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Genetic diseases arising from microdeletions and microduplications lead to copy number alterations of genomic

regions containing one or more genes. Clinically, these rearrangements may be detected by routine cytogenetic

testing, which may include karyotype analysis, subtelomeric analysis with fluorescence in situ hybridization, and/or

fluorescence in situ hybridization directed at known chromosomal rearrangement-based disorders. The major

limitations of these tests are low resolution and limited coverage of the genome. Array-based comparative genomic

hybridization has recently become a widely used approach in the genome-wide analysis of copy number alterations

in children with mental retardation and/or multiple congenital anomalies. Oligonucleotide-based arrays provide a

genome-wide coverage at a much higher resolution than microarrays currently used in clinical diagnostics, greatly

improving the rate of detection of submicroscopic copy number alterations in children with mental retardation

and/or multiple congenital anomalies. Genet Med 2007:9(9):617–625.
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INTRODUCTION

Many genetic diseases have been shown to arise fromdosage
imbalance of one or more developmentally important genes
caused by structural rearrangements of the genome as a result
of microdeletions, microduplications, translocations, and in-
versions. Diseases arising from such structural rearrangements
have been designated genomic disorders1 and are estimated to
occur at a frequency of 0.7 to 1 per 1000 live births.2 A few of
the better characterized genomic disorders include Prader-
Willi (PWS [MIM 176270]) and Angelman syndromes (AS
[MIM 105830]) on 15q11-q13,3,4 Williams-Beuren syndrome
(WBS [MIM 194050]) on 7q11.23,5 Smith-Magenis syndrome
(SMS [MIM 182290])/duplication 17p11.2 on 17p11.2,6 and
several rearrangements associated with 22q11 including Di-
George and velocardiofacial syndromes (DGS/VCFS [MIM
188400])7,8 and cat eye syndrome (CES [MIM 115470]).9

Although a number of well-defined genetic syndromes arise
from a specific chromosomal deletion or duplication, most
multiple congenital anomalies (MCA) do not have a defined
genetic cause. Chromosomal abnormalities or subtelomeric

rearrangements are detected by routine karyotype in a small
subset of patients with MCA and/or mental retardation
(MR).10 In the patient populationwithMR, up to 5%mayhave
subtelomeric abnormalities. The incidence of subtelomeric re-
arrangements may be as high as 13% when the patients also
have dysmorphic features and/or other structural
malformations.11,12 Patients with MCA are particularly likely
to have a chromosomal rearrangement because a deletion (or
duplication) of several contiguous genes often perturbs more
than one organ system. Many such chromosomal rearrange-
ments are not detected because of limitations of conventional
methods of analysis. Routine karyotype can detect only rela-
tively large (�5 Mb) rearrangements. Subtelomeric analysis,
although submicroscopic, is still limited to specific regions of
the chromosomes.
It is likely that a significant proportion of children withMR/

MCA have a submicroscopic chromosomal rearrangement
that is not evident by karyotype or subtelomeric analysis. Tech-
niques designed to detect such copy number differences are
evolving at a rapid pace based on the availability of genomic
resources and technological advances. Comparative genomic
hybridization (CGH) has been used for the detection of copy
number changes in solid tumors using metaphase chromo-
some spreads.13 Although CGH is robust for the identification
of large-scale chromosomal imbalances, it does not reliably
identify genomic changes involving less than 5 to 10 Mb. Re-
cent developments in microarray technology have allowed a
shift from chromosomal to microarray-based formats for
CGH (array CGH).14–16
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Array CGH is now widely used in the detection of chromo-
somal imbalances in solid tumors,17–24MR,25–27 and other con-
stitutional chromosomal aberrations.28–34 Array CGH has
provided a high-resolution, high-throughput technique to
identify smaller rearrangements in patients with MCA that
would otherwise be overlooked by standard karyotyping and
fluorescence in situ hybridization (FISH).35,36 These studies
have used array platforms spotted with different types of DNA
probes including bacterial artificial chromosomes (BACs),
cDNAs, and repeat-free, PCR fragments.
BAC-based microarrays are particularly popular and have

been used successfully to detect recurrent microdeletions in
patients with MR.37–39 A highly targeted BAC microarray was
used by Sharp and colleagues,37 whereas the other two groups
used amore genome-wide approach using a tiling BAC array38

