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Chapter 1

1. Genetics

Genetics, the science of genes, heredity and variation of organisms, is one of the
pillars of modern biology. Pioneering experiments of inheritance with pea plants
were performed by Gregor Mendel between 1856 and 1863. He discovered that
certain traits, like the color of seeds and the shape of pods, could be inherited in
a dominant heterozygous and recessive fashion. Initially, Mendel’s work received
little attention; only after the rediscovery of the Mendelian inheritance, by Hugo
de Vries and Carl Correns in 1900, his laws of inheritance became a basis for the
understanding of genetics. Subsequently, the central role of DNA in inheritance
was established in 1944, when DNA was shown to be the biochemical material
responsible for transfer of genetic information in organisms.

2. Cytogenetics
2.1 Chromosomes

Karyotyping of human cells was developed in the 1950’s, stimulated by the
publication of Tjio and Levan in 1956 [1], who showed convincingly that human
cells contain 46 chromosomes. The first constitutional genetic abnormality was
found by Lejeune in 1959 [2]. He saw that the nuclei of patients with Down
syndrome contained an extra small chromosome, which he linked to this
syndrome. From that moment onwards, cytogenetic testing was boosted and
became an important screening tool in clinical genetics. However, with no
banding techniques yet available and no consensus on nomenclature, it was a
difficult task. Based on morphological data, in the 1960’s researchers could only
classify the chromosomes into seven groups. It became clear that in congenital
and prenatal disorders as well as in malignancies numerical and structural
chromosome alterations are often present. Next to numerical chromosome
alterations, called aneusomy, unbalanced translocations were detected causing
an abnormal phenotype [3] and also deletions of chromosomes were found in
patients with constitutional abnormalities [4,5]. This led to the conclusion that
numerical chromosomal alterations and structural aberrations could be
responsible for clinical phenotypes and encouraged the hunt for other
alterations, a process that is still ongoing.
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2.2 Chromosome banding

In 1968 Caspersson et al. [6] described banding of plant chromosomes with
quinacrine dihydrochloride, quickly followed by the first banded human
karyotype by the same group in 1970 [7]. After the development of this so-called
fluorescent Q banding, several other banding techniques were developed
independently of each other, including C-banding and G-banding [8]. They are
based on staining with Giemsa dye and have the advantage of giving a non-
fluorescent permanent staining of the chromosomes. G-banding, especially
trypsin mediated G-banding, is nowadays one of the most widely used techniques
for karyotyping. The technique does not require a fluorescence microscope and
slides can be stored after staining for reevaluation.

Chromosome banding facilitated the recognition of individual chromosomes, as
they could be identified more simply and more precisely. This led to the
conclusion that the classification of chromosomes would have to change
completely from the seven chromosome groups into a much more detailed system
of naming chromosomes and their individual bands.

Leading researchers in human cytogenetics agreed upon a system of
nomenclature, which was documented in the report of the Paris Conference
(1971) [9]. This provided a basis for the description of structural and numerical
rearrangements and variants. In time, a growing number of researchers and
cytogeneticists joined the field of human genetics and the increasing amount of
data generated resulted in updates of the nomenclature report, correcting errors
and solving problems raised by increase of resolution using prometaphase
chromosomes. Eventually this resulted in the publication of “An International
System for Human Cytogenetic Nomenclature” (ISCN) in 1985 [10]. Continuous
refining work, new findings and insights into for instance tumor cytogenetics
were followed up with further updates in 1995 and 2005. The current version of
the book also gives guidelines in nomenclature dealing with molecular
cytogenetic techniques.

Discovery of chromosome banding has been the most important tool in
cytogenetics for decades and allowed a serious leap forward in the diagnosis of
genetic alterations. It is being used in the field of constitutional genetics in
patients with mental retardation or developmental delay, growth retardation,
congenital abnormalities and dysmorphisms, infertility and recurrent
miscarriages [11]. The recognition of distinct chromosomal bands allowed
scientists to discriminate between chromosomes and to make firm conclusions
about trisomies, monosomies, deletions, duplications, inversions and
translocations. The cause of syndromes could be pinpointed or better defined
[12] and inherited traits resulting from balanced carriers were found.

To facilitate karyotyping, automated systems have been developed [13].
Complete systems combine automated metaphase finding and ranking of
recorded images with segmentation and karyotyping of the chromosomes, after
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which the user can check and, if needed, correct the resulting karyogram.
Simpler systems lack the possibility of metaphase finding. In routine diagnostic
laboratories where substantial numbers of cases are screened, these systems
have become standard equipment during the last two decades.

2.3 Limitations of chromosome banding

Banding technologies also have their downsides. They heavily depend on the
accumulated experience and the subjective interpretation of the cytogeneticist.
Moreover, it is a time consuming technique and success relies heavily on the
quality of the cytogenetic preparations, mainly concerning the compactness and
spreading of the metaphase chromosomes, as this influences the resolution. In
general the resolution limit is estimated to be around 5 to 10 megabases (Mb).
Another important issue is the fact that there is a limit in resolving complex
karyotypes, leaving cryptic alterations undetected and markers unidentified in
constitutional cytogenetics. To overcome a part of these limitations, novel
genetic screening approaches have been developed.

