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Cytogenetic Testing

It took until 1956 before the correct number of human

chromosomes of 46/cell was determined by Tjio and

Levan. The discovery of the correct number of human

chromosomes lead to the subsequent discovery that

trisomy 21 is the cause of Down syndrome. Soon thereaf-

ter, a series of associations of different birth defects with

specific chromosomal imbalances became apparent. First,

the chromosomes 13 trisomy (Patau syndrome), trisomy

18 (Edwards syndrome), and monosomy and trisomy

X syndromes were identified. Subsequently, smaller seg-

mental chromosomal imbalances such as 5p- and 4p- were

proven to cause birth defects. These associations launched

cytogenetic genetic testing as a routine diagnostic tool and

resulted in systematic screening for children with birth

defects. These screenings, in turn, resulted in the identifi-

cation of thousands of chromosomal imbalances associ-

ated with specific syndromic features.

Initially, chromosome studies were performed using

simple staining techniques that only allowed the detection

of entire groups of chromosomes. The degree of precision

was increased in the 1970s with the introduction of chro-

mosome banding techniques. These techniques enabled

the detection of individual chromosomes and segments

(bands) within chromosomes. Although chromosomal

karyotyping allows a genome-wide detection of large

chromosomal abnormalities and translocations, it has

a number of inherent limitations: (1) it takes 4–10 days

to culture the cells, visualize the chromosomes and per-

form the analysis; (2) the resolution is limited to 5–10 Mb

depending on (a) the location in the genome, (b) the

quality of the chromosome preparation, and (c) the skill

and experience of the cytogeneticist; (3) it requires skilled

technicians to perform a Giemsa-banded karyotype

analysis, which increases employment costs and can lead

to organizational difficulties in small laboratories.

With the introduction of fluorescence in situ hybridiza-

tion (FISH), the detection of submicroscopic chromosomal

imbalances (imbalances not visible by conventional
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karyotyping because they are too small) became possible.

In FISH, labeled DNA probes are hybridized to nuclei or

metaphase chromosomes to detect the presence, number,

and location of small (submicroscopic) regions of chromo-

somes. FISH is routinely applied to confirm the clinical

suspicion of known microdeletion syndromes. Some com-

mon examples are the detection of the velocardiofacial

(VCFS, 22q11 deletion, OMIM 192430), William’s

(7q11.23 deletion, OMIM 194050) and Prader-Willi

(15q11.2–13 deletion, OMIM 176270) syndromes. FISH

also detects deletions in the gene-rich subtelomeres, which

are involved in mental retardation and a number of syn-

dromes, such as the Wolf–Hirschhorn (deletion 4p, OMIM

194190) and chromosome 1p36 deletion (OMIM 607872)

syndromes.

Unfortunately, FISH can only detect individual DNA

targets rather than the entire genome. To overcome this

problem, multicolor FISH–based karyotyping (SKY,

MFISH, and COBRA FISH) was developed, which enables

simultaneous detection of all chromosomes. Another tech-

nology allowing the genome-wide detection of copy number

aberrations was introduced in 1992 and termed comparative

genomic hybridization (CGH). In CGH, test and reference

genomicDNAs are differentially labeled with fluorochromes

and then co-hybridized onto normal metaphase chromo-

somes. Following hybridization, the chromosomes are

scanned to measure the fluorescence intensities along the

length of the normal chromosomes to detect intensity ratio

differences that subsequently pinpoint to genomic imbal-

ances. Overall, the resolution at which copy number changes

can be detected using these techniques are only slightly

higher as compared to conventional karyotyping (>3 Mb)

and experiments are labor intensive and time consuming.

By replacing metaphase chromosomes with mapped

DNA sequences or oligonucleotides arrayed onto glass

slides as individual hybridization targets, the resolution

could be tremendously increased. Following hybridization

of differentially labeled test and reference genomic DNAs

to the target sequences on the microarray, the slide is

scanned to measure the fluorescence intensities at each
-642-02202-9_4,
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target on the array. The normalized fluorescent ratio for

the test and reference DNAs is then plotted against the

position of the sequence along the chromosomes. Gains or

losses across the genome are identified by values increased

or decreased from a 1:1 ratio (log2 value of 0), and now the

detection resolution only depends on the size and the

number of targets on an array and the position of these

targets (their distribution) on the genome. A schematic

overview of the technique is provided in > Fig. 4.1. This

methodology was first described in 1997 and is termed

‘‘matrix CGH’’ or ‘‘array CGH’’. Array CGH has initially

been employed to analyze copy number changes in tumors

with the aim to identify genes involved in the pathogenesis

of cancers. More recently however, this methodology

has been optimized and applied to detect unbalanced

constitutional human rearrangements. With improved
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Principle of array CGH. Equal amounts of test and reference DNA
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and hybridized on a microarray slide on which DNA probes (e.g

scanned and fluorescent intensities quantified from the image

genomic position of the DNA probe and represent the relative

reference DNA
protocols, it rapidly became clear that not only larger

insert BAC clones were appropriate targets for array

CGH, but also smaller-sized cDNA fragments, PCR prod-

ucts, and oligonucleotides. In addition to comparative

hybridization using two differentially labeled DNA sam-

ples, single sample hybridization can also be compared

versus different reference arrays. This approach is the basis

of the so-called SNP arrays.

Genome-wide array CGH has been called molecular

karyotyping in analogy with conventional karyotyping.

Because many cytogeneticists object to this term, most

recently, the term ‘‘cytogenomic array’’ has been put for-

ward to refer to high-resolution array-based whole

genome testing for genomic copy number (recommenda-

tion of the consortium of International Standards on

Cytogenomic Arrays (ISCA), https://isca.genetics.emory.
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are differentially labeled with fluorochromes (e.g., Cy5 and

A to block repetitive sequences. This mixture is denatured

., BACs or oligonucleotides) are immobilized. Slides are

. Signal intensity ratios are plotted corresponding to the

DNA copy number of the test DNA in comparison with the
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edu/iscaBrowser/learnabout.jsp). The implementation of

genome-wide arrays as a tool to screen children with devel-

opmental anomalies has increased the diagnostic yield sig-

nificantly. A series of early studies showed diagnostic yields

between 9% and 25%. A meta-analysis of patients with

congenital and mental anomalies on 13,926 subjects

reported an overall diagnostic rate of 10% for causal anom-

alies and a retrospective analysis of 36,325 patients revealed

abnormalities in about 19% of the patients. While conven-

tional G-banding has a diagnostic yield of about 3% in

similar patient populations, it can be concluded that

molecular karyotyping is outperforming conventional

karyotyping for the detection of causative chromosomal

imbalances in patients with birth defects. Therefore, the

technology is currently complementing traditional cytoge-

netic testing and is recommended as a first-tier diagnostic

test for children with developmental disorders.
Types and Incidences of Chromosomal
Abnormalities

Microscopically Visible Chromosomal
Imbalances

All chromosomal imbalances that can be detected by con-

ventional karyotyping are microscopically visible. These

aberrations are either numerical (abnormal chromosome

number) or structural (altered structure).
Numerical Chromosome Aberrations

Normal humans are diploid, meaning they have 22 pairs of

autosomes and one pair of sex chromosomes. The pres-

ence of three sets (triploidy) or four sets (tetraploidy) can

occasionally occur; however, these are not viable.