or a 1-Mb resolution whole-genome BAC array.39 BAC mi-
croarrays are now routinely used in clinical diagnostics and
have amuch higher detection rate for copy number abnormal-
ities than standard cytogenetic analysis.40,41 BAC arrays used in
clinical diagnostics are highly targeted for known regions of
copy number abnormalities and contain 400 to 850 BAC
clones.40,41 Genome-wideBACarrays at 1-Mb resolution25,27,39

and whole-genome tiling arrays38 have better genomic cover-
age than targeted arrays. Yet, because of the large size of the
BACs (150–200 Kb), these arrays do not necessarily improve
the resolution, as they are unable to reliably detect aberrations
smaller than the BAC insert. Thus, oligonucleotide-based ar-
rays are slowly emerging as the platform of choice for genome-
wide analysis of copy number alterations because of their high
throughput and high resolution.42–53

OLIGONUCLEOTIDE-BASED MICROARRAYS FOR COPY
NUMBER ANALYSIS

The use of oligonucleotide arrays for high-resolution copy
number analysis was first described by Lucito and colleagues42

in a methodology they called representational oligonucleotide
microarray analysis (ROMA). ROMA is a form of comparative
genome hybridization that uses a two-color assay to cohybrid-
ize the test genome and a reference genome to an oligonucle-
otide microarray. The microarrays used in ROMA contained
70-mer oligonucleotide probes that were either printed on
glass slides or synthesized directly on a silica surface using la-
ser-directed photochemistry. Further, it used a technique
called representation, in which the genome complexity is sim-
plified using PCR strategies.54 The oligonucleotide probeswere
chosen to be within the portion of the genome that was ampli-
fied in this lower-complexity representation. This oligonucle-
otide-based microarray was then used to detect amplifications
and deletions, both homozygous and hemizygous, in cancer
genomes.42 ROMA has also been used successfully to detect
copy number variation (CNV) in normal human genomesme-
diated by relatively large (100 kb to 1 Mb) deletions and
duplications.42,43 The utility of ROMA-based arrays in the de-
tection of copy number alterations in patient samples was
demonstrated by their use in the detection of known chromo-

somal abnormalities.51 High-density, ROMA-based arrays
were recently used to detect de novo copy number alterations
in patients with autism spectrum disorders (ASD).55 ROMA-
based microarray analysis was performed on 264 families,
which included families containing one or more children di-
agnosed with ASD and control families with no diagnoses of
autism. The results suggested that spontaneous copy number
changes are more frequent in patients with ASD than in unaf-
fected individuals.55 The CNVs detected in this study ranged in
size from 99 kb to 12 Mb, and the number of genes that were
either deleted or duplicated ranged from 1 to 69.55

High-density synthetic oligonucleotide arrays have been
commercially available for several years, from Affymetrix, Inc.
(Santa Clara, CA) for applications such as high-throughput
monitoring of gene expression and genotypic analysis for link-
age studies.56 A few of these high-density arrays had been pre-
viously applied to detecting genomic alterations at the level of
loss of heterozygosity in tumor samples.57,58 More recently,
Affymetrix developed a high-density genotyping platform for
the genome-wide analysis of 11, 555 SNPs.59 The subsequent
development of algorithms that were capable of detecting copy
number gains and losses from this SNP array data led to the
application of the Affymetrix GeneChipMapping10K SNPAr-
ray to the detection of copy number alterations mainly in tu-
mor cells.45–48,60 Rauch and colleagues46 were the first to report
the use of the 10K SNP array for molecular karyotyping of
patients with MCA/MR syndromes. They successfully detected
15 previously characterized chromosomal aberrations using the
10K array in patients with known syndromes such as DiGeorge/
VCFS, Angelman, Smith-Magenis, and Williams-Beuren.46 The
aberrations detected in patients ranged in size from 600 Kb to
13Mb.46

The subsequent development of the GeneChip Mapping
100K SNP Array set by Affymetrix, which contains 116,204
SNPs, provided a tool for assessing copy number alterations at
a much higher resolution.61 The 100K arrays were used suc-
cessfully for the detection of previously well-characterized,
clinically significant cytogenetic abnormalities.62 In this study,
Slater and colleagues analyzed 23 individuals, 17 of whom had
known cytogenetic abnormalities including unbalanced,
structural, and whole chromosome abnormalities. The 100K
arrays were shown to successfully detect pathogenic amplifica-
tions and deletions ranging in size from 1.3 to 145.9 Mb.62