3. Molecular Cytogenetics
3.1 Fluorescence in situ Hybridization

In the late 1960s methods for specific detection of RNA-DNA [14] and DNA-DNA
hybrids [15] became available. These in situ hybridization techniques were at
first performed using radioactive labeled probes. A series of technical
improvements in labeling chemistry, microscopy and imaging lead in the 1980s to
the development of fluorescence in situ hybridization (FISH) using fluorescently
labeled probes [16,17]. FISH is a tool that enables the microscopic detection of
specific genetic regions within a morphologically intact cell. The technique
requires labeling of a DNA molecule with a fluorochrome or a hapten to which
fluorescently labeled antibodies are developed. For this purpose several labeling
techniques are available nowadays. In general they can be divided into enzymatic
or chemical labeling strategies. Initially, enzymatic incorporation of biotinylated
[18] or digoxigenin-bound [19] nucleotides was the favoured method. These
haptens are subsequently visualized with fluorescently labeled avidin or
antibodies. Nowadays, fluorescent nucleotides are used directly in the enzymatic
labeling procedure, eliminating the need for secondary detection reagents [20].
Both interphase nuclei and metaphase spreads can serve as targets for a variety
of fluorescently labeled probes. With the development of this technique,
together with the diversity of specific DNA probes, FISH became an important
additional tool for the cytogenetic diagnostic field. Structural alterations could
be better mapped and sub-microscopic resolution alterations could be detected
[21].
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3.2 Labeling strategies

Early chemical labeling approaches used DNA binding molecules such as
acetylaminofluorene and mercury. Mercurated nucleic acids were subsequently
detected with sulphydryl containing ligand carrying a hapten for indirect
detection or a fluorochrome for direct detection [17]. Acetylaminofluorene binds
to DNA covalently and acts directly as a hapten for immunocytochemical
detection [22]. These techniques are not used anymore. Nowadays, chemical
labeling is achieved using cis-platin labeling, also known as Universal Linkage
System (ULS). In an aqueous solution at high temperatures the cis-platin
molecule, to which a fluorochrome or hapten is coupled, predominantly binds
coordinatively to the guanine-bases of DNA molecules [23]. A very diverse range
of molecules can be coupled to these cis-platin molecules, for instance haptens,
like biotin, dinitrophenol or digoxygenin, enzymes such as horseradish peroxidase
as well as fluorescent dyes covering the spectrum of light.

Enzymatic labeling of DNA fragments has become the method of choice in most
labs, for instance nick translation. Here the probe DNA is nicked with DNase I,
and the resulting gaps are repaired using DNA polymerase | in the presence of a
mix of labeled and unlabeled nucleotides [24]. Another enzymatic labeling
reaction is random primed labeling, in which the probe DNA is denatured and
random hexamers or octamers are allowed to anneal to the DNA. Using the
Klenow fragment, a part of the DNA polymerase | enzyme, the random primers
are extended in an isothermal reaction with a mix of labeled and unlabeled
nucleotides [25]. Another enzymatic labeling strategy is to perform locus-specific
polymerase chain reaction (PCR) or degenerate oligonucleotide primed (DOP)-
PCR in the presence of a hapten or fluorochrome labeled nucleotide mix.

3.3 Types of probes

Broadly speaking, a chromosome consists of a centromere, telomeres and other
repeat regions, with in between specific sequence. The total chromosomal DNA
or parts of it can be used as a probe for FISH. A whole chromosome paint (WCP)
or a partial chromosome paint (PCP) can for instance confirm a translocation
found by G-banding. These probes are usually generated by flow sorting or
microdissection of chromosomes that are subsequently randomly amplified using
a polymerase chain reaction with random oligonucleotides (DOP-PCR) [26].

Usually, for chromosome ploidy determination alpha-satellite DNA specific for
the centromeric region of chromosomes is used as a probe. These regions contain
repetitive DNA which in most cases is unique for the chromosome to be
investigated. Only the chromosomes 1/5/19, 13/21 and 14/22 cannot be
distinguished using these probes, since these chromosome groups have highly
homologous centromeric repeats. Instead, chromosome-specific sequences close
to the centromere are selected, to minimize the chance of not detecting small
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marker chromosomes. For the hybridization of these euchromatic probes, unlike
for centromeric probes, cohybridization of unlabeled Cyt-1 is generally needed to
suppress hybridization of repetitive sequences that are randomly present in all
euchromatic DNA.

For diagnostic purposes an increasing number of commercially available, smaller
sized, targeted probes have become available. Usually they consist of bacterial
artificial chromosome (BAC) or cosmid vectors, containing a large insert (35-50
kb for cosmids and 100-200 kb for BACs) of specific human genomic DNA. These
types of clones are used for locus-specific FISH and for detection and
characterization of different chromosomal aberrations such as microdeletions,
duplications and inter and intrachromosomal rearrangements such as inversions,
insertions and translocations.