Numerical aberrations result from the loss (mono-

somy) or gain (trisomy) of an individual chromosome.

Autosomal monosomies are inviable, while the absence of

one X chromosome may result in a liveborn girl with

Turner syndrome (45,X). A few autosomal trisomies are

compatible with life. Fetuses with trisomy 13 (Patau syn-

drome) and trisomy 18 (Edwards syndrome) can survive

to term but usually die shortly after birth due to severe

congenital anomalies. Individuals with trisomy 21 (Down

syndrome) can stay alive longer, with an average life span

reaching up to 55 years. In addition, sex chromosomal

trisomies and tetrasomies are often encountered; the best

known is Klinefelter syndrome (47,XXY).
Structural Chromosome Aberrations

Structural chromosomal aberrations result from double-

strand breaks and inappropriate DNA repair leading to

translocations, deletions, duplications, inversions, iso-

chromosomes, and ring chromosomes (> Fig. 4.2).

They may involve single or multiple chromosomes.

One can distinguish rearrangements without and with

loss or gain of chromosomal segments. The former are

most often not associated with an abnormal phenotype,

while the latter most often cause developmental disorders.

Carriers of apparently balanced rearrangements, however,

are at risk for having children with chromosomal

imbalances.

In translocations, chromosomal segments between

two or more chromosomes are exchanged. Robertsonian

translocations are translocations between two acrocentric

chromosomes (chromosomes 13, 14, 15, 21, and 22).

There is no loss of euchromatin and the carriers are nor-

mal. In reciprocal translocations, segments between two

chromosomes are exchanged. The translocation is termed

balanced if no chromosomal material has been lost or

gained. Inversions represent a special type of apparently

balanced rearrangement. In an inversion, the

rearrangements occur intrachromosomally and

a chromosomal segment is inverted. If the inversion

occurs within one chromosomal arm it is called

‘‘paracentric’’ (not including the centromere); if it occurs

in two chromosomal arms it is termed ‘‘pericentric’’

(spanning the centromere). Carriers of balanced translo-

cations and inversions are usually normal, but develop-

mental anomalies are detected in 6% of de novo

translocation carriers. The presence of a developmental

disorder can be due to (1) the breakage of a gene resulting

in a dominant disorder or in a recessive disorder if the

second allele is also mutated, (2) a position effect on a gene

flanking the breakpoint, or (3) the gain of function via the

creation of a fusion gene. Recently, it was shown that 40%

of the apparently balanced translocation carriers with

developmental disorders have submicroscopic imbalances

at the breakpoints or elsewhere in the genome that may be

disease causing.

If genetic material is gained or lost, the abnormality is

called unbalanced. If there is loss of a chromosomal seg-

ment it is called a deletion, or if there is a gain,

a duplication. The presence of both a large deletion and

duplication suggests the presence of an unbalanced trans-

location. Those usually result from the transmission of the

unbalanced products during the meiosis of a balanced

translocation-carrying parent. Occasionally unbalanced
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Schematic overview of structural chromosomal rearrangements. A deletion results in the loss of chromosomal material

(segment C), while there is a gain of material (two copies of part C) in a duplication. Duplication of one arm and deletion of

the other arm gives rise to an isochromosome, while fusion of the short and long arms of a chromosome leads to a ring

chromosome. In a translocation, part of one chromosome is transferred to another chromosome. In this example, there is an

exchange between segments D and E of chromosome 1 and segment G of chromosome 2. An inversion results in a reversed

orientation of genetic material (inversion of segments C and D)
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translocations arise de novo. The deletion or duplication

of one or more dosage-sensitive genes usually results in

developmental disorders.
Incidence of Chromosomal Abnormalities

Studies performed in the late 1960s and early 1970s (i.e.,

before the widespread use of prenatal diagnosis and preg-

nancy intervention) provide estimates for the frequencies

of chromosomal abnormalities at birth. A combined survey

of 68,159 livebirths and of 34,910 liveborns found that

0.65–0.84% of newborns or 1 in 119–154 livebirths had a

major chromosomal abnormality (> Table 4.1). Trisomy

21 (Down syndrome) was shown to be the most frequent

chromosomal anomaly, with an incidence of 1.2–1.7/1,000

liveborns. Sex chromosome aneuploidies were the next

most common, with approximately one XYY and one

XXY in every 900–1,000 male and one XXX in every 900–

1,000 female livebirths. Structural balanced rearrangements

had a frequency of approximately 2/1,000 livebirths.
Structural rearrangements can occur de novo or be the

consequence of the unbalanced transmission of a parent

carrying a chromosomal rearrangement. However, all

arose de novo at one point. It is estimated that de novo

balanced reciprocal translocations arise at birth with

a frequency of 1.6� 10�4 and unbalanced rearrangements

with a frequency of 2.9 � 10�4.
Submicroscopic Imbalances

The first methodology to enable the visualization of

imbalances below the resolution of regular light micro-

scopes was FISH. Recurrent syndromes were proven to be

caused by recurrent submicroscopic imbalances. Once the

imbalance was characterized, metaphase spreads or inter-

phase nuclei of patients with similar phenotypes could be

screened with locus specific probes for the loss or gain of

a specific locus. This methodology requires careful clinical

examinations in order to instigate appropriate genetic

testing.



. Table 4.1

Incidence of chromosomal abnormalities in newborns

Type of abnormality

Rate per 1,000

Benn and Hsu (2004)

Rate per 1,000

Nielsen and Wohlert (1991)

Autosomal trisomies

+13 0.04 0.09

+18 0.13 0.29

+21 1.2 1.69

Sex chromosomes males

47,XYY 1.03 1.18

47,XXY 1.03 1.57

Other 0.73 0.17

Sex chromosomes females

45,X 0.24 0.53

47,XXX 1.09 1.06

Other 0.36 0.06

Structural balanced

Robertsonian 0.9 1.23

Reciprocal and insertional 1.21 1.74

Structural unbalanced

Deletions & duplications 0.4 0.34

Marker chromosomes 0.2 0.66

Total 6.24 8.42
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With the advent of cytogenomic arrays, a true revolu-

tion in the analysis of genomes in general and especially

the analysis of the genomes of patients with mental retar-

dation and developmental anomalies is taking place for

two reasons: (1) It has now become possible to screen the

genome at very high resolution for copy number changes

and (2) no a priori clinical identification is required to

enable correct cytogenetic testing. In the last 5 years, more

pathogenic copy number changes have been linked to

developmental disorders than in the 50 years before.
Recurrent Submicroscopic Rearrangements

Recurrent imbalances often result from nonallelic homol-

ogous recombination (NAHR) between low-copy repeats

(LCRs) flanking the commonly deleted or duplicated

region (see >Recurrent Submicroscopic Imbalances).

