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Chapter 6

Conventional karyotyping by G-banding has been in use since the 1970s as the
standard technique in many laboratories to detect chromosomal aberrations. With this
technique it is possible to identify chromosomal rearrangements of at least 5-10 Mb.
Other techniques have been developed to detect smaller aberrations. These methods,
such as Fluorescence /7 s/fv Hybridization (FISH), Multiplex Ligation-dependent Probe
Amplification (MLPA) and Quantitative Fluorescence-Polymerase Chain Reaction (QF-
PCR), are useful only for identifying microdeletions and subtelomeric regions or for
confirming and further characterizing previously identified chromosomal aberrations.
In recent years a technique to screen the whole human genome in a single experiment,
the array Comparative Genome Hybridization (aCGH), has been developed. It enables
the detection of copy number variants (CNVs) (deletions and duplications) that are
approximately 100 times smaller than those that can be identified by conventional
karyotyping. The first genome-wide CGH arrays were based on large DNA fragments
such as bacterial artificial chromosomes (BACs) (Solinas-Toldo et al., 1997; Pinkel
et al, 1998). The resolution of these arrays depends on the size of the probes. Other
CGH arrays were developed with small oligonucleotide probes (45-85 - mer) (Agilent
and Nimblegen) that allowed the detection of smaller CNVs. More recently, the Single
Nucleotide Polymorphism (SNP) array, which was originally developed for genome
wide association studies, turned out to be ideal also for the detection of CNVs. These
oligonucleotide SNP arrays (25-50 - mer) (Affymetrix and lllumina) are based on probes
containing a SNP. With this oligonucleotide array technique (both aCGH and SNP) the
resolution has increased to approximately 10 - 100 kb and depends on the genomic
spacing between the probes.

Mental retardation (MR) occurs in 2-3% of the population and in approximately
5% of these patients a chromosomal aberration can be detected by conventional
karyotyping (de Vries et al., 2005). In contrast, the overall yield of CNVs detected by
high-resolution array (aCGH and SNP) in MR patients is approximately 17% (Vissers et
al., 2003; Shaw-Smith et al., 2004; Schoumans et al., 2005; Tyson et al., 2005; Friedman et
al., 2006; Menten et al., 2006; Rosenberg et al., 2006; Fan et al., 2007; Hoyer et al., 2007).
We studied 318 MR patients using high-resolution SNP arrays in order to establish the
frequency of submicroscopic CNVs in patients with idiopathic MR (chapter 2). In this
cohort we identified different chromosomal aberrations in 22.6% of the MR patients.
It should be noted, however, that most of the above mentioned reports, including
our study, represent highly selected patient cohorts. In all these patients conventional
karyotyping had been performed already and in a smaller group of patients also
locus-specific FISH and subtelomeric MLPA had been done, however no aberration
was detected. Testing every MR patient with a SNP array instead of conventional
karyotyping would further increase the diagnostic power of this method and we have,
therefore, recommended it as a new diagnostic tool to be included in the workflow
for MR patients (chapter 2). At present, high-resolution array is being successfully
implemented in routine clinical diagnostic laboratories. It allows the screening for
all known microdeletion and microduplication syndromes as well as novel CNVs in a
single experiment. As a consequence, fewer diagnostic tests are needed to facilitate a
rapid diagnosis in many patients.

A major advantage of the SNP array is that it provides information on the
genotype and enables the detection of regions of loss of heterozygosity (LOH) (chapter
2). LOH can be the result of a deletion or of uniparental disomy (UPD), which is known
to cause genomic disorders such as Prader-Willi syndrome and Silver-Russel syndrome.
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With a SNP array it is possible to distinguish between heterodisomy and isodisomy if
both parents are hybridized on an array. Furthermore the genotype information can
be used to identify homozygous regions in offspring from consanguineous parents, to
resolve questions concerning mix-up of samples and paternity, and to determine the
parental origin of a deletion. An additional advantage of the genotype information is
that it serves as an extra control step to confirm a deletion or a duplication. In case of a
deletion all SNPs appear homozygous because of loss of one allele; duplications show
four possible genotypes, including AAA, AAB, ABB and BBB.

Although it was originally suspected that array analysis would not be able to
detect mosaicism, it appears that the aCGH and SNP array techniques are actually more
sensitive in detecting low-level mosaicism than conventional karyotyping (chapter
2 and 3.4). Usually, an insufficient number of cells is counted unless mosaicism is
suspected. Also, a single abnormal cell might be interpreted as an artifact of cell
culture. So, one can easily fail to detect an aberrant subset of cells with conventional
karyotyping. Furthermore, as shown in chapter 2, 4.2 and 5.1, the array technique is
more sensitive in detecting unbalanced translocations. Relatively large aberrations (3
- 21 Mb) are missed by conventional karyotyping because telomeric bands of many
chromosomes are similar in appearance.

