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INTRODUCTION

The widespread utilization of array-based comparative genomic hybridization
(aCGH) and single nucleotide polymorphism (SNP) genotyping arrays has
revealed that DNA copy-number variations (CNVs) constitute a significant
portion of the observed genetic variation [1, 2] and could predispose to common
and complex disorders, including developmental delay/intellectual disability
(DD/ID), multiple congenital anomalies (MCA), and autism spectrum disorders
(ASD) [3, 4]. These classes of disorders have a high rate of prevalence in the
general population (DD/ID 2-3%; ASD ~1:150 individuals) and account for the
largest proportion of cytogenetic testing [5]. Chromosomal microarray analysis
(CMA), which encompasses all types of array-based genomic copy-number
analyses, offers the capacity to examine the entire human genome on a single
chip with a resolution that is at least 10-fold greater than the best G-banded
chromosome analysis, and is now established as the first-tier cytogenetic
diagnostic test for fast and accurate detection of chromosomal abnormalities in
patients with DD/ID, ASD and/or MCA [5].

The decision to replace the traditional G-banding method with the novel
CMA method was made by comparing the diagnostic yields of the two
techniques and calculating the total cost of the analyses per patient. G-banded
karyotyping alone detects pathogenic genomic imbalances in ~3% of patients
with developmental disorders (excluding clinically recognizable chromosomal
syndromes, e.g., Down syndrome), whereas the diagnostic yield for CMA is 10—
25% depending on the microarray platform and patient selection [4-6]. In
general, the adoption of microarrays by research and clinical diagnostic
laboratories to analyze DNA copy-number changes has had a great impact on
the field of medical genetics by enabling to both clarify genotype-phenotype
relationships in known disorders and identify novel syndromes [3, 7].

In Estonia, CMA was firstly applied in a high-resolution study of CNVs and
uniparental disomy (UPD) in Estonian families with unexplained ID carried out in
2007-2009 [8]. The relevant structural aberrations were detected in 23% of the
families analyzed, thus further demonstrating both the great value of CMA for the
detection of genetic causes of ID and its role as a reliable and effective tool in
research and diagnostics. In another study, CMA was applied in a small cohort of
patients with hearing loss (HL) with a conclusion that this diagnostic method
might be recommended for patients where HL occurs together with DD or
congenital anomalies [9]. The successful application of CMA in research studies
prompted the introduction of this state-of-the-art diagnostic possibility into
clinical practice in 2009. At that time, the target population consisted of patients
whose diagnosis remained unknown despite all routine genetic investigations.
Since 2011, CMA is on the official service list of the Estonian Health Insurance
Fund and is performed as the first-tier cytogenetic diagnostic test for patients with
DD/ID, ASD, and/or MCA. This study summarizes the Estonian experience of
using CMA for postnatal and prenatal diagnosis in routine clinical practice; both
positive aspects and major drawbacks and challenges are discussed.
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I. REVIEW OF THE LITERATURE

l.1. Chromosomal microarray analysis
I.1.1. Human cytogenetics: from microscopes to microarrays

The need to detect genomic copy-number changes originates from the
knowledge that both chromosomal numerical and structural aberrations work to
cause abnormal mental and physical development in humans [10-14]. In
addition, recent advances in the field of DNA microarray technologies have
demonstrated the importance of submicroscopic copy-number variations
(CNVs) in both human evolution and genetic and hence phenotypic diversity
between individuals [1, 2, 15-17]. Moreover, CNVs can also represent benign
polymorphic changes that have no effect on human phenotype [15, 18]. The
very first large-scale studies of CNVs in human population have proposed that
up to 12% of the human genome could be involved in copy-number variation
[15, 17]. However, in these initial studies, the CNV size was often
overestimated because of the relative low resolution of array platforms used and
the actual percentage of the genome affected by CNVs could be in the range of
0.78-1.28% [2, 21]. Deletions, amplifications, insertions, and translocations can
all result in CNV that is defined as a segment of DNA that is 1 kb or larger in
size and is present in a variable copy-number when compared with a reference
human genome [19].

The ability to study chromosomal rearrangements, including CNVs, has
changed dramatically over time. The field of cytogenetics — the study of the
structure, function, and evolution of chromosomes — sprang up at the end of the
19" century, however, the period up to the early 1950s is known as “the dark
ages”. The first cytogenetic studies were difficult to conduct, and it was only in
1956 that the correct number of chromosomes in normal human cells was finally
discovered and clinical cytogenetic practice was born [22, 23]. In the following
years, several numerical and structural chromosomal abnormalities have been
associated with specific disorders, for example, trisomy 21 in Down syndrome,
45,X in Turner syndrome, 47,XXY in Klinefelter syndrome, or “Philadelphia
chromosome” in chronic myeloid leukemia [14, 24-26]. In 1963, the first
inherited deletion syndrome, Cri du Chat, was recognized: it was noted that all
the patients who displayed specific phenotypic features, including severe ID and
a characteristic cat-like cry, were missing a portion of the short arm of
chromosome 5 [27]. The rapid development of human cytogenetics in the
ensuing years has become possible due to technological advances that have
combined innovations in molecular biology, chemistry, and instrumentation
(reviewed in [28]). In 1968, staining protocols were developed that generated
reproducible chromosome-specific patterns of light and dark bands along the
length of each chromosomes, thus enabling one to easily recognize
chromosomes, detect deletions, inversions, insertions, translocations, fragile
sites, and other more complex rearrangements, and refine breakpoints [29].
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Although several different banding techniques have been developed, the
Giemsa-banding method (G-banding), based on the application of trypsin
followed by Giemsa staining, still remains the most widely used method in
clinical cytogenetic laboratories [30, 31]. Typically, 400—800 bands per haploid
genome, according to the International System for Human Cytogenetic
Nomenclature (ISCN), are visible in prometaphase chromosomes. This means
that, depending on the banding resolution and characteristics of a chromosomal
region, CNVs smaller than 5-10 Mb cannot be detected. Nevertheless, the
introduction of G-banding was a big step forward for clinical cytogenetics, and
provided an opportunity to study not only patients but also healthy individuals
as possible carriers of a balanced aberration, e.g., family members of a known
carrier or couples suffering from recurrent spontaneous abortions [31].

Historically, visible structural aberrations could not be associated with the
sequence. This challenge has been overcome with the development of a
completely new approach: fluorescence in situ hybridization (FISH), which has
given a birth to the field of molecular cytogenetics and has worked to narrow
the gap between cytogenetics and molecular biology [32, 33]. FISH was
developed as a refinement of radioactive labeling, where the isotopic labels
were replaced with fluorescent ones, thus allowing FISH to be routinely applied
under clinical laboratory settings. FISH allows one to reveal the presence and
localization of specific labeled DNA probes that have bound to complementary
sequences on their targets, traditionally the metaphase chromosome spreads.
This technique was initially used to diagnose known deletion syndromes such as
DiGeorge and Williams-Beuren syndromes. Currently, segments as small as
10 kb or even 1 kb may be localized, depending on the probes (e.g., cosmids,
BACs, PACs, YACs, fosmids, oligonucleotide probes) and the substrates (e.g.,
metaphase and interphase chromosomes, extended chromatin fibers) used for
hybridization. Further developments of FISH include multiplex-FISH (M-FISH)
and spectral karyotyping (SKY) where all chromosomes are differentially
colored in a single experiment. These techniques enable one to study very
complex rearrangements that are typically associated with different types of
solid tumors [34, 35]. Despite their usefulness, FISH studies are very time-
consuming, difficult to automate, and can therefore only be applied for a limited
number of probes [31].

In addition to FISH, alternative targeted approaches have been developed for
CNYV analysis, such as real-time quantitative polymerase chain reaction (qPCR),
and multiplex ligation-dependent probe amplification (MLPA) [36, 37]. All
targeted methods require prior knowledge of the region under study and are
used in clinical genetics tests to detect recurrent events or to confirm the results
of other studies or tests.

The next transformation of cytogenetics came with the introduction of a
completely new approach — comparative genomic hybridization (CGH) and its
further development — array-based CGH (aCGH) that both permit the detection
of chromosomal copy-number changes without the need to culture cells [38—40].
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The principle of CGH is to compare two differentially labeled (usually red and
green) genomic DNA samples from two sources (e.g. tumor and normal tissue)
hybridized to a normal human metaphase preparation. The ratio of red-to-green
fluorescence is measured across the length of each chromosome and gains or
losses can be therefore delineated. Compared to traditional molecular
cytogenetic techniques, CGH does not need any prior knowledge of the region
under investigation and can be used to quickly scan an entire genome for
imbalances. However, the resolution of CGH is limited by the use of
chromosomes as targets and achieves approximately 5-10 Mb, which is
comparable with conventional G-banding. In aCGH, the principles of traditional
CGH are combined with the use of microarrays and the metaphase
chromosomes are replaced by an array of small segments of DNA (e.g., BAC or
PAC clones, oligonucleotide probes). The resolution of this analysis is
determined by the array probe size and the genomic distance between them.

Another microarray type that has been widely adopted in cytogenetic studies
is SNP arrays. Developed initially for genotyping procedures, they have
progressively started to be used to simultaneously genotype SNPs and detect
CNVs [41, 42]. In contrast with aCGH that requires the simultaneous
hybridization of reference DNA from a healthy person or a normal tissue and
test DNA, in case of SNP arrays, only test DNA is needed. In addition to CNVs,
SNP arrays can also detect copy-number neutral events, mosaicism, and
determine the parental origin of de novo CNVs in trios [43].

The newest approach is the use of next generation sequencing (NGS), or
massively paralleled sequencing, data for CNV analysis. Most NGS applications
focus on the detection of single base variants and small insertions/deletions
(indels), but indeed structural variations (>50 bp), including larger indels, CNVs
and translocations, can be identified from the same data. NGS-based methods
are developing rapidly and are becoming part of routine clinical genomic testing
where they are often able to supplement array-based techniques and may
potentially replace them in the future [44]. While CNV analysis could be
relatively easily fulfilled using data obtained from whole-genome sequencing,
none of the whole-exome sequencing-based CNV detection tools currently
performs at a satisfactory level and all suffer from a limited power [45].

An overview of both conventional and molecular cytogenetic methods that
are routinely used to detect chromosomal rearrangements is given in Table 1
[46].
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Table 1. Overview of conventional and molecular cytogenetic methods that are
routinely used to detect chromosomal rearrangements (adapted from [46]).

Technique Aberration detection Max Sensitivity | Number
resolution of loci*
Unbalanced | Balanced| LCSH
and
UPD
Whole-genome wide chromosome-based
G-banding X X - Low Low High
(>5Mb)
CGH X - - Low High High
(>3-5Mb)
SKY/M-FISH X X - Low High High
(>several
Mb)
Whole-genome wide array-based
1-Mb BAC aCGH X - - Medium High High
(>1Mb)
Tiling-path BAC X - - High High High
aCGH (>50kb)
Oligonucleotide X - - High (up High Very
aCGH to kb) high
SNP genotyping X - X High High Very
arrays (>5kb) high
Targeted approaches
FISH X X - High High Low
(<100kb)
qPCR X - - High Very high Low
(~100bp)
MLPA X - - High High Medium
(~100bp)
Next-generation sequencing-based
NGS X X X Very high | Very high Very
(bp) high

*number of genomic loci analyzed per experiment.

Abbreviations: LCSH — long contiguous stretches of homozygosity; UPD — uniparental disomy;
CGH - comparative genomic hybridization; SKY — spectral karyotyping; M-FISH — multiplex
FISH; FISH — fluorescence in situ hybridization; BAC — bacterial artificial chromosome; aCGH —
array-based comparative genomic hybridization; SNP — single nucleotide polymorphism; gPCR —
real-time quantitative polymerase chain reaction; MLPA — multiplex ligation-dependent probe
amplification; NGS — next-generation sequencing.
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1.1.2. Array-based techniques for analysis
of DNA copy-number changes

Originally developed for gene expression profiling, DNA microarrays currently
have a wide range of applications in molecular biology: CNV analysis, SNP
genotyping, DNA methylation, alternative splicing, miRNA, and protein-DNA
interactions studies [46]. Each array consists of thousands of small DNA
sequences (e.g., cloned sequences or oligonucleotide probes) immobilized on a
solid surface. The core principle behind microarrays is hybridization between
two complementary nucleic acid strands: “probes” attached to the array surface
and labeled DNA or RNA “targets” applied to the array. The main advantages
of array-based methods are the ability to rapidly scan a huge amount of genetic
targets in a single experiment, high sensitivity, and high specificity. In terms of
clinical settings, the low amount of input sample (<lpg) material is also
advantageous.

Chromosomal microarray analysis (CMA) is a general term used to refer to
microarray-based genomic copy-number analysis, which can also be offered
under other names, e.g., “molecular karyotyping”. Array-based approaches
enable one to analyze chromosomes for chromosomal rearrangements that result
in changes in DNA copy-number, such as chromosomal loss or gain. Thus,
CMA performs the function of conventional karyotyping but at a much higher
resolution [5].

Two types of microarrays used for CNV analysis are available: CGH arrays
and SNP arrays. Various array platforms for specific applications are produced
by array manufactures, and usually some extent of flexibility in design is
provided which allows one to adapt the content of the array to specific needs
and purposes.

[.1.2.1. Comparative genomic hybridization arrays

The aCGH technique was introduced in 1997 as a further development of
conventional CGH with the purpose of improving its resolution [39, 40]. The
first array probes represented large genomic clones of typically 80-200 kb in
length (BACs or PACs) robotically spotted onto a solid surface. The first
diagnostic CGH arrays consisted of roughly 3000 BACs covering the entire
genome with a mean resolution of approximately 1 Mb and were used to test
patients with ID or MCA [47-49]. In 2004, the first whole-genome tiling path
array was developed that contained 32,000 overlapping BAC clones and
provided a mean resolution of roughly 100-150 kb [50]. The BAC array
resolution limit corresponds to the average size of a BAC clone. BAC arrays are
unable to accurately define a CNV that is smaller than the BAC clone which
defines it. In addition, BAC arrays tend to overestimate the real size of CNVs
detected due to the inaccurate determination of aberration breakpoints [17]. The
use of shorter sequences and increasing the number of probes present on an
array enables one to further improve the resolution. BAC clones were replaced
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by complementary DNA (cDNA) probes, followed by PCR amplicons and
finally, oligonucleotide probes that are currently widely used [51-54]. Although
the short size of oligonucleotide probes (roughly 25-85 nt) assures a high
resolution of CNV analysis, which now depends mainly on the number of
probes and genomic distance between them not on their size, it can also be seen
as a drawback because short sequences make the hybridization process variable
and sequence-dependent [55]. To overcome this limitation and to reduce the
number of false-positive results, the average signal intensity of several
consecutive probes is taken into account during CNV calling procedures. This,
however, reduces the effective resolution of an array platform. This effect is in-
turn compensated by the great number of probes which can achieve up to 1
million probes per slide and allows the detection of chromosomal imbalances as
small as just a few kilobases and more precise determination of the aberration
breakpoints. Actually, the application of arrays with even higher resolution has
been described [2].

The detection of CNVs using aCGH typically proceeds as follows: both test
and reference DNA samples are labeled with different fluorophores (usually
Cy3 and Cy5), and then co-hybridized onto an array in the presence of Cot-1
DNA to reduce the binding of repetitive sequences. The signal ratio between the
test and reference sample is normalized and converted to a log, ratio, which
provides a means for copy-number estimation. An increased log, ratio
(theoretically, 0.58, as log, (3/2)=0.58) indicates a one copy gain in test DNA
compared with the reference, while a decreased log, ratio (theoretically, —1, as
log, (1/1)= —1) indicates a one copy loss. A log, ratio value of zero indicates a
normal copy-number [40, 46]. Different algorithms can be used to normalize the
array data to correct for artifacts such as GC-bias or dye-bias and to guarantee
better CNV detection and reduce the number of false-positive results [46].

One advantage of oligonucleotide CGH arrays is the flexibility to create
custom designs, even for a limited number of slides ordered. Specific regions
and genes of interest can be covered with many probes in order to increase the
local resolution and detect the tiniest pathological imbalances, down to one
deleted exon [56, 57]. Usually, different options for custom design are provided:
the user can choose oligonucleotide array probes from a database containing in
silico-validated sequences or alternatively add any custom oligonucleotide
sequences to an array. All procedures can be accomplished through online
applications such as eArray (Agilent Technologies (Santa Clara, CA, USA)).

The main disadvantage of aCGH that does not depend on the choice of array
platform is an inability to detect the presence of mosaicism, balanced
aberrations (e.g., inversions, and balanced translocations), and copy-number
neutral events such as long contiguous stretches of homozygosity (LCSH) and
UPD. Also, these arrays are not helpful in determining the parental origin of de
novo CNVs. To compensate these drawbacks, at least partially, some
manufactures (e.g., Agilent Technologies) have attempted to develop CGH
arrays containing additional SNP probes that allow one to screen for LCSH [58].
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However, these do not provide robust SNP genotypes and thus cannot always
delineate the parental origin of a de novo aberration.

1.1.2.2. Single nucleotide polymorphism arrays

SNP arrays were initially developed to conduct genotyping procedures. Single
nucleotide polymorphisms — which represent a substantial part of human genetic
variation — are genome positions at which two distinct nucleotide residues are
possible and both appear in a significant portion of a human population. For
simplicity, manufactures usually label the two alleles of a SNP as 4 and B,
which means that an individual can have an 44, AB, or BB genotype at any
particular SNP  site [59]. According to the SNP database
(http://www.ncbi.nlm.nih.gov/snp; dbSNP BUILD 140) there are more than 55
million SNPs in the human genome. The very first SNP arrays designed by
Affymetrix, Inc. (Santa Clara, CA, USA) — the pioneer of commercial SNP
arrays — genotyped 1494 SNPs [59]. Since then, SNP arrays have improved and
currently several millions SNPs can be genotyped on a single chip. Large-scale
studies such as the HapMap Project and the 1000 genomes project have
provided an opportunity to improve the content of SNP arrays by incorporating
more informative SNPs [60, 61]. Because SNP array probes represent short
oligonucleotide sequences, the resolution of SNP arrays is similar to that of
CGH arrays and depends both on the number of array probes and the genomic
distance between them [57].

