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ABSTRACT 

Molecular karyotyping by array-based techniques represents a giant leap forward com-
pared to microscopic metaphase banding. We compared the performance of four dif-
ferent array based platforms to identify and map the breakpoints in four patients with 
different interstitial 2p deletions, all localised within 2p16.1-p21. Currently, there are 
two main array formats, array-CGH and SNP-based. For array-CGH the probes used 
are (3K–32K) genomic clones or up to 244K oligonucleotides, with the size and num-
ber determining the resolution of analysis. SNP arrays, containing 10K–1000K loci 
have proven to facilitate, in addition to genome-wide association studies, the detection 
of deletions and duplications. The resolution of these arrays depends on the number of 
SNP loci present and on their distribution across the genome. 
 In this study, the platforms used include a 3K large genomic insert clone array, a 
44K (long oligo) microarray and two SNP- based arrays (250-500K, and 317K). Our 
analysis showed that the size of the 2p deletions varied, from ~10.6Mb in patient 1, 
to ~2.4Mb in patient 4. The minimum region of overlap of the deletions was ~1.3Mb 
encompassing 8 genes. The MSH6 gene was deleted in minimally three out of four 
patients, indicating that they have a 60-90% chance of developing colon carcinoma. 
No clear genotype/phenotype correlation emerged from the comparison of the four 
patients.
 Comparing cross-platform the breakpoint mapping gave similar results in the ma-
jority of cases. 
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INTRODUCTION 

For decades trypsin Giemsa banding of metaphase spreads has been the standard di-
agnostic method to detect chromosomal rearrangements. The method has several ad-
vantages; all chromosomes are seen under the microscope, and individual cells can be 
karyotyped, permitting clonal analysis1,2 and the study of mosaicism. A major limita-
tion is the fact that due to the contraction of chromosomes during metaphase and the 
resolution of the light microscope, G banding is not capable of identifying rearrange-
ments smaller than 3-5 Mb. 
 Fluorescence in Situ Hybridization (FISH)3,4 partly overcomes this problem, allow-
ing direct testing for the presence, absence or amplification of specific genomic regions. 
This method is especially used for the confirmation of microdeletion syndromes and 
the analysis of potential subtelomeric rearrangements. FISH analysis can also be used 
for the detection of mosaicism to a very low level, depending on the number of cells 
analysed. However, it has several drawbacks, as detecting rearrangements using FISH 
analysis is only possible when cells are available, an obvious, specific phenotype is pres-
ent that is recognized by a specialist, and when a specific FISH probe exists. Finally, 
although multi-colour methodologies have been developed5,6,7 the number of loci that 
can be analysed simultaneously is limited. 

Recently, array-based technologies have been developed that provide both genome-
wide and high resolution analysis. In contrast to FISH, where fragments of DNA are 
labeled and hybridized to chromosome spreads, array-based approaches label genomic 
DNA, which is then hybridized to DNA spotted on a solid support, typically a glass 
slide. The size of the DNA probe and the number of probes on the array determine the 
resolution of analysis. 
 The first arrays used relatively large DNA fragments (~150 kb) isolated from Bac-
terial Artificial Chromosome (BAC) or P1 derived Artificial Chromosome (PAC) 
clones.8-10 A newer format uses oligonucleotide probes of 25 to 60 nt in length.11,12 
Due to the smaller size of these probes and the much larger number of loci analysed, it 
is possible to detect much smaller copy number variations (CNVs) with greater preci-
sion compared to those that can be revealed using BAC-PAC clone arrays. The 25-mer 
probe arrays were originally designed for SNP analysis. However, they were quickly 
used to estimate copy number changes by using both signal strength and allele scoring. 
Initial studies used the Affymetrix 10K array, which demonstrated the principle that 
the arrays could provide quantitative data.13 Subsequent work has taken advantage of 
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higher resolution chips, currently up to 500-1000K.14 In practice, these arrays have an 
effective resolution below 10 kilobases. However, despite their extremely high resolu-
tion, it should be noted that these tools can not be used to detect copy neutral rear-
rangements like translocations and inversions.

