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General Introduction

The human genome consists of ~ 6 billion base pairs, which is divided over 23 pairs of
chromosomes. It is estimated that there are 20000-25000 protein coding genes. The
DNA sequence in our genome is on average 99.9% identical to any other human being .
The more closely related two people are, the more similar their genomes. However, every
human being is genetically unique and variations in composition and structure of the DNA
are found throughout the genome. Human genetic variation refers to genetic differences
between individuals and is important for diversity in a population. Without genetic
variability a population cannot adapt to changes in the environment. The differences in
genotype can cause differences in phenotype with subtle or sometimes quite obvious
effects. Despite the large amount of variation in the human genome, most sequence
variants have no obvious functional consequences. Determining if a specific variant has
an effect is an important part of genetic analysis. The identification of genomic variation
in large numbers of individuals helps to distinguish neutral variants (not involved in
disease, or ‘non-pathogenic’ variants) from variants disrupting gene function (involved
in disease, or ‘pathogenic variants’). DNA analysis of patients with Mendelian disorders
has resulted in the identification of a broad range of variants in genes, from definitely
pathogenic mutations, to unclassified variants, to neutral polymorphisms. The relation
between genomic variation and complex and quantitative human traits (i.e. obesity,
height, multifactorial disease) has also been studied extensively.

As new methods for studying DNA are developed, different types of genomic variation
have been discovered. Detection of large numbers of unclassified variants (UVs), with
unclear significance for disease, have further emphasized the importance of cataloging
genomic variation and studying the functional effects. The major challenge for molecular
geneticists, cytogeneticists, clinical geneticists, and genetic counsellors is assessing the
impact of all types of genomic variation on monogenic and complex disorders, along with
the effective communication of findings to counselees.

Genomic variation; definition of sequence variation and structural variation

Genomic variation is a general term that covers all types of possible DNA variants, ranging
from alterations affecting entire chromosomes to single nucleotide changes.

Differences in classification and terminology of genomic variation often cause confusion,
therefore recommendations for the description of DNA variants have been proposed by
the Human Genome Variation Society (HGVS).

Two main groups of variation can be identified; 1) sequence variation and 2) structural
variation. An overview of the different types of variation, definitions and the spectrum in



which they operate are given in Table 1a+b. Examples are shown in Figure 1a+b.

Sequence variants can be classified as single or multi-nucleotide changes and range from
single nucleotide differences to 1 kilobase (kb)-sized changes to full chromosome or even
full genome changes of a segment of DNA 2 Single nucleotide changes affect only one base
pair, whereas multi-nucleotide changes are changes in a stretch of nucleotides. Variation
in sequence include substitutions, insertions, deletions, duplications, and inversions. Indels
are more complex changes and can be regarded as a combination of single nucleotide
changes and multi-nucleotide changes. Sequence variations include “mutations” and
“polymorphisms” and are usually referred to as single nucleotide polymorphisms (SNPs)
or single nucleotide variants (SNVs). In some disciplines the term “mutation” is used to
indicate “a change”, while in other disciplines it is used to indicate “a disease-causing
change”. Similarly, the term “polymorphism” is used both to indicate “a non-disease-
causing change”, a change involved in human traits or a change found at a frequency of 1%
or higher in the population 3. To prevent this confusion, neutral terms such as “ variant” or
“alteration” are preferred as they are less ambiguous 4.

Structural variation is the genetic variation in structure of an organism’s chromosome.
It is generally defined as a region of DNA 1 kb and larger in size. As the resolving power
of genetic analysis has increased, the focus of structural variation has shifted from
entire chromosomes (in the prebanding chromosome era), parts of chromosomes (in the
G banding era) to kilobases (using restriction enzymes, DNA probes and the Southern
blotting). Sequencing techniques have shown that structural variants also include much
smaller events, and overlap with the spectrum of sequence variation. Structural variation
includes cytogenetically detectable and submicroscopic types of variation, such as
deletions, duplications, insertions, inversions, translocations, indels and transpositions.
Deletions and duplications, collectively referred to as copy-number variation (CNV), are a
subset of structural variation and result in variable copy numbers of copies of specific DNA
sequences 5. CNVs are a major source of human genetic variation. Over 10,000 distinct
CNVs have been described, ranging in size from kilobases to megabases. Most CNVs in
humans are <50 Kb in size 2. CNVs can be defined as recurrent or nonrecurrent, depending
on their mechanism of formation 3. Many recurrent CNVs are flanked by segmental
duplications (also called low copy repeats; regions of DNA >1 kb present more than once
in the genome with copies which are >90% identical) and are of a fixed size . Because
these repeated sequences tend to misalign during meiosis, the resultant rearrangements
tend to recur, creating clusters of variants with common endpoints. CNVs at these loci
arise, by a mechanism named nonallelic homologous recombination (NAHR). Nonrecurrent
CNVs, in contrast, which are not flanked by low copy repeats but other DNA elements (ALU
elements or other repetitive elements), are of variable size and are thought to arise via
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mechanisms like nonhomologous end joining (NHEJ) and replication-based mechanisms
such as fork stalling and template switching (FoSTeS) and microhomology-mediated break-
induced replication models (MMRDR) ®. It is becoming clear that most disease-causing
CNVs are nonrecurrent, and generally arise via replication-based mechanisms.

Structural variants are associated with repetitive DNA, making accurate characterization
more difficult 6. Systematic assessment of structural variation in our genome has been
difficult, primarily due to lack of appropriate methods for analysis. As such, the nucleotide

resolution architecture of most structural variants remains unknown.