The two main manufactures of SNP arrays — Affymetrix, Inc. and Illumina,
Inc. (San Diego, CA, USA) — use different chemistries in their genotyping
protocols, however, they both rely on the same principle of complementary base
pairing, which is also utilized by aCGH [59]. The copy-number analysis
provided by SNP arrays relies on two parameters, the log, R intensity ratio
(LRR) and the “B-allele frequency” (BAF). The former is obtained by
comparing the signal intensities from the test sample to a collection of reference
hybridizations. The latter, in-turn, is calculated for each particular SNP from the
observed allelic intensity ratio by interpolating the known B allele frequencies
of the three canonical clusters (0, 0.5, and 1.0). The BAF has a significantly
higher per-probe signal-to-noise ratio than LRR data and can be interpreted as
follows: a BAF of 0 represents the genotype (A4/4 or A/-), whereas 0.5
represents (4/B) and 1 represents (B/B or B/—). Generally, the BAF may be used
to accurately assign copy-numbers from 0 to 4 in diploid regions of the genome
[62, 63].

Therefore, the main difference between CGH arrays and SNP arrays is that
the latter provides genotype information in addition to copy numbers. While
both CGH and SNP arrays can easily detect chromosomal aberrations associated
with DNA copy-number changes, the additional genotype information provided
by SNP arrays allows one to detect mosaicism, LCSH, UPD, and determine the
parental origin of de novo aberrations [43]. Knowledge regarding copy-number
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neutral events and the parental origin of de novo CNVs is often essential in
terms of imprinting disorders. In addition, a substantial portion of a genome
presented in a homozygous state may indicate a possible consanguinity between
parents which may be useful in genetic counseling [64]. In contrast with aCGH,
SNP arrays do not require simultaneous hybridization of test and reference
samples because the fluorescent signal intensity of each probe is compared with
a reference bioinformatic file [63, 65]. These reference files could either be
provided by the manufactures for the general population, or custom population-
specific files created by the users.

Despite the advantages provided by SNP arrays, some studies have found
that dedicated CGH arrays tend to have better sensitivity when analyzing copy-
numbers [46, 66]. However, no difference in CNV calls have been detected in
other studies, so both array platforms can be considered equivalent and can be
used in diagnostics for patients with the same clinical indications [67].
Nevertheless, to improve the efficiency of CNV discovery using SNP arrays and
to increase marker density in CNV regions, manufactures now provide array
designs that include non-polymorphic copy-number probes (which are used to
examine log ratios but not BAF). For example, the Affymetrix Genome-Wide
Human SNP Array 6.0 contains 1.8 million genetic markers, half of which are
probes for the detection of CNVs. In addition, as with most CGH arrays, the
user can order custom SNP arrays or add additional probes to standard chips to
target specific regions of the genome. For instance, up to 50,000 markers can be
added to an Illumina HumanOmniExpress array that initially contains ~700,000
fixed probes.

As with CGH arrays, one of the main disadvantages of SNP arrays is their
inability to detect balanced rearrangements such as inversions and balanced
translocations. Under clinical diagnostic settings, conventional cytogenetic
methods are still commonly used to screen specific patient populations (e.g.,
couples suffering from recurrent spontaneous abortions) for this type of
chromosomal alteration. In addition, both, CGH arrays and SNP arrays provide
no information regarding the location of duplicated copies and are generally
unable to resolve breakpoints at the single-base-pair level. Furthermore,
microarrays are less sensitive when detecting single-copy gains compared with
deletions, especially when analyzing shorter CNVs [62].

1.1.3. Application of chromosomal microarray analysis in research

Although structural variants in some genomic regions do not have obvious
phenotypic consequences, others may cause genetic diseases, either alone or in
combination with other genetic or environmental factors [15, 16, 68]. Disorders
in which the clinical phenotype is a consequence of either abnormal dosage or
dysregulation of one or more genes located within a rearranged segment of the
genome are known as “genomic disorders” [20]. During the pre-array era, it was
known that changes in both the number of chromosomes and their structure
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cause clinical phenotypes, however, the introduction of array technologies,
including whole-genome wide array-based methods, enabled high-resolution
screening of entire genomes and led to the discovery of numerous
submicroscopic changes in the chromosome structure that had not been
previously observed. It has also become evident that despite the smaller size of
submicroscopic aberrations, their overall potential contribution to human
genetic variation and disease may be higher compared with microscopic
changes because they occur at a higher frequency [19].

Because tumor samples have a high frequency of various chromosomal
rearrangements, the primary application of both CGH and aCGH was mainly in
cancer research. These technologies improved cancer diagnosis, prognosis, and
classification of tumors, and also helped to identify candidate cancer genes [69,
70]. In addition, it has been found that submicroscopic subtelomeric
chromosome alterations could be responsible for up to 5% of previously
unexplained cases of ID, which affects 1-3% of the general population in
developed countries and represents a leading socio-economic problem in health
care [71-73]. The most frequent cause of ID is Down syndrome (or trisomy 21)
with a frequency of ~12% in the ID population. The overall livebirth prevalence
of Down Syndrome in Estonia — 1.17 per 1000 livebirths — is within the range
reported in the literature and thus allows one to suppose that the frequency of
this aneuploidy among Estonian ID patients may be approximately the same,
although it has not been directly estimated [74]. Other numerical and
chromosomal imbalances that are visible with light microscopy are less
common and account for between 5—15% in the ID population [72, 75]. In
addition, hundreds of monogenic forms of ID have been mapped
(http://www.ncbi.nlm.nih.gov/omim). Despite these advances, the etiology in
more than half of all ID cases remains unknown. Taking into account that many
ID-associated aberrations found in subtelomeric regions were interstitial, it has
been proposed that submicroscopic pathogenic alterations should exist
elsewhere in the human genome. Vissers et al. demonstrated the utility of aCGH
in detection submicroscopic aberrations with high sensitivity and specificity
[48]. Since then, aCGH has become a method of choice for detecting deletions
or duplications associated with neurodevelopmental disorders. Depending on the
array platform used and the patient selection criteria, apparently pathogenic
CNVs can be identified in up to 15% of patients with idiopathic ID and normal
karyotype [76, 77]. A large comprehensive study of unexplained ID has also
been carried out in Estonian patients using an SNP genotyping platform. This
revealed the underlying reason of ID in 23% of the patients and allowed for the
identification of 4 novel aberrations associated with ID. Genotype data from a
cohort of 1000 individuals from the general population have been used to
accurately interpret CNVs detected in ID patients [8]. Cooper et al. composed a
copy-number variation morbidity map of developmental delay through the
analysis of array data from more than 15,000 patients with ID and various
congenital defects and comparing it with >8,000 healthy controls. This study
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offers a great resource for researchers and clinical geneticists studying the
etiology of ID/DD and ASD [78]. With this growing body of knowledge, ID
could be considered as a model disease to study the clinical consequences of
CNVs.

In addition, CNV analysis has been used to study multiple psychiatric
disorders, such as autism, schizophrenia, bipolar disorder and others, because
these disorders display a high degree of heritability which suggests a genetic
component to susceptibility. Indeed, a strong association between autism and de
novo CNVs has been demonstrated by different research groups who found that
the frequency of de novo CNVs can reach up to 10% in patients with ASD, and
simplex autism shows a stronger correlation than multiplex autism [79-81]. As
in case of ID, the presence of additional clinical problems, such as dysmorphic
features and/or ID, increases the chances of detecting an underlying genetic
cause. Application of array-based technologies to study ASD has allowed for
the detection of multiple autism susceptibility loci in the human genome,
including 16p11.2, 15q13.3, and 7q11.23. However, the presence of numerous
genes in these regions can hamper the identification of the genes that actually
cause this disorder. Depending on both the function and the degree of dosage
sensitivity of the affected genes, common autism-associated CNVs can
demonstrate wide phenotypic expressivity. Those with higher penetrance for
ASD (e.g., 15q11-ql13 duplication) are usually of de novo origin, cause more
severe symptoms, and are more prevalent among sporadic ASD. Some CNVs
(e.g., 15q11.2 deletion) produce moderate or mild effects and are also found in
unaffected family members and the general population, which suggests the
involvement of modifying factors of genetic or non-genetic origin [82].

CNV studies with schizophrenic patients have confirmed that
submicroscopic chromosomal rearrangements also play a role in this
neuropsychiatric disorder [83, 84]. However, different studies display poor
overlap and currently only a small number of specific CNV loci are enriched in
schizophrenia cases, including 1q21.2, 15q13.3, 16pll1.2, and 22ql1.2.
Interestingly, these genomic regions have been also associated with other
neurodevelopmental and neuropsychiatric disorders. Recently, a meta-analysis
of multiple CNV studies of schizophrenia was performed with the purpose of
generating a map of genes affected by CNVs in schizophrenia, which will serve
as a starting point for further functional studies leading to the discovery of
targets for future therapeutics and diagnostics [85].

Moreover, rare CNVs with a strong phenotypic effect may contribute to
common diseases and complex traits, and may help to explain the “missing
heritability* (the portion that cannot be explained by defects in individual
genes). One such example is a 16p11.2 microdeletion associated with a highly-
penetrant form of obesity. This was initially found in a relatively small cohort of
patients that display this extreme phenotype, while further procedures included
targeted follow-up studies in European population cohorts [86].
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In general, the adoption of microarrays for the analysis of DNA copy-
number changes by research and clinical diagnostic laboratories had a great
impact on the field of medical genetics, by enabling both the clarification of
genotype-phenotype relationships in known disorders and identification of novel
syndromes [3, 7]. Genomic microarrays ease the process of obtaining genotype
information and have opened up a new approach to identify novel syndromes,
termed the “genotype-first” approach or “reverse phenotyping” [87]. The main
idea is that patients with overlapping genotypes are collected together and then
followed by accurate clinical examination and observation. This contrasts with
the traditional approach of first starting with a collection of a phenotypically
homogeneous group of patients. The genotype-first approach has proven to be
very effective and has lead to the discovery of many microdeletion/
microduplication syndromes, some of which display a great degree of
phenotypic variability and penetrance and could have remained undetected
based purely on the phenotype assessment method [88—90]. In addition, array-
based methods may also facilitate the identification of disease genes that cause
known syndromes. This may be achieved by narrowing the critical region of a
specific disease by detecting patients with a specific phenotype and overlapping
CNVs. One example is the identification of the genetic cause of CHARGE
syndrome, which appears to be caused by haploinsufficiency of the CHD7 gene,
either by microdeletions encompassing CHD?7, or by mutations within the gene
[91].

In addition, array-based methods have been used to study the global genetic
variation in the general population. The first evidence that changes in DNA
copy-number do not necessarily result in clinical phenotypes but are present in
abundance in healthy individuals came in 2004 [15, 16]. In 2006, the first CNV
map of the human genome was completed; however, due to imperfections in the
array-platform used the size of detected CNVs was generally overestimated.
Later, the CNV map was refined using specifically developed SNP-CNV
genotyping arrays, and from this it became obvious that common copy-number
polymorphisms tend to show patterns of allele frequency, linkage
disequilibrium, and population differentiation just like SNPs [92]. A
comprehensive summary of structural variation in the human genome can be
found in the Database of Genomic Variants (DGV; http://dgv.tcag.ca/) which
contains data obtained from the analysis of healthy control samples and is
continuously updated with new data from peer reviewed research studies [93].

1.1.4. Application of chromosomal microarray analysis
in clinical practice

Although, array-based techniques are used extensively in research to study
CNVs associated with various clinical phenotypes, under clinical diagnostic
settings conventional cytogenetic methods generally remained the methods of
choice. Nevertheless, the both the usefulness of microarrays in detecting
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pathogenic CNVs and technical advances in the field of microarrays and CNV
calling algorithms have made genomic microarrays an attractive tool for clinical
diagnostics. In 2010, a consensus statement was published that recommend
using CMA as a first-tier diagnostic test for individuals with DD or MCA,
whereas G-banding should be reserved for patients with obvious chromosomal
syndromes or a family history of multiple miscarriages. The authors, which
represent the International Standards for Cytogenomic Arrays (ISCA)
Consortium, performed a meta-analysis of 33 original studies, including 21,698
patients tested by array-based methods, and concluded that CMA offers a much
higher diagnostic yield (15-20%) for patients with unexplained ID/DD, ASD, or
MCA than G-banding (~3%, excluding Down syndrome and other recognizable
chromosomal syndromes). Although one can object that CMA is unable to
detect balanced translocations, this type of chromosomal aberrations is not a
frequent cause of ID and can be found in only about 0.3% of ID patients tested
by karyotype analysis [5].

In contrast to its application in research, diagnostic microarrays ought not to
contain the maximum number of probes nor should they be able to detect tiny
CNVs because this would generate too much data that hampers the efficient
assessment of the clinical relevance. According to the recommendations of the
American College of Medical Genetics (ACMG), clinical copy-number
microarrays should provide the minimum detection size of 400 kb throughout
the genome with increased resolution in the regions of clinical relevance (e.g.,
dosage-sensitive genes and subtelomeric regions) [94]. A clinically effective
CMA resolution should therefore represent a balance between sensitivity and
specificity where the sensitivity is considered in relation to standard karyotyping
and not in comparison to gene-specific molecular-based assays for Mendelian
disorders [57]. Specific standardized microarrays for clinical applications are
now offered by microarray manufactures with the content that meets diagnostic
standards and needs, e.g. HumanCytoSNP-12 BeadChip by Illumina, Inc. and
CytoSure ISCA arrays by Oxford Gene Technology (Oxfordshire, UK).

Recommendations for the clinical interpretation of CMA results are
presented in Table 2. Even with these recommendations, assessment is not
always straightforward and remains challenging in some cases because
exceptions for some criteria have been observed. For example, many pathogenic
CNVs are rare and nonrecurrent events which may mean that there is
insufficient information in the literature and databases which complicate the
assessment. Also, rare inherited CNVs pose a challenge because these may still
be clinically relevant through, for example, incomplete penetrance, variable
expressivity (e.g., 15q13.3, 16p11.2, and 22q11.21), or the presence of a second
mutation not detectable by CMA. Thus, it is often imprudent to attribute clinical
significance based on the inheritance pattern of a single CNV in a single family.
In addition, CNVs in noncoding regions that have generally been considered
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Table 2. Recommendations for assessing the clinical relevance of a CNV identified in
patients with DD or congenital anomalies. Certain criteria define whether a CNV could
be pathogenic, benign, or with uncertain clinical significance. Adapted from [5].

Primary criteria Pathogenic | Benign
1. Inherited Identical CNV inherited from a healthy x*
CNVs parent
Expanded or altered CNV inherited from a X
parent
Identical CNV inherited from an affected X
parent
2. Familial Identical CNV inherited from a healthy x*
CNVs relative
Identical CNV inherited from an affected X
relative
3. CNVs CNV has been reported in multiple X

present in publications or databases as a benign variant
databases or |present in healthy individuals
published

CNV overlaps with an imbalance defined X
with a high resolution technology in CNV
database for patients with ID/DD, ASD, or
MCA

CNV overlaps with well-recognized deletion X
or duplication syndrome region

4. Gene CNV contains morbid OMIM gene(s) x°
content CNV is gene rich X

CNV is gene poor X

Minor criteria® Pathogenic | Benign

1. Type of CNV is a heterozygous/homozygous X
CNV deletion

CNV is a duplication containing no known X
dosage-sensitive genes

CNV is an amplification X

2. CNV is devoid of known regulatory X
elements

Abbreviations: UCS — uncertain clinical significance; DGV — database of genomic variants;
ID — intellectual disability; DD — developmental delay; ASD — autism spectrum disorders;
MCA — multiple congenital anomalies.

* with some exceptions; ° CNV should produce the same type of mutation that is known to cause
OMIM disease and the phenotype should be that expected for the OMIM disease; © exceptions to
each case have been observed.
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nonpathogenic because of the underlying disease mechanism appeared less
evident, however, may also produce a clinical phenotype by affecting the
regulation of one or more distant target genes [95, 96]. Generally, when
assessing the clinical significance of a single CNV, one should keep in mind the
mechanisms by which structural rearrangements convey clinical phenotypes
(Figure 1). The ACMG recommends assigning any CNV reported in a patient to
one of three main categories of significance: pathogenic, benign, or a variant of
uncertain clinical significance (VUCS). The latter category should include all
CNVs for which the clinical significance could not be properly determined due
to insufficient knowledge at the time of reporting [97]. Later, these CNVs could
be re-evaluated and reclassified as either pathogenic or benign. The application
of this strategy was recently demonstrated when CMA results of the same
cohort of patients were reanalyzed (first in 2010 and again in 2012) and found to
display a statistically significant difference in the interpretation of CNVs (the
percentage of CNVs assigned with a label “potentially pathogenic” increased
from 19% in 2010 to 31% in 2012). The reasons for this difference include, for
example, newly acquired knowledge regarding pathogenic and benign CNVs,
both in the literature and databases, detection of novel candidate genes for
various diseases, and remapping of gene locations in new human genome
assemblies [98]. It should be emphasized that although CNVs with uncertain
clinical significance could possibly aid in future diagnosis, at time of reporting
the presence of VUCS, due to the uncertainty of their nature, often cause stress
for both parents and patients.

Several countries, including Belgium and the Netherlands, have already
adopted CMA as a first-tier cytogenetic test for patients with ID/DD, ASD, or
MCA as recommended by the ISCA Consortium. The diagnostic yield varies
between studies from 5% to 25% depending on the microarray platform used
and applied patient selection criteria [5, 6, 100, 101]. Nevertheless, the main
conclusion from these studies is the recognition that CMA has a high utility in
clinical diagnostics. Recently, CMA was proposed as a first-line investigation in
patients with neurological disorders where the initial clinical assessment did not
indicate a likely etiology, especially in those with severe epilepsy and
neurologically abnormal neonates. It was demonstrated that CMA could
recognize an underlying genetic explanation in up to 10% of patients [102].
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Figure 1. Overview of the
molecular mechanisms by
which CNVs convey
phenotypes. Five models are
depicted and include

A. gene dosage, where there
is a dosage-sensitive gene
within the rearrangement

(a deletion is shown here);

B. gene interruption, wherein
a dosage-sensitive gene is
disrupted by inversion
(upper panel), or translocation
or deletion (lower panel);

C. position effect, in which
the rearrangement has an
effect on the expression/
regulation of a gene near the
breakpoint, potentially by
removing or altering a
regulatory sequence;

D. unmasking recessive allele
or functional polymorphism,
where the deletion results in
hemizygous expression of a
recessive mutation (upper
panel) or further uncovers
effects of a functional
polymorphism (lower panel);
E. a fusion event whereby a
fusion gene is created at the
breakpoint that either fuses
coding sequences or a novel
regulatory sequence to the
gene. In each model, both
chromosome homologs are
depicted as horizontal lines.
The rearranged genomic
interval is enclosed by
brackets. Each gene is
depicted by a grey horizontal
rectangle while regulatory
elements are shown as orange
rectangles. An asterisk
denotes a point mutation.
Adapted from [19, 99].