3.4 Types of FISH

Interphase FISH is a good screening tool for prenatal testing for the most common
aneusomies like trisomy 13, 18 or 21 and aneusomies of the sex chromosomes,
such as these aneusomies together form the vast majority of cases in clinical
cytogenetics [27]. These whole chromosome imbalances are in general a result of
nondisjunction in meiosis in one of the parents and can result in moderate to
severe congenital abnormalities and delayed mental development. The
development of the interphase FISH technique was a major improvement in
prenatal screening of aneusomies, since it reduces the time from a laborious 7 to
14 days test with cell culture and G-banding to a rapid 24 hour test [28].
Interphase FISH can also be used for pre-implantation genetic diagnosis
approaches prior to in vitro fertilization, both for aneusomy screening and for
inheritance screening of the unbalanced results of balanced translocation carriers
[29,30]. But because of the technical challenge of handling one or two cells,
ethical issues and ongoing discussion with respect to governmental regulations,
this procedure is not common practice in cytogenetic laboratories.

FISH on metaphase spreads is a powerful addition to conventional karyotyping. It
can provide locus-specific information about alterations such as translocations,
inversions, deletions and duplications. It is important to note that prior
information is needed about the involved chromosomes to be able to perform
these detections, except for multicolor FISH approaches that are discussed
below. Metaphase FISH using whole chromosome paints can confirm
translocations found with G-banding.

Locus-specific large insert clones can be used as a probe in metaphase and
sometimes interphase FISH to genetically confirm suspected diagnoses in
constitutional genetics. An example of this is the detection of a microdeletion
syndrome like the Williams-Beuren syndrome [31], in which a part of 7q11.23 is
deleted. Another application is the detection of cryptic imbalances of
chromosome ends using probes specific for the gene-rich subtelomeric regions.
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These chromosome imbalances are estimated to account for ~5-10% of all
unexplained mental retardation [32].

Metaphase chromosomes can also be used for reverse chromosome painting. With
this technique, an unidentified marker chromosome is isolated using either flow
sorting [33] or microdissection [34]. The isolated DNA material is amplified, for
instance by DOP-PCR, after which the amplified material is fluorescently labeled
and hybridized to normal metaphase chromosomes. Marker chromosomes of
unknown origin can be typed quickly this way, but there are some disadvantages
using this approach. Both isolation techniques are highly specialized, and need
specific knowledge and specialized equipment. When reverse painting on
metaphase spreads is used to map breakpoints, the resolution is determined by
the compactness of the chromosomes as in conventional karyotyping. Also, if a
marker chromosome consists of heterochromatic DNA sequence or of the satellite
DNA of acrocentric chromosomes, this technique will not give a conclusive
answer about the origin of the marker chromosome [35].

For certain complex rearrangements, in which G-banding analysis is insufficient
to determine the karyotypes, multicolor FISH approaches have been developed.
Combinations of probes and fluorochromes were used to allow more detection
possibilities with the available fluorescent dyes and filters to separate the
fluorescence signal. This so-called combinatorial labeling allows the distinction
of 2"-1 targets with n fluorescent dyes [36].

Whole genome screening techniques require the differential labeling of all human
chromosome paints with combinations of different fluorochromes. The main
approaches are multicolor FISH, spectral karyotyping (SKY), and “combinatorial
binary ratio labeling” (COBRA), resulting in 24 color FISH [37-39]. Subsequently
the multiplicity of FISH was even further increased by introducing an extra
fluorochrome to distinguish between the p and q arms of an individual
chromosome [40]. In pre- and postnatal screening these multicolor approaches
can facilitate the characterization of for instance unidentified or complex marker
chromosomes [41,42].

A disadvantage of genome wide multicolor FISH and FISH of WCPs is that these
techniques are incapable of detecting small intrachromosomal deletions,
duplications, and paracentric inversions [43]. A second disadvantage is that,
similar to G-banding, a limited spatial resolution of maximally about 3-5 Mb is
achieved. While multicolor FISH, multicolor telomeric FISH [44] and multicolor
centromeric FISH [45] can be used as whole genome scanning tools,
implementation is difficult and not wide-spread because specialized equipment
and analysis skills are needed and the throughput is low.
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3.5 Comparative Genomic Hybridization (CGH)

In the early 1990s a genome wide analysis method was developed based on the
quantitative in situ comparison of the genome content of a test sample to a
reference sample [46]. Using this technique, whole genomic DNA of a test sample
and a normal control sample is differentially labeled with haptens or with
fluorochrome labeled nucleotides. The two labeled samples are cohybridized to
metaphase chromosomes of a normal human control, in the presence of Cyt-1
DNA. The amounts of hybridized products relate linearly to the concentrations
originally present in the samples, when hybridization equilibrium conditions are
reached. Images of the metaphases are then analyzed and karyotyped using 4',6-
diamidino-2-phenylindole (DAPI) counterstaining, followed by the computational
measurement of the ratio of the fluorescence intensities along the whole
chromosomes. A fluorescence ratio of 2:2 (=1) between the test sample and the
reference sample reflects a normal copy number and is seen as a mixed color.
The amount of 2 in the ratio calculation represents the copy number of a given
locus or chromosome in a somatic cell. A gain or loss of a particular (part of a)
chromosome will result in a 3:2 or a 1:2 readily detectable color ratio, compared
to regions with equal copy number [47].