Table 1a: Description of variation types based on HGVS definitions

Types of variation

Substitution

Deletion
Duplication

Tandem duplication
Insertion
Insertion-deletion
(Indel)

Inversion

Translocation

Transposition
(interchromosomal
insertion)

Copy Number Variation

Conversion

Description

One nucleotide is replaced by another nucleotide

One or more nucleotides are removed
A copy of one or more nucleotides is inserted elsewhere in the genome

A copy of one or more nucleotides, directly following the original
sequence

One or more nucleotides are inserted between two original nucleotides
but the insertion is not a tandem duplication

One nucleotide is replaced by more than one other nucleotide or More
than one nucleotide is replaced by one or more other nucleotides

More than one nucleotide is the reverse complement of the original
sequence and replaces the original sequence

The sequence of one chromosome interchanges with the sequence of
another chromosome

The sequence of one chromosome inserts into another chromosome

Submicroscopic deletions and duplications, which are losses or gains of
DNA segments

Arange of nucleotides replacing the original sequence and are a copy of a
sequence elsewhere in the genome



Table 1b: The spectrum of variation in the human genome

Variation

Single base pair change
Multiple base pair changes
Full chromosome changes
Fine and intermediate scale

structural variation

Large scale structural variation

Chromosomal variation

Type

Substitution, deletion,
insertion, duplication

Insertions, deletions,
duplications, inversions, indels

aneuploidy

Insertions, deletions,
duplications, inversions, indels,
transpositions

Insertions, deletions,
duplications, inversions, indels,

transpositions

translocations

Size Range

1bp

Upto1kb

Entire chromosome/genome

1kb-50 kb

50 kb-5 Mb

~>5 Mb

Light grey = sequence variation, black= structural variation. The operational spectrum partially overlaps
with respect to size range.

Figure 1a: Types of variation in the human genome (sequence view). These can be single
base changes (substitution, deletions, and insertions) or involve larger segments of DNA
(deletions, insertions, inversions, indels, and duplications). Adapted from Frazer et al 7

ATTGGCCTTAACCCCCGATCGATTATCAGGAT ‘

ATTGGCCTTAACCCCCGATTATCAGGAT ‘
ATTGGCCTTAACCCACCGATTATCAGGAT ‘

ATTGGCCTTCGGGGGTTATTATCAGGAT
ATTGGCCTTAACCCCCGATTATCAGGAT ‘

ATTGGCCTTAACCCCCGATTATCAGGAT

ATTGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTAAC - - GTGATTATCAGGAT

ATTGGCCTTAACCC - CGATTATCAGGAT

ATTGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTAACCCCCGATTATCAGGAT

ATTGGCCTTAACCCCCGATTATCAGGAT
ATTGGCCTTAACCTCCGATTATCAGGAT

ATTGGCCTTAACCCCCGATTATCAGGAT

reference
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Figure 1b: Types of variation in the human genome (chromosome view). Examples

of structural variation. 1) transposition-transfer of segment of DNA to a new position. 2)
translocation-balanced event where two DNA segments are interchanged. 3) Copy number
variation: deletion and duplication-loss or gain of DNA segments.

i

transposition translocation deletion duplication

Genomic variation in the general population

Genomic variation refers to alterations at the DNA-level. Variation in DNA occurs due
to malfunction of DNA replication during cell division or if DNA repair mechanisms fail
after DNA damage induced by chemicals or radiation. These are random and spontaneous
changes. Recent parent to offspring studies determined the human mutation rate (the rate
at which variation occurs) at 1x 10°® per base per generation ®.

Population genetics is based on the study of genomic variation in natural selection. If a
variant increases fitness it will undergo positive selection, and eventually be conserved
in the genome. In contrast, a variant that has a negative effect will be selected against,
and eventually lost. Our genome mutates spontaneously and randomly; mostly neutral,
sometimes detrimental and, very rarely, beneficial. Ultimately, a gene pool arises which
is best adapted to the environment. Most common genetic variants arose once in human
history, and are shared by many individuals today through descent from common ancestors.
Most analysis estimate that SNVs occur 1in 1000 base pairs, although they do not occur
at a uniform density. On average, every human being has 3 million nucleotide differences
(SNVs) with any other human. Everyone is genetically unique. Even monozygotic twins,
derived from the same fertilization event, have infrequent genetic differences due to early
somatic changes (somatic variants)@2°. There is also significant genetic difference between
individuals from different ethnic backgrounds and numbers may increase if indels and
structural variation is taken into account . It has become apparent that human genomes
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differ more as a consequence of structural variation than single base-pair differences °. In
2010 the human genome contains an estimated 15 million SNVs, 1 million short insertions
and deletions and 20000 structural variants .

CNVs have been recognized as a common form of genomic structural variation. High
resolution microarrays and sequencing approaches are able to identify 600—900 CNVs in
asingle individual 3. Approximately 65% to 80% of individuals carry a CNV that is at least
100 kbp in size, 5 to 10 % of individuals harbour a CNV at least 500 kbp, and 1% of individuals
carry alarge CNV of at least 1 Mbp in size 24. This means that larger CNVs are skewed toward
rare variants. As the full extent of structural variation in our genome has been revealed,
it has been estimated that CNVs account for ~ 13% of the human genome 7.%. The de novo
rate of large (> 100 kb) CNV formation in humans was estimated at 1.2 x 102 CNVs per
genome per transmission against a high selection pressure, suggesting that each of these
de novo CNVs persists in the population for only a few generations 2627

The full extent to which CNVs are likely to contribute to the diversity of human phenotypes
is still under assessment. It is clear that the phenotypic impact of CNVs occurs as a
continuum from ‘neutral’ to pathogenic, and can act in more complex and sometimes
unexpected ways. Figure 2 shows conceptual curves of projected frequencies of SNVs
and CNVs in the population associated with their phenotypic impact. In general, SNVs
and CNVs with a high population frequency are annotated as benign or neutral in their
effect, while rare variants are more likely to be pathogenic. In between, CNVs and SNVs
can be associated with degrees of function described as ‘traits’, ‘risk factors’ and, beyond
a certain threshold, ‘disease’. After extensive phenotype-genotype studies, some of the
SNVs and CNVs previously annotated as benign or neutral in their effect will be reclassified
as predisposing risk factors.