It is not surprising, however, that generating a large amount of CMA data could
aid in the discovery of new knowledge that was not initially intended to be
found and is unrelated to the patients’ referring diagnoses. This additional
knowledge includes CNVs that predispose one to adult-onset disorders or are
associated with neoplasia. Some studies have assessed the potential of CMA to
produce incidental findings that are primarily associated with cancer, and found
that the frequency of CNVs that affect cancer genes was 0.18-0.6% in a general
clinical cohort [103—105]. This raises an ethical question whether the incidental
findings should be reported to the patients or not. It is generally proposed that
pre-test genetic counseling should include the possibility of identifying
presymptomatic conditions and discussion of disclosure policies. However,
these recommendations are not always kept, especially in cases when a CMA
test is ordered by a physician without written informed consent from the patient
[3,103]. In addition, SNP arrays could unravel cases with misattributed
paternity or consanguinity. However, the specific familial relationship or degree
of parental relatedness cannot always be extrapolated from the inbreeding
coefficient; therefore, speculations regarding a specific relationship must be
avoided in clinical laboratory reports [106].

1.1.5. Use of chromosomal microarray analysis
in prenatal diagnostics

The utility of CMA in postnatal clinical diagnostics has stimulated interest in its
potential prenatal applications; however, the use of CMA in prenatal diagnostics
ought to be approached with caution due to possible ethical concerns and
technical aspects of the analysis (e.g., choice of the type of array platform and
resolution). Indeed, there are distinct differences in how genetic information
from prenatal subjects is used. For example, genetic counseling is mostly based
on incomplete knowledge of the fetal phenotype which contrasts postnatal
referrals. In addition, most of the current literature describes the clinical effect
of microdeletions/microduplications on the basis of postnatal recognition and
only limited information is available regarding prenatal cases [107]. Several
studies have attempted to estimate the potential benefits of applying CMA for
prenatal testing in comparison with conventional fetal karyotyping, and have
discussed the limitations and possible problems associated with this approach
[108—111]. The main advantages of CMA over G-banding reported by the most
authors include the higher resolution which yields more genetic information; the
use of DNA samples extracted directly from the patient material which results in
more rapid turn-over time; the possibility to analyze samples from stillbirth or
fetal demise; avoiding artifacts associated with cell culturing; and the use of
standardized protocols and automated analysis of the measured data which
minimizes human error. Until 2013, karyotyping was recommended by the
American College of Obstetrics and Gynecology and the Italian Society of
Human Genetics as the principal cytogenetic test in prenatal diagnosis while
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CMA was recommended to be used as an adjunct method when a structural
anomaly is seen using ultrasound imaging [112, 113]. However, new
recommendations based on the results of a comprehensive study on parallel
application of karyotyping and CMA in a large cohort of pregnant women
(n=4406) appeared near the end of 2013 [111, 114]. The main prenatal CMA
target groups include pregnancies where ultrasound imaging reveals ab-
normalities, and in cases of fetal demise and stillbirth. For patients undergoing
invasive prenatal diagnostic testing due to reasons other than fetal structural
abnormality, either karyotyping or CMA can be performed [114].

The main positive aspect of applying CMA to prenatal diagnostics is its
significantly higher diagnostic yield (two-fold to three-fold) compared with
karyotyping. The presence of anomalies found using ultrasonography increases
the possibility of detecting pathogenic CNVs: additional clinically relevant
information is obtained by CMA in roughly 6-10% of cases with abnormal
ultrasound findings and normal G-banding, and in ~1.7% of pregnancies with
standard indications (e.g., advanced maternal age and positive aneuploid
screening test) [111, 115]. Thus, prenatal CMA analysis is more beneficial when
ultrasonographic examination identifies fetal structural abnormalities [114].
However, in Belgium, CMA is performed on all prenatal cases because
clinically important findings are detected in normal fetuses in addition to those
with ultrasound abnormalities [116]. This could be completely defensible
because many microdeletion/microduplication syndromes associated with
neurodevelopmental problems and ID manifest only subtle fetal abnormalities
which cannot be detected using prenatal ultrasound imaging. Interestingly, no
significant difference is observed in the diagnostic yield between fetal groups
with a single malformation and multiple malformations [117].

The issue which causes the most ethical controversy is the potential of CMA
to produce incidental findings and variants that have uncertain clinical
significance. According to various studies, VUCS may occur in up to 6.7% of
all cases [111, 115, 118]. This level of uncertainty could invoke considerable
anxiety in prospective parents and creates the potential to terminate a pregnancy
based on an uncertain finding. However, the latter seems to be unlikely scenario.
Moreover, the issue of VUCS is not unique to CMA, because conventional
karyotyping can also reveal findings of uncertain clinical impact, such as super-
numerary marker chromosomes or apparently balanced de novo aberrations
[119]. In Belgium, a national consensus was made to only report CMA findings
to the patients when the variant(s) comes with a high suspicion of being
pathogenic [116]. The choice of an appropriate microarray platform could be
one possible way to regulate the amount of VUCS obtained by prenatal CMA.
The use of targeted arrays designed specifically to identify known genetic
conditions reduces the number of VUCS, yet at the same time means that rare or
novel genomic imbalances may also be missed [119]. Therefore, the arrays
should provide a uniform coverage of the entire human genome. The resolution,
in turn, should be a balance between maximizing the detection rate of the test
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and minimizing the number of VUCS, because a significant positive relationship
between the increase in VUCS rate and the overall detection rate has been
observed [115]. The Belgian national consensus proposes to use arrays with an
average resolution of 400 kb, which is higher than that provided by karyotyping,
but lower than the full potential of postnatal CMA [116]. Some studies propose
to use the same platform for both prenatal and postnatal settings [120]. Also,
sufficient communication between cytogeneticists and clinical geneticists,
combined with parental analysis and in-house or international data, can
significantly reduce the number of VUCS detected [117].

Another debatable issue is the use of incidental findings. These can be
defined as any findings which are not directly related to the indications for
which the test was performed (e.g., BRCAI1/2 deletions). Incidental findings can
be divided into three main categories: late-onset disorders with clinical utility,
late-onset disorders without therapeutic treatment possibilities, and evidence of
consanguinity and nonpaternity. Generally, the testing of children for late-onset
genetic diseases is strongly discouraged, however, when this sort of information
is obtained incidentally through the use of CMA, it should not be withheld [97].
This approach could also be applied for prenatal CMA testing. In addition, one
must consider whether this information could also be relevant to the health of
the parents [116, 119]. Late-onset disorders for which therapeutic options are
not available (e.g., Alzheimer disease) are an exception, however, these types of
diseases are rarely found using CMA. Although SNP arrays have the capacity to
detect consanguinity, it should be kept in mind that they are not designed to
definitively assign a specific relationship between the parents or to be used as a
paternity test. Laboratories are encouraged to return this type of information to
the ordering clinician, however, speculation on a specific relationship should be
avoided [106].

CNVs found in susceptibility loci are another group of finding that poses a
challenge in genetic counseling. These represent genetic risk factors with
reduced penetrance and/or variable expressivity and occur with a frequency of
1/250 [121]. In most cases, the degree of clinical manifestation of such finding
is difficult to predict. In Belgium, seven CNVs for which the risk of a severe
phenotype is sufficiently large and/or which are associated with structural
malformations for which ultrasound follow-up is warranted (i.e., distal
dellqg21.1, distal duplq21.1, proximal del1q21.1, distal del16p11.2, del16p11.2,
del17q12 and dup22ql1.2) are reported to the patients, while the remaining
susceptibility CNVs are not reported [116].

The inability of CMA to detect balanced aberrations, such as balanced
translocations and inversions, should not be a limiting factor that constrains the
application of CMA in prenatal diagnostics. This type of chromosomal
rearrangement occurs in roughly 0.08 to 0.09% of prenatal diagnosis samples
[122]. However, familial events in all probability will have no consequences for
the current pregnancy. As for de novo apparently balanced abnormalities, which
are associated with a 6.7% risk of congenital abnormalities, the clinical
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manifestation is often a consequence of a gain or loss at the breakpoint, which
can be observed using CMA [111].

In general, what is required is a comprehensive patient pretest followed by
posttest genetic counseling regarding the benefits, limitations, and results of
CMA. This should also include a discussion of the potential to identify findings
of uncertain clinical impact, nonpaternity, consanguinity, and adult-onset
disease [114]. Prenatal CMA ought not to be ordered without informed consent,
and various protocols have been proposed with an option of allowing the
patients to determine the range of possible outcomes that will or will not be
reported back to them. It is noteworthy that when pregnant women are given a
choice between CMA and standard karyotyping, 70% choose CMA [119].

1.2. Speech and language disorders associated
with 7q31 genomic region and FOXP2 gene

Developmental disorders that impact speech, language, and communication
represent one of the most common reasons for pediatric referrals and represent a
wide range of conditions with overlapping but heterogeneous phenotypes and
underlying etiologies [123]. They show a significant overlap with associated
developmental conditions, such as attention deficit hyperactivity disorder
(ADHD), dyslexia, and autism [124]. It is generally thought that the genetic
reasons underlying susceptibility to speech and language disorders are multi-
faceted in nature and could involve complex interactions between common
genetic variants and environmental factors [125]. Despite this complexity,
significant progress has been made in identifying and studying genes associated
with risk and decoding the biological basis of human spoken language [126].
Forkhead-box P2 (FOXP2), located on 7q31, is the first gene implicated into
the etiology of speech and language disorders through both the genetic analysis
of a three-generation family (referred to as “KE”) and an independent individual
(referred to as “CS”) presented with verbal dyspraxia [127, 128]. Several studies
have identified additional individuals with FOXP2 point mutations, deletions
involving or translocations disrupting the gene, in which all patients exhibit
verbal dyspraxia. This evidence provides further support to the involvement of
FOXP2 in speech and language impairment [129—134]. In total, there are at least
27 reported cases with FOXP2 lesions associated with speech and language
disorder. The core phenotype includes developmental verbal dyspraxia (DVD
[MIM 602081]), also known as childhood apraxia of speech (CAS), which is a
rare (<0.01%), severe, and persistent disorder [135, 136]. Individuals with CAS
have difficulties controlling the movement and sequencing of orofacial muscles
which cause deficits in the production of fluent speech. In addition, virtually
every aspect of grammar and language is affected [137, 138]. The speech of
those affected is often “unintelligible”, with omission, substitution, and
distortion of consonants and vowels, inconsistent errors across multiple
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repetitions and prosodic impairments [130, 132, 133]. A severe receptive and
expressive language disorder usually occurs [131, 133]. In some patients,
reading and spelling impairments are also reported. However, verbal skills are
generally poorer than non-verbal skills [136, 139].

Currently, FOXP2 remains the only known albeit rare cause of CAS and in
total it contributes to a relatively small number of speech and language disorder
cases. Therefore, it seems increasingly unlikely that this gene represents a
general risk factor for genetically complex forms of language impairment.
Nevertheless, FOXP2 targets could be good candidates for involvement in more
common forms of language impairment [124, 140].

The FOXP2 gene encodes an evolutionally conserved transcription regulator
(primary a repressor) containing a zinc-finger motif, a fork-head DNA-binding
domain, and a polyglutamine tract, which is widely distributed in the fetal and
adult brain (as well as other tissues) and regulates a variety of genes, most of
which are involved in the cortical, basal ganglia and cerebellar circuits [141].
The effect of FOXP2 can vary greatly between tissues and developmental time
points [127, 142-144]. However, the exact cellular mechanisms underlying the
involvement of FOXP2 in speech and language development remain obscure.
Data from expression studies, neuro-imaging, and animal studies suggest that
FOXP2 may regulate neurite growth, dendritic morphology, synaptic
physiology of basal ganglia neurons, and synaptogenesis [145-148].

Because of the known involvement in speech and language development,
FOXP2 has been intensively studied from an evolutionary perspective.
Remarkable similarities of sequence and expression patterns have been noted
across vertebrate species. Comparing mouse and human genomes, this is one of
the most conserved genes which differs, besides the difference in polyglutamine
tract length, by only three coding positions (reviewed in [124]). Interestingly,
FOXP?2 is one of the few human genes that differ from the chimpanzee version.
The two-substitution difference occurred after the divergence of humans from
their common ancestor with chimpanzees roughly 4—7 million years ago and
animal studies suggest that these amino acid changes could have contributed to
the evolution of human speech and language by adapting cortico-basal ganglia
circuits [147]. It was initially assumed that at least one of the two substitutions
was the cause of the selective sweep and therefore this would not be present in
Neanderthals, who split from humans at least 400,000 years ago. However, both
nucleotide substitutions were found in Neanderthals [149]. Recently, a novel
substitution shared by nearly all present-day humans but absent in Neanderthals
was found and is likely to alter the regulation of FOXP2 expression and,
therefore, is a good candidate for having caused a recent selective sweep in the
FOXP2 gene [150].

Due to a high degree of conservation across species, the effects and functions
of FOXP2 could be studied in animal models, which generally include mice and
songbirds. For example, knocking down FoxP2 in songbirds disrupts imitation
of tutor song. In mice, this results in reduced growth, severe motor delays and
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early death. No humans have been identified with homozygous FOXP2 loss,
indicating that this gene is crucial for normal development. Heterozygous mice
carrying the KE family specific mutation show significant deficits in learning
motor skills. At the same time, the relationship between FoxP2 disruption and
altered mouse vocalization is not straightforward and any conclusions should be
made with caution in regard to the correspondence between mice vocalization
and human speech (reviewed in [126, 141]). Obviously, no animal model could
adequately mirror all of the multiple processes required for human language.

Intriguingly, a role for the differential parent-of-origin expression of FOXP2
in human speech has been proposed by Feuk and colleagues. By assessing
FOXP2 expression in different groups of patients they concluded that the
majority of FOXP2 transcripts are of paternal origin, because patients with
maternal UPD7 and patients with paternal deletions exhibit the lowest
expression of FOXP2. Therefore, they hypothesize that FOXP2 may represent a
paternally expressed, maternally imprinted gene and that the absence of paternal
FOXP2 could cause more severe phenotypes with CAS, whereas the lack of a
maternal allele should be relatively benign [132]. However, there is no direct
evidence of imprinting of FOXP2 itself, and, in addition, other studies have
revealed that alterations of maternal origin are sufficient to cause the CAS
phenotype [127, 129, 134].

1.3. Reciprocal deletions and duplications
of 5q35.2-q35.3 and conveyed phenotypes

During the past 15-20 years, it has become evident that higher-order genomic
architectural features can predispose one to DNA rearrangements [1].
Rearrangements can be classified as either recurrent or nonrecurrent depending
on whether they can be identified in unrelated individuals. Recurrent rearrange-
ments — those of common size and having clustered breakpoints — most
frequently result from a mechanism of non-allelic homologous recombination
(NAHR) between region-specific low-copy repeats (LCRs — also known as
segmental duplications), which represent DNA fragments >1 kb in size that
occur in two or more copies per haploid genome with the different copies
sharing >90% DNA sequence identity. LCRs that are longer than 10 kb, share
over ~97% of the sequence identity, and are located within <5—10 Mb of each
other can lead to local genomic instability and stimulate CNV formation [68,
151]. The NAHR mechanism predicts that for every recurrent deletion with
breakpoints mapping within directly oriented LCRs located in trans, a reciprocal
duplication should exist (Figure 2) [20]. However, a relatively small number of
reciprocal events have been described to date. One possible explanation for this
phenomenon might be that there is a milder and less distinct phenotype
associated with the duplications or even the absence of a specific clinical
phenotype [152—-154]. The number of reported patients with duplications
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reciprocal to any specific deletion is also quite modest, however, this could be
partially explained by the fact that NAHR mechanism theoretically produces
more deletions than duplications which was confirmed experimentally [68, 155].

direct LCRs

—_— T
duplication deleticon

Figure 2. Schematic representation of non-allelic homologous recombination between
directly oriented low-copy repeats (LCRs) located on homologues chromosomes.
Predicted products of such rearrangements are reciprocal deletions and duplications.
Colored arrows represent LCRs. Recombination is signified by “X“. Shaded triangles
with grey gradients represent unique directional segments within a chromosome
(modified from [151]).

Implementation of array techniques has revealed the existence of recurrent
reciprocal deletions and duplications in several genome loci [89, 156—161]. The
phenotypic outcome of such reciprocal events can be variable [152—154]. The
most intriguing feature is that in some cases a reciprocal or mirror phenotype
between deletion and duplication cases has been observed [89, 157, 159, 162].
One such example occurs in the genomic region 5q35.2-q35.3. Deletions in
this locus lead to Sotos syndrome (Sos) (OMIM# 117550) which is
characterized by childhood overgrowth with advanced bone age, craniofacial
dysmorphic features that include macrocephaly, and learning difficulties [163,
164]. Although, more than 30 genes are located in this region, the only known
cause of Sos is haploinsufficiency of the Nuclear receptor Set Domain
containing protein 1 gene, NSDI, that occurs due to intragenic mutations, partial
gene deletions, or 5q35 microdeletions [165]. Delineation of the precise
architecture of the region has shown that the mechanism responsible for the
generation of a common recurrent 1.9 Mb deletion in Sos patients is the NAHR
mechanism which occurs between two directly oriented LCRs, which thus
predicts the existence of a reciprocal duplication [166]. The condition was first
clinically described in one family over three generations and is termed Hunter-
McAlpine syndrome [167]. Later it was found to be caused by subtelomeric
duplication of 5g35-qter [168]. Since then several reports describing patients
with duplications in the Sos critical region have been published, and a novel
syndrome has been proposed that is clinically opposite to Sos with regard to
growth and head size [159, 169—173]. The phenotypes of all patients are very
similar: short stature since the birth, microcephaly, brachydactyly, mild to
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moderate ID, and mild facial dysmorphism. Delayed bone age is also evident in
most cases where the X-ray investigation was done [159, 172, 173]. However, a
patient with a larger duplication is affected more severely, and displays, in
addition motor retardation, bilateral inguinal hernias, strabismus, and abnormal
5th fingers [170]. In general, phenotypic characteristics related to growth seem
to be remarkably opposite comparing deletion and duplication of 5q35.2-q35.3.