A main advantage of this genome wide screening technique is that there is no
requirement for mitotic cells, which makes the technique very valuable for
obtaining genotype information of certain tumors that are too complex to
karyotype or too difficult to grow in vitro [48,49], and from paraffin-embedded
tissue sections [50,51]. Furthermore a priori genetic information is not needed.
The resolution of this technique depends mainly on the length of the normal
metaphase chromosomes used to hybridize the samples to, and consequently
resembles the resolution of G-banding studies at a limit of around 5 to 10 Mb for
low copy gains or losses.

In constitutional cytogenetics, the value of this technique was appreciated as an
addition to conventional karyotyping. Prenatal and postnatal cases with unsolved
chromosomal aberrations as unbalanced translocations, insertions or markers of
unknown origin could be correctly identified using a single CGH experiment
[52,53]. It is noteworthy, however, that balanced rearrangements can not be
detected using CGH.

3.6 Other molecular tools

In the field of clinical genetics obviously more molecular tools than discussed so
far have been used in the past and are still being used in part. Examples are PCR
and sequencing for mutation analysis and Southern blotting for copy number
analysis, for instance in the fragile X syndrome [54]. Since these tools are mostly
applied in region specific analysis, they will not be discussed further here.
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4, Diagnosis of patients with mental retardation

On average, about 1-3% of the human population has a developmental delay or
mental retardation, with or without dysmorphic features [55]. Mental retardation
is a neurological disorder which is noted by for instance developmental delay of
motor function and speech in infants, slow learning skills, decreased skills of
interaction with other people and a low intellectual capability. The cause of
mental retardation is highly variable, it can be congenital or acquired through
malnutrition, poisoning, infectious disease or trauma. Congenital forms of mental
retardation can have a genetic, metabolic or environmental cause and can
present with or without congenital abnormalities or dysmorphic features.

A phenotypic investigation of patients with idiopathic congenital mental
retardation by pediatricians and dysmorphologists is often the first step in the
elucidation of the cause. Generally, in about 40-60% of the investigated patients
an etiological diagnosis could be made [55], depending on study-inclusion
selection criteria. The importance of detailed clinical examination is illustrated
by Van Karnebeek et al. [56] and Shevell et al. [57], who state that in around 60%
of cases physical examination, including dysmorphological and neurological
examination, was essential for achieving the diagnosis of the patient.

The most common form of inherited mental retardation is called fragile X
syndrome [58]. The syndrome has a broad spectrum of developmental delay
including forms of autism and is reported with and without congenital
abnormalities. Because of the high variance and relative high frequency, patients
with an idiopathic mental retardation are usually screened for fragile X
syndrome. Prior to the finding of the molecular cause of the fragile X syndrome
phenotype it was noted that most patients showed a fragile site on chromosome
Xqg27, when cells were cultured under folic acid stress conditions [59]. This type
of culture was used as a diagnostic tool but proved to be unreliable [59]. In 1991
genetic instability of a trinucleotide repeat was detected at the site of the
fragile X breakpoint [60]. It was noted that the amount of repeats played a
critical role in the expression of the downstream gene. The common number of
this repeat is between 6 to 44 copies, but when the number of repeats exceeds
200 in an individual, the downstream FMRT is transcriptionally silenced causing
fragile X syndrome. In general, patients with fragile X syndrome have inherited
the expansion of repeats from the mother with an instable intermediate status of
repeats called premutation. For unknown reasons, inheritance from males with a
premutation generally results in offspring with lower copy number of this repeat,
whereas inheritance from females often results in expansion of the trinucleotide
repeat [61].

Recurrent reports of patients with phenotypes comparable to each other has led
to the identification of several distinct syndromes such as Down syndrome [62],
Cri-du-Chat syndrome [63], Edwards syndrome [5], Cornelia de Lange syndrome
[64] and Sotos Syndrome [65]. Since the first identification of chromosomal
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involvement in Down syndrome 50 years ago [2], many different genetic
alterations have become known to play a role in embryonic and mental
development. This knowledge sheds light on the spectrum of mental retardation
and one may now conclude that the underlying genetics of mental retardation is
extremely heterogeneous. With the emerging cytogenetic studies of patients with
mental retardation and congenital abnormalities, genotype/phenotype
correlations could be made for many syndromes, thereby proving the genetic
cause of the syndrome.

As an example, Cri-du-Chat syndrome was found to have a partial deletion of
chromosome 5p [63] and the Edwards syndrome was caused by a trisomy of
chromosome 18 [5]. The correlation in the Sotos syndrome was harder to detect.
In 2002 a Japanese group isolated the causal gene from the breakpoint of
patients with Sotos syndrome and chromosomal translocations [66]. In the
Cornelia de Lange syndrome (CDLS) it took even longer to find the genetic cause.
In several reports of cytogenetic investigations of CDLS, chromosomal
translocations and imbalances were found [67,68]. But heterogeneity in the
phenotype caused confusion whether the described alterations were the main
cause for CDLS [69]. Based on balanced translocations in CDLS patients Tonkin et
al. [70] found the involvement of a gene called NIPBL and demonstrated
mutations in this gene in more than half of their patients. Involvements of other
genes in the same protein complex are now recognized to cause an X-linked [71]
and a milder form of the CDL syndrome [72].