Many of such recurrent imbalances, also known as geno-

mic disorders, were identified before the array era and were

often known as clinically well-delineated syndromes and

are typically screened for by FISH. The first recurrent
imbalance identified was the imbalance at 17p12 associ-

ated with Charcot-Marie-Tooth disease type 1A (CMT1A,

OMIM 118220). A list of well-known recurrent submicro-

scopic imbalance syndromes is shown in >Table 4.2.

With the advent of molecular karyotyping, a series of

novel recurrent imbalances causal for or associated with

MR/MCA (mental retardation/multiple congenital anom-

alies) have been identified and these are listed in
>Table 4.3.
Nonrecurrent Submicroscopic
Rearrangements

For several genomic regions, overlapping rearrangements

have been identified that show variable breakpoints in

each patient. Despite the different sizes, these nonrecur-

rent imbalances share a shortest region of overlap (SRO)

for which a copy number change may lead to similar

phenotypes in different patients. Two pertinent examples

are the MECP2 gene duplications at Xq28 and the 12q14

microdeletion syndrome.



. Table 4.3

Newly recognized interstitial microdeletion/duplication syndromes identified by array CGH and associated with develop-

mental disorders

Name Size (Mb) OMIM Clinical features Reference

1q21

microdeletion

(TAR syndrome)

0.5 27400 Hypomegakaryocytic thrombocytopenia and bilateral

radial aplasia

(Klopocki et al. 2007)

1q21

microdeletion &

microduplication

1.35 612474

and

612475

Asymptomatic to severe developmental delay and

multiple congenital anomalies, susceptibility locus for

neuropsychiatric disorders

(Brunetti-Pierri et al. 2008;

Mefford et al. 2008)

3q29

microdeletion

1.6 609425 MR, mild FD including high nasal bridge and short

philtrum

(Ballif et al. 2008; Willatt

et al. 2005)

3q29

microduplication

1.6 611936 Mild/moderate MR, MC, obesity (Ballif et al. 2008; Lisi et al.

2008)

7q11.23

microduplication

1.5 609757 MR, speech and language delay, autism spectrum

disorders

(Somerville et al. 2005)

15q13.3

microdeletion

1.5 612001 MR, epilepsy, FD, digital dysmorphisms (Sharp et al. 2008)

15q24

microdeletion

1.7 MR, growth retardation, MC, digital abnormalities,

genital abnormalities

(Sharp et al. 2007)

16p13.11

microdeletion

1.7 MR, MC, seizures (Hannes et al. 2009;

Ullmann et al. 2007)

17p11.2

microduplication

3.7 610883 MR, infantile hypotonia, autistic features (Potocki et al. 2007)

17q21.31

microdeletion

0.5 610443 MR, hypotonia, typical face (Koolen et al. 2006; Sharp

et al. 2006; Shaw-Smith

et al. 2006)

22q11.2 distal

microdeletion

1.4–2.1 611867 MR, growth delay, mild skeletal abnormalities, FD. (Ben-Shachar et al. 2008)

FD facial dysmorphism, MC microcephaly, MR mental retardation

. Table 4.2

Microdeletion/duplication syndromes associated with developmental disorders identified before the advent of array CGH

Syndrome Chromosome location Deletion incidence Parental origin Deletion size (Mb) Gene (incidence)

Sotos 5q35 ND Paternal (90%) 2.2 NSD1 (10%)

Williams 7q11.23 1/20,000–1/50,000 Equal 1.6 CGS

8p deletion 8p23.1 ND Maternal 5 CGS

Prader–Willi 15q11.2–13 1/20,000 Paternal 3.5 CGS

Angelman 15q11.2–13 1/20,000 Maternal 3.5 UBE3A (10–15%)

Smith–Magenis 17p11.2 1/25,000 Equal 4 RAI1 (ND)

Neurofibromatosis 1 17q11.2 1/40,000–1/80,000 Maternal 1.5 NF1 (90–95%)

Velocardiofacial 22q11.2 1/4,000 Equal 3 (1.5) CGS

CGS contiguous gen syndrome, ND not determined
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Mechanisms Causing Genomic Disorders

Mutations causing chromosomal rearrangements can

occur during bothmeiosis andmitosis. Classically, meiosis

has been considered the main period during which chro-

mosomal rearrangements occur. Chromosomes are very

active during meiosis, because the homologues pair, syn-

apse, and crossover. During this process, multiple DNA

nicks are generated and it is likely that some of the

rearrangements originate as a result of these processes.

The recent discovery of large-scale chromosomal

rearrangements in the cleavage stage embryo makes it

likely that many chromosomal rearrangements originate

at this time. How the chromosomal breaks originate

remains unclear.
Aneuploidies

Themajority of aneuploidies arise via meiotic nondisjunc-

tion events, though mitotic nondisjunction events are also

a frequent cause of constitutional aneuploidies. Nondis-

junction is defined as the failure of homologous chromo-

somes to segregate symmetrically at cell division. If the

pair of homologues comprising a bivalent at meiosis

I fail to separate, one daughter cell will have two of the

chromosomes while the other will have none (> Fig. 4.3a).

Nondisjunction may also occur in meiosis II when the

chromatids fail to separate (> Fig. 4.3b). In both meiotic

errors, the conception ends up trisomic or monosomic.
Non-disjunction at meiosis I

a b

Meiosis I

Meiosis II

Non-disjunc

. Figure 4.3

Different possibilities for nondisjunction during meiosis leadin

at meiosis I; (b) nondisjunction at meiosis II; (c) premature sep

chromosomes at meiosis I and subsequent random migration o
The majority of the nondisjunction events appear to occur

at meiosis I. An alternative mechanism for nondisjunction

is premature separation of the chromatids. First, homo-

logues fail to pair during meiosis I. These univalents

are prone to predivide, that is, separation of the two

chromatids, and subsequently these chromatids segregate

independently (> Fig. 4.3c). Since the frequency of

meiotic errors increases with advanced maternal age, not

surprisingly the overwhelming majority of aneuploidies

are of maternal origin.
Recurrent Submicroscopic Imbalances

Recurrent rearrangements are often flanked by low-copy

repeats (LCRs). LCRs or segmental duplications (SDs) are

segments of DNA that map to two or more genomic

locations, are >1 kb in size and share a sequence identity

of at least 90%. Segmental duplications account for about

5% of the human genome. Due to their high degree of

sequence homology, these segmental duplications provide

substrates for nonallelic homologous recombination

(NAHR) in which crossing over occurs between two sim-

ilar sequences at nonallelic positions that erroneously align

in mitosis or meiosis (> Fig. 4.4). Depending on their

location and orientation, they give rise to various types

of rearrangements. Misalignment and subsequent recom-

bination between two LCRs that are in direct orientation

on the same chromosome cause deletions and duplica-

tions, while inversions are driven by LCRs that are in
c

tion at meiosis II Premature separation of chromatids

g to trisomic or monosomic conceptions. (a) Nondisjunction

aration of the chromatids of one of the homologous

f the chromatid to either pole at meiosis II
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Schematic representation of nonallelic homologous recombination (NAHR), nonhomologous end-joining (NHEJ), and Fork