The only gene known to be associated with Sos, and subsequently with tall
stature and macrocephaly, is NSDI. To date, there is no evidence that
disturbance of the dosage of genes neighboring NSD/ have any specific effect
on the phenotype [174]. Based on this evidence it was proposed that increased
dosage of NSDI in patients with duplication is responsible for short stature and
microcephaly, however, the molecular mechanism through which the deletion/
duplication could influence the phenotype remains to be determined.
Concurrently, it was shown that Sos patients carrying 5q35 microdeletions
display more variable phenotypes compared with patients that have NSDI
mutations and are often diagnosed with additional clinical problems [175].
Thus, it is possible that other genes within the Sos critical region could be
dosage-sensitive and work to produce a greater variability of observed
phenotypes. The smallest duplication identified to date is ~200 kb in size and
encompasses, in addition to NSDI, nine additional genes, three of which are
disease-associated and may therefore contribute to the duplication phenotype
although the clinical effect of a duplication of these genes is not known [173].
Recently, a mouse model of Sos, Df{13)Ms2Dja"", carrying a deletion syntenic
to the human chromosome 5q35.2-q35.3 region was generated and pheno-
typically characterized, however, it was found that genetically deficient mice
show significantly reduced postnatal growth and no changes in head and facial
morphology. This study suggests a divergent role for Nsd1/NSD1 in regulating
growth in mouse and human. However, Df{13)Ms2Dja""~ mice may potentially
recapitulate the learning disability characteristic for Sos and kidney
abnormalities observed in a subset of Sos patients, which suggests a potential
role in phenotype formation for other genes in the deleted region [176]. To date,
no data exists relating mouse models of duplication reciprocal to the common
Sos deletion. Obviously, gene expression studies could aid in our understanding
of the exact mechanisms whereby structural changes in 5q35.2-q35.3 in general,
and NSD1 in particular influence human growth.

|.4. Detection of mosaicism and uniparental disomy
by single nucleotide polymorphism array analysis

CMA analysis using SNP microarrays does not only enable one to detect CNVs,
but it also provides genotype information at multiple polymorphic loci
throughout the genome. This genotype data further confirms CNV calls, and in
addition, offers the capability to detect LCSH and provides the sensitivity to
detect mosaicism. Although, the clinical utility of SNP arrays for CNV detection
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is well accepted, the number of studies concerning their use in clinical settings
for the detection of homozygosity and mosaicism is quite modest [43, 177, 178].

1.4.1. Genetic mosaicism

Genetic mosaicism is recognized as the presence of two or more populations of
cells with different genotypes in a single individual who has developed from a
single fertilized egg. This may be a consequence of meiotic or mitotic error, and
generally the occurrence mechanism has a profound effect on the developing
fetus as well as on the adult individual. Mosaicism has been reported for many
types of chromosomal abnormalities with mosaic aneuploidy being the most
common type of mosaicism [43]. Furthermore, application of array techniques
has revealed that humans are commonly affected by somatic mosaicism for
stochastic CNVs, which occur in a substantial fraction of cells [179]. It also
appears that theoretically, genetically identical monozygotic twins can actually
display different CNV profiles [180]. The phenotypic consequences of
mosaicism depend on the type of chromosomal aberration, the mechanism and
time of its occurrence, and the percentage of abnormal cells.

Although mosaicism has been historically detected using conventional
cytogenetic methods, these methods have limitations in terms of resolution and
an inability to identify copy-number neutral events, such as LCSH. Also, the
identification of lower levels of mosaicism can be challenging because this
requires one to analyze more cells than are typically analyzed in conventional
laboratory practice and is not usually performed in the absence of specific
indications. In addition, analysis of metaphases may provide a biased view of
the true chromosomal constitution in a patient because in some types of
mosaicism the abnormal cells, or in contrast normal cells, may not divide. These
limitations are overcome by introduction of CMA because the number of cells
investigated is much higher as compared with conventional chromosome
analysis and the culture bias introduced by analyzing only metaphase cells is
eliminated. Generally, it has been proposed that a low level of mosaicism may
be more common than previously anticipated [43]. In the case of aCGH
platforms, the presence of mosaicism is indicated by shifts in LRR, and the
minimal detection of mosaicism is estimated to be 10-20%. Using SNP arrays,
mosaic changes are detected by assessing if aberrations in LRR occur along
with a shift in genotype frequencies of the SNP probes, and the minimal level of
mosaicism that can be detected is less than 5% [43, 181]. This is explained by
the fact that BAF is more sensitive to subtle loss or gain of haplotype than LRR
is to the subtle shifts in intensity levels because the intensity data is normalized
and logarithmically transformed. The percentage of mosaicism can be calculated
from the relative shift in BAF. In addition, the information extracted from the
genotypic data can be used to differentiate between a mitotic and meiotic origin
of mosaicism which is essential to determine the risk of recurrence and thus
proper counseling (Figure 3) [43].
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Figure 3. Examples of SNP array results for mosaic deletions and duplications. The
figure shows segments from different chromosomes illustrating mosaicism from
0-100%. For all subfigures, the percentages above the data indicate the level of
mosaicism, with 0% representing a patient with a normal copy-number, and 100%
representing a non-mosaic patient. A. Nine patients with varying levels of mosaicism for
deletions involving autosomes. B. Seven patients with varying levels of mosaicism for
trisomies arisen from mitotic error. The pattern of BAF indicates that the same
haplotypes present in the euploid cell line are also present in the triploid cell line at
altered ratios. C. Seven patients with varying levels of mosaicism for trisomies arisen
from meiotic error, which is indicated by the presence of additional genotypes in the
trisomic cell line that are not present in the euploid cell line [43].
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1.4.2. Excessive homozygosity and uniparental disomy

The phrase “long contiguous stretches of homozygosity” refers to uninterrupted
regions of homozygous alleles with a genomic copy-number state of 2 [64]. In
population genetic studies, the minimal threshold for LCSH calls is usually set
at ~1 Mb, while in clinical settings this threshold is set to between 3 to 10 Mb
[106, 177, 182]. Detection of excessive homozygosity, in and of itself, is not
diagnostic of any underlying condition and may be clinically benign [64]. The
clinical consequences of LCSH depend on the genomic context, such as the
presence or absence of recessive pathogenic mutations or imprinted genes in the
region. Potentially, LCSH regions of any size can be helpful during the
diagnosis of autosomal recessive diseases through homozygosity mapping and
the selection of candidate genes for sequence analysis. This, however, requires
effective communication between the managing clinician and laboratory [178].

Generally, LCSH can indicate ancestral homozygosity, uniparental disomy,
or parental consanguinity. Short homozygous regions (up to 5 Mb) are
considered ancestral markers and are present in all outbreed populations. They
tend to be co-localized in different populations and reflect the presence of long
ancestral haplotypes that remain intact because of low rates of recombination
locally [182, 183]. Multiple large blocks of homozygosity that are distributed
across the genome can point towards a possible parental blood relationship, and
the percentage of the genome that is in a homozygous state correlates with the
degree of consanguinity [64, 106, 178]. Large LCSH (single or multiple) that
are restricted to a single chromosome can be a hallmark of UPD, be it whole-
chromosome UPD or segmental UPD [43, 177].

UPD is defined as the inheritance of two copies of a chromosome, or a part
of chromosome, from one parent. The inheritance of two identical chromosomes
from a single parent is termed uniparental isodisomy (isoUPD), whereas the
inheritance of two homologous chromosomes is termed uniparental hetero-
disomy (heteroUPD). Due to a meiotic crossover, partial isoUPD and partial
heteroUPD (iso/heteroUPD) may co-exist within the same chromosome pair.
Generally, the inheritance of both chromosomes from one parent does not cause
any clinical consequences unless the chromosome either contains imprinted
genes that have different expression patterns that depend upon the parent of
origin, or if it unmasks mutations for autosomal recessive disease [177, 184].
UPD cannot be detected by conventional cytogenetic techniques and usually
requires specific analysis, which may include microsatellite analysis and
methylation analysis. Typically, this is performed only when UPD is suspected
based on clinical or cytogenetic features (e.g., mosaic trisomy or marker
chromosome) [185]. Therefore, the true incidence rate of UPD is currently
unknown, as many asymptomatic cases remain undetected.

The use of SNP arrays enables one to identify the majority of UPD cases and
gives insight into the mechanism underlying the formation of each specific case
of UPD [43]. It has been found that both the size and location of LCSH correlate
with UPD. The minimal threshold of ~20 Mb interstitially and 10 Mb
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telomerically has been proposed to distinguish true UPD from other genomic
events. This, however, requires further investigation and possible re-estimation
[177]. Generally, most known UPD mechanisms can lead to mosaic formation.
Therefore, knowing if additional cell lines are present and the type of UPD
(hetero- or isoUPD) enables one to specify whether monosomy rescue, trisomy
rescue, gamete complementation, or post-fertilization mitotic error took place in
a particular case of UPD. However, the underlying mechanism often cannot be
delineated if pure UPD without additional cell lines is observed. In turn,
understanding UPD mechanisms can be useful to estimate the patient’s
prognosis and thus allows for effective counseling. In fact, the mechanism by
which UPD occurred may have greater clinical implications than the presence of
UPD itself [186]. For example, a UPD15 associated with mosaic trisomy 15 is
linked with a more severe phenotype with a high incidence of congenital heart
disease [187]. In those cases, it is difficult to separate the clinical contribution of
the chromosomal abnormality and the UPD itself.

Because UPD detection using SNP arrays is generally based on the
identification of long homozygous region(s) restricted to a single chromosome,
this approach will fail to identify cases of complete heteroUPD if the parental
DNA is not included into the analysis. For example, it has been estimated that as
many as 8% of patients with Prader-Willi syndrome (PWS; OMIM #176270)
will be missed with SNP-based CMA alone [184]. In addition, the detection of
iso/heteroUPD cases depends on the minimal LCSH threshold set by the
laboratory and thus it is clear that some cases will remain undetected. Therefore,
a normal CMA result cannot exclude diagnosis in patients with a suspected
imprinting disorder. Studying trios would identify all cases of UPD, including
heteroUPD; however, it is not economically feasible to test the parents of each
patient in a clinical laboratory setting [184]. Nowadays, there is no single
approach that could provide the detection of all UPD cases in a single
experiment. A step-wise or combined use of different methods (e.g., CMA with
SNP arrays, MS-PCR (methylation-specific polymerase chain reaction), MS-
MLPA (methylation-specific multiplex ligation-dependent probe amplification))
is recommended to differentiate between UPD, deletion/duplication, and/or
methylation disturbances [185, 188]. The use of pure qualitative methylation
analysis should be avoided because this method is uninformative in mosaic UPD
cases.
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2. AIMS OF THE STUDY

The aims of the current study are as follows:

1.

To evaluate the application of CMA in routine clinical practice in Estonia as
a first-tier diagnostic test for individuals with ID/DD, MCA, or ASD
(Publication I).

To estimate the efficacy of CMA in prenatal diagnostics (Publication I).

. To evaluate the clinical manifestation of 7q31 deletions that encompass the

FOXP2 gene and to determine whether there are any parent-of-origin-
dependent differences in severity of speech and language problems
(Publication II).

. To investigate the clinical consequences of 5q35.2-q35.3 duplication

reciprocal to common Sotos syndrome deletion (Publication III).

To use SNP-based CMA for diagnosing a patient with mosaic matUPD15
and to offer a workflow for evaluating imprinting disorders (Publication IV).
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3. MATERIALS AND METHODS

3.1. Study subjects

3.1.1. Patients studied for chromosomal aberrations
by chromosomal microarray analysis

All samples in this study were collected between January 2009 and December
2012, a total of 1191 patients (male/female ratio 58/42). The median age of the
patients was 5 years (range: newborn — 83 years). Although probands
constituted the vast majority of all analyses [1072 (95%)], in some cases
additional family members were investigated [59 (5%)]. In addition to postnatal
referrals [1131(95%)], CMA was performed for some prenatal cases [60 (5%)
fetuses).

Since 2011, the cost of CMA is covered by the Estonian Health Insurance
Fund, and is performed as the first-line cytogenetic diagnostic test in patients
with DD/ID, ASD and/or MCA, as recommended by the ISCA Consortium [5].
The patient population could therefore be divided into two groups: those sent for
CMA in 2009-2010 (a total of 188 individuals) and those analyzed in 2011—
2012 (1003 patients). Informed consent for regular medical evaluation and
investigation was taken from all patients by the referring doctor. The patient
population sent for CMA before 2011 was very carefully selected and consists
of patients with an unknown diagnosis despite all routine genetic investigations
(e.g., standard G-banding karyotyping, routine metabolic analysis, test for
fragile X syndrome, as well as tests for Prader-Willi/Angelman syndrome
(PWS/AS) or other genetic disorders in the case of specific indications). In
contrast, the spectrum of indications for patients tested by CMA between 2011
and 2012 was very wide, and ranged from severe disabilities to nonspecific
milder problems such as learning difficulties at school. Generally, currently the
patients could be referred to CMA by any physician, including general
practitioners, however, most patients are sent by clinical geneticists,
neurologists, and neonatologists.

Currently in Estonia, CMA is not applied as a first-line cytogenetic test in
prenatal diagnosis. However, it was performed in a limited number of prenatal
cases, mostly in parallel with conventional karyotyping. The main indications
that led to prenatal CMA included an abnormal ultrasound finding, family
history of chromosomal abnormalities, a positive aneuploidy screening result,
and/or other exceptional conditions (e.g., complicated anamnesis and repeated
miscarriages).
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3.1.2. Detailed clinical description of patients
with 7q31 deletion from Publication Il

The patients and their families presented in Publication II were included in a
study of ID in the Estonian population and were described for the first time as
cases 7 and 8 in Mannik et al. [8]. This study was approved by the Ethics
Committee on Human Research at the University of Tartu.

3.1.2.1. Family |

The family 1 (Figure 4A) proband (F1-III-2) was born prematurely at the 37"
week of pregnancy with a low birth weight 2131g (-2 SD), length 44 cm
(-2 SD), head circumference (OFC) 32 cm (—1.5 SD) and an Apgar score of 8/8.
At the age of four days, extrasystoles were observed; however, the
echocardiogram revealed only persistent ductus arteriosus. At the age of six
months she was hospitalized due to an acute urinary tract infection. A kidney
ultrasound investigation revealed bilateral duplex kidneys and ureters, and
megaureters that later required repeated surgical intervention. On that occasion
her family received the first consultation by a clinical geneticist. She had DD,
mild failure to thrive — length 62 cm (-2 SD), weight 5850g (-2 SD) and OFC
41.5 cm (-2 SD), a high and prominent forehead, hypertelorism, a small nose, a
cupid-shaped upper lip, a high palate, a small mouth, a low-set left ear, over-
riding toes and partial syndactyly of toes II-III (refer to Supplementary Figure
1A,B,C in [189]). In addition, vision problems were observed: nystagmus
(disappeared at 18 months), convergent strabismus, positive Graefe symptom,
and myopia. A brain MRI at the age of eight months showed mild brain atrophy
and mild bilateral hyperintensity in the white matter. She began to walk at the
age of two years and eight months. At the age of three years her height was
90 cm (-1 SD), weight 11.82 kg (-2 SD) and OFC 49.5 cm (-1 SD). She was
unable to sneeze, had problems chewing food and swallowing, and displayed
pronounced drooling. Her cough reflex appeared at the age of 5—6 months. She
had frequent upper-airway infections and bronchitis. A mild hand tremor was
sometimes evident. Additionally, some autistic features were observed. Neuro-
psychological evaluation with Bayley-III (Bayley Scales of Infant and Toddler
Development-Third Edition [190]) revealed moderate DD. The Composite
scores were: Cognitive — 55, Language — 58 (Receptive Communication =
Expressive Communication), Motor — 48 (Fine Motor < Gross Motor), Social-
Emotional — 55, and corresponded to a developmental level under the age of 16
months. The child’s vocalization activity was quite low. She used several words,
but not always for an evident purpose. Once in a while she pointed to an object
to express her needs. The child had difficulties repeating words, imitating
actions or initiating play. Her exploration and manipulative activity with objects
was quite limited, and she had attention difficulties. Deficits in Adaptive
Behavior were particularly considerable in the areas of leisure, self-care, self-
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direction and social skills. The substantiation of a specified level of ID,
however, required follow-up assessments.

Chromosomal analysis from peripheral blood lymphocytes, tests for 7q11.23
and a 22q11.2 deletion, urine organic acids, as well as serum and urine amino
acids were performed on the patient and reported as normal.
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Figure 4. A. Pedigree of Family 1 (F1); B. pedigree of family 2 (F2) [189]

The mother of the proband (F1-1I-3) had a similar clinical phenotype. She was
born prematurely at the 37" week of pregnancy with an Apgar score of 7/8.
Shortly after birth she had breathing problems and required oxygen therapy.
Nystagmus was observed during the first three months and she began to walk at
14 months. During the first two years of her life she had difficulties swallowing
and had pronounced drooling. Chewing food was also problematic. Her cough
reflex developed at the age of 56 months, and she was unable to sneeze. She
had moderate speech delay (her first words came at the age of 3.5 years) and
verbal dyspraxia. During the first years of life, a mild hand tremor and some
autistic features were also observed. Evaluation at the age of 28 years showed a
tall height of 178 cm (+2.5 SD), mild obesity (BMI=26.8), a high and wide
forehead, hypertelorism, mild divergent strabismus, a high palate, and many
lentigines on her whole body (refer to Supplementary Figure 1D in [189]). She
currently has a problem with speech expression, especially when nervous. Some
lack of social skills and emotional lability were also present. She has a primary
school education (9 grades). The neuropsychological evaluation using the KAIT
test at the age of 28 (The Kaufman Adolescent and Adult Intelligence Test
[191]) resulted in a below average general intelligence (intelligence quotient
(IQ) 88). Her language abilities (based on verbal expression, verbal
comprehension or word storage and retrieval) were more impaired than abilities
based on visual processing modality.
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3.1.2.2. Family 2

The family 2 (Figure 4B) proband (F2-I1I-2) was born normally by cesarean
section with a normal birth length of 48 cm (-1 SD), weight 3220 g (—0.5 SD),
OFC 34 cm (-0.5 SD) and an Apgar score of 7/8. Evaluation at the age of six
years revealed a normal height of 121.5 cm (+0.5 SD), weight 20 kg (0.5 SD),
OFC 53 cm (+1 SD), long face, high forehead, broad eyebrows, long eye-lashes,
short philtrum, thin upper lip, high palate and dental anomalies (refer to
Supplementary Figure 1E,F in [189]). In addition she had a narrow chest, mild
chest deformity, broad toes I-III, and mild syndactyly of toes II-III.
Swallowing, chewing, coughing or sneezing problems were not observed by
caregivers in the child care institution where she lives. She had mild ataxia and
sometimes aggressive behavior. Brain MRI and EEG were found to be normal.
Her developmental delay excluded administration of age-appropriate tests in the
assessment of abilities. Neuropsychological evaluation with Bayley-III at the
age of 6 revealed DD in all areas. Her developmental level was under the age of
24 months on the Cognitive and Language Scale (Receptive Communication >
Expressive Communication), and under 28 months on the Motor Scale (Fine
Motor < Gross Motor). She had significant pronunciation difficulties. Her
speech was inarticulate and hardly understandable to others. Her vocabulary was
plain and poor. She used some words and phrases, accompanied by restricted
nonverbal communicational cues. She was not likely to repeat words, but was
likely to repeat a few simple activities. Her cognitive ability, exploring behavior
and manipulation of objects were all limited. Her attention was easily distracted
and she showed considerable impairment in fine motor skills. The expression of
emotions was limited. Compared to other skills, her self-care skills were less
impaired (as appropriate for the age of 29 months). The evaluation of socio-
emotional development and adaptive behaviors were not possible due to the
absence of appropriate information (e.g., caregiver’s reports).