In this study, we have analysed four patients with different sizes of interstitial 2p dele-
tions, all localised within the chromosome region 2p16.1-p21. We have compared 
different platforms for identifying the deletions as well as their ability to define break-
points. In addition, we have collated and compared the clinical data of these patients. 
It appears that psycho-motor delay is the only common clinical feature that corre-
sponds to a deletion within this area.

METHODS

Array- Comparative Genomic Hybridisation (Array-CGH)
The array-CGH procedures were performed as previously described.15 The clones were 
provided by the Wellcome Trust Sanger Institute (UK), and information regarding the 
full set is available at the Ensembl web site.
 The array contained ~3500 large genomic insert clones spaced at ~1 Mb intervals 
over the genome, meaning that the resolution of the array varies between 0.2-3 Mb. 
Profiles were displayed by using the Log(2) ratio of test and reference sample. The 
thresholds were set at -0.3 and 0.3. BACs with a Log(2) ratio outside this interval were 
considered to be altered.15,16

Agilent microarray
Agilent Human Genome CGH Microarrays consist of ~44,000 60-mer oligonucle-
otide gene focused probes that span coding and non-coding sequences with an average 
spatial resolution of ~35 kb. Both genes with known function and hypothetical genes 
were included in the array. We used a loop-hybridisation design to analyse six DNA 
samples, including three patients with an interstitial 2p deletion. In a loop hybridisa-
tion design DNA sample 1 and 2 are differently labelled (Cy5 and Cy3, respectively) 
and subsequently hybridised on the same array. The second array includes DNA sam-
ple 2 and 3 that are labelled using Cy5 and Cy3, respectively. In this way, one sample 
is hybridised twice on an independent array in two different colors (= dye swap), en-
abling its own internal quality control. Arrays were hybridised according to the recom-
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mendations of the supplier (www.agilent.com). Data were analysed using the Agilent 
CGH Analytics 3.4 software with a moving averaging window of 1Mb. The size of the 
three different deletions was calculated using the Log(2) ratio. The thresholds were set 
at -0.3 and 0.3.

Affymetrix 500K Genechip
The Genechip Human Mapping 500K array set was used. The procedure was per-
formed as described in the Affymetrix GeneChip Human Mapping 500K Manual 
(http://www.affymetrix.com). The set comprises two SNP arrays contain ~250.000 
25-mer oligonucleotides each. Using this protocol, the human genome is cut by re-
striction enzymes (NspI and StyI); one restriction enzyme is used per array, enabling 
the analysis of 250,000 loci. The use of a second restriction enzyme is necessary for the 
analysis of another 250,000 loci. For data analysis, DNA-Chip Analyzer (dChip) soft-
ware (version release 02-16-06) was used.17,18 Regions of copy number gain and loss 
were detected using the hidden Markov model output of dChip. The thresholds for 
this platform were set between 1.6 and 2.4 using a linear scale, in where 2.0 represents 
two copies of a given locus.11,19

Illumina 317K beadchip
The Illumina humanhap 317K genotyping beadchip work up has been performed 
as suggested by the manufacturer (www.illumina.com). The SNP array consists of 
317,000 25-mer oligonucleotide probes. For data analysis, the beadstudio data analysis 
software provided by Illumina was used.
 In this platform, the regions for CNVs are detected based on the LogR ratio. This 
tool combines data of both heterozygosity (SNP call) and signal strength. The thresh-
olds were set at -0.3 and +0.3. In addition to the Log R ratio, the data analysis software 
also provides B allele frequency, Loss of Heterozygosity (LOH) and Copy number 
(CN) score. 

Patient samples
The four patient samples were gathered from the Netherlands (patient 1), Canada 
(patient 2), Brazil (patient 3) and Italy (patient 4), respectively. Two of them have been 
described previously.20,21

 The DNA of the patients was applied to each platform once, except for the Agilent 
array (due to the dye swap procedure). This study was approved by the Institutional 
Review Board of the Leiden University Medical Center, conforming with Dutch law.
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RESULTS

Initial chromosome analysis of patient 1 did not reveal any abnormalities. However, 
by using both Multiplex Amplifiable Probe Hybridisation (MAPH)22 and 3K array-
CGH, it was possible to identify a deletion of chromosome region 2p16.2-p21. Retro-
spective analysis of the karyogram (G-banding) did detect the interstitial 2p deletion. 
The banding pattern of the short arm of chromosome 2 of this patient was compared 
to that of the previously described patient with a deletion within this region,20 and was 
found to be similar (data not shown).
 To study deletions in this region and their phenotypic consequences in more detail, we 
collected DNA from three additional patients with overlapping interstitial 2p deletions. 
These DNA samples were hybridised on four different array platforms to test the perfor-
mance of these platforms and to map the deletion breakpoints as precisely as possible.