Stalling and Template Switching (FoSTeS) mechanisms that lead to chromosomal rearrangements. The examples shown

here lead to genomic deletion. Upper left panel: an intrachromatid NAHR event. The arrows A and A0 depict two highly

homologous low-copy repeats (LCRs) that are in direct orientation. The LCRs align at nonallelic positions and subsequent

recombination results in deletion of part of the two LCRs and the segment in between them.Upper right panel: a NHEJ event.

Double-strand breaks (DSB) occur between two sequences that share no homology, represented as differently sized arrows

(A and B). The NHEJ system modifies and rejoins the two ends, resulting in the deletion of the segment between the two

DSBs. Lower panel: a FoSTeS ¥ 2 event. The arrows depict three substrate sequences that do not share extensive homology.

However, the small open and filled triangles depict a site of microhomology between the respective sequences. The leading

strand of the first fork invades the second fork via the site of microhomology and primes its own further synthesis using the

second fork as template. This event happens again between the second and third fork, leading to the deletion of the two

fragments flanked by each pair of microhomology sites. This results in the juxtaposition of genomic sequences from

multiple distinct regions yielding a complex deletion (Adapted fromGuW, Zhang F, Lupski JR (2008) Mechanisms for human

genomic rearrangements. Pathogenetics 1:4)
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opposite orientation on the same chromosome. NAHR

between LCRs on different (nonhomologous) chromo-

somes leads to translocations. Recombination may occur

between LCRs on the same chromatid (intrachromatid),

on sister chromatids (intrachromosomal or

interchromatid) or on homologous chromosomes
(interchromosomal). The efficiency of NAHR is

influenced by the distance, size, and degree of homology

between two LCRs. Larger genomic rearrangements tend

to correlate with larger LCRs and most genomic disorders

result from NAHR between LCRs that are 10–400 kb in

length and have >96% sequence identity.
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NAHR can also be mediated by highly homologous

repetitive sequences such as Alu’s (a class of SINEs,

short interspersed nuclear elements) and LINEs (long

interspersed nuclear elements) or LTRs (long terminal

repeats), thus accounting for some of the nonrecurrent

rearrangements.

The incidence of those recurrent genomic disorders

varies and their estimated incidence for well-established

recurrent disorders is indicated in >Table 4.2.
Nonrecurrent Submicroscopic Imbalances

Nonhomologous End-Joining (NHEJ)

NHEJ is one of the two major repair mechanisms (the

other being homologous recombination) for double-

strand breaks (DSB) in mammals. After detection of the

DSB and molecular bridging of the broken DNA ends,

modifications are made to the ends to make them com-

patible for the final ligation step (> Fig. 4.4). This process

implies two important characteristics of NHEJ: it does not

require sequence homology at the breakpoints and it

leaves an ‘‘information scar’’ at the rejoining site due to

the addition or deletion of several nucleotides. Interest-

ingly, breakpoints of nonrecurrent rearrangements that

are apparently caused by NHEJ are often located within

LCRs or repetitive elements such as LTR, LINE, Alu, and

MER2 DNA elements. This indicates that NHEJ may be

stimulated and regulated by specific genomic features.
Fork Stalling and Template Switching
(FoSTeS)

By breakpoint sequence analysis of nonrecurrent PLP1

duplications associated with Pelizaeus-Merzbacher dis-

ease, Lee et al. discovered an unexpected complexity that

is inconsistent with a simple recombination model.

Within the duplicated sequence, they found interspersed

stretches of DNA that were triplicated or of normal copy

number and additional sequence complexity at the junc-

tions. They proposed a model of replication Fork Stalling

and Template Switching to explain these complex dupli-

cation and deletion rearrangements. During DNA replica-

tion, the replication fork stalls or pauses at a DNA lesion

and the leading or the lagging strand disengages and

switches to another replication fork where it anneals on

the invaded site by virtue of microhomology and restarts

DNA synthesis (> Fig. 4.4). The replication forks are in

physical proximity, but may be separated by sizeable linear
distances, even megabases away. This procedure of

disengaging, invading/annealing and synthesis/extension

could occur multiple times in series (that is FoSTeS � 2,

FoSTeS � 3 and so on), causing the observed complex

rearrangements. Depending on whether the invaded fork

is located downstream or upstream, this will result in

a deletion or a duplication event, respectively.

Interestingly, the genomic positions at which FoSTeS

occurs show a very complex genomic architecture includ-

ing multiple LCRs, cruciforms, and palindromes that may

stimulate and facilitate the FoSTeS mechanism. As

opposed to NAHR and NHEJ, a single-strand DNA lesion

is the initiating damage rather than a double-strand break.
Microhomology-Mediated Break-Induced
Replication (MMBIR)

As an alternative to FoSTeS, the MMBIR model has been

proposed in which the rearrangement is initiated by

a single-end double-strand DNA break resulting from

a collapsed replication fork. This model is based on the

break-induced replication model observed in yeast. The

single-strand 30 tails from the broken replication fork will

anneal with microhomology on any single-stranded DNA

nearby, where it forms a new replication fork. The repli-

cation in this new fork is of low processivity and the

extended end will dissociate and invade different tem-

plates. Multiple template switches generate complex

rearrangements until there is reestablishment of

processive replication (> Fig. 4.5). Again, complex geno-

mic architecture may play a role in this process by gener-

ating secondary DNA structures such as cruciforms and

hairpin loops that expose single-stranded sequence.
Molecular Mechanisms Leading to
Phenotypes