Tests to identify the etiology of the patient’s problems included
chromosomal analysis from peripheral blood lymphocytes, fragile X testing,
DNA analysis for spinal muscular atrophy and acylcarnitine tandem MS
analysis. No abnormalities were detected.

The mother of the proband (F2-1I-3) had moderate MR, aggressive behavior
and verbal dyspraxia. Due to a mood disorder, she refused clinical and
molecular investigation. The maternal aunt of the proband (F2-11-5) had mild
MR and aggressive violent behavior. Her blood sample was available for
molecular studies, but detailed clinical investigation was impossible due to her
imprisonment. The grandmother of the proband (F2-1-1) had a primary school
education (7 grades) and has been working as a farm worker her entire life. The
grandfather of the proband (F2-I-2) completed only 4 grades at school.
According to the grandmother, he had a severe speech defect, aggressive
behavior and balance problems (e.g. inability to bicycle). It was impossible to
perform a clinical and molecular investigation of him.
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3.1.3. Clinical description of a patient with 5¢q35.2-q35.3
duplication from Publication 111

The patient was born prematurely after 35 weeks of gestation with a low birth
weight 2110g (—1.5 SD), length 45cm (-1.5 SD), and microcephalic skull
circumference 29 cm (-2 SD). The Apgar score was 7/7. At the age of 9 months
her height was 62 cm (—4 SD), weight 5600g (-4 SD) and occipitofrontal
circumference (OFC) 41 cm (-3 SD). At the age of 6.5 years she received her
first consultation by a clinical geneticist due to her ID and short stature (104 cm,
—4 SD). Clinical evaluation revealed microcephaly (OFC 48 cm, -2 SD),
almond shape eyes, epicantic folds, wide nasal bridge, broad and prominent
nasal tip, thin lips, small mouth, dysplastic ears, short neck, and brachydactyly.

The second time she was sent for genetic counseling was at the age of 13.5
years by a child endocrinologist who had followed her growth since age six. All
endocrine investigations were found to be normal excepting diagnosis of a
delayed bone age by two years (at age six) and idiopathic short stature. Clinical
evaluation of the patient at 13.5 years revealed short stature (137.5 cm, —4 SD),
normal growth velocity (5.1 cm/year) microcephaly (50 cm, —3.5 SD),
brachydactyly, delayed bone age (12 years), moderate ID, similar facial
dysmorphic features as described earlier (refer to Figure 1a, b, ¢ in [192]). In
addition she had clinodactyly, mild syndactyly of IV-V toes, hirsutism in the
upper lip and back. X-ray investigation showed brachydactyly and cone shape
epiphyses (refer to Figure 1d in [192]). Brain MRT was normal. Her hormonal
status was within a normal range and she experienced a normal and relatively
early development of puberty.

Because regular chromosomal analysis, test for 1p36.3 and 17pl1.2
microdeletions, as well as standard metabolic tests showed normal results, the
patient was further analyzed by CMA (in 2010).

Family history: the proband has a three-year younger sister, who has mild
DD, epilepsy, and normal growth. Her father has a normal height (174 cm,
—1.0 SD) and studied in the school for mentally retarded. Unfortunately her
father was not available for a genetic evaluation.

3.1.4. Clinical description of a patient with
mosaic maternal UPD |5 from Publication IV

The patient (male, 18 years old) was born normally after 37 weeks of gestation
with a birth weight of 3000g. His growth and development were normal up to
school age when his growth rate slowly started to decrease. At the age of 10, he
was tested for possible growth hormone deficiency, however, his anterior
pituitary function tests were normal, including a normal pituitary on MRI and a
normal male karyotype (46,XY). He was overweight (BMI > 85th centile), had
small genitalia, and delayed bone age by three years. Over the next three years
he was followed by a pediatric endocrinologist. During these years he grew
normally (height along 25™ centile, weight along 75™ centile), his puberty
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started normally and at the age of 13, he was discharged from constant
observation.

At the age of 16, he was referred to a child neurologist due to multiple
complaints, which were observed during the previous 3—4 months. He had
recurrent balance problems, headaches, muscle weakness, uncoordinated
movements, tremors and diplopia. The severity of symptoms was variable: on
some days, he was not even able to go to the toilet, however, on other days he
was completely symptom-free.

Six months later (the patient was then 16.5 years old) he was hospitalized for
further tests and investigations. His height was 172.8 cm (25" centile; mid-
parental height 50™ centile), weight 75.0 kg (75" centile), BMI 25 kg/m’® (> 85th
centile i.e. he was overweight), and head circumference 58 cm (+0.5 SD). His
pubertal development was normal (Pu5, G5, Ax2), with a testicular volume of
20 ml (dex=sin) by Tanner stages. However, mild thoracic kyphosis,
hyperlordosis in the lumbar region, female body shape, gynecomastia,
hyperpigmented skin, and highly pitched voice were observed. He had some
microanomalies — broad eyebrows, synophrysis, epicanthal folds, small up-
turned nose, crowded teeth, small chin, anteverted dysplastic ears, clinodactyly
of T2-5, hypermobile joints and flat feet (refer to Figure 1 in [193]).
Neurological examination revealed muscular hypotonia, brisk deep tendon
reflexes, and slight balance abnormalities. A brain MRI showed mild dilatation
of lateral ventricles, and an ENMG did not reveal pathological changes. All
hormonal investigations were in a normal range, except for mildly increase of
17-OH progesterone (7.3 nmol/L; normal 0.2-3.0) that was interpreted as a
clinically insignificant increase. The patient was also seen by a child
psychiatrist, who noted moderately increased anxiety, preoccupation with health
problems, and fatigue, and diagnosed him with undifferentiated somatoform
disorder. His IQ was normal, however, he had some learning difficulties and
occasionally experienced bullying in school.

CMA analysis was performed in 2011 with a DNA sample from the patient.

Family history: the paternal grandfather is of Mari origin with similarly
hyperpigmented skin as in the proband. He has one healthy older brother.
Otherwise, the family history was unremarkable.

3.2. Methods

3.2.1. Analysis of genomic aberrations
by SNP-based chromosomal microarray analysis

Screening for chromosomal rearrangements was performed using
HumanCNV370 (January 2009-August 2009) or HumanCytoSNP-12
BeadChips (September 2009—up to date) (Illumina, Inc.). The HumanCNV370
BeadChip contains ~370,000 markers and covers the entire human genome with
an average spacing of 5 kb, allowing an average effective resolution of 50 kb
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(i.e. 10 consecutive markers). HumanCytoSNP-12 BeadChips were developed
for cytogenetic diagnosis purposes; they contain ~300,000 probes and allow for
an average effective resolution of ~60 kb (i.e. 10 consecutive markers).
Genotyping procedures were performed according to the manufacturer’s
protocol. Genotypes were called by BeadStudio v.3.1 or GenomeStudio v2009.1
software GT module (Illumina, Inc.); LRR and BAF values were extracted from
BeadStudio/GenomeStudio software and used in further CNV analysis and
breakpoint mapping with Hidden Markov Model-based QuantiSNP software
(ver. 1.1 or 2.1) [194]. The parameters suggested by the software developers
were used. Only samples with a call rate >98% that passed the QuantiSNP
quality control parameters were analyzed. In mosaic cases, the level of
mosaicism was determined based upon visual estimation of the BAF distribution
pattern [43].

Based on the recommendations provided by the ISCA Consortium and
ACMG, all chromosomal aberrations detected were assigned the labels
“pathogenic/likely pathogenic”, “benign/likely benign” or “VUCS” [5, 97]. For
this, the aberrations were compared with known CNVs listed in the Database of
Genomic Variants (DGV) [15] and studied for genomic content using either the
UCSC genome browser or ENSEMBL. The potential clinical significance of
CNVs not present in normal individuals was estimated using both the
DECIPHER and OMIM databases and peer-reviewed literature searches were
performed using the PubMed database [195]. A chromosomal aberration was
defined as pathogenic or likely pathogenic if it 1) overlapped with a genomic
region associated with a well-established syndrome, 2) was large in size
(>5 Mb) and contained a gene-rich content, or 3) contained a gene or a part of a
gene implicated in a known disorder. CMA findings were considered benign or
likely benign if they 1) were present in healthy individuals [e.g. healthy family
members (with some exceptions) or DGV], 2) were gene-poor and did not
encompass any known disease-causing genes, or 3) had not been previously
reported in association with any disorders (Table 2). All remaining findings
were categorized as VUCS.

Either FISH, qPCR, G-banding, or MLPA was used in confirmation studies.
The inheritance pattern was examined either by CMA or other methods.

3.2.2. CNYV confirmation by qPCR

gPCR was applied to confirm the detected CNVs and to investigate the
inheritance pattern. This analysis was performed on a 7900HT Real-Time PCR
system (Applied Biosystems, Carlsbad, CA, USA) using either ready-to-use
Maxima™ SYBR-Green qPCR Master Mix (Thermo Fisher Scientific, Vilnius,
Lithuania) or HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne,
Tartu, Estonia). Primers were designed using the web-based service
qRTDesigner 1.2  (http://bioinfo.ut.ee/gwRTqPCR/). To confirm each
aberration, a total of eight specific primer pairs were designed: four outside the
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aberration and four within the aberrant area. To eliminate non-specific
variations, such as differences in the amount of DNA input or presence of PCR
inhibitors, C; values were normalized using the C, values of two reference
regions with theoretical copy-number of 2 (Table 3). Amplification mixtures
(15 pl) contained SYBR-Green Master Mix/EvaGreen Mix, 250 nM of each
forward and reverse primer, 4 ng template DNA. Each assay included test DNA,
a mixture of ten healthy female DNA samples, a mixture of ten healthy male
DNA samples (all in triplicate), and a no-template control (in duplex). The
cycling conditions were as follows: 15 min at 95°C, 40 cycles at 95°C for 15 s
and 60°C for 60 s. After PCR amplification, a melting curve was generated to
check the specificity of PCR reaction (absence of primer dimers and other non-
specific amplification products). The data was acquired using SDS 2.2.2
software (Applied Biosystems) and was further processed using either a
spreadsheet program or qBase+ (Biogazelle, Ghent, Belgium). Analysis was
performed as relative quantification using the Pfaffl method of calculation while
taking into account the amplification efficiencies of each primer pair [196].

Table 3. qPCR reference primer sequences and positions.

Primer Position
ID (hg18)/ . 5 , . , ,
[refe- Amplicon Forward primer (5°— 3°) Reverse primer (5°— 3’)

rence] length

Refl 1:28533747/ |TGCGAAACTGCGTGGA | ATGCGGAAGCCCATTTCC
70bp CATT AT

Ref2 3:115437566 / | CTGTGACCTGCAGCTC |TAAGTTCTCTGACGTTGAC

[197] |120bp ATCCT TGATGTG

Ref3 3:99734152/ | GGTCCCTGGTGGCCTT |TTGCTGGTAATGGGCACA

[197] |101bp AATT CA

3.2.3. CNV breakpoints analysis by sequencing
in Family | and 2 with 7q31 deletion

For the exact mapping of deletion breakpoints determined in silico in F1 and F2
(Publication II), we used qPCR followed by Sanger sequencing. In the case of
F1, four consecutive qPCR assays were required to narrow the junction
fragments to between 2-3 kb, while only two qPCR assays were required when
analyzing F2. The predicted junction fragments spanning the proximal and the
distal breakpoints were amplified by long-range PCR using a Herculase™II
Fusion DNA Polymerase (Agilent Stratagene, Santa Clara, CA, USA) according
to the manufacturer’s suggested protocol. Sequencing was performed using a
3730x] DNA Analyzer (Applied Biosystems). The sequences obtained were
aligned against the human genome (NCBI Build 36.1) in the UCSC Genome
Browser (BLAT on DNA). The breakpoints were analyzed with the Lalign web-
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service which enables one to compare and determine the homology between two
sequences. Palindromic sequences were analyzed using the software Dotlet [198].

3.2.4. Gene expression analysis by RT-qPCR for 5q35.2-q35.3 region

Real-time reverse transcription-qPCR (RT-qPCR) was applied to study the
expression levels of genes encompassed by 5q35.2-q35.3 duplication reciprocal
to a common Sos deletion. Three patients were enrolled in the study, including
the Estonian patient described in Publication III, as well as two additional
patients from Belgium and Germany (Table 4). Sex- and age-matched controls
were used for all patients.

Table 4. Patients with 5935.2-q35.3 duplication enrolled in gene expression study.

Dup size (Mb) Sex Age Reference
Patient 1 ~2 F 13 [192]
Patient 2 >1.1 M 33 [159] (Case 1)
Patient 3 ~1.6 M 15 [173] (Patient 1)

Total RNA was extracted from whole-blood using a Tempus™ Spin RNA
Isolation Kit (Applied Biosystems) (Patient 1 and 3). In case of Patient 2, total
RNA was extracted from a lymphoblastoid cell line using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). RNA samples were treated with a TURBO
DNA-free™ Kit (Ambion, Carlsbad, CA, USA) and used as a template for the
synthesis of complementary DNA (cDNA) with oligo(dT) primers and a First
Strand cDNA synthesis Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).

The expression of 12 genes from the Sos critical region (HIGD2A; FAF2;
RNF44; UIMCI OMIM 609433; NSDI OMIM 606681; PRELIDI OMIM
605733; LMAN2 OMIM 609551; GRK6 OMIM 600869; PDLIM7 OMIM
605903; DDX41 OMIM 608170; TMEDY) and flanking regions (HNRNPAB
OMIM 602688; CLK4 OMIM 607969; SFXNI OMIM 615569), as well as two
known NSDI target genes (HSD17B10 OMIM 300256 and ZMYM3 OMIM
300061) were investigated. Primers were designed using the online tool Primer-
BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are provided in
Table S.

gPCR was performed on a 7900HT Real-Time PCR system (Applied Bio-
systems) using EvaGreen® qPCR mix (Solis BioDyne). The amplification
conditions were as follows: 15 min at 95°C, 40 cycles at 95°C for 15 s and 60°C
for 60 s. All reactions were repeated six times. Threshold cycle values were
obtained and processed using SDS 2.2.2 software (Applied Biosystems) and
further analysis was performed using qBase+ software (Biogazelle) followed by
meta-analysis with METAL software
(http://www.sph.umich.edu/csg/abecasis/metal/).
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3.2.5. Methylation-specific MLPA for 15ql | chromosomal region

Methylation-specific MLPA (MS-MLPA) was applied to study the methylation
status and potential DNA copy-number changes in chromosome region 15q11
in the patient with matUPD15 from publication IV. MS-MLPA was performed
using SALSA® MS-MLPA® probemix P028-B2 PWS/AS (MRC-Holland,
Amsterdam, The Netherlands) according to the manufacturer’s instructions. All
reactions were performed in quadruplet. Fragments were separated by capillary
electrophoresis using an ABI Prism® 3100 and analyzed using GeneScan®
Analysis Software (Applied Biosystems).

SALSA® MS-MLPA® probemix P028-B2 contains 32 probes specific for
sequences in or near the PWS/AS critical region of chromosome 15q11, which
can be used to detect copy-number changes in this region. Five of these probes
are specific for an imprinted sequence and contain a recognition site for the
methylation sensitive Hhal enzyme. Four of the methylation-sensitive probes
target the SNRPN gene and one probe targets the NDN locus. These five probes
enable one to detect aberrant methylation patterns in the 15q11 locus, caused
either by UPD or imprinting defects. To aid in the analysis, 14 reference probes
targeting genes located outside the PWS/AS region are also included. In
addition, three digestion control probes are included to indicate if complete
digestion was accomplished by the Hhal enzyme during the methylation
quantification reaction (MRC-Holland; product description version 44; 24-02-
2012).

MLPA data analysis was performed using Coffalyser software (MRC-
Holland): a spreadsheet-based program which is able to perform all data
normalization steps, correct for signal sloping, and calculate the standard
deviation (SD) for each sample. For copy-number analysis, the expected
normalized values are 0.85-1.15 in the absence of any change, 0.35-0.65 in
case of heterozygous deletion, and 1.35-1.55 in case of heterozygous
duplication. For methylation analysis, an average expected methylation index
for normal SNRPN methylation status is 0.5 (MS-MLPA® protocol version
MSP-004).
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4. RESULTS AND DISCUSSION

4.1. Application of chromosomal microarray analysis
for the diagnosis of Estonian patients
with developmental delay, multiple congenital
anomalies and autism spectrum disorders (Publication I)

During four years — from January 2009 until December 2012 — a total of 1191
CMA tests were ordered at Tartu University Hospital, and in 1003 cases CMA
was performed as the first-line cytogenetic test. Postnatal analyses comprised
95% of all referrals (90% patients and 5% family members), while the
remaining 5% were prenatal analyses. The overall success rate was 99.5%. A
repeat analysis was required in six cases: five did not pass the quality control,
and in one mosaic uniparental disomy (UPD) case adjustment analysis was
required.

On average 5-10 chromosomal aberrations were detected per investigated
genome, thus making the interpretation of CMA findings the limiting factor that
hampered the selection of truly causative variants. Generally, the chromosomal
imbalances associated with well-established microdeletion/microduplication
syndromes are not a matter of concern while abnormalities identified in
genomic regions that are not yet associated with human diseases might present
some difficulties. Based on the criteria described in section 3.2.1 and
summarized in Table 2, all chromosomal aberrations found were assigned one
of three labels: “pathogenic/likely pathogenic”, “benign/likely benign” and
“VUCS”. Excluding benign findings, chromosomal aberrations were reported
back to 298 (25%) patients with a total of 351 findings (1-3 per individual, with
a size range from tens of kbs to entire chromosomes): 147 (42%) deletions, 106
(30%) duplications, 89 (25%) regions of LCSH (>5Mb), and 9 (3%)
aneuploidies. Six (2%) aberrations were in a mosaic state. Over 80% of the
reported CNVs (not including regions of LCSH) were <5 Mb and would likely
have been missed by traditional karyotyping and 39% were <1 Mb. If the two
time periods of the study are examined separately — 2009-2010, when CMA
was applied only for patients with otherwise normal routine genetic/metabolic
test results; and 2011-2012, when CMA was performed as the first-tier
cytogenetic test for patients with DD/ID, ASD or MCA - a difference in the
number of reported results can be observed: 32% and 24%, respectively, which
is due to patient selection criteria differences.