In chapter 3.2 and 4.1 we have shown that the SNP array is useful
in characterizing previously detected microscopically visible chromosomal
rearrangements. In chapter 3.2 we have described apparently balanced translocations
and inversions where the SNP array detected additional CNVs. These CNVs were either
at the breakpoints of the rearrangement or were on chromosomes unrelated to the
previously detected aberration. In chapter 4.1 we have presented a patient where
conventional karyotyping detected extra material of unknown origin on the long arm
of chromosome 9. SNP array analysis detected a duplication of 400 kb, a triplication
of 2.4 Mb and a duplication of 130 kb of chromosome band 9q34.3. In this case, the
SNP array proved to be an accurate method for the identification and delineation of
the chromosomal rearrangement. As there is no technique available at present that
can detect complex chromosome rearrangements as well as cryptic CNVs in one
experiment, conventional karyotyping, FISH and high-resolution array screening
remain essential for unravelling complex karyotypes.

The disadvantage of using arrays instead of conventional karyotyping is that
arrays cannot detect balanced rearrangements. A large prenatal study has shown that
approximately 0.5% and 0.1% of the antenatal cases carry an apparently balanced
reciprocal translocation or an inversion respectively (Warburton, 1991). Only 6% of
these cases are associated with abnormal phenotypes. The abnormal phenotype can
be caused by the disruption of a gene at the breakpoint or by a small duplication or a
deletion that is beyond the resolution of the microscope. The SNP array analysis would
(depending on the resolution) detect the small abnormalities, though the disruption
of genes would remain undetected. A Dutch retrospective study has shown that of
all referrals only about 0.78% potentially pathogenic balanced rearrangements would
remain undetected by array analysis without conventional karyotyping (Hochstenbach
et al,, 2009). Conventional karyotyping, on the other hand, will miss a much higher
percentage of unbalanced rearrangements if no array analysis is performed.

An ideal technique would combine whole-genome high-resolution screening
for CNVs and the detection of inversions, insertions and translocations. This is possible
with paired-end mapping, a new sequencing method, whereby aberrations from
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approximately 3 kb can be identified (Korbel et al., 2007). It involves fragmentation
of genomic DNA to 3 kb fragments; these fragments are circularized and randomly
sheared. These products are sequenced and mapped back to the reference sequence.
Paired-end mapping has already been used successfully in breakpoint mapping of
balanced chromosome rearrangements (Chen et al., 2009). However, experience with
this technique in whole-genome screening is limited. More importantly, the costs are
high and the process is very laborious. A rapid and routine implementation of this
technique is therefore not to be expected soon.

Finally, another example of the power of high-resolution arrays is given in
chapter 5. Two studies in which the SNP arrays were used to detect CNVs in patients
with phenotypes other than MR are presented. In chapter 5.1 we have reported the
detection of CNVs in 33% of patients with a BPES-like phenotype. In chapter 5.2 we
have used high-resolution SNP arrays to detect CNVs in patients with features of the
SOTOS syndrome. We found chromosomal aberrations in 15% of these SOTOS-like
patients.

The major recurring theme in this thesis is that the clinical consequence of
novel CNVs is not always immediately evident in many cases (chapter 2, 3.1, 3.2, 3.3,
5.1 and 5.2). High-resolution array studies have revealed many new microdeletion and
microduplication syndromes (reviewed by Slavotinek, 2008). There are other recurrent
deletions and duplications for which the clinical significance is not immediately clear. A
good example of the difficulty in assigning clinical significance is discussed in chapter
3.1. A ~600 kb 16p11.2 deletion was initially detected in patients with autism, but later
it was seen also in patients with MR, in healthy individuals, and finally in obese patients
(Walters et al., 2010). This suggests that the recurrent 16p11.2 deletion is associated
with a variable outcome and it is even uncertain whether it is pathogenic. There are
other well known microdeletion syndromes with a wide phenotypic spectrum (e.g.
22911.2) (Edelmann et al, 1999). Since geneticists often assume that only de novo
CNVs are pathogenic, one of the first steps in a routine diagnostic workflow is to check
the parents for transmission of a CNV. Besides, it has been shown already that patients
with known syndromes can inherit this deletion from one of their healthy parents
(Edelmann et al., 1999). The cause for this phenotypic variability is unknown. Several
hypotheses have been proposed to explain the variable effect of deletions: stochastic
variation of gene expression at a lower level (Cook et al., 1998), presence of modifying
genes on the other undeleted homologue as was demonstrated recently at the locus
for adult polycystic kidney disease, PAD7 (Rossetti et al., 2009), influence of unlinked
genes or epigenetic factors that may play a role. Recently, Girirajan and colleagues
suggested a two-hit model for a recurrent 16p12.1 microdeletion (Girirajan et al., 2010).
They found that 30% of the affected individuals with a 16p12.1 microdeletion carried
a second CNV. These results show for the first time two independent chromosomal
changes in a mentally retarded patient, confirming the multifactorial model proposed
decades ago. With the increasing resolution of genome analysis similar examples are
likely to follow soon. The big challenge, however, is to prove the pathogenicity of
each CNV or genomic variant, which is becoming more difficult with the increasing
complexity. To gain better insight in the pathogenicity of these CNVs large numbers of
patients and their families need to be analyzed in great detail.