There are several ways in which chromosomal

rearrangements can lead to a clinical phenotype. The

most obvious mechanism is altering the copy number of

dosage-sensitive genes that are encompassed within the

rearrangement (> Fig. 4.6a). When the breakpoint is

located within a gene, it will be disrupted, leading to

loss-of-function. The disruption can occur either through

deletion (> Fig. 4.6b), duplication, or translocation,

as well as inversion (> Fig. 4.6c). Alternatively, new

transcripts can be created at the breakpoint through

gene fusion (> Fig. 4.6d) or exon shuffling. This leads

to gain-of-function mutations, a mechanism that is
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Schematic representation of microhomology-mediated break-induced replication (MMBIR). Successive switches to different

genomic positions forming microhomology junctions (filled triangles) are shown. When a replication fork encounters a nick

in a template strand (a), one arm of the fork breaks off, producing a collapsed fork (b). The single-stranded 30 end will invade

a site of microhomology (filled triangle) and form a new low-processivity fork (c). The extended end will dissociate

repeatedly and reform the fork on different templates, using sites of microhomology (d). When the switch returns to the

original sister chromatid (e) it will form a processive replication fork that completes replication (f). The final product contains

sequences from different regions (g). Whether the return to the sister chromatid occurs in front of or behind the position of

the original collapse determines if there is a deletion or duplication (Adapted from Hastings PJ, Ira G, Lupski JR

(2009) A microhomology-mediated break-induced replication model for the origin of human copy number variation. PLoS

Genet 5:e1000327)
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Molecular mechanisms by which chromosomal rearrangements can influence phenotypes. The rearrangement can

encompass a dosage-sensitive gene that causes disease (a); disrupt a dosage sensitive gene through deletion (b);

duplication, translocation or inversion (c); create a fusion gene (d); exert a position effect by affecting a regulatory element

(e); unmask a recessive allele (f) or functional polymorphism (g) on the homologous chromosome; and interrupt effects of

transvection (h) where the deletion of a gene affects communication between alleles. Genes are depicted as rectangles,

regulatory elements as RE and an asterisk (*) indicates a point mutation (Adapted from Lupski JR, Stankiewicz P (2005)

Genomic disorders: molecular mechanisms for rearrangements and conveyed phenotypes. PLoS Genet 1:e49 and Feuk L,

Carson AR, Scherer SW (2006) Structural variation in the human genome. Nat Rev Genet 7:85–97)

Cytogenetic Testing and Chromosomal Disorders 4 49
prominent amongst cancers associated with specific chro-

mosomal translocations. The rearrangement can also

influence the regulation of a nearby gene by position

effects (> Fig. 4.6e). Deletion, duplication, or transloca-

tion of important regulatory elements may alter gene

expression at distances as far as �1 Mb from the target

gene. Dosage-insensitive genes can also cause disease if

a deletion of the gene unmasks a recessive mutation or

a hypomorphic allele on the homologous chromosome

(> Fig. 4.6f) or when the deletion unmasks a functional

polymorphism in a regulatory element of the remaining

allele (> Fig. 4.6g). Another way in which deletions can

convey a phenotype is by interrupting transvection, where
communication and interaction between two alleles on

homologous chromosomes is disturbed (> Fig. 4.6h).
Indications for Cytogenetic Testing

Indications in Children

Intellectual disability and developmental disorders affect

up to 3% of the population and remains to this day an

enormous etiological challenge. The finding of the cause is

of great importance not only to the individual, his or her

parents, and family but also to the treating physician. For
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the individual, it adds to the identification of appropriate

medical and related therapies, indicates medical interven-

tions/referrals, presymptomatic screening for associated

complications, educational planning, and elimination of

further unnecessary evaluations. For the family, it forms

a step toward the acceptance of the disability and the basis

to understanding the cause, the reason and the recurrence

risks. Carrier testing and reproductive options become

a reality. It also allows social support and contact with

other similarly affected families. The ongoing etiological

evaluation in a bid to attain a diagnosis does thus have

a significant role to play in the all-round care of the

intellectually disabled individual and the family.

The etiology of intellectual disability is extensive and

ranges from acquired/environmental (sequelae of prema-

turity, pre- and postinfections, trauma, and neurotoxicity

– alcohol, metals), to chromosomal (aneuploidy, genomic

imbalances – microdeletions and duplications), and to

monogenic disorders. The rate of etiological diagnosis is

influenced by the level of the intellectual disability – the

more severe, the higher the diagnostic success. A system-

atic literature review of the usefulness of classical

karyotyping, subtelomere screening, andmolecular genet-

ics investigations in institutionalized individuals with

mental retardation indicated 0% etiological detection in

borderline to mildly retarded individuals as opposed to

6.5% (range 0.8–13.0%) in those moderately to severely/

profoundly retarded. Also, the differences in setting, the

patient selection criteria, study protocols, technological

advances, definition of a positive diagnosis, method of

classification, and expertise of the clinician have been

factors resulting in the varying rate of diagnosis.

In a systematic etiological study of 471 institutional-

ized individuals with mild to profound intellectual dis-

ability, 92.6% of which were males, Van Buggenhout et al.

reported 49.5% without known cause. Chromosomal

anomalies accounted for 21.2% (87 or 18.5% of the 471

individuals had Down syndrome), monogenic disorders

13%, and acquired causes 14.6%.

This was, however, before the era of array comparative

genomic hybridization (array CGH). The initial studies

using this new technology on selected cohorts of individ-

uals with an intellectual disability and dysmorphismmade

use of around 3,500 BAC clones, resulting in an average

resolution of 1 Mb. The rate of genomic imbalance detec-

tion was between 9% and 25%. The few studies at higher,

100 kb resolution, have also detected about 10% of path-

ogenic submicroscopic aberrations. The chromosome

imbalances occur throughout the genome. Once the valid-

ity of the technique to detect chromosomal constitutional

imbalances was demonstrated it was rapidly introduced
into the genetic diagnostic laboratories as a routine tech-

nique in the genetic diagnostic workup of patients with

learning disabilities and/or multiple congenital anomalies.

In addition to the identification of pathogenic imbal-

ances in patients with intellectual disabilities, several stud-

ies have proven associations of copy number variants

(CNVs) with several other conditions or specific patient

groups: Lu et al. reported an incidence of 17.1% imbal-

ances in neonates with various birth defects. Thienpont

et al. report a frequency of 17% causal imbalances in

patients with heart diseases. Finally, CNVs are now

believed to be an important cause of neuropsychiatric

conditions such as autism spectrum disorders and psychi-

atric diseases such as schizophrenia. Hence, also for these

indications it is or will be warranted to perform cytoge-

netic testing.
Indications in Parents

Balanced translocations are relatively common in the pop-

ulation. The translocation heterozygote (carrier) may have

a risk to have a child with developmental disorders

because of a segmental aneusomy. Typically, the imbalance

in the child is due to a segment of one of the participating

chromosomes being duplicated, and a segment of the

other chromosome being deleted. This confers a partial

trisomy and a concomitant partial monosomy. In families

where more than one child is born with developmental

disorders and/or families with recurrent miscarriages,

a chromosomal investigation is warranted.

In addition, when an imbalance is identified in a child,

it is common practise to determine whether or not the

imbalance is derived de novo or was inherited. When

terminal imbalances are identified, the presence of

a balanced translocation in one of the parents should be

investigated. In addition, for submicroscopic interstitial

imbalances, the presence of a balanced insertional trans-

location in one of the parents can be present.
Interpretation Issues

Chromosomal Polymorphisms

Chromosomal polymorphisms or heteromorphisms are

structural chromosome variants that are widespread in

human populations and have no effect on the phenotype.