Out of 351 reported findings, 143 (41%) can be defined as pathogenic or
likely pathogenic while the clinical significance of 208 (59%), most of which
were LCSH, remained unknown at the time of reporting. However, 61 (30%) of
the reported findings defined initially as VUCS can now be reclassified as
benign/likely benign due to advances in the field of molecular clinical genetics
and the addition of new entries to the publicly available databases. Similarly,
Palmer et al. demonstrated a statistically significant difference in the
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interpretation of CMA findings over the time, with an increase in putatively
pathogenic CNVs [98]. In our study, we did not estimate the difference with
regards to pathogenic/likely pathogenic findings. Nevertheless, it seems that the
systematic re-evaluation of CMA results would be useful and could resolve the
cases that remained without a specific diagnosis at the time of reporting or, on
the contrary, exclude the possibility that the clinical phenotype of a patient is a
consequence of one or more CNVs. Therefore, it should be emphasized in all
CMA laboratory reports that the interpretation of CMA finding is based on
current knowledge and may evolve over time [98].

In general, clinically relevant findings were detected in 11% of all patients
analyzed, which is in concordance with previous reports and demonstrates once
again the clinical utility of CMA in the diagnosis of patients with DD/ID, ASD
or MCA [5, 200-202]. The diagnostic yields for the periods 2009-2010 and
2011-2012 were 15% and 10%, respectively, which is explained by a much
higher phenotypic heterogeneity of the patient population analyzed in 2011—
2012. This indicates that a more prominent phenotype of unknown etiology
increases the chance of detecting clinically relevant aberrations using CMA.
Despite this, the use of CMA as a first-line diagnostic test in a more
heterogeneous population still improves the diagnostic yield at least two-fold
compared to conventional karyotyping.

Verification studies using independent methods, such as qPCR, FISH,
karyotyping or MLPA, were performed for more than half of the CNVs found
(148 of 262) and confirmed the majority of these; yet four CNVs detected (10—
970 kb; one reported initially as pathogenic and three VUCS) were found to be
false-positives. It cannot be excluded that there may be more false-positives in
our patient group. In two cases, the size of CNV was below the effective
resolution level of the array platform used. Generally such small findings were
not reported to the patients, however, in some cases an exception was made if a
CNYV spanned one or more known disease-causing genes. In all of these cases,
confirmation studies were recommended. In case of a 970 kb duplication which
has not been confirmed, there may be a problem with the qPCR method that
provided the result due to either improper primers or difficulties with
amplification of the particular genomic region. One could argue that there is no
need to confirm CMA results because this technology has already been proven
to be quite accurate and robust. However, our experience demonstrates that tiny
CNVs with size ranges close to the effective resolution of the array platform
still require confirmation by an independent method. Also, both karyotyping
and FISH could provide additional insight if there is a need for precise
characterization of a chromosomal aberration.

4.1.1. Clinically relevant CMA findings (Publication I)

Altogether, 143 CMA findings (42% of all reported findings) were assigned
with the label “pathogenic or likely pathogenic” (for criteria used refer to
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Table 2). Out of these, 106 aberrations were associated with known
microdeletion or microduplication syndromes, or represented deletions that
encompass a gene or a part of a gene implicated in human disease (most of
those were <1 Mb) (Table 6). The most frequent genomic disorders found in
our dataset were 15q13.3 microdeletion/microduplication syndrome (9 cases),
16p11.2  microdeletion/microduplication  syndrome (5 cases), 1p36
microdeletion syndrome (4 cases), Silver-Russell/Beckwith-Wiedemann
syndrome (4 cases, including one case of 11pl15.5-15.4 UPD), PWS/AS (4
cases, including one case of maternal UPD 15). In general, the chromosomal
imbalances associated with well-established microdeletion/microduplication
syndromes are not difficult to interpret, and are usually unequivocal and
straightforward, and thus ease the process of genetic counseling. We also
discovered a relatively large number of aberrations in the recurrent
microdeletion/microduplication loci that have well-established associations with
abnormal phenotypes but also have incomplete penetrance and variable
expressivity, e.g. the deletions and duplications in genomic loci 1gq21.1 (4
cases), 16p13.1 (6 cases), and 15q11.2 (7 cases) responsible for increased
susceptibility to neuropsychiatric and neurodevelopmental disorders and
associated with variable dysmorphism [88, 203, 204]. Generally, CNVs with
low effect size represent a challenge in genetic counseling because in addition
to being enriched in individuals with various developmental disorders, they are
also found in the normal population. Moreover, these CNVs are often inherited
from a healthy or mildly affected parent. Remarkably, all 1q21.1 aberrations
detected in our patient cohort were inherited, as well as 15q11.2 deletions for
which inheritance analyses was carried out; the inheritance studies for 16p13.1
imbalances have not been performed. One can speculate that these variants are
critical to, but not the sole determinants of, a given phenotype. Indeed, it has
been demonstrated that the phenotypic variation of some genomic disorders
(e.g., 15q11.2 deletion, 16p12.1 deletion, and 17p13.3 duplication) may be
partially explained by the presence of additional large CNVs [205]. Still,
genetic counseling and assessing the risk of recurrence is complicated due to an
incomplete understanding of the mechanisms responsible for phenotypic
variability and additionally hampered by the absence of specific guidelines.
Recently, recommendations were published to aid in the genetic counseling
regarding the deletion of susceptibility loci 15q11.2. These suggest that family-
based studies with detailed genotyping and phenotyping of all family members,
both carrier and non-carrier, could contribute to proper counseling [206].
Aneuploidies were discovered in eight (2%) of the patients (one trisomy 13,
two monosomies X, two triple X syndromes, one Klinefelter syndrome, two
XYY syndromes), which shows that aneuploidies, especially sex chromosome
aneuploidies, are sometimes not easily recognizable from a clinical perspective.
Multiple LCSH distributed across the entire genome that obviously influence
the phenotype by unmasking recessive mutations in disease-causing genes were
observed in four cases, including two fetuses. The percentage of the genome
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that is identical by descent (IBD) varied from 4% to 22%. However, this is
clearly an underestimate because only those segments of homozygosity meeting
a threshold of 5 Mb set by our laboratory were included in the calculation. The
presence of multiple LCSH distributed across different chromosomes can
indicate a familial relationship between the proband’s parents and usually
represents an unexpected finding [64, 106, 178]. Generally, a high percentage of
the genome that is IBD (>10%) indicates a close parental relationship, and in
this case the laboratory report should indicate that the results could be
associated with possible consanguinity. However, a specific familial relation-
ship or degree of parental relatedness cannot always be extrapolated from the
inbreeding coefficient; therefore, speculations of a specific relationship must be
avoided in laboratory reports [106].

Also, four cases of UPD associated with the patients’ clinical phenotypes
were found, including three mosaic cases: 4q31.3-q35.2 (50%), 11p15.5-p15.4
(50%) — Beckwith-Wiedemann syndrome, UPD 14, and maternal UPD 15
(50%) — PWS. All of these were detected through the presence of large LCSH
restricted to a single chromosome, and remarkably, none of these cases was
suspected to be caused by UPD based purely on clinical evaluation. This
demonstrates that SNP-based CMA could be recommended to be included into
a workflow of diagnosis of imprinting disorders.

One approximately 45 kb size deletion in 2q33.1 that was initially reported
as likely pathogenic because it spans the disease-causing gene NDUFB3
(OMIM #252010) and, in addition, overlaps with 2q33.1 deletion syndrome
(OMIM #612313), was later found to be a false-positive result.

The remaining 20 aberrations classified as pathogenic or likely pathogenic
did not overlap with any known syndrome but were large in size (at least
several Mb) and located in gene-rich areas, which alone provides a reason to
assume that they could be responsible for abnormal phenotypes. A summary of
our clinically relevant findings, based on CMA analysis, with their
corresponding reasons for referral are provided in Table 7.
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4.1.1.1. Deletions in 7q3| encompassing FOXP2 cause speech and
language disorder (Publication II)

The patients described in Publication II were enrolled into a study of ID in
Estonian patients using SNP genotyping microarrays [8]. This study is the first
to use CMA for the purpose of studying CNVs associated with ID in Estonian
patients and the general population.

Family 1

DNA samples of six individuals from F1 (I-1, I-2, 1I-1, II-3, III-1 and III-2)
(Figure 4A) were studied using a whole-genome genotyping array. In patient
F1-1II-2, a ~8.3 Mb deletion on 7q31.1-q31.31 (arr[hgl8] 7q31.1q31.31
(111,784,188-120,139,346)x1) was detected, and this was found to have been
inherited from her affected mother (F1-1I-3). The genotyping data showed that
the mother’s (F1-II-3) rearrangement was located on the paternally derived
chromosome. A further breakpoint refinement mapped the proximal breakpoint
at genomic position 7:111,781,517 within a short interspersed nuclear element
(SINE) repeat (AluSx), and the distal breakpoint at position 7:120,142,536
within a short palindromic sequence, while any repetitive sequences were
missing in those regions.

Because the affected daughter had previously been suspected of having
cystic fibrosis caused by mutations in the CFTR gene located within the deleted
region (7q31.2), an analysis for the detection of CFTR mutations was performed
but did not reveal any mutations.

Family 2

Three individuals from F2 (I-1, II-5 and I1I-2) (Figure 4B) were studied using
SNP-based CMA. A DNA copy-number analysis revealed a ~6.5 Mb deletion in
7q31.1-q31.2 (arr[hg18] 7q31.1q31.2(108,290,244-114,759,023)x1) in proband
(F2-111-2) and her maternal aunt (F2-1I-5). DNA samples of the patient’s parents
were not available for testing, but the family anamnesis and the analysis of the
genotyping data of three individuals (I-1, II-5 and III-2) from this family made
it possible to establish the pattern of inheritance. Presumably, the proband
inherited the 7q31 deletion from her mother, and her aunt carried the deletion
on a paternally inherited chromosome. The fine-mapping of the deletion
boundaries revealed that the proximal breakpoint occurred at genomic position
7:108,278,292 and the distal at position 7:114,819,017. As in the case of family
1, the proximal breakpoint was located within an AluSX element, and the distal
breakpoint within a short palindromic sequence.

Both deletions included the FOXP2 gene implicated previously in autosomal
dominant CAS [137]. There are at least 27 previously published cases of
interstitial deletions encompassing 7q31, including one prenatally diagnosed
case [133-136, 208-221]. It has been suggested that patients with chromosomal
deletions involving 7q31 may define a new contiguous gene deletion syndrome
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characterized by aspects of verbal dyspraxia [133]. However, excepting
impairments in speech and language, no common features are consistently
observed in patients carrying a deletion of the FOXP2 locus [132]. Moreover,
7931 deletions seem to be nonrecurrent with scattered breakpoints. Based on the
sequencing data we suggest that nonhomologous end-joining (NHEJ) may be
responsible for the formation of the 7q31 deletions in our patients because no
substantial homologies were detected between the DNA sequences located
across the breakpoints. This hypothesis is supported by the fact that in both
cases the distal breakpoints were located within short palindromic sequences,
which are known to be able to induce a curvature in the DNA molecule,
predisposing it to recombination [222, 223]. The patients with intragenic point
mutations as well as a recently reported patient with a small intragenic deletion
confirm that the haploinsufficiency of FOXP2 is responsible for formation of
the core phenotype observed in patients with a 7q31 deletion [135]. The
additional problems or CA could therefore be attributed to the other genes
located within the deleted region or elsewhere in genome. For example, the
leading cause for consultation by a clinical geneticist in patient F1-III-2 was
congenital anomalies of the urinary system and facial dysmorphism. None of
the reported patients with a 7q31 deletion have been reported to have any renal
problems. No renal problems were observed in the proband’s mother who
carries the same deletion. To the best of our knowledge, none of the genes
encompassed by the deletion could contribute to the development of
nephrogenesis or other parts of the urinary system, and it appears that some
other reason not detected in this study is the underlying cause.

In addition, the families presented in this work provided an opportunity to
estimate the phenotypic effect of the same deletion of opposite parental source.
The analysis of genotyping data in our study revealed that in both families
described, the probands’ deletions were of maternal origin, while the mothers
themselves carried the rearrangements on paternally-inherited chromosomes. It
has previously been proposed that the FOXP2 locus may be differentially
regulated in a parent-of-origin manner and that the absence of paternal FOXP2
could cause a more severe phenotype with CAS, whereas the absence of the
maternal allele may result in a milder phenotype [132]. However, the detailed
phenotype descriptions and speech and language assessments of our patients
demonstrated that there is no significant difference in the severity of each
observed phenotype. Moreover, this conclusion is further supported by the work
of Thomas et al. who demonstrated biallelic expression of FOXP2 which
disproves the imprinting hypothesis. They tested the imprinting status of
FOXP2 by estimating its allelic expression using transcribed SNPs and found
that FOXP2 was biallelically expressed in fetal brain and fetal liver tissues, thus
verifying that it is not imprinted in these tissues at least [224]. The parent-of-
origin specific phenotypic effect reported by Feuk et al. could therefore be
coincidental.
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4.1.1.2. Reciprocal deletions and duplications
in 5935.2-q35.3 cause mirror phenotypes related to growth
(Publication Il and unpublished data)

The patient presented in Publication III was tested by CMA in 2010 due to a
proportionally short stature and facial dysmorphism of unknown etiology. CMA
revealed a duplication on the long arm of chromosome 5 (arr[hgl8]
5935.2q935.3(174,950,741-176,979,615)x3), which was confirmed by FISH
analysis (46,XX.ish dup(5)(q35q35)(NSDI1++)). The duplication was not
detected in either the patient’s mother or sister. The father was not available for
testing.

The detected 5q35.2-q35.3 duplication is reciprocal to the common Sos
deletion and has been proposed to cause a specific syndrome with a
recognizable phenotype that is clinically opposite to Sos with regard to growth
and head circumference [159, 169-173]. Still, although the 5q35.2-q35.3
duplication syndrome is often referred to in the literature as “reversed Sos”, this
term does not seem to be suitable because of the absence of reversed facial
phenotype and the presence of unspecific findings such as short stature and
microcephaly [173]. The characteristic features of the condition include short or
low normal stature, microcephaly or low normal OFC, learning disability or
mild to moderate ID which may be associated with behavioral problems, and
distinctive facial features comprising periorbital fullness, short palpebral
fissures, long nose, long or bulbous nasal tip, flat philtrum and thin upper lip.
Delayed bone age was also evident in most cases where X-ray investigation was
performed. Minor digital anomalies, such as clinodactyly, brachydactyly,
syndactyly, and polydactyly, were described in some cases. No major
malformations are associated with 5q35.2-q35.3 duplications. [159, 172, 173].
In general, phenotypic characteristics related to growth seem to be remarkably
opposite in cases of 5q35.2-q35.3 deletion and duplication. However, intra- and
interfamilial variation is observed in terms of body measurements, intelligence
and dysmorphic features, which point to the possibility that the duplication may
be underdiagnosed [173].

Generally, the NSD1 gene located in this region is the only gene known to be
associated with Sos. Subsequently, it has been proposed that increased NSD1-
dosage should cause the reduced growth parameters observed in patients with
duplication. Recent publications have described additional patients with a
5935.2-q35.3 duplication which allow for a more precise determination of the
corresponding phenotype and narrows down the region of overlap [172, 173].
Combining the phenotypic and molecular data from these two studies it could
be hypothesized that the duplication of NSD/ alone could be sufficient to cause
growth retardation. At the same time, the phenotype of the Sos patients carrying
5935 microdeletions is more variable compared with patients that carry NSD/
mutations, which suggests a possible dosage-sensitivity of genes neighboring
NSDI and their possible effect on phenotype. For example, the digital
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anomalies described in a subset of patients may be attributable to the
duplication of PDLIM7 (PDZ and LIM domain 7) [172]. It was demonstrated
that when present in excess, Pdlim7 lowers nuclear levels of Tbx5 thus affecting
Tbx5 target gene expression [225]. In turn, haploinsufficiency of T7BX)5 causes
Holt-Oram syndrome (OMIM #142900) which is characterized by thumb
anomalies and heart defects. However, digital anomalies are not observed in all
patients with a 5q35.2-q35.3 duplication encompassing PDLIM7 [173]. Heart
defects are also an infrequent finding in those patients [172].

So far, there have been no functional studies on the influence of 5q35.3
structural changes on human growth. Obviously, gene expression studies could
reveal information regarding the mechanisms that underlie the phenotypic effect
of reciprocal deletions and duplication of this particular locus. Using RT-qPCR,
we analyzed the expression profiles of 11 genes from the Sos critical region
(HIGD24, FAF2, RNF44, UIMCI, NSD1, PRELIDI, LMAN2, GRK6, PDLIM?7,
DDX41, TMEDY) and flanking regions (HNRNPAB, SFXNI, and CLK4), and
two known NSDI target genes (HSD17B10 and ZMYM3) in three patients with
a 5q35.2-q35.3 duplication (Figure 5). All genes excepting one (UIMC1) within
the duplicated region showed significant overexpression. The most significant
changes in expression were observed in HIGD2A, PRELIDI, GRK6, DDX41,
and TMED9. Gene expression in the flanking region was also perturbed. Both
NSD1 target genes studied also show overexpression (Unpublished data).
However, because of the small number of patients analyzed as well as the use of
RNA samples from various sources, such as whole-blood and lymphoblastoid
cell line, we cannot make any statistically significant conclusions. These results
only hint at a tendency that requires further confirmation. Additionally, it is not
clear whether the observed overexpression manifests itself also at the protein
level and subsequently on the phenotype.

Interestingly, locus 5q35.2-q35.3 is not the only known genomic region
where reciprocal deletions and duplications are associated with opposite
phenotypes involving body parameters. For instance, proximal 16p11.2
microdeletion and microduplication display mirror phenotypes with regards to
both body mass index and head circumference, while a reciprocal genomic
events in the distal 1q21.1 locus have opposite effects on head size [89, 162].
While major drivers of mirror neuroanatomical phenotypes associated with the
16p11.2 CNVs have been identified, the genes implicated in 1q21.1 micro-
deletion/microduplication syndrome remain to be elucidated. Manipulation of
zebrafish embryos has been proposed as an attractive approach to discover
dosage-sensitive genes responsible for mirror anatomical phenotypes that are
detectable during early development [226]. In addition, there are several
examples of single-gene disorders in which activating mutations and
haploinsufficiency or dominant negative mutations have opposite phenotypic
effects related to growth, e.g. the AKT genes and FGFR3 (reviewed in [172]).
This supports the idea that disturbance of NSD/ alone can manifest itself in
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opposite growth parameters, while other genes in the region are responsible for
other features.
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Patient 1 (Zilina et al., 2013)

Patient 2 (Franco et al., 2010. Case 1}

Patient 3 (Dikow et al., 2013. Patient 1)

Figure 5. Scale representation of the 5q35.2-q35.3 region (http://ensembl.org;
NCBI36): (a) location of Ensembl genes in the region. Genes selected for gene
expression analysis are underlined; (b) location of Sotos critical region and the flanking
low-copy repeats; (c) duplicated fragments in Patients 1-3. Solid lines indicate the
minimum boundaries and dashed lines indicate the maximum boundaries of duplication.