5. Development of new screening tools
5.1 Array Comparative Genomic Hybridization (Array-CGH)

In the last decade of the previous century researchers realized that improvement
of the resolution of CGH could be established by using thousands or millions of
DNA fragments each specific to a unique location of the genome immobilized on
a glass surface as a target, instead of metaphase chromosomes. This technique
was initially called matrix comparative genomic hybridization [73], nowadays the
name microarray based or array comparative genomic hybridization (array-CGH)
is generally used [74].

The basis of this technique was partly the Human Genome Project, a collective
effort to sequence the whole human genome. As a spin-off large BAC and PAC
clone libraries became available that contained well characterized and mapped
human genomic DNA fragments of about 100 to 150 kb, covering nearly the whole
genome. Selected clones were used for spotting on microscope slides. The
hybridization principle of these printed array slides was comparable to classical
chromosome based CGH hybridizations (Figure 1).

In the first protocols, the target DNA to be printed was isolated from bacterial
cultures and after cleanup under the right conditions directly spotted on the
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array slides [73,74]. To generate enough material to comfortably print these
arrays, linker adapter PCR [75] or degenerate oligonucleotide primed PCR (DOP-
PCR) protocols were used [26,76] and were optimized [77]. In the latter paper
Fiegler et al. suggested an underestimation of the fluorescence ratio of single
copy changes that was seen in previous array-CGH publications was not mainly
due to the incomplete suppression of repeat sequences, but was for a large part
caused by the contamination of bacterial genomic sequence in the spotted
clones. To overcome this problem, they designed degenerate oligonucleotide
primers different from the commonly used 6MW DOP primer [26], which the help
of the knowledge of the sequence from the human genome project.

Green labeled Red labeled
test DNA reference DNA

Hybridize to array with spotted
location specific clones

Image scanning
Computational analysis

Increased ratio
/ Copy number gain
0.5 st

. . Equal ratio
> Equal copy number

0.5 ]
\ Decreased ratio
Genomic location clone

Copy number loss

log2 ratio green/red
(=]

Figure 1. The principle of array-CGH

These DOP-PCR primers preferentially amplify human genomic DNA over
Escherichia coli (E. coli) DNA because the primers have an averaged frequency of
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matches per kilobase of 0.58 based on the human genomic reference sequence,
compared to an average of 0.03 in E. coli DNA. As a comparison, the original 6MW
primer has an averaged frequency of matches per kilobase of 0.65 and 0.40 for
human and E. coli DNA, respectively. Using this approach the DOP-PCR generates
less background and produces a more evenly represented product.

The first reports on array-CGH described a targeted array as a proof of principle
[73,74]. Later, whole genome arrays were developed that covered the genome
with a resolution of about one clone per megabase of euchromatin DNA, resulting
in about 2400-3500 different clones per array [75,77], often printed in duplicate
or triplicate. This development led to an increase of resolution of about 10 times
compared to the conventional CGH technique, entering sub-microscopic
detection levels of copy number changes in a genome wide fashion.

Imaging and analysis of the arrays was at first done with a CCD camera and ratios
were manually calculated and presented in spreadsheet programs. Nowadays,
scanning and analysis of arrays is almost fully automated. Hybridized arrays are
mostly scanned using a laser scanner and the resulting images are then processed
using commercial software. These software packages perform background
corrections, remove outlier spots, normalize the data, calculate ratio values and
display the data in comprehensive graphs. In general the ratio data is displayed
as a 2log value, to better distinguish deletions from normal values.

In theory the resolution of array-CGH is unlimited, depending on the spacing of
the used clones and their size. When the array-CGH technique was proven to
work satisfactorily, several institutes developed large clone insert arrays tiling
the whole euchromatic part of the genome [78-80]. Due to the performance of
needle or inkjet printing techniques available, all these clones could be printed
on one glass slide, but not in duplicate or triplicate. Consequently a second
hybridization experiment is often needed to corroborate these results [79,80].
Spotted or immobilized oligonucleotides provide some advantages for the
detection of copy number changes. They avoid the need for bacterial cultures
and isolation of DNA and/or PCR amplification of large insert clones. Large
oligonucleotide libraries are spotted and hybridized in a way comparable to other
types of array-CGH [81], yielding similar results.

