites
whose 171 bp long unit is repeated to span on average 5.6 Kbp. The sequence
of the unit varies from chromosome to chromosome. In addition to the tandem
repetition of the unit sequence, higher order structure is present. The sequences can
be duplicated in the same orientation or in an inverted conformation.

Short tandem repeats (STRs), also called micro-satellites, have sequence units
ranging from 1 to 10 bp. In addition to the tandem duplication that they share
with SDs and satellites, short tandem repeats can vary because of slippage during
the replication process. As a result, STRs are one of the most polymorphic class of
variant in the human population, making them particularly useful for forensics and
parentage tests. STRs have been recently linked to gene expression regulation ™89
and potentially to polygenic disorders®!.

Low complexity regions are regions with high AT or GC content that, unlike
satellites, have no apparent structure. Very little is known about their mechanism
of formation and variation. Longer stretches of similar sequences might be present by
chance in those regions which might promote homology-based mechanisms of CNV.
Low complexity sequences might also favor secondary DNA structure, promoting

replication slippage.

1.4.2 Impact of Repeats on Mappability

The presence of repeats can confuse read mapping and decrease the number of
uniquely mapped reads in certain regions. These low-mappability regions can con-
tain any class of repeats, e.g. segmental duplication, transposable elements, short
tandem repeats or low-complexity sequences. The effect of repeats on the mapping

of a read is specific to each region: it depends on the density and nature of the
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repeats present. As a result, this technical variation is difficult to model. Existing
methods either remove the signal in these regions or smooth the signal to avoid
spurious variation (see Tackling the Repeat Challenge).

Furthermore, the multi-mapping of reads between similar repeat instances re-
sembles signal supporting certain SVs. For instance, translocation are supported
by pairs of reads mapped far from each other. When one read of the pair spans a
repeat, it is sometimes aligned to another repeat element in the genome, far from its
paired read. To minimize this issue, read aligners could favor configurations where
both pairs map together but forcing read pairs to map together would impair the
detection of real variants. In practice, some aligners output the best alignment as
well as other secondary alignments where the reads could have originated from. This
multi-mapping information or other mapping metrics are used by SV callers to iden-
tify legitimate variants or flag others that could be caused by mapping confusion.
Nonetheless, even with paired-end aware mappers many reads overlapping repeats
show this incorrect mapping and can hinder SV calling. Because a low-mappability
sequence highly resembles another sequence in the genome, a variant or a sequencing
error in the read might lead to a better (although incorrect) mapping in the incor-
rect location. This multi-mapping confusion can also occur locally and incorrectly
support other types of SVs such as deletion and tandem duplications.

To minimize the effect of multi-mapping, algorithms tend to use uniquely mapped
reads only. Fewer reads support the presence of a variant but they are of better qual-
ity. In some cases, repeats flank a unique region and can mask potential CNVs from
paired-end or split-read approaches that use uniquely mapped reads only. Indeed,
because of the repeats, reads around the breakpoints that would support the CNV
don’t map uniquely. If the flanking repeats are long and highly similar, these CNVs

can only be detected by changes in the read coverage.
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1.4.3 Tackling the Repeat Challenge

Because of the mappability and other technical biases, existing approaches suf-

11,39

fer from limited specificity and sensitivity , especially in specific regions of the

genome, including regions of low-complexity and low-mappability 349

Approaches that use paired-read information and split-read mapping are diffi-
cult to modify to deal with the presence of repeats. Oftentimes, repeated regions
or low-confidence mapping are simply filtered (or flagged) when calling SVs. The
integration of the multi-mapping information could always be improved but the map-
ping patterns are often region-specific and difficult to model. Despite the challenges,
some attempts were made for specific types of variants. For example, Hormozdiari
et al.®? modeled transposon insertion and He et al.®® proposed a way to handle the
multi-mapped reads when searching for tandem duplication.

Approaches relying on read coverage are relatively more robust because they use
signal across the whole variant rather than the breakpoint regions. A deletion or
duplication between repeated sequences might be difficult to call confidently using
paired-end or split-read information but the change in RD across a variant is less
affected by repeats around the breakpoints. The presence of repeats along the
entire variant still remains a challenge for RD approaches. To deal with regions
of high repeat content, repeats were originally masked before CNV detection to
avoid problems from multi-mapping of the sequencing reads®+*. Another approach
used bins of variable length designed specifically to provide uniform coverage of

™ For example, a region with repeats

uniquely mapped reads across the genome
was extended as much as necessary to contain, on average, a similar read coverage as
in unique regions. While it simplified the methodology of the CNV calling, it was not
ideal. First, repeat-rich regions often remained problematic and were still specifically
filtered out of the output. Indeed, repeat-rich regions are not only less covered
by uniquely-mapped reads but also more variable. The variable-length bin design

adjusted the mean read coverage but the repeat-rich regions remained more variable

and challenging for most segmentation approaches. Second, the contribution of
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the repeat-rich regions in the extended bin becomes minimal because of their low
coverage. The repeats are not masked but they are not represented by the RD of
these regions either. Although it helps mitigate the effect of repeats, it doesn’t help
address variation in repeat-rich regions.

Other methods keeps repeats unmasked and use bins of equal size but transform
the coverage signal to reduce the unwanted effect in repeat-rich regions. For example,
CNAseg® and CNVnator*! use a smoothing step that reduce the effect of outliers and
smooth the signal using flanking regions. Similar to the variable-length bin strategy,
the signal in the repeat regions is traded off for a easier calling and segmentation.
After smoothing, CNVs in repeat-rich regions but also small CNVs might become
invisible.