Table 1. Overview of the BAC array results.

Intnl Clone name Chrom. Patient 1 Patient 2 Patient 3 Patient 4 

RP11-204D19 2     

RP11-24I5 2     

RP11-421J10 2     

RP11-27C22 2     

RP11-110G2 2     

RP11-1084a21 2     

RP11-436K12 2     

RP5-960D23 2     

RP11-19A8 2     

RP11-436L21b 2     

RP11-436L21 2     

RP11-460M2 2     

RP11-319N5 2     

RP11-5M9 2     

RP11-391D19 2     

RP11-389K20 2     

RP11-335O22 2     

RP11-7H13 2     

RP11-508L23 2     

RP11-30C22 2     

Deleted BACs per patient, depicted as grey bars. 

Minimum 
region of 
overlap

}
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Platform 1: 3K BAC array
A summary of the results obtained by array-CGH analysis is shown in table 1. The 
deletion of patient 1 closely resembles that of patient 2 although it extends one cen-
tromeric BAC further. The deletion of patient 4 is the smallest. The minimal region 
of overlap is defined by the telomeric breakpoint of patient 3 and the centromeric 
breakpoint of patient 4 and it is estimated to be 1.4 - 1.5 Mb.

Figure 1.  The result of patients using Agilent microarray platform.

(A) Due to the dye swap, the deletion is depicted in two colors resulting in a symmetrical profile pattern. All genes 
localized within the deleted region are visualized using the Agilent software tool. The deleted region of patient 3 (B) and 
patient 4 (C) are outlined by the dashed line and the dotted line, respectively. For the size of the deletion see table 2. 
Pt= patient. [See appendix: colour figures.]
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Platform 2: 44K Agilent Technologies microarray
At the time this study was performed, the Agilent 44K oligo array was the only Agilent 
array available, covering only gene-based sequences of the human genome. Three of 
the four interstitial 2p deletions were tested using this oligo array (figure 1). Patient 2 
could not be tested, as there was not enough material available. 
 Due to the loop-hybridisation set up (see Material and Methods) in combination 
with a dye swap, the samples were effectively analysed in two independent hybridisa-
tions. The analysis maps the proximal breakpoint of patient 3 to the region between 
the NRXN1 and the ASB3 genes, a large region (2.8 Mb) devoid of known genes. 
Consequently, the estimation of this breakpoint might be less accurate. The results of 
this platform agree with the outcome of the array-CGH. Deletion size varied, from a 
maximum in patient 1 (10.6 – 10.7 Mb) to a minimum in patient 4 (2.4 – 2.7 Mb) 
(table 2). The size of the minimum region of overlap calculated based on the Agilent 
data is 1.6 Mb.

Platform 3: Affymetrix 250K / 500K Genechip 
Three out of four patients were analysed using a 500K Genechip (patients 1, 2, 4). 
Patient 3 was analysed only by the 250K Genechip using the NspI restriction enzyme 
(figure 2). Interestingly, the sizes of the deletions calculated based on 250K analysis 
were comparable with those obtained from the combined data of both arrays (500K) 
(data not shown), indicating that for the calculation of large CNV the use of only one 
restriction enzyme can be sufficient. 
 The minimal region of overlap between the different interstitial deletions on chro-
mosome band 2p is 1.2 Mb (table 2). 

Platform 4. Illumina 317K beadchip
The results obtained for all four patients are depicted in figure 2. The results regarding 
the sizes are in agreement with the results obtained using the other 3 platforms (table 2). 
The minimal region of overlap, based on the results of the beadchip, is 1.4 Mb.