Further, the 100K SNP arrays detected previously undetect-
able, submicroscopic microdeletions in patients with MCA of
unknown etiology.52 In this study, Ming and colleagues dem-
onstrated the utility of high-density arrays in the clinical diag-
nosis of patients who had previously been tested for chromo-
somal aberrations by standard clinical tests. Novel, de novo
deletions were detected in 2 of 10 patients tested, including a
1.7-Mb interstitial deletion in 1p36 and an approximately
3-Mb deletion in 3p21.52

Subsequently, a larger study in which 100 children with id-
iopathicMRwere analyzed with the 100K array set allowed the
detection of submicroscopic, de novo copy number alterations
as small as 178 Kb in 11 patients.53 They also successfully de-
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tectedmosaicism in a patientwithmosaic trisomy 9, whichwas
later validated by cytogenetic analysis.53 An additional benefit
of the SNP arrays is the availability of genotype information on
thousands of SNPs, which allows for the detection of copy-
neutral chromosomal aberrations such as uniparental disomy
(UPD).53,62,63 UPD can lead to disease phenotypes as a result of
uniparental imprinting or acquired homozygosity of a reces-
sive mutation. A well-characterized example of this phenome-
non ismaternal UPDof chromosome 15, which leads to inher-
itance of uniparental imprinting, leading to PWS in a subset of
nondeleted patients.64 Thus, SNP-based arrays allow the detec-
tion of copy-neutral events underlying genetic disorders,
which manifest in the form of MCA/MR. Further, in cases of
copy-neutral UPD and copy number aberrations, the analysis
of parental genotypeswould allow the identification of the par-
ent of origin and potentially the mechanism of the aberration.
The Affymetrix arrays require genome complexity reduc-

tion for improved signal to noise ratio, which they achieve by a
PCR-based strategy called whole-genome sampling, very sim-
ilar to the representation technique used by ROMA.65 The use
of spotted oligonucleotide arrays for CGH without genome
complexity reduction was first demonstrated by Carvalho and
colleagues,66 who used oligonucleotide arrays containing
18,861 oligonucleotides (60-mers) representing 18,664 genes
for the analysis of copy number changes in tumor samples.66

Total genomic DNA from the test and reference genomes was
labeled using random priming in separate reactions using Cy3
and Cy5, which were then cohybridized to the oligo array.20

Further refinement of probe-design criteria, assay conditions,
and analysis methods by Barrett and colleagues44 led to the
commercial availability of 60-mer oligonucleotide arrays for
CGHby Agilent Technologies (Palo Alto, CA). One such com-
mercially available oligo array fromAgilent with 22,500 probes
was used for further optimization of copy number analyses in
mouse and human tumors.67 Higher-density arrays are now
available in both preconfigured and custom formats fromAgi-
lent for arrayCGHapplications. A customized array created on
the backbone of Agilent’s Human Genome CGH microarray
kit 44B was used to evaluate genome-wide copy number alter-
ations, with special emphasis on subtelomeric regions, in
patients with developmental delay and MR.68 This approach
accurately detected 15 previously well-characterized subtelo-
meric aberrations andmicrodeletion syndromes that ranged in
size from 600 Kb to 154 Mb. 68 The utility of this array in
clinical diagnosis was demonstrated by the successful detection
of two novel, previously undetectable aberrations in patients
withMR.This included a 3-Mbdeletion in 14q11 and a 3.5-Mb
deletion in 17q24-q25.1.68

High-resolution, oligonucleotide-based array platforms for
CGH are also available commercially from NimbleGen Sys-
tems Inc. (Madison, WI) and Illumina Inc. (San Diego, CA).
NimbleGen offers preconfigured genome-wide and custom
tiling arrays containing long oligonucleotides (45-85mers) for
direct CGH. The use of NimbleGen tiling arrays for CGH was
first described by Selzer and colleagues69 for the analysis of
cancer samples using both whole-genome and custom fine-

tiling arrays. They used the whole genome arrays to first iden-
tify the copy number aberrations in neuroblastoma samples
and then designed custom tiling arrays to fine map the break-
points of these aberrations.69 A chromosome 22 tiling array
from NimbleGen was used to detect microdeletions and mi-
croduplications associated with DiGeorge/VCF syndromes
and other constitutional, chromosome 22 copy number
aberrations.70 Custom fine-tiling arrays fromNimbleGen have
been used successfully for the discovery of new genomic disor-
ders in children with MCA/MR37 and to fine map microdele-
tion breakpoints in patients with MR71 and cognitive and
behavioral abnormalities.72