These variants are most often found at the centromeric

regions of chromosomes 1, 9, and 16, the distal part of the

long arm of the Y chromosome and the short arms of the
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acrocentric chromosomes. In addition to these recurrent

imbalances, many more cytogenetically visible but appar-

ently benign imbalances have been described. An excellent

overview on this topic is provided in the article by Barber ,

Directly Transmitted Unbalanced Chromosome Abnormal-

ities and Euchromatic Variants, and the collected data is

online available at the ‘‘Chromosome Anomaly Collec-

tion’’ at http://www.ngrl.org.uk/Wessex/collection.
Submicroscopic Chromosomal
Polymorphisms (The Blurred Boundary
Between Benign and Pathogenic CNVs)

Besides the identification of disease-associated CNVs,

molecular karyotyping has also uncovered large numbers

of copy number variants between normal individuals.

Thus far, single-nucleotide polymorphisms have been

considered the main source of genetic variation; hence

the discovery of an unexpected large number (12% of

the genome) of apparently benign copy number variants,

regions of 1–1,000 kb that are present in different copy

numbers in different individuals, was rightly called the

discovery of the year 2007, according to Sciencemagazine.

A number of array CGH studies had demonstrated the

presence of polymorphic copy number variants. In a first

large systematic study, Redon et al. mapped all CNVs

using both array CGH and single nucleotide polymor-

phism (SNP) genotyping arrays on the 270 individuals

of the HapMap collection from ancestry in Europe, Africa,

and Asia. In the human genome, 1,447 submicroscopic

copy variable regions were uncovered. This involves about

12% of the genome and includes hundreds of genes in

deletions, duplications, insertions and complex multisite

variants. These nonpathogenic variations are scattered

throughout the human genome and contain also 12% of

the genes, including a large number of genes known to be

involved in genetic disorders and registered in OMIM.

Recent fine mapping studies have revealed that those

CNVs can result in intragenic variation resulting in differ-

ent splice variants, the use of different exons and even new

gene products. The most comprehensive population-

based CNV map so far consists of 11,700 CNVs and is

estimated to include about 80–90% of common CNVs

greater than 1 kb in length. Although the authors indicate

that those common CNVs are highly unlikely to account

for much of the missing heritability for complex traits,

they suggest that CNVs might contribute appreciably to

rare variants involved in common and rare diseases.

The consequence of the detection of large numbers of

benign CNVs is that, at present, the clinical significance of
a novel CNV remains often unclear. The traditional rules

of thumb used when analyzing genomes by conventional

karyotyping are not applicable anymore. The identifica-

tion of a large de novo cytogenetically visible imbalance

was usually sufficient to confidently associate it with the

disease phenotype. However, it is obvious that smaller

imbalances carrying few or no genes may not at all be

associated with a disease phenotype. Equally, it is becom-

ing clear that de novo copy number variation arises fre-

quently. Van Ommen estimated that copy number

changes arise every one in eight births. Hence, not all de

novo copy number changes would be pathogenic.

To determine which, if any, CNVs might be associated

with the disease phenotype, the collection of large num-

bers of patient genotypes and phenotypes is required.

Several efforts are currently ongoing to collect both large

numbers of phenotypes and genotypes. These efforts will

eventually allow pinpointing highly penetrant CNVs,

revealing which imbalances are causal and which imbal-

ances are spurious. The best-known open source examples

are the DatabasE of Chromosomal Imbalances and Phe-

notype in Humans using Ensembl Resources with acro-

nymDECIPHERwhich is organized at the Sanger institute

(https://decipher.sanger.ac.uk/) and the European Cyto-

genetics Association Register of Unbalanced Chromosome

Aberrations, ECARUCA, a register with a basis in Nijme-

gen, The Netherlands (http://www.ecaruca.net).

In addition, several large-scale collaborative efforts are

underway to map population-embedded, apparently

benign CNVs. These data are collected in the database of

genomic variants (DGV, http://projects.tcag.ca/variation/).

To fine map those imbalances, increasingly higher

resolution arrays are being used. Those efforts aim to

identify CNVs with likely minor or no developmental

consequences.

While the mapping of apparently benign and patho-

genic CNVs is an important endeavor, it is not sufficient to

predict whether an imbalance will cause an abnormal

phenotype. Apparently benign CNVs can cause autosomal

recessive, autosomal dominant, and X-linked disorders,

and imprinted regions may only cause disease dependent

on the parental origin. In addition, variable expressivity

and penetrance may obscure the pathogenic relevance of

CNVs. It is not only becoming clear that interindividual

phenotypic variation is caused by benign copy number

variations, but more and more it is realized that even well-

known disease-causing copy number variations may occa-

sionally be tolerated and be part of the normal human

phenotypic spectrum. For example, the 22q11 deletion as

well as the duplication can cause both heart anomalies and

midline defects such as cleft palate. However, both the

http://www.ngrl.org.uk/Wessex/collection
https://decipher.sanger.ac.uk/
https://decipher.sanger.ac.uk/
https://decipher.sanger.ac.uk/
http://www.ecaruca.net
http://projects.tcag.ca/variation/
http://projects.tcag.ca/variation/
http://projects.tcag.ca/variation/
http://projects.tcag.ca/variation/
http://projects.tcag.ca/variation/
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familial inherited 22q11 deletion and duplication have

now recurrently been reported. The parent carrying the

22q11 duplication is phenotypically normal. Similarly,

subtelomeric imbalances are known to be a major cause

of birth defects and mental retardation. In contrast to the

view that these imbalances are always causal and result in

phenotypic anomalies, several reports indicate that several

subtelomeric imbalances, up to 10 Mb in size, may not

result in obvious phenotypic anomalies.

More recently identified recurrent imbalances with

variable penetrance are the 16p13.1 region and the 1q21

region. During the screening of patients with mental

handicap and developmental anomalies, reciprocal dele-

tions, and duplications of the 16p13.1 region were recur-

rently observed. This 1.65 Mb rearrangement involves

15 genes. At first, it was unclear whether these imbalances

were causing the developmental problems in patients

because of two reasons: First, the imbalance, be it deletion

or duplication, was often observed to be inherited from an

apparently normal parent. Second, the phenotypes asso-

ciated with either the deletion or duplication are quite

variable. An association study showed that the deletion is

a risk factor for mental handicap while the duplication is

more likely to be a benign variant. Interestingly, Law et al.

reported the prenatal diagnosis of a de novo 16p13.11

microdeletion by array CGH. Because of the unclear clin-

ical significance, the pregnancy was not terminated and an

apparently healthy baby was born. Chromosome 1q21

harbors two flanking regions, where, recently, recurrent

reciprocal rearrangements were detected in patients with

MR/MCA. The deletions and duplications are mediated

by nonallelic homologous recombination of flanking low-

copy repeats. All 30 investigated patients with thromobo-

cytopenia absent radius (TAR) syndrome carry a 200 kb

deletion on chromosome 1q21.1. Analysis of the parents

revealed that this deletion occurred de novo in 25% of

affected individuals. Intriguingly, inheritance of the dele-

tion along the maternal line as well as the paternal line was

observed in the other patients. The absence of this deletion

in a cohort of control individuals argues for a specific role

played by the microdeletion in the pathogenesis of TAR

syndrome. It is hypothesized that TAR syndrome is asso-

ciated with a deletion on chromosome 1q21.1 but that the

phenotype develops only in the presence of an additional

as-yet-unknown modifier (mTAR). Recently, the first pre-

natal diagnosis of TAR by array CGH was reported.