Uncovering the genetic basis of human phenotypic differences requires a comprehensive
understanding of all forms of genetic variation, both at fine scale (sequence variants) and
large scale (structural variants). Different genomic technologies are required to detect
structural variation at different levels. Next generation sequencing technologies will be
used to generate comprehensive maps of human genetic variation.

Effects of genomic variation

The decoding of information from DNA to protein begins with transcription, as messenger
RNA (MmRNA) is created from a DNA template, followed by translation. Translation is the
process of protein synthesis from mRNA, with specific amino acids encoded by three
nucleotide combinations (codons). Synthesis of the protein takes place in a specific reading
frame according to these codons. As such, each type of variant may have consequences at
different levels (DNA, RNA, protein), also depending on the surrounding genomic context
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re 2: Conceptual curves of SNV and CNV characteristics. Projected frequencies in the

population for SNVs (dashed grey) and CNVs (blue) show the relation between genomic

variation and a spectrum of phenotypic impact. Adapted from Buchanan et al 2.
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(coding or non-coding). Changes in coding or regulatory sequences are most likely to affect
gene expression or affect the function of protein products #. Any phenotypic effect is
highly dependent on the location (type of tissue) and the developmental stage in which

the sequence variant is expressed.
Classification of genomic variation can also be based on the effect at different levels (DNA,

RNA, protein). In diploid organisms (such as humans), changes in the DNA may occur on one
(heterozygous) or both (homozygous) alleles. Single nucleotide changes that lead to amino
acid changes in the protein coding region of a gene may be classified into three types
(silent, missense and nonsense), depending upon what the erroneous codon codes for.
Synonymous variants (also known as silent variants) do not lead to a different amino acid
being encoded (due to redundancy in the codon code). Non synonymous variants do alter
the amino acid sequence of a protein, and can be sub-classified such as missense variants
(encoding a different amino acid) and nonsense variants (creating a stop codon, leading to
premature protein truncation). Frameshift variants (variants disrupting the reading frame
such as deletions and duplications) lead to an altered, usually non-functional, protein

product.
On RNA level any step of gene expression, post-transcriptional modification (capping,
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polyadenylation, splicing) may be modulated. Most human genes can be transcribed
into different mRNAs composed of different exons, leading to alternative splicing and
the expression of functionally diverse protein isoforms 3. A significant fraction of exonic
variants (including silent and missense variants) and intronic variants cause disease by
disrupting normal splicing 3'. Silent changes may affect translational efficiency, resulting in
different protein levels or affect protein function via folding 3> 3.

Variation can also be classified by effect on function. Variants can have no effect (neutral),
or lead to a change in function. Loss-of-function changes result in non-functional proteins.
When the dose of a gene product is affected and not enough for a normal function this is
called haploinsufficiency or dosage effect. Gain-of-function changes yield a protein that
has a new function. Dominant negative changes have an altered gene product that has
a negative impact on normal function. Variants that prevent viability are termed lethal.

Changes not to the DNA sequence itself but modifications or addition of chemical groups
toindividual nucleotides (e.g. methyl groups or proteins introduce another type of variation
called epigenetics. This type of variation may have an effect on phenotype by altering gene
expression. Comparable to genomic variation, epigenetic differences between individuals
and monozygotic twins have been described 3+ 3. However, the epigenome is not the
subject of this thesis and will not be discussed further.

Genomic variation in relation to disease: intellectual disability and/or congenital
anomalies

The number of known pathogenic variants in human genes that underlie or are associated
with human inherited disease is > 110000, in more than 4000 genes . Currently, causal
variants for ~ 3000 Mendelian disorders have been reported in the online database for
Mendelian disorders in man (OMIM May 2012, # entries for phenotype description,
molecular basis known).

Mental retardation (MR) or intellectual disability (ID) is defined as a significant impairment
of cognitive and adaptive functions 37 and affects around 1-3% of individuals 3% 3. The
proportion of intellectual disability that can be at least partially accounted for by genetic
factors (chromosomal, monogenic or multifactorial) is difficult to estimate, but may
account for ~ 30% of all cases. In approximately 50% of cases, the cause remains unknown
40, G-banded karyotyping supplemented by (sub)telomere screening or fluorescence in-situ
hybridization (FISH) detects significant abnormalities in up to 10% of intellectual disability
cases 4. ~ 5% of patients have a monogenic disorder, where a causative variant in a single
gene can be identified 42. CNVs (> 500 kb) detected by array-based technologies (aCGH,
SNP array) explain another ~ 15% of cases 4. De novo CNVs and point pathogenic variants
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of large effect may explain the majority of all intellectual disability cases in the population,
and could thereby explain why such a disorder with reduced fecundity remains present in
the population 44.