Whole-genome genotyping BeadChips from Illumina offer
another alternative platform for the high-resolution analysis of
genome-wide copy number alterations. The Illumina Bead-
Chip arrays, similar to Affymetrix SNP arrays, were originally
designed for whole-genome genotyping.73 The development of
algorithms for the extraction of copy number data from the SNP
arrays allowed the use of Illumina’s Human-1 and Human-
Hap300 Infinium BeadChips, containing 109,000 and 317,000
SNP-basedprobes respectively, forCGHapplications.74 The Illu-
mina BeadChip arrays accurately detected previously well-
characterized copy number alterations in tumor samples and
patients withMCA.74 Thus, oligonucleotide-based arrays offer
an alternative to BAC-based arrays for the analysis of copy
number alterations in patients with MR/MCA. Further, the
high resolution and high density of probes on oligonucleotide
arrays allows more precise localization of microdeletion and
microduplication breakpoints.62,71,72 The development of even
higher-density oligonucleotide arrays in the foreseeable future
should enhance our ability to detect increasingly smaller copy
number changes containing single genes or even single exons
within a gene.

OLIGONUCLEOTIDE-BASED ARRAY PLATFORMS:
CHOICES AND CONSIDERATION
Available Array Platforms

Noncommercial, oligonucleotide-based arrays have been
generated by spotting long, synthetic oligonucleotides on de-
rivatized glass slides in academic settings and used successfully
in research.66,75 Thus, it is possible to generate an in-house
oligonucleotide array that can be optimized for uses in CGH
and expression studies.76 The more attractive option for po-
tential users of oligonucleotide arrays is to purchase them
commercially, which leads to a considerable amount of savings
in time and effort. An important advantage of commercially
produced, oligonucleotide-based arrays is the quality control
used by the manufacturer to ensure consistently high levels of
performance and reproducibility. The choice of the array plat-
form will depend on several considerations, including array
design, cost of experiment, and more importantly whether the
array platform is appropriate for a given study. The fourmajor
manufacturers of oligonucleotide-based array platforms for
high-resolution, genome-wide analysis of copy number alter-
ations are Affymetrix, Agilent, Illumina, and NimbleGen. The
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features of these platforms are briefly described below with
respect to array design and experimentation with a discussion
about the potential advantages and disadvantages of each plat-
form (Table 1).
The Affymetrix GeneChip arrays contain 25-mer SNP-

based oligonucleotide markers or probes that are directly
synthesized on the array surface using a process called
photolithography77–79 [http://www.affymetrix.com/]. The
currently available high-density platforms are shown in Table
1. The newly introduced SNP 5.0 array, which is a single array
containing approximately 500,000 probes from the 500K array
set plus approximately 420,000 additional probes. These addi-
tional probes are not SNP-based and were designed to cover
regions that are currently under-represented in the SNP-based
arrays, for a more uniform distribution across the entire ge-
nome. Further, Affymetrix plans to launch an even higher-
density platform, the SNP 6.0 with approximately 1.8 million
probes, in the near future. The Affymetrix arrays require 250
ng/array (500 ng total) of genomic DNA and use a PCR-based
strategy called whole-genome sampling for genome complex-
ity reduction during labeling.65 Further, in these arrays, only
the test genome is labeled and hybridized to the array. The
signal intensity from the probes is then computationally com-
pared with a control set for the evaluation of copy number
changes in the test sample. The control set is available from
Affymetrix in the form of array data obtained from the analysis
of apparently healthy HapMap individuals. Although Af-
fymetrix provides analysis software (CNAT 4.0) for the detec-
tion of copy number alterations and loss of heterozygosity
(LOH), more robust analysis tools are now available from
third-party providers, both commercial and academic. The
more reliable, noncommercial software for the analysis of Af-
fymetrix arrays include dChipSNP80 and CNAG.81 Affymetrix
arrays have been successfully used in the detection of copy