Mefford and colleagues identified 20 individuals

with a recurrent 1.35 Mb deletion distal from the TAR

region from a screen of about 5,000 patients ascertained

with mental retardation and/or associated congenital
anomalies (MR/MCA). The microdeletions arose de

novo in six patients, were inherited from a mildly affected

parent in three patients, and were inherited from an

apparently unaffected parent in five patients. The absence

of the deletion in about 5,000 control individuals repre-

sents a significant associationwith disease. In addition, the

reciprocal duplication was also enriched in children with

mental retardation or autism spectrum disorder although

very few cases have been observed to conclude statistical

significance.

It seems likely that those recurrent rearrangements with

variable penetrance and expressivity are only the tip of an

iceberg of a large number of structural variants with diverse

and complex phenotypes that will elude both traditional

syndromic classifications as well as evade traditional Men-

delian inheritance patterns. The elucidation of their associ-

ationwith disease will require genotyping and phenotyping

large numbers of patients and controls. These imbalances

pose challenges to the clinician upon interpreting array

CGH data. It seems likely that, in the future, the interpre-

tation will be aided by computerized expert systems to aid

the interpretation of a genomic profile.
Technical Issues in Array CGH

Quality Parameters

In a clinical setting, it is of utmost importance to detect all

chromosomal abnormalities (i.e., to avoid false negatives)

without calling false positives. In other words, both the

sensitivity, which is the ability to detect a true positive

result, and the specificity, which is the correct assessment

of true negatives, should be as high as possible. This is

dependent on the resolution of the platform, but also on

the quality of the hybridization experiment. Therefore,

strict quality parameters such as a maximum allowable

standard deviation, appropriate thresholds, and algo-

rithms for CNV calling and aminimum number of flagged

reporters (i.e., those that are excluded from analysis due to

technical artifacts) need to be maintained.
Chromosomal Rearrangements Missed by
Array CGH

Array CGH is often touted to be able to replace conven-

tional karyotyping in a diagnostic analysis of pediatric

disorders. However, it should be realized that some chro-

mosomal anomalies would be missed.
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Inherent to the technique, balanced chromosomal

rearrangements (inversions and balanced translocations)

are not detected. When balanced rearrangements are

detected prenatally on karyotypes, parents are usually

tested and if a ‘‘normal’’ parent carries the same

rearrangement, the translocation is considered benign. If

the rearrangement is de novo, counseling is very difficult

and the risk for developmental defects is estimated to be

6%. Array CGH analysis of patients with developmental

anomalies and de novo translocations has revealed that

about 45% of these are actually imbalanced. Considering

that de novo translocations occur in about 1/1,000 births

with 6% pathogenic and half of these detectable by array

CGH, this would leave 0.003% pathogenic translocations

undetected if no karyotype is performed.

Also neither triploidies, 69,XXX and 69,XXY, nor tet-

raploidies are readily detected. The use of DNA from

a patient with Klinefelter (47,XXY) as a control does result

in aberrant X and Y chromosome ratios, enabling the

detection of XXX triploidies and all tetraploidies.

It should also be borne in mind that array CGH results

represent the additive and not the allele-specific copy num-

ber. In this way, the true inheritance pattern can be masked

and what looks like a de novo event may actually be the

inheritance of a copy number variant in one of the parents.

Carelle-Calmels and colleagues have recently reported

a striking example. FISH analysis of the parents of a girl

carrying a deletion at 22q11.2 revealed an unexpected

rearrangement of both 22q11.2 regions in the phenotypi-

cally normal father. He carried a 22q11.2 deletion on one

copy of chromosome 22 and the reciprocal duplication on

the other copy of chromosome 22. Quantitative expression

analysis of the genes located in the critical DiGeorge/VCFS

region showed genomic compensation, consistent with the

normal phenotype of the father. As the total copy number

in the father equals the reference copy number, this would

not have been detected by array CGH and the

rearrangement would have been classified as de novo. The

finding of the mirror rearrangement in the father has

tremendous clinical consequences for genetic counseling,

as there is a 100% risk of an unbalanced outcome.
Technical Standards for Cytogenetic
Laboratories

A broad range of platforms including BAC, oligonucleo-

tide, and SNP arrays has become commercially available,

greatly facilitating the introduction of molecular

karyotyping in the diagnostic setting. For the clinical
implementation of array CGH in cytogenetic laboratories,

the following technical standards should be achieved. The

chosen methodology has to be validated with known

aberrations, the performance of the arrays evaluated by

internal and external quality controls, standard protocols

have to be established, and the effective resolution of the

platform has to be determined, as this differs from

the theoretical resolution of the array as provided by the

manufacturer. When reporting array CGH results, referral

should be made to the platform, effective resolution, pro-

cedures, and quality parameters used. The detected aber-

rations should be defined according to the ISCN 2009

nomenclature with reference to the appropriate genome

build in order to guide standardization across different

cytogenetic laboratories.
Mosaicism

Chromosomal mosaicism can be defined as the coexis-

tence, within one conceptus, of two or more distinct cell

lines that are genetically identical except for the chromo-

somal difference between them, these cell lines having

been established by the time that embryonic development

is complete (the point at which the embryo becomes a

fetus). Thus, the different cell lines are fixed in the indi-

vidual and are a part of his or her chromosome

constitution.

The phenotype associated with any particular type

of mosaicism can be expected to be highly variable,

reflecting the differences in the proportions of normal

and abnormal cells. Mosaicism has been detected for all

different chromosome abnormalities described in the

section >Types and Incidences of Chromosomal Abnor-

malities. Mosaicism is especially common for (small)

marker chromosomes. Clinically, mosaicism can be

suspected when a patient shows nonsymmetrical features,

pigmentation lines, or specific syndromic features known

to be associated with certain forms of mosaicism.