Commercial platforms for copy number analysis are now available, using
oligonucleotides, photo-lithographically synthesized on the chips [82,83]. One
type is the SNP-based genotype array platform that can be used for allelotyping
and copy number analysis in the same experiment. An advantage of the system is
the ability to detect copy number neutral alterations as uniparental disomy or
copy number neutral homozygosity. A disadvantage of this platform is the lack of
an internal quality control as a cohybridized reference sample, because these
genotyping arrays are single color experiments. Other oligonucleotide platforms
are hybridized using a similar test/reference principle as CGH and array-CGH.
Results produced with these platforms need somewhat more statistical analysis
compared to data produced with large insert clone arrays, such as binning of
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data points and a moving average to reduce false positive calls. With ongoing
technical improvement and advances in statistics, oligonucleotide platforms are
increasingly robust.

Targeted arrays have been specially designed for specific regions in the genome.
For instance, in constitutional genetics several institutes that investigate the role
of the X chromosome in mental retardation developed targeted tiling path arrays
for chromosome X [84-86]. This X-linked mental retardation is of interest to
researchers, since there is a clear overrepresentation of males in mental
retardation of 30 to 40% suggesting involvement of the X chromosome in many
cases.

5.2 Paired-end mapping

In 2005 a DNA sequencing method was introduced [87], which allowed large-scale
whole genome analysis of genomic DNA samples to screen for copy number
alterations. The method is called paired-end mapping, in which genomic DNA was
fragmented into pieces of about 3 kb. From these fragments the two ends were
sequenced and mapped back on the reference sequence [88]. If the distance
between the matches on the reference sequence was within certain cutoff
values, no alteration was detected. If the distance between the matches in the
reference genome was bigger than the high cutoff value, the analyzed sample
had a deletion between the sequenced ends. When the distance was smaller than
the low cutoff value, an insertion was detected in the tested genome. This
approach allows detection of inversions as well, if the two matches mapped in
different relative orientations on the reference genome. This feature offers a big
advantage over array based whole genome screening, since these platforms
cannot detect inversions. In the report of Korbel et al. the whole genome was
covered 2.1 fold for one sample and 4.3 fold for a second sample, so on average
every fragment was analyzed at least two times. Similar techniques are expected
to play a role in whole genome analysis in the near future.

5.3 Target specific screening tools

In order to confirm the alterations found using whole genome screening tools as
described before, and to investigate targeted regions for suspected specific copy
number alterations as microdeletions and microduplications, several techniques
have been used and developed. Although FISH has been the method of choice in
many cytogenetic labs, different molecular techniques have been developed and
standardized providing some advantages over FISH. Mostly, these techniques are
based on quantitative amplification of DNA. Quantitative real-time polymerase
chain reaction (qPCR) is based on the amplification of genomic DNA sequences
with fluorescently labeled primers in a quantitative manner and the amplification
is monitored in real-time. The number of cycles to reach a certain fluorescence
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level in a test locus and a reference locus in one sample is used to estimate a
relative copy number [89].

Two other quantitative techniques called multiplex amplifiable probe
hybridization (MAPH) and multiplex ligation dependent probe amplification
(MLPA) are based on quantitative amplification of DNA fragments matching to
genomic DNA. These fragments contain sequences 5’ and 3’ unrelated to human
DNA, which are recognized with a universal primer pair. For MAPH, the fragments
to be amplified are cloned parts of exons, for instance. They are hybridized to
genomic DNA of a test sample which is cross-linked to a membrane. After a
stringent wash only the hybridized fragments are available for quantitative PCR
with the universal primer pair [90-92]. In MLPA the fragments to be amplified are
generated using two probes adjacently annealed onto genomic test DNA of
interest, followed by ligation to each other. Multiple probes recognizing different
regions can be combined in one ligation reaction and only the ligation products
can be used for amplification with universal primers [93]. Quantitative readout of
the multiple fragments both for MAPH and MLPA is generally done with
fluorochromes bound to the universal primers and a capillary sequencer.
Compared to FISH these techniques have the advantage that they can be
performed using multiple probes to screen for multiple regions per sample (up to
60 regions with dual color MLPA [93]) on multiple samples per experiment.
Recent developments include efforts to analyze parts of the genome with high-
throughput resequencing [87,94]. These sequencing methods are based on
random sequencing short stretches of a pool of fragments representing specific
parts of the genome and aligning those sequences back to the reference
sequence. Different groups have applied this next generation sequencing to
enriched DNA targets. Specifically designed oligonucleotide microarrays have
been used to capture parts of the genome, such as genes and locus specific
regions [95,96]. The yielded DNA was used for massive parallel sequencing and it
proved to be feasible for mutation screening. For copy number analysis based on
quantitative analysis of sequence reads per region, which in theory is possible,
the current capture methods are not uniform enough [97]. Nevertheless, this
type of detailed region-specific copy number analysis may play a role in the
future.