In recent years, several new monogenic disease genes and numerous submicroscopic
deletion and duplication syndromes (‘genomic disorders’) have been identified. It has been
estimated that about 0.7-1 per 1000 live births has a genomic disorder 4 . In general, CNVs
implicated in genomic disorders are de novo and large in size (> 50 kb). However, it seems
likely that additional genomic disorders due to much smaller de novo CNVs remain to be
discovered 4.

In addition to microdeletion/microduplication syndromes, CNV’s are involved in many
common complex traits, including autism and schizophrenia +5'. Several genomic
disorders involving inherited CNVs have been described (1q11.2, 1921.1, 1511, 16p13.11, 16p11.2,
22qmn). Microdeletions and microduplications at these loci show variable penetrance and
expression, and are thus not necessarily recognised as clinically distinctive syndromes.
Inherited CNVs may be involved in disease, by acting as modifiers in milder phenotypes,
either in combination with other CNVs or with sequence variants. This is illustrated by
the fact that 25% of ID children carry a 2" CNV, in addition to an inherited CNV 5. Some
authors have coined the term ‘second site’” or ‘two hit’ model for this phenomenon, which
is confusing since those terms are widely used in the cancer field to indicate somatic
mutations disturbing the regulation of cell growth. We prefer to stick to ‘multifactorial’ a
term formerly used to indicate any number of unknown factors above one, but can be used
as well for known factors. Recently, compound inheritance of a null allele (deletion 1g21.1)
together with the presence of a SNV was proven to be associated with TAR syndrome 5.
The effect of different combinations of (multiple) inherited CNVs and/or sequence variants
on phenotype urgently requires further study, and identifying additional genetic and/or
environmental factors is the challenge of our time.

Genetic inheritance of genomic variation

Mendelian inheritance patterns can demonstrate a greater level of complexity than
simple dominant, recessive or X-linked inheritance, through a number of non-Mendelian
processes including imprinting, X-inactivation, mosaicism and variation in penetrance
and variable expressivity. When searching for the exact genetic cause of a disease, and
calculating risk of transmission to offspring, it is important to take this level of complexity
into account. Examples of complex inheritance includes disorders caused by more than
one gene (di/polygenic disorders such as in Axenfeld-Rieger syndrome 54), trinucleotide
repeat expansion disorders (such as Huntington’s disease %) where the number of CAG
repeats correlate with the severity of disease and the age of onset in combination with
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the characteristic of anticipation (the tendency for progressively earlier or more severe
expression of the disease in successive generations), genes whose expression is governed
by parent of origin (Angelman/Prader Willi syndrome %6, Beckwith-Wiedemann/Silver
Russell syndrome 57), triallelic inheritance (Bardet-Bied| syndrome 5¢). Complex inheritance
involving co-inheritance of CNVs 52 or a CNV in combination with sequence variants 5 53
have also been demonstrated.

Sequence variants and CNVs can be inherited from a parent, or occur de novo. From the
analysis of complete genome sequences of two parent-offspring (‘trios’) studies, it has
been estimated that each child inherits about 30 to 50 new variants ¢ . These new variants
can either be germline variants that have arisen during the production of gametes in the
parental generation, or be present in a subset of cells from either parent, and represent a
germ line mosaic with recurrence risk to subsequent offspring 6°. A significantly greater
proportion of new variants is of paternal origin, as a result of the larger number of divisions
during spermatogenesis ¢-%, a phenomenon already described by population geneticists
more than half a century ago ©. A similar finding was reported for de novo CNVs 4.

Techniques to detect genomic variation

History

Within the past 40 years, a variety of experimental methods have emerged; typically each
focuses on a particular class of genomic variation limited by the size range of the events.
Early cytogeneticists studying chromosome variation can be legitimately regarded as
the first genome pioneers . The establishment of the human chromosome count ¢ and
the discovery of trisomy 21 in Down syndrome ¢ have been the groundwork for studying
disease-related genomic variation. Since the 1970’s, G-banding and later high resolution
chromosome banding techniques, enabled detection of microscopic variation (> 5 Mb).
In the 1980’s, FISH (Fluorescent in situ hybridisation) was developed for microscopic
detection of specific structural chromosome abnormalities ¢ ¢. At the same time, with
the development of molecular markers and application of recombinant DNA techniques,
genomic variation at DNA level (sequence variation) was discovered 7. The relative easy
and reliable chain-termination method developed by Sanger soon became the method
of choice for sequencing ™. In the early 9o’s, Comparative Genome Hybridization (CGH)
allowed the detection of submicroscopic structural variation 7. In the last decade, array-
based methods were developed (array-CGH, SNP-arrays) and contributed greatly to our
knowledge of structural variation.
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Overview of techniques

Quantitative and qualitative changes require different detection methods. At this moment
it is not possible to detect all types of genomic variation with just one technique. Each
technique has advantages and disadvantages concerning not only specificity, sensitivity,
throughput and resolution, but also costs and feasibility in the laboratory. In the field of
clinical genetics, many techniques have been used to study our genome. The techniques
discussed here are those used in the research comprising this thesis. Table 4 gives an
overview of the techniques used for detection of genomic variation. In general, the
resolution of a technique depends on its design and is rarely a fixed number. Improvement
in resolution mainly depends on probe size and distances between probes.

Cytogenetic and molecular techniques

Karyotyping, using the light microscope to visualize G-banding patterns, enables rapid
identification of all chromosomes in a metaphase spread in one view. This enables clonal
analysis, but the resolution of a light microscope is limited. Large (> 5 Mb) chromosomal
rearrangements such as deletions, duplications, translocations, inversions and insertions
can usually be detected. FISH using probes covering the regions affected enables
microscopic detection of structural chromosomal abnormalities directly on metaphase
chromosomes and interphase nuclei using fluorescently labelled DNA probes. As with
karyotyping, routine FISH analysis has a limited resolution (50 kb-2 Mb). Both techniques
do not detect single nucleotide variants or small structural variations. The ultimate
resolution of the microscopic approach is obtained by Fiber FISH 7 allowing the detection
of small deletions and duplications (5 kb-500 kb).