In order to detect mosaicism, sufficiently many cells

must be analyzed. In most cytogenetic laboratories, 15–20

karyotypes are analyzed. This will allow the detection of

a chromosomal abnormality with a certainty of 95% when

present in 22–28% of the cells. With arrays it is equally

possible to detect low-grade mosaicism. With the BAC

arrays mosaicism as low as 7% could be detected. The

degree of mosaicism that can be detected depends on the

standard deviation of the array as well as on the size of the

imbalance. In general, mosaicism down to 30% should

readily be detected.
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Current State of the Art and Future of
Cytogenetic Testing

Current State of the Art

Any cytogenetic laboratory should be skilled in all

conventional and molecular cytogenetic techniques.

These include G-banded karyotyping, fluorescent in situ

hybridizations, and array CGH. G-banded karyotyping

has been available for more than 40 years and has the

advantage that there is a widely accepted and uniform

technique with an international system of cytogenetic

nomenclature (ISCN). By contrast, cytogenomic arrays

are much newer. Because of this novelty, there is still

discussion about the best platforms to use, there is not

yet a comprehensive knowledge base about the clinical

consequences of all CNVs, the language to describe

CNVs is still evolving. Currently, some recommendations

are provided by the International Standard Cytogenomic

Array (ISCA) Consortium:

● Cytogenomic array testing standards should not

be specific to a particular array platform. Arrays

based on BAC, oligonucleotide, or SNP probes can

achieve the recommended coverage and level of

resolution.

● In order to perform the same intended purpose as

a karyotype, cytogenomic arrays must have uniform

coverage to detect all areas of imbalance greater than

or equal to 400 kb throughout the genome.

● Cytogenomic array testing can be prioritized over

G-banded karyotyping. Cytogenomic arrays will

detect many more submicroscopic genomic CNVs

than the number of balanced rearrangements it

would miss.

● G-banded karyotyping should always be available

to patients with a family history of a rearrangement

or a history of multiple miscarriages. In addition,

G-banded karyotyping should still be offered

in settings where both tests will be covered by

insurance.
Decision Tree(s) for Array CGH Interpretation

Cytogenomic arrays have moved from bench to bedside

for the genetic screening of patients with mental retarda-

tion and/or congenital anomalies. The advent of commer-

cially available microarrays has facilitated the

implementation of this technique in clinical diagnostic

laboratories. As described earlier, the incomplete
understanding of structural polymorphism and the appre-

ciation that many disorders show a high degree of clinical

variation and incomplete penetrance is blurring clear-cut

genotype–phenotype correlations. As a consequence, the

causality of many smaller CNVs often remains to be elu-

cidated and the clinical interpretation of the detected

CNVs has become a major challenge for diagnostic labo-

ratories. To aid in the assessment of the clinical signifi-

cance of a CNV, several decision trees that can be used as

a guideline have been proposed. These decision trees all

include three major steps as outlined in > Fig. 4.7. The

first step is to identify known causal CNVs, which include:

(1) CNVs that overlap with well-established as well as

recently recognized microdeletion and microduplication

syndromes, (2) CNVs that overlap with pathogenic CNVs

detected by other (microarray) studies in patients with

similar phenotypes, and (3) CNVs that encompass

known OMIM genes that have been associated with the

phenotype observed in the affected patient. In this way, the

pitfall of unintentionally disregarding a causal CNV as

a benign variant is avoided because the fact is that some

CNVs have been described as benign variants but reside in

regions that are known to be associated with disease or are

at recessive loci that are only pathogenic in the homozy-

gous state. The second step is to remove normal benign

variants (also known as common CNVs) that have been

detected in healthy individuals and are thus less likely to

account for the patient’s phenotype. The third step is to

determine the inheritance for the remaining CNVs. Aber-

rations that occur de novo in the patient are more likely to

be pathogenic, especially when they are relatively large

and/or contain several genes. For inherited CNVs and

CNVs of unknown inheritance, the clinical interpretation

is more complicated and these CNVs are currently classi-

fied as of unknown clinical significance. However, as inter-

national efforts are underway to map both pathogenic and

benign CNVs (see > Submicroscopic Chromosomal Poly-

morphisms (The Blurred Boundary Between Benign and

Pathogenic CNVs)), it can be expected that a significant

proportion of these CNVs will turn out to be causal, thus

increasing the diagnostic yield in patients with mental

retardation and/or congenital anomalies.
Future

Conventional and molecular cytogenetic testing will

remain important since it provides information about

the location of the abnormality. With the advent of arrays,

the connection between the visible localization of the

abnormality is somewhat lost. This trend is likely to
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continue with the advent of full genome sequencing tech-

niques. The latest technical revolution in human genetics

is next-generation sequencing (NGS). Its strength lies in

the ability to process millions of sequence reads in parallel

rather than 96 at a time. Several platforms using different

techniques are commercially available (Roche’s 454

sequencing, Illumina’s Solexa Genome Analyzer technol-

ogy, and the SOLiD platform from Applied Biosystems),

but they all rely on cyclic-array sequencing, which involves

the sequencing of thousands to millions of immobilized

DNA features by iterative cycles of enzymatic manipula-

tion and imaging-based data acquisition. Depending on

the platform, NGS generates hundreds of megabases to

gigabases of nucleotide-sequence output in a single instru-

ment run.

It is expected that costs will drop and that genome

sequencing of individuals will be commonplace in the

foreseeable future. If it will become feasible to assemble

complete genomes as well as accurately determine copy

numbers, full genome sequencing may ultimately replace

cytogenetic as well as molecular genetic testing.
Concluding Remarks

In this chapter, the aim was to touch upon the important

aspects of cytogenetic testing and provide a basic text

on the topic for pediatricians new to the field. Consider-

ing that several books and numerous articles have

been written about this topic, it is realized that the

resume presented here is incomplete and biased. For

those interested, a number of excellent books on the

topics touched upon here are referred to. To help pedia-

tricians in the interpretation of cytogenetic results and

counseling of those results with patients, the books

‘‘Chromosome abnormalities and genetic counselling’’

as well as ‘‘The principles of clinical cytogenetics’’ are

recommended. Phenotypic information about chromo-

somal imbalances has been collected by Schinzel in ‘‘Cat-

alogue of unbalanced chromosome aberrations in man’’.

Clinicians closely interacting with obstetricians and

involved in prenatal diagnosis can consult ‘‘Genetic dis-

orders and the fetus’’. Those interested to know more

about the mechanisms underpinning genomic disorders
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are referred to ‘‘Genomic disorders: the genomic basis

of disease’’.

Over the last 50 years, cytogenetics has become a cor-

nerstone of genetic testing of children with birth defects

and developmental anomalies. Conventional karyotyping

is rapidly replaced or at least complemented by array

screening. In the future possibly full genome sequencing

will enable both mutation and copy number detection in

all individuals with developmental disorders. Certainly,

knowledge about the organization and location of chro-

mosomal aberrations is important for counseling and

family planning, and therefore cytogenetics is here to

stay, perhaps under a new name – ‘‘cytogenomics?’’
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