number alterations in patients with MR/MCA in several
studies.52,53,62

The Agilent CGHmicroarrays contain 60-mer oligonucleo-
tide probes printed onto derivatized glass slides using a non-
contact industrial inkjet printing process44 [http://www.
agilent.com]. The currently available high-density platforms
from Agilent are shown in Table 1. Further, Agilent offers the
ability to design custom arrays made from oligonucleotides
that can be selected from Agilent’s database of more than 8
million predesigned and validated probes for array CGH. The
Agilent arrays require 500 ng of genomic DNA but can also use
PCR-amplified genomic DNA, which can be as low as 10 ng.
This type of amplification introduces additional variation and
is not recommended for clinical applications.76 The Agilent
arrays use a true comparative genome hybridization that re-
quires a two-color assay in which the test and reference ge-
nomes are labeled with different fluorophores (usually Cy3
and Cy5) and then cohybridized to the same array. The signal
intensity ratios of the test sample versus the reference sample
are then calculated for each probe across the entire genome.
The CGHAnalytics 3.4 software provided by Agilent has a user
interface for visualization and analysis of copy number aberra-
tion patterns from microarray profiles. Agilent array CGH
platforms have also been used successfully to detect copy num-
ber alterations in patients with MR/MCA.68

The Illumina BeadChip arrays are based on their BeadArray
technology, in which silica beads self-assemble in microwells
on silica slides. Each bead is then covered with hundreds of
thousands of copies of a specific 50-mer SNP-based, oligonu-
cleotide probe73 [http://www.illumina.com/]. The currently
available high-density platforms from Illumina are shown in
Table 1. Illumina has recently introduced a new platform, the
HumanCNV370-Duo, specifically for the analysis of CNVs in
the genome. In addition to the more than 318,000 SNP-based

Table 1
Commercially Available Oligonuleotide Array Platforms

Array Platform
Approximate average

interprobe distance (Kb)a
Approximate expected

resolution (Kb)b Additional variables

Affymetrix GeneChip Arrays
100K set
500K set
SNP 5.0

26
6
3

130
30
15

0.5 �g genomic DNA required
Genome complexity reduction required for assay
Test sample compared with a standardized control set
SNP genotypes available for LOH analysis and copy number validation

Agilent CGHMicroarrays
44K
105K
244K

70
30
12

350
150
60

0.5 �g genomic DNA required
Whole-genome labeling used in assay
CGH assay compares test and reference in the same experiment
SNP genotypes not available

Illumina BeadChip Arrays
HumanHap300
HumanHap550K
HumanHap650Y

10
6
6

50
30
30

0.75 �g genomic DNA required
Whole-genome amplification used in assay
Test sample compared with a standardized control set
SNP genotypes available for LOH analysis and copy number validation

NimbleGen CGH microarrays
385K

8 40 3 �g genomic DNA required
Whole-genome labeling used in assay
CGH assay compares test and reference in the same experiment
SNP genotypes not available

aAverage interprobe distance is estimated by dividing the genome size (3 � 109) by the total number of probes.
bExpected resolution is estimated by multiplying the average interprobe distance by 5 (see text).
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probes from the HumanHap300-Duo, the HumanCNV370-
Duo contains probes for approximately 11,000CNVs that have
been identified in the genome. The Illumina arrays require 750
ng of genomic DNA, which is isothermally amplified, frag-
mented, and hybridized to the array. The assay uses a base
extension step after hybridization for allele-specific extension.
The products are then fluorescently stained using a dual-color
approach. The signal intensity from the probes is then compu-
tationally compared with a control set for the evaluation of
copy number changes in the test sample. The control data are a
built-in component of the BeadStudio software provided by
Illumina, which has a user interface for visualization and anal-
ysis of genotypes as well as copy number aberrations. Illumina
arrays have been used successfully to detect copy number al-
terations in patients with microdeletions associated with
MR/MCA.74

The NimbleGen CGH microarrays contain isothermal, 45-
to 85-mer oligonucleotide probes that are synthesized directly
on a silica surface using light-directed photochemistry69