In addition to FISH, array-based methods have been developed. Array comparative
genome hybridisation (Array-CGH) platforms are based on the principle of combined
hybridisation of two differentially labelled samples to hybridisation targets. As targets,
DNA isolated from Bacterial Artificial Chromosomes (BAC clones), or PCR products there
of, or synthetically produced long oligonucleotides are spotted onto a glass slide (array).
Subsequently, labelled genomic DNA from a test and a reference sample are hybridised
to the array and fluorescence intensities are measured. Relative intensity ratios are
calculated, with imbalances indicating the presence of copy number variation. The
resolution of array-CGH is unlimited but dependent on the spacing of the clones and their
insert size. Arrays with 3500 BAC clones (resolution ~ 1Mb) or tiling arrays (33000 BAC
clones) with a 10 fold higher resolution are usually used. This resolution does not allow
the accurate determination of breakpoints. Custom high-density oligonucleotide arrays
are available on demand, allowing the discovery of CNVs down to 500 bp and more precise
breakpoint mapping ¢. For high resolution, genome wide analysis of copy number changes,
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SNP-based arrays can be used. There are differences in experimental design by different
manufacturers, which will not be discussed here. In general, they are single colour assays,
designed to be used for SNP genotyping and copy number analysis in one experiment. One
DNA sample is hybridised per array, and copy number ratios are determined by clustering
the intensities of each probe across many samples. A major advantage is the possibility to
detect low level mosaicism (~>15%), uniparental disomies (UPD) and identity-by-descent
(IBD) 778 An important limitation of microarrays are the difficulties of probe design in
repeat-rich and duplicated regions, with structural variants being strongly correlated to
these regions. Smaller CNVs (< 10kb) are also more difficult to detect routinely, which
also leads to under-representation in CNV databases. All array-based techniques cannot
detect very small structural deletions or duplications and balanced rearrangements (e.g.
translocations). Although it is technically possible, SNP arrays are not routinely used to
detect single nucleotide variants.

Several PCR-based techniques have been developed to investigate targeted regions
for the presence of CNVs. Multiplex ligation-dependent probe amplification (MLPA) 7
is based upon the ligation of two adjacent-annealing oligonucleotides, followed by a
quantitative PCR of the ligated products. This technique detects copy number variations
of test DNA, where the relative amount of each product is correlated to the copy number
of the locus being tested. Normalization using control probes, and normalization against
control samples, determines the relative copy number in the test sample. Detection of
deletions (ratio threshold under 0.75) and simple duplications (ratio threshold above 1.25) is
relatively straightforward, but this technique is less accurate in detecting higher numbers
of duplicates or mosaic changes. In addition, using specific probe design at the ligation
site it is possible to detect point single nucleotide variants. At the same time, this also
means detection of a deletion may be false positive if a SNV is present at, or close to, the
ligation site. The advantage of this technique is the flexibility in experimental design,
high resolution of CNV detection (45-70 bp) and the possibility to screen large numbers of
patients for different loci in a single experiment.

QF-PCR (quantitative PCR) or QMPSF (Quantitative Multiplex PCR of Short Fluorescent
Fragments), like MLPA, is a quantitative assay based on PCR amplification of genomic DNA
using fluorescently labelled primers. It monitors the amount of product generated during
the amplification process compared to a reference. Quantitative differences are used to
estimate a relative copy number.

In addition to the previously described techniques that allow detection of quantitative
differences, several methods have been developed to detect qualitative differences.

High resolution melting curve analysis (HRMA) is a method used for genotyping, single
nucleotide variant scanning and sequence matching ®# and is also suitable for detecting
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mosaicism. It is based on the dissociation-characteristics of double-stranded DNA during
heating. Following PCR amplification of a target region with a DNA binding fluorescent
dye (LC-green), the amplicon is melted out by increasing the temperature in the solution.
Double stranded DNA will become single stranded and the dye will be released. The specific
sequence of the amplicon (primarily GC content and length) determines the melting
behaviour. Each amplicon has a unique melting pattern, based on its sequence. DNA with
a higher G-C content, whether because of its source or because of SNVs, will have a higher
melting temperature than DNA with a higher A-T content. Amplicons can be compared by
plotting the change in fluorescent signal against the melting temperature (Tm).

DNA sequencing technology has developed at an unprecedented rate in recent years.
Sanger sequencing is regarded as the gold standard technique to study alterations at the
single nucleotide level. It allows easy detection of SNVs, small insertions, deletions and a
moderate level of mosaicism (15-50%) 8283 There is a risk of false negative results when there
is allelic dropout due to variants in the primer binding sites, or when the target (exon/gene)
sequence is deleted . When the amplified alleles have significant size differences (e.g.
due to insertions or deletions) preferential amplification of the shorter allele may mask the
second allele. Current sequencing techniques (‘Next generation sequencing’ or NGS) allow
screening of the whole genome in one experiment. Many different sequencing technologies
and systems have emerged the past three years, utilising different methodologies. Ideally,
complete genome sequencing followed by de novo assembly and comparison to a high-
quality reference could identify thousands of sequence variants. In practice, NGS still faces
technical, but more importantly, substantial computational and bioinformatic challenges.
Read lengths are <100 bp for most approaches, significantly less than the soo-1000 bp
routinely obtainable from Sanger sequencing. Base calling error rates are dependent on the
platform that is used, but ranges from 0.01% to 16% %. Increasing the coverage (depth) can
minimize false calls, allowing for accurate detection of SNVs 8.