6. Applications of Array-CGH in constitutional genetics

The development of the genome wide array-CGH technique opened new
possibilities for genetic screening in constitutional genetics. In individuals with
idiopathic mental retardation with or without congenital abnormalities often the
causal genetic diagnosis remained unclear if the karyotype revealed no
alterations in the G-banding resolution. Several feasibility studies showed the
additional value of array-CGH to conventional cytogenetics [79,98-103], through
gain of resolution and robustness. In a research setting this technique has a
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proven detection rate of genetic alterations of 10 to 15%, depending on the
selection criteria. Alterations found are mainly interstitial deletions or
duplications not detected by classical cytogenetic screening [104]. The deletions
and duplications appeared to be scattered over the genome with very little
overlap, proving the heterogeneous nature of genetic causes for mental
retardation. However, despite this heterogeneity the genetic cause for CHARGE
syndrome could be unveiled because of detailed investigation of recurrent
genetic alteration data in combination with a precise phenotypic description.
Two unrelated patients with a similar phenotype described as CHARGE syndrome
were found to have an overlapping microdeletion on chromosome 8q12. In
subsequent investigations of patients with the same syndrome but showing no
microdeletion, mutations in a gene called CHD7, located in the same genetic
region, were found in almost 60% of cases [105].

To investigate the involvement of regions flanked by large segmental duplications
in recurrent genomic disorders, Sharp et al. [106] designed an array containing
2007 BAC clones concentrated around 130 identified sites which have a unique
sequence flanked by segmental duplications. It was shown previously that these
regions may be involved in recurrent rearrangements because of large
homologies between the flanking segmental duplications, causing non-allelic
homologous recombination [107]. They found 16 pathogenic rearrangements of
regions flanked by segmental duplication when applying this array to investigate
290 patients with mental retardation, including 4 patients with a similar deletion
on 17q21.31. A similar deletion was also found by three other groups [108-110].
This microdeletion of about 600 kb in size causes a comparable phenotype with a
moderate developmental delay, severe hypotonia, amiable behavior and
characteristic facial features with a long face, a bulbous nasal tip and a broad
chin. The genomic region of 17g21.31 contains at the site of the microdeletion a
common 900 kb inversion polymorphism which is present in about 20% of the
European, Icelandic and Middle Eastern population [111]. A direct consequence
of this inversion polymorphism is the appearance of a directly oriented segmental
duplication, causing this lineage to be subject to non-allelic homologous
recombination. In the non-inverted lineage these repeats are reverse oriented
which prevents recombination. As a result of the relative high frequency of
inversion polymorphism carriers, this microdeletion is among the most common
causes of a microdeletion syndrome with an estimated prevalence of around 1 in
13,000 to 1 in 20,000 [109] and an estimated frequency of around 1% in patients
with mental retardation [112]. Finding the reciprocal duplication of this region is
a relatively logical consequence of the presumed non-allelic homologous
recombination mechanism [113].

Clinical studies of large numbers of patients using arrays specifically designed for
certain genomic regions have been performed as well [114,115]. These
specifically designed arrays contain probes for known microdeletion and
subtelomeric regions, aiming to detect deletions and duplications which are
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clinically relevant. In contrast, high resolution arrays covering the whole
genome, as previously described, can also detect alterations of unknown clinical
consequence. The concept of not including detection of regions of unknown
clinical consequence gives a clearer diagnosis in testing of patients with
idiopathic mental retardation and also in patients with an atypical appearance of
a syndrome linked to a known genetic rearrangement. This approach is very
useful to confirm suspected genetic alterations as well, but the obvious
disadvantage is that unsuspected disease-causing genetic alterations remain
undetected.

7. Genetic variation

The assumption that the genome of two unrelated individuals is 99.9% identical
still leaves room for millions of different base pairs. Genetic variation can either
be the cause of a disease, a predisposition to a disease, a defense against a
disease or a normal variation. It may comprise variation at the nucleotide level,
variation of repeat rich elements interspersed throughout the genome, copy
number variations (CNVs) of for example segmental duplications or structural
variations. Whether a detected variation is normal or predisposing to disease can
be difficult to assess, since predispositions might be multifactorial, or they might
have a low penetrance or a combination of both. Some variations of the genome
which are not disease-causing at all for the individual itself like a Robertsonian
translocation or most reciprocal translocations, can not be seen as normal
variation, since there is a high chance that these balanced structural aberrations
can have serious consequences for the next generation. In contrast, for instance
the balanced inversion at chromosome 17q21.31 described earlier, from which
about 20% of the European population is a carrier, is considered a normal variant.
Although it predisposes to microdeletion or microduplication in the 17q21.31
region [109,110], the risk for the recombination event is in the same range as in
other microdeletion/microduplication syndromes and is thus negligible.

7.1 Heteromorphisms

Already prior to chromosome banding, investigators recognized chromosome
variations between individuals, called heteromorphisms. At the time of the first
conference on standardization in human cytogenetics in 1960 [116] the
considerable variation in the length of the Y chromosome was already noted.
Morphological variations present near the centromere of several chromosomes as
well as in the short arms of D- and G-group chromosomes were found later.
Through large studies on newborns it was concluded that these variations
probably were normal heteromorphisms [117]. The first heteromorphism that was
linked to a specific trait was a change in condensation of the part of the
chromosome directly below the centromere of chromosome 1. It was noted in
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three different families that the Duffy blood group type segregated with the
chromosome 1 with relatively uncoiled chromatids in the paracentric region,
leading to the conclusion that the gene for the Duffy blood group was probably
located on this chromosome in the vicinity of this paracentric region [118].