[http://www.nimblegen.com]. The currently available high-
density platforms include the humanwhole-genomeCGHmi-
croarray with 385,000 probes with a median interprobe dis-
tance of approximately 6 Kb. In addition to the preconfigured
whole-genome array, NimbleGen also provides researchers
with the ability to design custom fine-tiling arrays that allow
user-specified array design of up to 385,000 probes per array.
NimbleGen is planning to introduce a higher-resolution ge-
nome-wide array with 2.1 million features in the near future.
The NimbleGen arrays require 1 to 3 �g genomic DNA from
both the test and reference samples. The genomic DNA sam-
ples are randomly fragmented into lower molecular weight
species, differentially labeled with fluorescent dyes, and cohy-
bridized to the same array. Data are extracted using Nimble-
Gen’sNimbleScan software and viewedwithNimbleGen’s Sig-
nalMap data browser software. NimbleGen array CGH
platforms have been used successfully to detect copy number
alterations in patients with MR/MCA.37,71

Factors to Consider in Array Platform Selection

These available high-density oligonucleotide array plat-
forms can potentially provide the resolution desirable for the
detection of chromosomal copy number alterations. Yet, there
are several factors that determine whether any array platform
has the necessary spatial resolution. These factors include the
number of probes, their chromosomal distribution, and sensi-
tivity of detection.76 Most oligonucleotide array platforms re-
quire at least five adjacent probes to be deleted or duplicated
for reliable detection. Thus, even though the average distance
between probes would suggest a resolution of 5 to 6 Kb, the
expected detection sensitivity is dependent on how many ad-
jacent probes are present with a given fragment and the dis-
tance between them. Thus, the expected resolution of the cur-
rently available high-density arrays is somewhere in the range
of 30 to 350 Kb (Table 1). It is worth noting that the observed
resolution can vary greatly and is dependent on several factors,
including probe density in a given region and the level of noise

in the experiment. Thus, the functional sensitivity of these oli-
gonucleotide arrays is usually much lower than what is sug-
gested by the probe density and expected resolution.82 Further,
the SNP-based microarrays (Affymetrix and Illumina) are po-
tentially limited in the selection of probes as they require the
presence of a validated SNP within the probe sequence. Thus,
distribution of probes on these arrays is not as even as desired
across the genome. The newer generation of Affymetrix (SNP
5.0 and 6.0) and Illumina (HumanCNV370-Duo and 1 Mb)
arrays are addressing this issue by placing probes that are not
SNP-based to fill the gaps in the SNP-based arrays. It remains
to be seen howwell this approach of placing SNP and non-SNP
based probes on the same array will perform. Thus, the Agilent
and NimbleGen platforms currently allow more freedom in
the design of the array and probe distribution as they are not
limited by the SNP content of the region of interest. This re-
sults in more evenly distributed probes across the region.
The lack of even distribution of probes notwithstanding, the

SNP-basedarrayplatformshaveone important advantage, in that
theyprovide genotype informationalongwith copynumberdata.
As previously discussed, the SNP genotypes are helpful in detect-
ing regionsofLOHin thegenome.TheutilityofLOHdetection in
cancer samples is alreadywell documented,48 butLOHcanalsobe
relevant in constitutional disorders. In constitutional disorders,
copyneutral LOHcan result fromUPD,whichhasbeen shown to
cause genomic disorders characterized bymultiple anomalies in-
cluding developmental delay and MR.64 Thus, SNP-based array
platforms can provide information about copy-neutral events
such as UPD, which are undetectable by non–SNP-based arrays
like Agilent and NimbleGen.
Further, the SNP genotype information can provide addi-