Targeted sequencing approaches have the advantage of isolating multiple genomic
regions of interest in a single experiment in an efficient and cost-effective manner. Whole
Exome Sequencing (WES) captures only coding regions (~ 180000 exons) of the genome,
and has been successfully applied in finding causative variants in many Mendelian
disorders 879", The total size of the human exome is approximately 30 Mb and comprises
~ 1% of the human genome. Therefore, when the region of interest is only protein coding
sequences, exome sequencing is an efficient approach for obtaining the desired coverage
for variant detection 22 For WES, publicly available programs can be used for variant calling
and annotation. Sequenced individuals have typically had soo00-10000 variant calls,

representing non-synonymous substitutions in exonic regions, splicing alterations or small
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indels 88899394 Advanced filtering based on predicted effect (silent, nonsense, missense,
effect on splicing, frameshift) or position (intronic, UTR, exonic, intergenic) can be used
to find pathogenic variants. Two important assumptions underlie filtering strategies. The
first is that causal variants for Mendelian disorders are rare, and therefore unlikely to be
present in public databases or control sequencing data. The second is that synonymous
variants are unlikely to be causative. Both assumptions are not always true 39 . Mendelian
disorders with milder phenotypes may have been overlooked in the general population,
and may thus be present in control databases. Also, variants involved in recessive disorders
with a high carrier frequency can be reported in control databases. For example, the most
common variant in cystic fibrosis has an allele frequency of about 3% in Western European
populations. Filtering such variants might erroneously exclude those pathogenic variants
from consideration. As synonymous variants may have functional effects, and can be
targeted by natural selection 997 it is not always appropriate to filter these.

There are a several strategies that can be applied for the detection of structural variants.
Various computational algorithms for identifying and characterizing variants have been
developed. Read-pair methods assess the span and orientation of paired-end reads, and can
be used to detect all types of structural variation (indels, inversions, tandem duplications
and translocations) 2> %¢. Read-depth methods are simply based on the theory that CNV
regions show differences in the number of reads, and therefore assess mapping depth in
the sequenced sample. This will detect CNVs (including aneuploidy) and large insertions, but
not inversions and translocations. Split-read approaches are able to detect all breakpoints
(deletions, tandem duplications, translocations and inversions) % %. However, none of
these strategies is comprehensive, and each will require substantial further development.
Recently, an integrated computational pipeline for whole genome sequencing was
published, enabling detection of all types of genetic variations (single nucleotide variants,
short insertions or deletions (indels) and larger structural variations (SVs) ©°.

Interpretation of genomic variation

The major challenge in the analysis of genomic variation is to distinguish benign variants
from variants that have clinical consequences. Increasingly, clinical molecular laboratories
are detecting novel CNVs and sequence variations of unclear significance (UVs) in the
course of testing patients. Guidelines on the interpretation of such variants have been
developed 76°1°5. Sequence variants can consequently be classified on their phenotypic
consequences within a spectrum of interpretations, ranging from those in which the
variation is almost certainly of clinical significance, to those in which it is almost certainly
not 06107,

When the impact of a sequence variant is undetermined, follow-up activities may be
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useful to clarify this relationship, and assist with risk assessment. There are several lines
of evidence suggested for designating a variant as either phenotype-modifying or neutral.
(1) Occurrence in patients or in a control population as listed in a database, (2) Variant type
(missense, nonsense, silent), (3) In silico prediction of effect on protein structure or RNA
splicing, (4) Conservation among species, and or presence in a known functional domain,
(5) Co-segregation with a phenotype in the family.

The presence or absence of a variant in established databases, ideally containing all the
lines of evidence listed above, is of great importance. It is helpful to establish whether
a variant has been reported before, and if there is an associated phenotype. Distinction
should be made between variants directly linked to a phenotype or variants found by
genome-wide association studies (GWAS) which have identified many variants with a very
small contribution to an associated trait, in which additional genes and/or environmental
factors also influence phenotypic outcome (multifactorial traits) *°5.

Currently, the numbers of submicroscopic imbalances that have been reported are
increasing, but the delineation of associated clinical features remains difficult and
incomplete. When large stretches of DNA encompassing several genes are deleted,
complex phenotypes may emerge (so called ‘contiguous gene syndromes’). It may often
be unclear which gene in the interval is responsible for a given part of the phenotype
(e.g. heart malformations, limb malformations), which is another reason why CNVs are
collected and compared in patient databases.

As described previously, the capacity of a given variant (silent, missense, nonsense,
frameshift, splicing) to affect gene expression or the function of its protein products must
be determined. In silico prediction of pathogenic effects using information on interspecies
sequence conservation can be helpful. The observation that pathogenic variants are more
likely to occur at positions that are conserved through evolution suggested that prediction
could be based on sequence homology ™. Variants that alter conserved residues by
replacing them with amino acids with different physical characteristics are likely to affect
polypeptide structure and function. It was also observed that disease-causing amino
acid substitutions have a common structural feature (for instance sites with low solvent
accessibility, sites involved in disulphide bonds, sites involved in folding) that distinguishes
them from neutral substitutions, suggesting that structure can also be used for predicting
functional consequences " ™.