In an attempt to tackle the problem at its roots, Alkan et al. developed a read
aligner to better deal with reads mapping to several locations in the genome®. Using
mrFAST they were able to better detect and genotype copy-number variants in some
large and highly similar segmental duplication. They showed that alignment could
be improved for many segmental duplications regions to the point where accurate
CNYV detection was possible. However, this effort cannot be replicated for the vast
majority of the repeat-rich regions of the human genome. Alignment algorithms
performance in low-mappability regions are now mainly limited by the size of the

sequencing reads.

1.4.4 Disease-Associated CNV in Repeats

CAG repeat expansion in a coding region of the HT'T gene causes Huntington disease

8788 'When the short tandem repeat is

in a dominant and fully penetrant manner
large enough, typically larger than 36 units, the mutant protein is responsible for
an increase in the decay rate of neurons. Fragile X syndrome is caused by the
expansion of a CGG repeat in the 5" untranslated region of the FMR1 gene®®. The
length of the repeat varies from 15 to 60bp (20 units) in the healthy population

while repeats larger than 600 bp cause the disease. Repeats with intermediate
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size increase the disease risk for the offsprings. ICF syndrome (Immunodeficiency,
Centromeric instability and Facial anomalies) is characterized by an extension of
pericentromeric satellites. Facioscapulohumeral muscular dystrophy was associated
to the contraction of a satellite DNA in the sub-telomeric region of chromosome 4.

CNVs involving repeats are also widespread in cancers. L1 retrotransposition
is a common phenomenon in some cancer types such as epithelial tumors?%9%93,
The first instance of disruptive insertion was documented in the tumor suppressor
gene APC in colon cancer®. Microsatellite instability is important in some cancers,
such as colorectal and endometrial cancers, and usually coincides with the disrup-
tion of DNA repair mechanisms®. It results in extensive copy number changes in
microsatellites. In colorectal cancers, micro-satellite instability is typical of a spe-
cific sub-group, Lynch syndrome, representing around 15% of cases and associated

% TFragile sites are also enriched in somatic SVs. Further-

with better prognosis
more, fragile sites are often unstable in cancer and are enriched in low-complexity
sequences and satellites?”?8. Transposable elements tend to cluster in these regions
as well, sometimes taking advantage of the DNA breaks to insert new copies. Satel-
lite instability and increased retrotransposition suggest that repeated region might
be more fragile or more variable than in normal genomes.

In addition to variation in the repeat sequence, some repeated regions favor the
formation of CNVs. For instance, segmental duplications and TEs provide templates
for NAHR. Alu or L1 elements are the most abundant and most frequent templates.
Alu-mediated deletions in the LDLR gene were among the first to be described
in a patient with familial hypercholesterolemia®. A recombination event between
HERV-I copies has been linked to male infertility by causing a ~800 Kbp deletions
containing the azoospermia factor gene on chromosome Y%, Cancer genes such
as MLL-1, VHL and BRCA1 seem to be experiencing CNVs resulting from NAHR

101

between Alu elements'®". Alu-mediated recombinations around MSH2 are respon-

sible for germline deletions that have been linked to susceptibility to hereditary

2

nonpolyposis colon cancer!®?. CNV can be a byproduct of TE insertion as well.

21



CHAPTER 1. INTRODUCTION

For example, the insertion of a L1 lead to a 46 Kbp long pathogenic deletion in the

PDHX gene in an individual suffering from PDHc deficiency 1%3.

1.5 CNYV Distribution in Normal Genomes

In healthy individuals, a higher proportion of the genome is estimated to be af-
fected by SVs as compared to single nucleotide polymorphisms (SNPs)!%. Several
databases and studies have cataloged CNVs in the human genome and described
their distribution. The CNV enrichment in segmental duplications has been exten-

sively documented.

1.5.1 Public CNV Catalogs

The long-standing database for structural variation in healthy individuals is most
likely the Database of Genomic Variants (DGV). It aggregates findings from more
than 55 studies and annotates more than 200,000 different regions!'%. Although
it represents the largest aggregation of variants, DGV should be used carefully.
For example, the variant information, such as frequency, breakpoint resolution or
genotype comes from each original study and might not be directly comparable.
Variant frequency is particularly important for disease studies but the frequency in
DGV might not be representative of the population frequencies. Indeed, the different
studies used different technologies, some of which might not have the resolution to
detect a variant of interest. The low sample size of some studies might also inflate
the frequency estimates.

A few studies using aCGH across hundreds of healthy individuals provided a more
representative distribution of large CNVs in the population. Redon et al. found that
a larger than expected fraction of the genome was affected by CNVs, cumulatively
affecting more bases than single nucleotide polymorphisms!°®. They described CNVs
across four human populations and their overlap with genes, disease loci, functional

elements and segmental duplications. Using arrays with higher density and a larger
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sample size, Conrad et al. described similar patterns for common and rare CNVs in
the human genome?*.

Using high-throughput sequencing, large-scale projects were able to catalog un-
balanced types of SVs and CNVs at a better resolution. The 1000 Genomes Project
was the first to produce such a catalog, analyzing 179 individuals across 4 human
populations!!. Its most recent catalog®® analyzed 2,504 individuals from 26 pop-
ulations and contains 42,279 deletions, 6,025 duplications, 16,631 mobile element
insertions and hundreds of other SVs types such as inversions and translocations. In
this project, nine different methods were combined in an ensemble approach in order
to detect different types of variants and increase the confidence of each call. Exten-
sive low-throughput validation was used to decide how to combine the output of the
different methods and ensure high quality calls. Such a strategy increases the speci-
ficity of the variant detection but is less sensitive. In order to study a large number
of individuals in a cost-effective manner, the sequencing depth of most experiments
was kept low, around 7x. With these settings, the frequency estimates of the vari-
ants that could be detected are accurate but some types of variants might have
been missed, for example rar