tional support for the copy number values computed from the
ratio of the signal intensities in the test and reference samples
(Fig. 1). In the case of a microdeletion, the loss of one copy is
detected by a log2 ratio of -0.5 for the deleted probes (Fig. 1, A
and B). In addition, all SNPs in this region are scored as ho-
mozygous (hemizygous) because of the loss of one allele. Be-
sides resulting in high LOH scores, this is easily visualized on
the analysis plots from both Affymetrix (Heterozygous SNP
calls) and Illumina (B allele frequency plot) (Fig. 1) serving as
an independent confirmation of the deletion. The B allele fre-
quency plot provided by Illumina BeadStudio output provides
the allelic ratio information (Fig. 1, B and C). In the case of a
microduplication, the allelic composition for each probe can
have one of four possible genotypes resulting from the dupli-
cation event including AAA, AAB, ABB, and BBB. The ho-
mozygous SNPs still cluster at 0.0 and 1.0, but the heterozy-
gous SNPs that normally cluster between 0.4 and 0.6 (diploid
AB) get split up into two clusters. The cluster at 0.33 represents
the SNPs that have a genotype of AAB and the cluster at 0.67
represents the SNPs that have a genotype of ABB. This split in
the heterozygous SNP cluster within the B allele frequency plot
provides additional confirmation of a microduplication de-
tected by a log2 ratio of 0.5 for the duplicated probes (Fig. 1C).
Thus, the availability of the genotype information along with
copy number should make the detection of authentic copy
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Fig.1. GraphicaloutputforcopynumberusingSNP-basedarrays.Forprobesthatarenormalcopynumber,thesignal intensityratioofthesubjectversuscontrols isexpectedtobe1,andlog2Rratioshould
beapproximately0.0 (log21�0).Lossof copynumber resulting fromdeletion in the subjectwould result in anegative log2 ratio (mean log2 ratio��0.5).Gainof copynumber resulting fromduplication
in the subject result in a positive log 2 ratio (mean log 2 ratio�0.5). A, Copy number output for chromosome 15 using the Affymetrix 50KXbaMappingGeneChip as computed by copy number analysis
softwareCNAG.81 Reddots represent raw log 2R ratio values for each SNP.Blue curves represent copynumber inferences basedon localmean analysis for 10 consecutive SNPs.Heterozygous SNPcalls are
shownasgreenbarsbelowtheideogram.Thedeletiondetectedinthispatientbasedonlog2Rratioisshownasaredbar.ThedeletedregionhasnoheterozygousSNPcalls.BandC,Copynumberoutputusing
the IlluminaHumanHap550KBeadChipArray as computedbyBeadStudio softwareprovidedby Illumina.The twoplots shownare forB allele frequency and log 2R ratio. B,Thedeletiononchromosome
15detected in this patient based on log 2R ratio is shownby a red bar. TheB allele frequency plot for this patient has noheterozygous (AB) SNPcalls. C, Theduplicationon chromosome22detected in this
patient based on log 2R ratio is shownby a green bar. TheB allele frequency plot for this patient shows the split in the heterozygous SNP cluster representing theAABandABBgenotypes.
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number alterations more robust using SNP-based platforms
like Affymetrix and Illumina. Dye-swap experiments have
been used with the Agilent and NimbleGen arrays to serve as a
confirmation of detected copy number alterations. The high
cost of the arrays and experimentation makes this option pro-
hibitive in most cases.
Most array platforms have background noise in the data,

and this is especially true for oligonucleotide arrays. It has been
suggested that the level of noise is inversely proportional to the
length of the oligonucleotide probes.76 Thus, the Affymetrix
arrays with 25mers are expected to have the highest noise level.
The Agilent (60 mers) and NimbleGen (50-85 mers) arrays
would therefore be expected to have less noise. Computational
tools and statistical algorithms that allow extensive normaliza-
tion of the data to control for noise have been developed and
greatly minimize background.44,74,80,81,83 Another factor that
may contribute to noisy data from theAffymetrix and Illumina
arrays is the fact that the signal intensities are compared with a
control set that was previously analyzed under different con-
ditions. Thus, the Agilent and NimbleGen arrays have an ad-
vantage over the other platforms as the test and reference ge-
nomes are processed similarly and compared with each other
on the same slide.
For copy number analysis of tumors, an important consid-

eration in the selection of an oligonucleotide array platform is
its suitability for the type of sample available. Thus, arrays that
require genome complexity reduction are not suitable for for-
malin-fixed paraffin-embedded samples. For patients with
MR/MCA, the source of DNA is usually a blood sample that
yields high-quality genomic DNA suitable for all four plat-
forms previously discussed. Future improvements in experi-
mental and computational analysis may enable the use of low-
yield samples such as buccal swabs or saliva for copy number
detection using oligonucleotide arrays. The cost of the array,
experimentation, and additional equipment needed are also
factors for consideration in the selection of array platforms.
The Affymetrix arrays are the most competitively priced, with
a total cost of approximately $250 per sample for the available
500K set and SNP 5.0 (a few reagents have an additional cost).
The cost of Agilent, NimbleGen, and Illumina arrays range
between $550 and $800 (based on list price just for the arrays;
assay kits and reagentsmay have an additional cost) depending
on the density of the platform. Both Affymetrix and Illumina
arrays require expensive, array-specific fluidics stations and
scanners. Even Agilent and NimbleGen arrays require some
investment in expensive equipment including hybridization
chambers and scanners.
A perceived limitation of high-resolution, genome-wide oli-