Databases collecting information on prevalence and frequency of sequence and structural
variants in the human genome have been established, and provide information on the
frequency of previously reported variants in disease and control cohorts. For rare recessive
disorders it is generally assumed that a variant is unique, or at least has a low carrier
frequency in the general population, whereas a variant that is found at higher frequency
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may be neutral. However, some recessive diseases are relatively frequent in subpopulations
due to survival benefit for heterozygotes or genetic drift (for example sickle cell trait gives
resistance to malarial infection), stressing the importance of registration of ethnicity in
databases.

In silico prediction of an effect of a DNA variant on mRNA splicing should be verified by
RNA studies. Such studies are not always feasible since not all genes are transcribed in
easily accessible tissues such as blood.

Identification of a variant in a patient should be followed by testing of the parents. De
novo variants are more likely to be pathogenic, but since we know each child may have
between 30 to 50 new variants 9%, this is by no means certain. In rare cases co-segregation
of the variant with the disease in a family may corroborate the suspicion of pathogenicity.
Finally, testing the gene product in a functional assay or constructing animal models (e.g.
mouse, rat or fruit fly) carrying the same variant may provide definitive assessment of the
phenotypic effect of the variant in vivo. A reliable functional assay is generally regarded as
one of the best means of confirming pathogenicity, however this is rarely available as part
of a routine diagnostic service.

For structural variation such as CNV, it is generally considered that if a phenotypically
normal family member carries the same chromosomal anomaly, the anomaly is of no
phenotypic relevance ™. However, caution remains necessary since the identification
of a CNV in a patient that is also present in an apparently healthy parent does not rule
out pathogenicity as there could be a pathogenic variant on the other allele. Also, some
phenotypes may be mild and therefore overlooked in a parent. As described earlier for
inherited CNVs, the CNV may in fact be a risk factor that only reveals a phenotype when
combined with one or more other variants in the genome. In addition, this also means that
even if a CNVis relatively frequent in a population this does not rule it out as a risk factor as
long as it has not been reported as homozygously deleted in a healthy population.

Tools and databases

Databases allow researchers to share knowledge and retrieve information about genomic
sites of variation under study. However, at present there is no database summarizing all
that is known about a certain variant.

There are several human cytogenetic databases that link submicroscopic chromosomal
imbalances (microdeletions/duplications/insertions, translocations and inversions)
with clinical phenotype. These include DECIPHER (Databask of Chromosomal Imbalance
and Phenotype in Humans using Ensembl Resources)™ ™ and ECARUCA (European
Cytogeneticists Association Register of Unbalanced Chromosome Aberrations) ™. Since
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these databases contain patient information, complete access is limited to clinicians or
cytogeneticists. Some information is publicly available through specified tracks in genome
browsers. The Database of Genomic Variants (DGV) is a comprehensive database for the
deposition, retrieval and visualization of human structural variation . The database
currently contains 179450 CNVs (April 2012) and reports CNVs, inversions and Indels
(100 bp-1 Kb) in apparently healthy human cases. However, interpretation of the variants
should be performed carefully, as different platforms have been used to detect CNVs,
and population and medical data of the cohorts are poorly defined or absent. DbVar is
a public repository that accepts direct submissions and provides archiving, accessioning
and distribution of publicly available genomic structural variants . It accepts data from
all species, and includes clinical data. It marks and allows searching for variants that are
known to be pathogenic.

The dbSNP database serves as a central repository for both single base nucleotide
substitutions and short deletion and insertion polymorphisms ™. More than 17 million
SNPs have been documented in this database, with a false-positive rate estimated at 15-
17% 92. However, the database does contain validated SNPs (allele frequencies provided)
and can be queried accordingly, increasing the utility of the database. Allele and genotype
frequencies from the HapMap project " have also been submitted to dbSNP. In the HapMap
project, four large populations of African, Asian, and European ancestry have been studied
extensively to catalogue population specific variation.

The 1000 Genomes Project ' generated the most comprehensive map of human genetic
variation yet, using next-generation sequencing technologies. It contains three pilot
studies with a range of coverage. The exome variant server (EVS) ° contains exome data
of 6500 samples. A recent initiative is the generation of the genome of the Netherlands
(GoNL), where whole genome sequences of 250 healthy Dutch parent-child trios are
collected and stored in a biobank ™.

Some databases only contain information on genetic variation causing genetic disorders or
traits. The Human Gene Mutation Database (HGMD) includes the first example of all exonic
and +1,42, -1,-2 splice-site variants causing or associated with human inherited disease, plus
disease-associated polymorphisms reported in the literature 3. Locus Specific DataBases
(LSDB) are databases recording all variation within a gene. The databases contain accurate
(curated), clearly referenced data naming variants at the DNA, RNA and protein level, and
include all relevant comments relating to the clinical interpretation of the variant. Existing
LSDBs can be checked by the URL “GeneSymbol.LOVD.nl” (e.g.MBTPS2.LOVD.nl) 2. The
Human Genome Variation Society (HGVS) keeps a list of locus specific variant databases ™.
Several tools have been developed to predict the effect of non-synonymous variants on
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a protein. The Grantham score (GMS) ™4 represents one of the first attempts to assess
the effect of amino acid substitutions on protein structure based on chemical properties,
including the side-chain composition, polarity and molecular volume. The GMS is a
measure of dissimilarity between a human amino acid and the residues seen at the same
site in homologs. Several studies used a GMS score less than 60 to define neutral variants,
whereas a GMS score significantly larger than 6o indicates that the amino-acid change is
evolutionarily intolerant 2526,

Polyphen 2927128 ytilizes a combination of 3D structural parameters and sequence homology
to make a prediction about a functional effect. This prediction is based on a number of
features comprising the sequence, phylogenetic and structural information characterizing
the variant. It returns predictions of “probably damaging, “possibly damaging,” benign

” o«

and “unknown.” ‘Sorting Intolerant From Tolerant’ (SIFT) 2 uses sequence homology and
the physical properties of amino acids to predict effect on proteins. Next to SNVs, it can
classify coding indels. It returns predictions of “affect protein function” and “tolerated” for
each SNV. Due to differences in algorithms used for the predictions, Polyphen2 and SIFT
may present contradictory results.