4.1.1.3. Mosaic matUPD5 in a patient with partial Prader-Willi
syndrome phenotype as an example of the utility of SNP-based arrays
in detecting uniparental disomy and mosaicism (Publication V)

The patient was referred for CMA analysis in 2011 by a child neurologist due to
being overweight, having muscular hypotonia, and psychiatric problems. There
was no reason to suspect PWS in the patient based solely on the phenotype.

Chromosomal microarray analysis and regular karyotyping

CMA using an SNP array revealed mosaic loss of heterozygosity of the entire
chromosome 15. The percentage of abnormal cells was estimated to be 55-60%
in peripheral lymphocytes [43]. Karyotyping from peripheral blood
lymphocytes (100 mitoses) and from skin fibroblasts (30 mitoses) showed
normal male karyotype 46,XY. No monosomy or trisomy was detected by
CMA, which confirmed the G-banding results thus it was assumed that the
patient was mosaic for uniparental isodisomy 15, and had a normal biparental
cell line.

Methylation analysis of 15q11-q13 region

Non-quantitative MS-PCR within the PWS/AS region showed a normal result;
SNRPN alleles from both parents were present. Quantitative MS-MLPA
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analysis showed hypermethylation of SNRPN and NDN loci in the PWS/AS
critical region. The SNRPN locus was analyzed using four MS-MLPA probes
and provided average methylation quotients of 0.8 (in normal controls 0.45—
0.6), and the NDN locus was analyzed using one probe and provided
methylation quotients of 0.69 (mean of normal controls 0.38). In a patient
previously diagnosed with PWS and a typical 15q11-ql13 deletion, the mean
methylation quotient for the SNRPN locus was 1.0 and for the NDN locus was
0.68. There were no copy number variations within the 15q11-q13 region in our
patient. These results confirm that the patient has a mosaic UPD within
chromosome 15 (maternal) in an approximate proportion of 50-55%.

Taking into consideration the MS-MLPA results, and the presence of some
PWS features in the patient, we conclude that he had mild PWS caused by
mosaic matUPD15, although the patient’s parents were not enrolled in the
study. Using the results of both CMA and MS-MLPA, we estimate that the
proportion of cells with the abnormality is within the range of 50-60% in whole
blood. However, we cannot predict the proportion of mosaicism in other tissues.

According to CMA and karyotyping, no trisomic or monosomic cells were
present. Both peripheral blood lymphocytes and skin fibroblasts were studied by
karyotyping and revealed no signs of mosaic aneuploidy. To the best of our
knowledge, only two PWS cases with mosaic maternal isodisomy 15 and
without trisomic/monosomic cell lines have been reported to date [227-229]. In
addition, one patient was recently described who is mosaic for isochromosome
15q associated with matUPD15 and a normal cell line, [46,XX/45,i(15)(q10)].
This patient displays a minimal PWS-like phenotype [230]. Usually, the
presence of additional cell lines as well as determining the type of UPD (hetero-
or isodisomy) enables one to delineate the mechanism responsible for the
formation of UPD, however, it should be noted that this is impossible in the
case of pure UPD without additional cell lines. In general, most known UPD
mechanisms can lead to mosaic formation (Figure 6). In turn, understanding the
mechanism underlying the formation of UPD can be useful for prognosis
estimation and counseling.

Our patient is similar to patient No 1 described by Izumi et al. [228], who
was found to be mosaic for maternal isodisomy 15 and had heterodisomic cell
lines. In that case, the percentage of abnormal cells was up to 85-90% which
apparently leads to a more prominent PWS phenotype compared with our
patient who had 50-60% abnormal cells. Post-fertilization mitotic error was
proposed to be responsible for mosaic UPD in that patient and this is very likely
the cause of UPD in our patient as well. The signs that point to possible post-
fertilization mitotic error are the type of UPD (isodisomy) and the absence of
any degree of aneuploidy (Figure 6). In the two other reported cases [227, 230],
the mechanism of UPD formation was different. Although, in the case reported
by Horsthemke et al. [227] no numerical or structural chromosome aberrations
were detected by karyotyping and FISH, the microsatellite analysis revealed
three alleles at five of the nine loci tested, which indicates that trisomy rescue
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should be responsible for the UPD (Figure 6). Moreover, regarding the severe
ID of the patient, the authors speculate that the presence of trisomic cell lines
might simply have remained undetected because of their possible low level, or
perhaps trisomy may also be present in unstudied body tissues [227]. In the case
described by Wang et al. [230], the level of the cells with i(15)(q10) associated
with maternal UPD15 was 30%, while the remaining 70% were cells with a
normal female karyotype. The patient herself had an abbreviated PWS
phenotype, including morbid obesity, small hands and feet, short stature, and
behavioral problems, however, lacked significant facial dysmorphisms,
hypotonia, and cognitive delays. Normal cognitive functions are obviously a
consequence of the comparatively low-level mosaicism for the abnormality.
Two possible UPD mechanisms were proposed in this case: 1) a mitotic error in
a normal diploid cell followed by trisomy rescue; or 2) a trisomy rescue
followed by monosomy rescue [230].
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Figure 6. A schematic representation of mechanisms that lead to mosaic uniparental
disomy. The three panels are: trisomy rescue, monosomy rescue, and post-fertilization
mitotic error. The type of UPD (iso- or heterodisomy) and the presence of additional
cell lines provide clues when determining the mechanism responsible for UPD
formation in a particular patient [193].

It is remarkable that all cases described to date have been diagnosed using a
panel of different methods, including conventional cytogenetic analysis
(karyotyping, FISH), a molecular cytogenetic tool (CMA) and molecular
genetic methods (microsatellite analysis, methylation analysis) in various
combinations. Obviously, the complex nature of those aberrations and the
underlying mechanisms would not have been elucidated if only one method had
been applied. Generally, a broad panel of molecular tests for imprinting
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disorders is available, however, none of these detects all known mutations and
epimutations [185]. A combination of different methods (e.g. CMA with SNP
arrays, MS-PCR, MS-MLPA) is recommended to differentiate between UPD,
deletion/duplication, and/or methylation disturbances [185, 188]. The use of
pure qualitative methylation analyses should be avoided because they are not
informative in mosaic UPD cases. We propose that a combination of SNP-based
CMA and quantitative methylation analysis is appropriate for diagnosing
patients with putative imprinting disorders.

Currently, the majority of cases with mosaic matUPD15 may remain
undetected because of an abbreviated PWS phenotype observed in the patients.
Arriving to the correct diagnosis can also be complicated by a lack of diagnostic
tools in some diagnostic laboratories, technical difficulties associated with their
application and difficulties associated with interpretation of results. Apparently,
the wider application of SNP arrays and quantitative methylation analysis
methods in molecular diagnostics would clarify whether mosaic UPD is truly
rare or is simply underdiagnosed in PWS patients [228].

4.1.2. Findings with uncertain clinical significance (Publication I)

The clinical relevance of 144 (41%) reported findings remains unclear,
including 64 deletions/duplications and 80 regions of LCSH. Most CNVs were
<1 Mb and have not been previously implicated in human diseases. One of the
primary tests recommended for the estimation of the pathogenicity of VUCS’s
(primarily deletions and duplications) are inheritance studies, although it is
often imprudent to attribute clinical significance based on the inheritance
pattern of a CNV within a single family [97]. In this study, inheritance analyses
were completed for about half of the deletions/duplications cases with uncertain
clinical relevance, and only three imbalances out of 28 appeared to be de novo.
Still, the pathogenicity of inherited CNVs cannot be excluded before more
information on those genomic regions is available, because a growing number
of recurrent CNVs display variable penetrance or expressivity and may confer
susceptibility or risk, rather than being directly causative [78, 231]. In addition,
it should be kept in mind that parentally segregated CNVs could contribute to a
proband’s phenotype through epigenetic effects, or by unmasking a recessive
mutations on a non-deleted allele [97, 202]. The situation with de novo
mutations is also not straightforward. Although the “de novo” status is usually
taken as evidence supporting pathogenicity, it has been demonstrated that many
regions of the genome have significantly elevated mutation rates, and some
CNVs may indeed be de novo mutations yet do not infer clinical significance
[232].

According to laboratory policy, stretches of homozygosity larger than 5 Mb
were reported. However, in most cases this turned out to be diagnostically
unhelpful because the vast majority of reported LCSH were classified as VUCS.
Single LCSH events, especially smaller ones, are generally more difficult to
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interpret. Most detected cases of LCSH likely represent regions of suppressed
recombination or linkage disequilibrium, although they may potentially be
associated with recessive diseases. The genomic content of the region should be
carefully evaluated with regards to the patient’s clinical problems, which
assumes a close collaboration between clinical and laboratory staff [231].
Subsequently, the confirmation of the pathogenicity of such chromosomal
abnormalities requires sequencing of the candidate gene or genes of interest.
Nevertheless, most LCSH detected in our patients were classified as VUCS
because it was impossible to establish a link between a phenotype and the CMA
findings. The most promising finding was a 12 Mb homozygosity stretch in
3q13.13-g21.1 that encompassed the CASR gene implicated in epilepsy, and this
was found to correlate well with the patient’s phenotype [233]. However,
Sanger sequencing of CASR was not performed in this case.

Even when LCSH results are excluded, the proportion of VUCS among all
CMA findings remains quite high (24%). It seems that our ability to detect
CNVs has far outpaced our ability to understand their role in disease [3]. Proper
treatment of most VUCS cases typically requires additional tests that are time-
consuming and expensive, and furthermore require recurrent counseling. All of
these increase the cost of providing health care. Due to cost restrictions, the
number of confirmation studies performed on Estonian patients has been limited
over time. Currently, only family studies are performed and small CNVs with a
size close to the array platform resolution are confirmed to exclude false-
positives. It should also be emphasized that, although the interpretation of CMA
results tends to change over time, CMA findings of unknown clinical relevance
for which proper counseling, recurrence risk assessment and management
cannot be offered, often cause stress and uncertainty in patients and their
families, and sometimes even mutual intrafamilial accusations. Therefore, the
referring pediatricians or neurologists should be aware of the possibility that
CMA provides results which are often random or difficult to interpret. Open-
access databases of clinically relevant (e.g., DECIPHER) as well as
nonpathogenic CNVs (e.g., DGV) are extremely helpful for interpreting CMA
results, therefore it is very important that as many centers as possible contribute
to the development and completion of these resources. It should be mentioned
that due to our expanding knowledge, including the addition of new entries to
the publicly available databases during 2009-2012, a significantly large portion
(61 out of 351) of chromosomal aberrations reported to our patients that were
initially labeled “VUCS” were re-categorized as benign or likely benign.
Generally, the primary duty of monitoring the medical literature and relevant
databases that is required to re-categorize VUCS lies with the physician with an
ongoing patient relationship [97].

In turn, the amount of VUCS can be minimized by choosing an array
platform that strikes a balance between sensitivity and specificity. Obviously,
there is no need for maximum resolution in a genome-wide clinical test, because
this is accompanied by an increase in the number of findings of uncertain
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clinical relevance. It is recommended to use a resolution of ~400 kb throughout
the genome with probe enrichment in regions of known clinical relevance. This
level enables one to reliably identify all known recurrent microdeletion and
microduplication syndromes and most nonrecurrent imbalances that are
unequivocally pathogenic [5, 94]. In addition, one can choose between two
possible options: SNP arrays and aCGH, which are both highly efficient tools to
conduct both research and clinical diagnostics. However, and in contrast with
aCGH, the genotype information provided by SNP-based arrays allows for the
recognition of copy-number-neutral events such as LCSH. It should be
discussed whether a particular diagnostic centre is interested in detection of this
kind of aberration, because they usually represent an issue of concern with
regards to interpretation and counseling. Also, the genotype data obtained by
SNP-arrays is useful when knowledge of the parental origin of an aberration is
critical and must be determined, although in this case the patient and both
parents (a trio) should be analyzed. In addition, SNP arrays are able to
distinguish between a mitotic and meiotic origin of mosaicism which also may
be required for appropriate counseling.

4.1.3. Estonian experience of chromosomal microarray
analysis application in prenatal diagnosis (Publication I)

During 2009-2012, CMA with fetal DNA was performed in 60 cases, eight of
which were ordered after the termination of the pregnancy. Indications that lead
to prenatal CMA testing are presented in Table 8. In most cases, array analysis
was performed simultaneously with karyotyping to enable better
characterization of potential CMA findings and to detect aberrations that could
have been missed using CMA. In eight cases an abnormal result was reported
(Table 9).

Table 8. Prenatal CMA testing in Estonia during 2009-2012 (including fetuses
analyzed after the termination of pregnancy) [207].

Indication for prenatal diagnosis Number of cases (%)
Familial balanced rearrangement 18 (30%)
Anomaly on ultrasonography 13 (22%)
Termination of pregnancy due to abnormal fetus 8 (13%)
Positive triple test 5 (8%)
Isolated abnormal nuchal translucency 5 (8%)
Other child(ren) with chromosomal disease 4 (7%)
Other child or parent with unspecified genetic pathology 3 (5%)
Unspecified 3 (5%)
Recurrent spontaneous abortions 1 (2%)
Total 60 (100%)
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In case 1, a duplication encompassing exons 45-51 of the DMD gene was
detected in a male fetus (46,XY) and was confirmed by MLPA analysis using
the SALSA MLPA P034-A2 and P035-A2 probe mix (MRC-Holland). The
mother did not carry the duplication and the pregnancy was terminated after
counseling. However, later it was found that the father was a carrier of Xp21.1
duplication. Because chromosome X generally cannot be transferred to male
offspring through the paternal line, the duplicated segment is likely to be
inserted into some other chromosome, however, this theory has not been tested.
Potentially, there is still a possibility that the male fetus obtained an X
chromosome from his father resulting in an XXY karyotype at an early stage of
development followed by trisomy rescue and elimination of the maternal X
chromosome [234]. We attempted to verify this case, but found no supporting
evidence.

CMA was carried out in case 2 due to recurrent spontaneous abortions of
unknown etiology in the family. The analysis was performed after the
termination of the pregnancy and revealed a 5.6 Mb LCSH on chromosome 8;
however, its association with clinical problems remains uncertain.

In two cases (3 and 8) multiple regions of LCSH distributed across the entire
fetal genome were discovered and point to possible parental relationship (the
percentage of genome that is IBD was 6% and 20%, respectively).

In case 4, a low-level mosaic trisomy 7 (~13% and ~10%, respectively) was
detected by G-banding and CMA using amniotic fluid cell culture. Although
most cases with this chromosomal abnormality have no symptoms or only
subtle clinical symptoms, a maternal UPD7 that is strongly associated with
severe growth restriction cannot be excluded. Because some symptoms were
observed using ultrasonography, additional amniocentesis was performed. FISH
analysis revealed the presence of an additional chromosome 7 in 5% of the
cells, while G-banding revealed a normal karyotype. However, a normal female
was born at term with normal birth weight and length.

In case 5, an approximately 3 Mb deletion in 7p14.1-p13 was found, thus
disrupting the GLI3 gene associated with Greig cephalopolysyndactyly
syndrome (OMIM #175700), and was concordant with the fetal dysmorphic
phenotype.

Cases 6 and 7 were referred due to familial balanced rearrangements. In case
6, a terminal duplication of 4p (14 Mb) and a terminal deletion of 4q (2 Mb)
were detected and treated as pathogenic due to their size and pregnancy was
terminated. In case 7, the fetus was found to inherit an inv(10)(p11.2g21.2)
from his mother, and no CNVs in inversion adjacent regions or elsewhere in the
genome were detected by CMA. However, a 5.5 Mb LCSH with unclear clinical
relevance was identified. The outcome of this pregnancy is not known.

Interpretation of CMA results is particularly challenging in prenatal testing
where limited information of the fetal phenotype is compounded with time
pressure. CMA ability to produce results of uncertain clinical relevance and
incidental findings present grounds for many ethical debates. However, the
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issue of VUCS is not unique to CMA, because conventional karyotyping can
also reveal findings of uncertain clinical impact, such as supernumerary marker
chromosomes or apparently balanced de novo aberrations [119]. As with
postnatal diagnostics, the choice of an appropriate array platform is critical in
terms of decreasing the number of prenatal VUCS. Several possibilities exist
and include the use of the same platforms for both prenatal and postnatal
settings, the use of microarrays with reduced average resolution for prenatal
diagnosis compared with postnatal diagnosis, and the use of targeted
microarrays [116, 119, 120]. Some authors propose that targeted platforms
developed specifically for prenatal settings should be used to avoid VUCS and
thereby facilitate autonomous reproductive choice for pregnant women (and
their partners). In turn, undirected microarrays should be reserved for research
purposes only due to their lack of clinical validity, because generation of VUCS
serves a role in research and does not contribute to the aims of autonomous
reproductive decision-making [235]. However, there is a lack of consent forms
or specific guidelines regarding the choice of array platform. Overall, targeted
design seems to be a convenient option, however, the design would need to be
constantly updated to include new relevant genomic regions and this could
make this approach less cost-effective and possibly impractical for clinical
applications. A close collaboration between cytogeneticists and clinical
geneticists, combined with parental analysis, is also very important and can
reduce the amount of VUCS. In similarity with postnatal testing, CNVs found
in susceptibility loci with reduced penetrance and/or variable expressivity
represent a true challenge in counseling because the degree of clinical
manifestation is difficult to predict. The Belgian experience shows that it may
be reasonable to report only those CNVs for which the risk of a severe
phenotype is sufficiently large and/or which are associated with structural
malformations for which an ultrasound follow-up is warranted [116]. Incidental
CMA findings should generally be treated in the same way as in case of
postnatal CMA testing. The information of late-onset genetic diseases with
clinical utility should not be withheld, and, in addition, it should be estimated
whether this information may be relevant for the health of adults related to the
fetus [97, 116, 119]. Knowledge regarding possible consanguinity should be
returned to the ordering clinician and clinical reports should avoid speculating
on specific parental relationships [106].