In general, these microscopically visible heteromorphisms usually involve the
heterochromatic regions and satellites of chromosomes. Less frequently,
euchromatic variants are also reported [119]. These variants may have hidden
phenotypic consequences which are not always directly evident.

7.2 Single Nucleotide Polymorphisms

At the beginning of this century, it was generally believed that the biggest part
of genetic variation between two individuals was based on single nucleotide
polymorphisms (SNPs) [120]. Only recently submicroscopic copy number variation
was proven to be a major contributor to genetic variation. It was estimated that
there are at least 10 million SNPs in the human population, an average of 1 SNP
every 300 base pairs. In 2001 an international SNP map working group had
mapped 1.42 million SNPs [121] and in 2005 approximately 1.3 million SNPs were
truly genotyped [122] in the HapMap collection. This is a collection of genomic
DNA samples from four different populations: 30 parent-offspring trios of the
Yoruba population of Nigeria, 30 trios of European descent from Utah, 45
unrelated Han Chinese from Beijing, China, and 45 unrelated Japanese from
Tokyo, Japan. The International HapMap study is an extension of the Human
Genome Project. The latter project generated the human reference sequence,
giving information for the non-variant part of the genome, while the
International HapMap study aims for cataloguing the nucleotides that can vary
between individuals. More recently the consortium released an updated version
of the map in which 3.1 million SNPs were mapped [123].

7.3 Copy Number Variation (CNV)

Initially the frequency of larger genomic variations between individuals was
expected to be low and generally disease-causing. Using novel emerging array-
CGH techniques and SNP array platforms, submicroscopic variation of genomic
fragments was detected [88,106,124-132]. The detected amount of variation
causing no obvious phenotype was much larger than expected [133]. It was found
that a considerable part of copy number variation was associated with the 5% of
the genome that is present in segmental duplications in the genome. Not only
were these CNV regions proposed to be involved in disease causing
rearrangements through non-allelic homologous recombination [134], they were
also associated with large scale normal variation [124,125] since many of these
copy number variable regions contain genes with a variable expression that
contributes to normal phenotypic variation [135,136].

24



Chapter 1

These findings stressed the importance of extensively investigating the human
genome in several different populations to assess if a reported CNV could be
benign or disease causing. Several groups studied genetic variations in HapMap
samples or normal healthy men and women, with different platforms and
techniques. To profit most from this data and to share all this information on
variation with the rest of the research community, all data was collected in the
Database of Genomic Variants (http://projects.tcag.ca/variation) [125]. Still
growing, it has become a valuable tool to evaluate if a found CNV is assumed to
be harmless or could be possibly causing a disease. Nevertheless care must be
taken when using this database to filter out benign CNVs from disease-causing,
even if the CNV was inherited from a phenotypically normal parent. A CNV could
theoretically be disease-causing in one individual and be benign in another, for
instance because of reduced penetrance, variation of expression of the
unaffected allele through a different genetic background or because of a
recessive trait.

8. Scope of this thesis

Modern cytogenetics has experienced rapid technical changes and improvements
since first determining the correct number of chromosomes in humans. This
resulted in new methods for improvement of analysis of chromosomal alterations
of which many have been described in the introduction of this thesis.
Particularly, the last decade has had a big impact on the concept of cytogenetics
with the introduction of whole genome molecular screening techniques. Chapter
2 of this thesis describes the implementation of array-CGH and its effect on the
diagnosis of structural chromosome rearrangements. In chapter 3 the additional
value of array-CGH to routine G-banding of patients with mental retardation and
congenital abnormalities is described. A significant increase in the frequency of
both inherited and de novo copy number variations in a group of 81 patients was
found, in which no structural chromosome rearrangements were visible with
conventional G-banding. This chapter and additional research combining array-
CGH and MLPA, as described in chapter 4, have led to the insight that the current
standard of routine whole genome screening with mainly G-banding needs to be
reconsidered. What particular techniques will be adopted within diagnostics will
depend on cost, quality and speed of the analysis procedure.

Chapter 5 of this thesis underlines the additional value of array-CGH to banding
and FISH studies. It reveals the true complexity of a chromosome rearrangement
that initially was thought to be a balanced three-way translocation. The
mechanism of formation of a complex marker ring chromosome is explained in
chapter 6. It was unraveled with array-CGH, combined with various other
molecular techniques as FISH, MLPA and oligo array-CGH. With this investigation
a novel translocation mechanism was shown to be involved in the formation of a
ring chromosome.
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In chapter 7, the molecular and clinical characterization of a new
microduplication 3q29 syndrome is described, showing that copy number
variation of this region may cause a heterogeneous phenotype. Extensive
documentation of disease association with copy number variation will be
important to accurately distinguish normal variation from variation causing
disease, as illustrated in chapter 8. It describes a case with a homozygous
deletion of a normal variation locus causing hearing loss. Both chapter 7 and 8
also show the importance of international collaboration on collecting trusted
copy number variation data in databases that will be accessible to the entire
community.

In chapter 9 the future impact of the molecular techniques in clinical cytogenetic
research and diagnostics is discussed.
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