Tools that calculate conservation scores can aid in variant interpretation. A variant that
leads to a nonconservative substitution of an evolutionarily conserved amino acid is more
likely to be causative of the disorder than a variant that leads to a conservative substitution
or alters an amino acid that is not evolutionarily conserved. Both phastCons ° and phyloP
3" calculate conservation scores for three groups of organisms (primates, placental
mammals and vertebrates). The two conservation scores are informative in different ways.
Phastcons estimates the probability that a nucleotide belongs to a conserved element,
taking neighbouring bases into account, while PhyloP predicts conservation purely at the
base level.

UMD predictor * provides a combinatorial approach that associates several data such
as localization within the protein, conservation, biochemical properties of the variant
and wild-type residues, splice-site predictions and the potential impact of the variant on
mRNA. Alamut 3 is a commercial package designed to help interpret variants quickly and
uses different splice site prediction algorithms, PolyPhen, SIFT and calculates theoretical
consequences of substitutions, insertions and deletions (effects on protein sequence,
frameshifts, splicing effects, miRNA targets, nonsense-mediated mRNA decay).
Computational prediction of pathogenicity may also give false-negative results 4. Most
prediction methods for protein alterations do not take DNA sequence context into account.
As a result, they can miss changes that alter splice sites 3. Experimental verification by
functional analysis of possible pathogenicity remains the golden standard.
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Outline and scope of this thesis

Intellectual disability (ID) with or without multiple congenital malformations (MCA) is one
of the main reasons for referral to a clinical geneticist. Causes of this ID/MCA are extremely
heterogeneous and range from point mutation in one single specific gene to loss or gain of
an entire chromosome. Despite enormous progress in diagnostic techniques in the past 50
years the cause for ID remains unknown in approximately 50% of the cases.

Establishing a diagnosis and understanding the cause of a genetic disorder is of great
benefit for the patient and his/her family. This may provide information on prognosis,
clinical management options, and anticipation on associated health issues for the
patient, and may even be of therapeutic relevance in the future. Family members can be
informed about recurrence risk and may be provided with options for prenatal (PND) and
pre-implantation genetic diagnosis (PGD).

The main objective of the research in this thesis was to develop and apply novel molecular
techniques to study the genetic basis of patients with intellectual disability (ID), multiple
congenital anomalies (MCA), or other inherited disorders, and ultimately to gain insight
into genetic disease mechanisms.

Thisthesisisamirrorimage ofthe rapid evolution of techniques foranalysis of DNA between
2006 and 201. Many techniques described in this thesis (karyotyping, fluorescence in situ
hybridization (FISH), array-comparative genome hybridization (CGH), single nucleotide
polymorphism (SNP)-arrays, multiplex ligation dependent probe amplification (MLPA),
high resolution melting curve analysis (HRMA), Sanger sequencing, and whole exome
sequencing (WES) have been applied to find causative genome variants in our patient
cohort. All of these techniques are now routinely used in clinical diagnostic laboratories,
except whole exome and whole genome sequencing, implementation of which is being
worked on.

More detailed data on human genetic variation are now rapidly accumulating, as new
techniques for determining the primary structure of genomes have been developed at an
unprecedented rate.

Although new genomic variants can arise in both the germline cells (whose DNA will be
passed to offspring) and in somatic cells (the majority of cells in the human body), this
thesis has a focus on the genetic characterization of germline variation.

At the outset of this work five years ago, genomic microarrays were introduced and
have been applied in this thesis to identify structural variation in genetic disorders.
Chapter 2 describes methods for detecting CNV in the human genome. The focus lies on
the development of a targeted array used to study patients with intellectual disability
of unknown aetiology. Chapter 3 shows the application of microarrays and MLPA in the
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elucidation and delineation of a new microdeletion syndrome. Because microarrays
increase the resolution of chromosome analysis by 100-1000 fold and because small
deletions and duplications are a major cause of ID/MCA, conventional karyotyping was
replaced by microarray analysis in routine diagnostics.

Because of its speed, simplicity, and low cost, HRMA has become a popular technique for
detection of sequence variants. The two major applications are targeted genotyping and
gene scanning. Chapter 4 describes the versatility of HRMA as a molecular technique and
illustrates several applications. In Chapter 5, SNP arrays were used to define the breakpoints
of a previously defined locus for Keratosis Follicularis Spinulosa Decalvans (KFSD) and show
the application of HRMA as a presequencing tool in the identification of the genetic basis
of this disorder.

The introduction of NGS techniques allowed genome wide detection of sequence
variants in disorders of unknown aetiology. Chapter 6 and 7 describe the success of next
generation sequencing in the identification of the genetic basis in two disorders (TOD
and Aarskog-Scott syndrome), and shows the value of exome sequencing in detection of
variants outside coding regions. Besides identification of the genetic cause of Coffin Siris
syndrome. Chapter 8 outlines recent findings on the mode of inheritance and frequency of
this monogenic disorder using exome sequencing.

Finally, in Chapter g the rapid evolution of techniques for genome analysis is discussed and
alterations in the diagnostic approach to ID/MCA patients are proposed.
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