Even before the introduction of G-banding it was clear that two chromosomes
of a pair were not always alike. As most variants were found in individuals with a
clinical abnormality, it was not until large newborn studies that it became evident that
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these variants were benign (reviewed by Wyandt, 2004). With the introduction of the
whole-genome high-resolution screening technique, a similar problem has appeared;
this technique is able to detect smaller abnormalities and thereby also new variants
of unknown clinical relevance (chapters 2 and 3). It has been estimated that up to
12% of the human genome is involved in CNVs (Redon et al., 2006). Large studies on
healthy individuals have revealed many new benign CNVs which are collected in the
Database of Genomic Variants (DGV) (lafrate et al., 2004; Sebat et al., 2004; Sharp et
al., 2005; Tuzun et al., 2005; Feuk et al., 2006; Friedman et al., 2006; Hinds et al., 2006;
Locke et al., 2006; McCarroll et al., 2006; Redon et al., 2006; Conrad and Hurles, 2007).
This database is a valuable tool for geneticists for comparing CNVs that they find in
their patients. Although this database is still growing, many rare CNVs identified in MR
patients are not reported. As more data becomes available in the next few years, it will
become clear whether CNVs that are at present classified as potentially pathogenic
are pathogenic or not. Databases like DECIPHER and ECARUCA, which collect CNVs
detected in patients can help unravel novel disease-causing CNVs much faster.

In March 2010 the DGV contained 14478 CNV loci and is still regularly updated.
The data submitted to this database are not subjected to an editorial screening, the
only requirements being that the data is published as a scientific manuscript and that
the CNV was identified in a non-disease control sample. The contributors are therefore
able to use different methods with a variety of detection rates, error rates, and genomic
coverage. In some contributing studies no distinction is made between gains and
losses; these CNVs should therefore be excluded for comparison. Caution should be
exercised in the interpretation of the submitted CNVs.

Manufacturers producing high-resolution array techniques are developing new
arrays with even higher resolution. Recently we have tested the latest available 2.7M
(Affymetrix) array. These arrays contain 2.7 million markers, including 400.000 SNP
probes and 2.3 million CNV probes. Not only the resolution but also the laboratory
procedures are constantly being improved. In diagnostic laboratories, procedures with
fewer steps and more automation are highly encouraged, since this means less hands-
on time and less possibility of sample mix-up. However, a higher resolution will, per
definition, also detect more CNVs of unknown clinical significance.

Next generation sequencing technologies will eventually replace the array
technologies in the genetic diagnostic flow of MR. Sequencing will be able to detect
mutations as well as deletions, duplications, inversions and translocations. At present,
sequencing of whole genomes is feasible and in a few years also affordable; however,
analysis of the data is not yet suitable for a large scale. Bioinformaticians will be
necessary to solve this problem. Implementation of sequencing will furthermore
introduce the same problems on an even larger scale, as the whole-genome high-
resolution arrays do at present. Large numbers of new variants will be identified, most
of which are probably not disease causing and many others that may be associated
with other unexpected diseases. The challenge to distinguish between harmless
variants and variants causing or contributing to disease will become even more
daunting.

In the series of articles presented in this thesis we have studied patients with MR
and/or congenital malformations. The question we have tried to answer by studying
the genome of the patient is whether we can find a cause for the signs and symptoms
observed in the patient. The SNP array was successfully used for the detection of novel
CNVs and has replaced the conventional karyotyping in the routine diagnostic flow in
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MR patients in our diagnostic setting. We are therefore able to make a diagnosis in a
higher number of MR patients, thus improving medical care and genetic counselling.
However, a major complexity is the finding of potentially pathogenic CNVs for which
the clinical significance is not immediately clear.
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