DISCUSSION

In this study, different high resolution genome wide screening platforms were com-
pared, including array-CGH using large insert clones, the long-oligo array of Agilent, 
the Affymetrix Genechip and the beadchip of Illumina. The genechip and the bead-
chip are SNP based arrays and they both use short-oligos. 
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Figure 2.  The interstitial 2p deletion of the four patients analysed by Affymetrix 
genechip (left) and the beadchip of Illumina (right). 

The deletions of the different patients are shown separately. Patient 3 was only analysed using 250K NspI genechip. A 
normal copy number of two is represented by a copy number between 1.6 and 2.4 for the Affymetrix genechip or by a 
LogR ratio between –0.3 and +0.3 for the beadchip of Illumina. The vertical lines represent the size of the largest dele-
tion. In general, the variation of the data points obtained by the beadchip is larger than that of the genechip. Especially 
in patient 3, the difference in variation is remarkable. [See appendix: colour figures.]

 Comparing across platforms, we found that the localisation of both proximal and 
distal breakpoints was largely in agreement (table 2). Nearly all BACs that showed 
2 copies did not have overlap with regions that were deleted according to the results 
obtained by the SNP arrays and vice versa. One exception was the proximal breakpoint 
in patient 3 in which BAC RP11-7H13 should have been deleted according to the data 
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obtained by two SNP platforms. Notably, an ‘aberrant’ Agilent result was present at 
the same breakpoint as was the ‘aberrant’ BAC (proximal breakpoint in patient 3). In 
fact, the breakpoint mapping of the two array-CGH platforms was similar (breakpoint 
at ~52.8Mb), as was the outcome of both SNP platforms for the proximal breakpoint 
of patient 3 (localised at ~53.6Mb)(table 2). This might be explained by the difference 
in probe density near the breakpoints localised by the different platforms (see also 
Results). This idea is strengthened by the fact that, based on in silico data of the 244K 
array, (an improved version of the Agilent array), the number of oligonucleotides lo-
calised near the proximal breakpoint of patient 3 was significantly increased; 25 probes 
were localised within the breakpoint interval determined by the 44K array. The num-
ber of ‘extra’ probes present at the rest of the breakpoints defined by the 44K array is 
5-10. 
 There is also some discrepancy between the outcomes of the two SNP platforms. 
In general, the data obtained using the beadchip showed more variation in all patients 
compared to that of genechip (figure 2). The maximum number of SNPs that were in 
discordance between the two SNP arrays was five (the distal breakpoint of patient 3) 
(figure 3). These five SNPs are in a genomic region covering more than 100 Kb. The 
number of data points for both SNP based arrays is similar at this breakpoint (based 
on the Ensembl database) (figure 3), indicating that both SNP platforms should be 
equally informative. We do not have a satisfactory explanation for this difference. The 
other differences in breakpoint mapping between the two SNP based tools included 
either only one or two SNPs (distal breakpoint of patient 2 and 4) or the differences 
in localisation of the breakpoints were very small (proximal breakpoint of patient 4; 
breakpoint mapping difference 7 kb). The observed difference in breakpoint mapping 
can be related to the use of different scoring algorithms that differ between platforms. 
This indicates that sequencing of the breakpoints is still needed to obtain information 
about the exact localisation of the breakpoint.
 Patient 1, 3 and 4 did not show any copy number alterations outside chromosome 
region 2p16.2-p21. Patient 2, however, had a deletion on chromosome band 6q22.31 
of ~1.2 Mb in size. This was identified using the BAC-array (BAC clone RP11-475J3) 
and the two SNP-based platforms. It has previously been found within the healthy 
population23 and there are no known genes within the deleted region. It is therefore 
thought to be a neutral variant.