The inability of CMA to detect balanced aberrations could be considered as
one of the major drawbacks that confine the application of CMA in prenatal
diagnostics. However, balanced rearrangements occur in only between 0.08 to
0.09% of prenatal diagnosis samples [122]. Moreover, while familial events
mostly lack any negative consequences for the current pregnancy, the increased
risk of congenital anomalies associated with de novo and apparently balanced
aberrations is often caused by the presence of tiny CNVs at the breakpoints not
detectable by karyotyping but discoverable by CMA [111].
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In our prenatal cohort of 52 high-risk pregnancies and 8 fetuses tested after the
termination of pregnancy, CMA was used in conjunction with conventional
karyotyping in most cases. As expected, the unbalanced changes observed on
G-banding were also seen by CMA, while balanced rearrangements remained
undetected. Low-level mosaic trisomy 7 (~10%) was also identified by both
CMA and karyotyping. In addition, CMA was able to identify multiple LCSH
in two cases and a small pathogenic deletion that would be missed by traditional
methods. Because of the relatively small prenatal cohort we avoided making
any conclusions about applying CMA as a first-line test in prenatal diagnosis.
Currently, CMA is mainly applied in parallel with traditional cytogenetic
analyses, and a number of reports that compare the diagnostic efficacy of these
approaches have been published [111, 115, 236, 237]. However, the application
of CMA in prenatal diagnosis remains controversial. Until recently, CMA has
not been recommended as a principal cytogenetic tool in prenatal diagnosis, but
instead it should be used as an additional test in light of abnormal ultrasound
findings [112, 113]. However, this opinion has been re-evaluated based on the
results of a comprehensive study on parallel application of karyotyping and
CMA in a large cohort of pregnant women [111]. According to The American
College of Obstetrics and Gynecology, the main prenatal CMA target groups
should include pregnancies with abnormal ultrasound findings, and cases of
fetal demise and stillbirth. In patients undergoing invasive prenatal diagnostic
testing due to reasons other than fetal structural abnormalities, either
karyotyping or CMA can be performed [114]. It has been demonstrated that the
presence of an anomaly using ultrasonography increases the chance of detecting
pathogenic CNVs [111, 115]. Interestingly, it has been reported recently that the
degree of additional information provided by CMA in those cases depends on
the organ system affected, with anomalies of the renal and cardiac systems
being significantly associated with the presence of (potentially) pathogenic
CNVs [238]. Still, clinically relevant findings could be detected in fetuses
without any ultrasonographically visible structural anomalies which can be
explained by the complete absence or presence of only subtle fetal
abnormalities detectable by ultrasound examination in many microdeletion/
microduplication syndromes associated with neurodevelopmental problems and
ID. Due to this fact, the application of CMA for all pregnancies without
additional indications should be considered [236]. In all cases testing should
include a comprehensive patient pre-test followed by post-test genetic
counseling regarding the benefits, limitations, and results of CMA analysis. The
counseling should include a discussion of the potential to identify findings of
uncertain clinical impact, nonpaternity, consanguinity, and adult-onset diseases
[114].
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5. SUMMARY AND CONCLUSIONS

Chromosomal aberrations are a well-known cause of various pathological
conditions, such as ID/DD, diverse malformations, congenital anomalies, and
neurological disorders. Due to the capacity of CMA to analyze the entire
genome with regards to DNA copy number changes as well as its relatively high
diagnostic yield, this approach is currently recommended as the first-tier
cytogenetic diagnostic test for the rapid and accurate detection of chromosomal
abnormalities in patients with ID/DD, MCA, or ASD.

The first aim of this dissertation is to evaluate the application CMA in
routine clinical practice in Estonia for the detection of chromosomal aberrations
associated with developmental disorders. In summary, clinically relevant
findings were detected in 11% of the patients analyzed during 2009-2012 which
is a rate comparable with previous reports. We found that applying CMA to
analyze patients with more prominent phenotypes of unknown etiology resulted
in a higher diagnostic yield (15%), while the use of CMA as a first-line
diagnostic test in a more heterogeneous population allowed for the discovery of
the underlying reason in 10% of the patients. In all cases, the diagnostic yield of
CMA is at least two-fold higher compared to conventional karyotyping. At the
same time, the proportion of CMA findings of unknown clinical relevance
remained quite high (41% of all reported findings, including LCSH; 24% when
LCSH are excluded). It has been reported elsewhere and noted in the current
study that interpretation of CMA results tends to change over time due to
refinements in our knowledge regarding pathogenic and benign CNVs both in
the literature and databases, detection of novel candidate genes for various
diseases, and remapping of gene locations in new human genome assemblies.
Still, it should be kept in mind that VUCS reported to patients and their families
often cause stress and serious doubts. Close collaboration between cyto-
geneticists and clinical geneticists is often required to decipher the maximum
number of CMA findings and thus aids in providing proper counseling for
families.

Secondly, the Estonian experience in the application of CMA for prenatal
diagnosis is presented. CMA was mostly used in conjunction with conventional
karyotyping and was able to detect all unbalanced rearrangements observed by
G-banding. In addition, CMA enabled the identification of pathogenic changes
which are not detectable by karyotyping, and thus provides novel opportunities
in the field of prenatal diagnostics. However, because of the small prenatal
cohort studied we have avoided making any conclusions with regards to the
application of CMA as a first-line test in prenatal diagnosis. Although CMA is
now recommended as a principal cytogenetic tool for pregnancies with
abnormal ultrasound findings, controversial issues remain with regard to its
application in prenatal diagnostics, including ethical considerations, target
populations, challenges associated with VUCS, and the choice of array
platform.
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Thirdly, two families were described with a 7q31 deletion encompassing the
FOXP2 gene associated with speech and language disorder. It has previously
been proposed that the FOXP?2 locus may be differentially regulated in a parent-
of-origin manner, and lesions of paternal and maternal alleles could have
differential impact on the phenotype. Therefore, these particular families allow,
for the first time, the opportunity to estimate potential intrafamilial parent-of-
origin-dependent differences in the severity of phenotype observed. Following
detailed clinical evaluation and speech and language assessment, it was
concluded that there are no differences in the severity of phenotype and that
alterations of both maternal and paternal origins cause severe speech and
language disorder.

Fourthly, a patient with 5q35.2-q35.3 duplication reciprocal to the common
Sos deletion added to a growing body of knowledge regarding phenotypes
associated with reciprocal deletions and duplications. Although 5q35.2-q35.3
duplication syndrome cannot be referred as a “reversed Sos”, the observed
phenotypic characteristics related to body parameters, including growth and
head circumference, seem to be remarkably opposite comparing deletion and
duplication of this region. Although it seems that the NSD/ gene located within
this chromosomal region is responsible for overgrowth/short stature associated
with 5q35.2-q35.3 deletion/duplication, the molecular mechanism underlying
these phenotypic changes remains unknown. It is also unclear whether other
genes within the 5q35.2-q35.3 region play a role in the formation of observed
clinical phenotypes. We analyzed the expression of genes from the Sos critical
region and flanking areas in three patients with 5q35.2-q35.3 duplication and
found that nearly all the genes analyzed were overexpressed. However, both the
design of the study and the use of a small number of patients do not allow us to
draw any statistically significant conclusions. It is obvious that when studying
cases of genetic variation with low frequency, multi-center collaboration is
required to both describe their phenotypic effects and to establish the precise
mechanisms responsible for their clinical manifestation.

Lastly, a patient with mosaic matUPD15 was included in this work as an
example of the utility of SNP-based CMA to detect uniparental disomy and
mosaicism. The patient was found to have mosaic isodisomy 15 (55-60% in
peripheral blood) and a normal biparental cell line. The molecular mechanism
underlying this particular mosaic UPD formation was proposed based on the
results of CMA, karyotyping, and methylation analysis. So far, only three PWS
cases with mosaic maternal isodisomy 15 and without trisomic/monosomic cell
lines have been reported. Still, it is unclear whether mosaic UPD is truly rare or
simply underdiagnosed in PWS patients due to either the partial PWS pheno-
type observed in those patients, or a lack of diagnostic tools in various
laboratories, or difficulties associated with the combined interpretation of
multiple results. Although, a wide range of different methods for imprinting
disorders is available, none of these are able to detect all possible
(epi)mutations. Using a combination of CMA and quantitive methylation
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analysis method, we propose that the combination of these two techniques could
be useful when evaluating putative imprinting disorders.

In summary, our experience has confirmed that CMA is a reliable and
effective tool for the detection of chromosomal aberrations responsible for
developmental disorders and its application as a primary cytogenetic test is
completely justified. However, it should be kept in mind that the interpretation
of CMA findings is based on current knowledge and may evolve over time. In
this respect it is important for the referring physician to re-evaluate results for
each patient with CMA findings of unknown clinical relevance at a regular
interval and consult with the patient if the diagnosis changes.
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SUMMARY IN ESTONIAN

Vaimse ja fiiiisilise arengu mahajadmuse, kaasasiindinud anomaaliate ja neuro-
loogiliste haiguste tekkepdhjuseks vdivad olla kromosomaalsed aberratsioonid.
Kromosomaalne mikrokiibianaliiiis (ingl. k. chromosomal microarray analysis,
KMA) on uus molekulaarne kromosoomide uurimismeetod, mis voimaldab
analiilisida tervet genoomi iihe eksperimendi kiigus tuvastades vidga viikesi
kromosomaalseid muutusi ning pakkudes seejuures kdrgemat lahutusvdimet
vorreldes tavapiraste tsiitogeneetiliste meetoditega. Sellest tulenevalt tduseb
oluliselt diagnostiline efektiivsus. Tanu sellele soovitatakse kasutada KMA
esmase tsiitogeneetilise testina kliinilises diagnostikas kromosomaalsete
aberratsioonide kiireks ja tdpseks tuvastamiseks fiiiisilise ja vaimse arengu
mahajddimuse, kaasasiindinud véirarengute ja/vdi autismi spektri héiretega
patsientidel.

Kéesoleva uuringu eesmérkideks oli:

1. Hinnata KMA kasutamist esmase tsiitogeneetilise testina rutiinses kliinilises
praktikas Eestis intellektipuude, arengu mahajadmuse, kaasasiindinud
vidrarengute ja autismi spektri hiiretega patsientidel.

2. Hinnata KMA tohusust siinnieelses diagnostikas.

3. Hinnata kone ja keele probleemidega seotud FOXP2 geeni holmava 7q31
deletsiooni kliinilist avaldumist ning méaérata kas kone ja keele probleemide
raskusaste soltub deletsiooni vanemlikust paritolust.

4. Uurida Sotose slindroomi pohjustava deletsiooni retsiprookset 5q35.2-q35.3
duplikatsiooni kliinilisi tagajérgi.

5. Kirjeldada KMA abil mosaiikse emapoolse 15. kromosoomi uniparentaalse
disoomiaga (ingl. k. uniparental disomy, UPD) patsienti ning esitada t60-
skeem vermimise héirete diagnoosimiseks.

Uuringu esimeseks eesmérgiks oli hinnata KMA kasulikkust kromosomaalsete
muutuste detekteerimiseks rutiinses kliinilises praktikas. Selleks analiiiisiti
2009.-2012. a. Eestis uuritud patsientide andmeid (kokku 1191). Kliiniliselt
olulised leiud tuvastati 11%-l patsientidest, mis on vorreldav varasemalt
publitseeritud uuringute tulemustega. Kiesolevas t60s leiti, et KMA kasutamine
varasemalt hoolikalt uuritud kuid etioloogilise pdohjuseta jadnud patsientide
hulgas annab suurema diagnostilise efektiivsuse (15%), samas kui KMA kasuta-
mine esmase tslitogeneetilise testina heterogeensemas populatsioonis tuvastab
haiguse pdhjuse 10%-1 patsientidel. Siiski on KMA diagnostiline ulatus vihe-
malt 2-3 korda suurem vorreldes klassikalise kartiotiipiseerimisega. Samal ajal,
jéi ebaselge kliinilise tdhendusega KMA leidude osakaal antud uuringugrupis
suureks (41% koigist raporteeritud leidudest, k.a. pikad homosiigootsed alad
(ingl. k. long contiguous stretches of homozygosity; LCSH); ebaselgete leidude
hulk oli 24% kui LCSH on vilja jaetud). Varem on leitud ning ka kéesolev
uuring kinnitab, et KMA tulemuste interpreteerimine voib muutuda aja jooksul
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paremaks ning seda tinu andmebaaside ja kirjanduseandmete pidevale
tdienemisele. Siiski peab arvestama sellega, et ebaselge kliinilise tdhendusega
tulemuse raporteerimine patsiendile ja tema perekonnale voib pohjustada neile
tosise stressi ja ebakindluse tunde. Selleks et tolgendada maksimaalset arvu
KMA leidudest ning tagada patsientidele korralikku geneetilist ndustamist, on
vajalik tihe koosto0 tsiitogeneetikute ja kliiniliste geneetikute vahel.

Teiseks on antud t60s esitatud Eesti kogemus KMA rakendamise kohta
stinnieelses diagnostikas. Enamikul juhtudel teostati KMA paralleelselt tava-
parase Kkariiotiipiseerimisega, sest KMA ei ole soovitatav kasutada esmase
tsiitogeneetilise testina silinnieelses diagnostikas, vaid pigem tdiendava
meetodina. KMA tuvastas koik tasakaalustamata kromosomaalsed aberrat-
sioonid, mis olid ndhtavad ka traditsioonilisel kariiotiipiseerimisel. Lisaks
tuvastas KMA patoloogilisi muutusi, mis ei olnud detekteeritavad rutiinse
kartiotlipiseerimise meetodil, pakkudes seega uusi diagnostilisi lahendusi
stinnieelse diagnostika valdkonnas. Siiski, suhteliselt véikese patsientide
kohordi tottu (60 prenataalset juhtumit) ei olnud vdimalik teha kaalukaid
jéreldusi KMA rakendamise kohta esmase tsiitogeneetilise testina siinnieelses
diagnostikas. Kuigi hiljuti ilmusid kirjanduses uued juhtn6drid, kus soovitatakse
valida KMA esmaseks testiks ebanormaalse ultraheli leiuga raseduste puhul,
pohjustab KMA kasutamine siinnieelses diagnostikas siiski palju vaidlusi seoses
sobiliku mikrokiibi platvormi valikuga, ebaselge kliinilise tdhendusega leidu-
dega kaasnevate probleemidega ning ka sellega, kellele oleks mottekas seda
analiiiisi pakkuda ning kellele mitte.

Kolmandaks, kirjeldati antud t60s kahte kdne ja keele probleemidega ning
FOXP?2 geeni holmava 7q31 deletsiooniga perekonda. Eelnevalt oli kirjanduses
pakutud, et soltuvalt vanemlikust péritolust voib FOXP2 lookus olla erinevalt
reguleeritud. Isapoolse alleeli kahjustus voiks pohjustada raskemaid kdne ja
keele probleeme, samas kui emapoolse alleeli kahjustus véljendub kergema
kliinilise pildina. Kirjeldatud perekonnad andsid voimaluse hinnata potentsiaal-
seid vanemliku péritoluga seotuid erinevusi uuritavate perekondade liikmete
fenotiiiibis. Detailne kliiniline kirjeldus ning kone ja keele hindamine véimaldas
jareldada, et nii isapoolse kui ka emapoolse alleeli kahjustus pShjustab tdsist
ning kliiniliselt samasuguse raskusastmega kdne ja keele héiret.

Neljandaks, kirjeldati Sotose siindroomi pohjustava deletsiooni retsiprookse
5935.2-q35.3 duplikatsiooniga patsienti, kes laiendas teadmisi retsiprooksete
deletsioonidega-duplikatsioonidega seotud fenotiiiipide kohta. Huvitav on see,
et 5935.2-q35.3 deletsioonide ja duplikatsioonide poolt pdhjustatud kliiniline
fenotiilip on nn. ,,peegelfenotiilip” keha parameetrite osas nagu pikkus ja pea
imbermodot. Kuigi on teada, et 5q35.2-q35.3 regioonis paiknev NSD/ geen
vOiks olla vastutav liigkasvu/viikese kasvu eest, on siiski tépne neid
fenotiiiibilisi muutusi pdhjustav molekulaarne mehhanism teadmata. Samuti ei
ole teada, kas teised samas kromosomaalses piirkonnas asetsevad geenid
voiksid mingida rolli kliinilise fenotiiiibi vélja kujunemisel. Me uurisime
Sotose siindroomi kriitilises regioonis ja naaberregioonides paiknevate geenide
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ekspressiooni kolmel 5q35.2-q35.3 duplikatsiooniga patsiendil ning leidsime, et
peaaegu koik uuritud geenid olid iileekspresseeritud. Samas, uuringu disain ja
viike patsientide arv ei voimalda teha statistiliselt olulisi jareldusi. Selge on see,
et madala sagedusega genoomsete aberratsioonide puhul nende fenotiiiibilise
efekti kirjeldamiseks ja toimemehhanismide vélja selgitamiseks on vajalik
koostdo erinevate keskuste vahel.

Lopuks, kirjeldati mosaiikse emapoolse 15. kromosoomi UPD-ga patsienti,
kes on heaks ndideks SNP-pohise KMA vdimest tuvastada uniparentaalset
disoomiat ja mosaiiksust. Patsiendil leiti mosaiikne 15. kromosoomi iso-
disoomia 55-60% perifeerse vere rakkudes, samas kui iilejddnud rakud olid
normaalse kromosoomide komplektiga. Pohinedes KMA, kariiotiipiseerimise ja
metiilatsiooni analiilisile pakuti ka UPD tekkimise eest vastutav mehhanism.
Siiani on kirjeldatud vaid kolme Prader-Willi siindroomiga (PWS) patsienti,
kellel esineb mosaiikne emapoolne isodisoomia 15 ilma trisoomsete/
monosoomsete rakuliinideta. Siiski jddb ebaselgeks, kas mosaiikne UPD on
tdesti niivord harv voi jadb osalise PWS fenotiiiibi tottu ning ka sobilike
diagnostiliste vahendite puudumise v0i tulemuste interpretatsiooniga seotud
raskuste tagajirjel suurem osa patsientidest ilma diagnoosita. Kuigi on vélja
tootatud terve hulk erinevaid meetodeid vermimishéirete diagnoosimiseks, ei
voimalda mitte iikski neist tuvastada koiki voimalikke mutatsioone ja
epimutatsioone. POhinedes meie tulemustele, mis saadi kasutades KMA ja
kvantitatiivset metiilatsiooni analiiiisi, jdreldasime, et nende kahe meetodi
kombinatsioon sobib hésti vermimishéirete diagnoosimiseks.

Kokkuvotteks, nditab meie kogemus, et KMA on usaldusvéérne ja efektiivne
vahend arenguhiiretega seotud kromosomaalsete aberratsioonide tuvastamiseks
ning selle kasutamine esmase tsiitogeneetilise testina kliinilises praktikas on
taiesti Oigustatud. Siiski on vaja meeles pidada, et KMA tulemuste inter-
pretatsioon pohineb meie praegustel teadmistel, mis vodivad aja jooksul
muutuda, mistdttu on tulevikus tulemuste iilevaatamine véga oluline ja jaab
raviarsti iilesandeks.
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