gonucleotide arrays is that, in addition to the pathogenic copy
number alteration, they will also detect copy number variation
of regions that may not be involved in the patient’s disease
phenotype. Several recent studies conducted on normal,
healthy individuals have revealed extensive CNV within the
human population.43, 84–90 Initial studies have suggested that
there are at least 20 CNVs in each of our genomes.90 This num-
ber is likely to increase as denser arrays are used for genome-

wide scanning of copy number alterations. Thus, the presence
of these CNVs could potentially hinder the accurate detection
of pathogenic copy number aberrations. Although this may be
true for novel copy number alterations found in patients with
MR/MCA, this is clearly not an issue in the detection of known
genomic disorders like DGS/VCFS, PWS/AS, or WBS, all of
which are associated with large, well-defined copy number
alterations.3–5,7,8 Parental testing is currently used to determine
whether a novel copy number alteration detected in patients
with MR/MCA is de novo before it is considered potentially
pathogenic.37–39,52,53

It is worth noting that not all inherited copy number alter-
ations are benign. Thus, the parent of a severely affected pa-
tient may carry the same copy number alteration but be phe-
notypically normal or have a milder phenotype, as has been
shown for the 22q11.2 microduplication syndrome.91,92 Con-
versely, not all apparently de novo copy number alterations
have to be pathogenic. Based onmyobservations (unpublished
data), many copy number alterations localize to gene-poor re-
gions andmay represent rare variants that have no relevance to
the patient’s phenotype. Thus, the determination of clinical
relevance of any observed copy number alteration would re-
quire a thorough analysis of the altered region especially for
genic content. Thus, a region that is duplicated or deleted in a
patient, is de novo, and contains multiple well-characterized
genes is highly likely to be pathogenic. Single gene deletions or
duplications, even if de novo, will be harder to interpret unless
they involve a gene that has already been associated with a
known syndrome. Many of the known CNVs found in control
individuals involve single genes.
Thus, a database of CNVs found in healthy control individ-

uals could provide a useful resource for the detection of patho-
genic microdeletions and microduplications. A database of
CNVs detected among multiple studies of control individuals
has been created by the Toronto Center for Applied Genomics
(http://projects.tcag.ca/variation/), which is periodically up-
dated from published results. One has to be careful when using
such resources, as the detection of a copy number aberration,
once or a few times, in such a database does not necessarily
make it a nonpathogenic CNV. These databases are highly de-
pendent on the publications that report those particular CNVs
and are not necessarily monitored for pathogenic status or au-
thenticity. Ideally, the CNV database needs to be created from
a large population of control individuals who have been clini-
cally evaluated to rule out severe phenotypes found in patients
with MR/MCA. This CNV database will then allow us to dis-
tinguish nonpathogenic CNVs from pathogenic copy number
alterations detected in patients with MR/MCA using high-res-
olution oligonucleotide microarrays.

SUMMARY

It is clear that oligonucleotide-based microarrays are in-
creasingly becoming the platform of choice for the detection of
genome-wide copy number alterations. Further, most avail-
able high-density platforms have very good coverage across the
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regions that are known to be associated with clinically well-
characterized genomic disorders.37–39,52,53,68,70,71 Thus, it is
highly likely that genome-wide oligonucleotide arrays will be
applied in clinical diagnostics in the foreseeable future. Com-
mercial arraymanufacturers have already begun the process of
testing and applying their high-density arrays in clinical diag-
nostics. Thus, it is critical that researchers, diagnostic labora-
tory directors, and clinicians are aware of the advantages and
the limitations of these high-resolution platforms to better in-
terpret the results and determine the clinical relevance of the
copy number alterations detected in patients with MR/MCA.
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