Currently, there is no golden standard available to determine which platform is the 
most accurate. It might be argued that high density SNP genotyping would be the 
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most appropriate to implement for the screening copy number alteration, as this tool 
offers the simultaneous measurement of copy number changes and copy-neutral loss 
of heterozygosity (i.e uniparental disomy). On the other hand, the SNPs have been 
selected based on criteria such as heterozygosity, confirmation with Hardy-Weinberg 
equilibrium. Although these features are important for association studies, where SNPs 
need to be informative, they are less critical for copy number analysis where even 
spacing is more important. Indeed, many regions prone to rearrangements (e.g. du-
plicons) are lacking or are underrepresented on these arrays, as the associated SNPs 
did not meet the required quality criteria. This is in contrast to array-CGH in which 
the location of the oligonucleotides is not limited to known SNPs, and, therefore, it 
is possible to analyse regions of the genome where no validated SNPs are available.24 
Calculating the spacing between the consecutive data points per platform within chro-
mosome region 2p16.2-p21, shows that the median spacing of genechip was 2.40 kb, 
with a maximum of 65.10 kb, the median spacing of the beadchip was 4.57 kb (with 
a maximum of 71.85 kb) and finally, that of Agilent using the 244K was 9.85 kb (with 

Figure 3.  Overview of the distal breakpoints of patient 1 and patient 3 defined by Agi-
lent, the Affymetrix genechip and the beadchip of Illumina.

The deleted region is depicted in red, whereas regions showing two copies are depicted in green. A green circle repre-
sents the last data point that showed a normal copy of two. A red circle represents the first data point that showed a 
deletion. 
The number of data points per platform is comparable at the location of the distal breakpoint of patient 1 and 3. In 
patient 1, the breakpoint mapping of all platforms is concordant. In contrast, there is a huge difference in breakpoint 
mapping in patient 3. According to the results obtained by Agilent platform, the distal breakpoint of the deletion is 
located 290-260K outside the most distal point of the picture (47,92 Mb) (green and red arrow). The results of the 
Affymetrix platform show that the deleted region starts more proximally at ~48.03Mb (black arrow). The beadchip of 
Illumina defines the distal breakpoint of the deletion between these two points. [See appendix: colour figures.]
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a maximum of 47.40 kb). Thus, although the median spacing of Agilent is the largest 
(as it is gene-based), this platform might be the most valuable tool for investigating 
CNVs, depending on the genome region of interest (based on the maximum spacing 
of the three platforms).
 Indeed, a previous study24 has shown that in addition to the SNP-arrays, array-
CGH analysis is required to cover all CNV regions in the human genome, with at least 
one third of CNVs >50 kb otherwise being missed. New arrays of both Affymetrix and 
Illumina are closing this gap by combining both SNP- and non-SNP probes on one 
array.
 The beadchip has several clear advantages over the genechip, such as a higher SNP 
call rate, which is important when the expected size of the CNV is small. In our study, 
about 5-10%, sometimes even more, of all SNPs on the Affymetrix platform could 
not be scored (data not shown), resulting in a significant reduction of its resolution. 
Of course, the cause of such reduction might lie in a suboptimal quality of the DNA, 
however the identical DNA was used on the Illumina arrays. In addition, the genechip 
needed two arrays (this experiment) for a resolution comparable to that of the bead-
chip, which is especially of interest for the detection of small CNVs, and nearly all 
steps of the Illumina protocol can be automated. At the time these experiments were 
performed, only Illumina provided customer friendly software. Recently, however, 
software enabling easy calculation of the data generated by Affymetrix has become 
available, demonstrating the fast adaptation of products and application within this 
field. An important argument in favor of the genechip is the fact that they have started 
to validate these arrays to allow implementation in a diagnostic setting. 

Looking at the breakpoints of the four patients, it can be concluded that the deletion 
of patients 1, 2 and 4 includes both the MSH2 and the MSH6 genes. The distal break-
point of patient 3 is localised within or nearby (depending on the platform applied) 
the MSH6 gene; the MSH2 gene is not deleted in patient 3. This means that at least 
three out of four patients have a twenty fold increased chance of developing colon 
cancer or other Lynch syndrome-related tumors25 compared to the healthy population. 
For this reason, it is of high clinical interest to diagnose the breakpoints of interstitial 
2p deletions. However, when comparing the phenotype of the four patients (table 3), 
the only feature in common is mental retardation, which is a non-specific feature of 
nearly all chromosome anomalies. The lack of a common phenotype could be due to 
the different ages at observation (table 3) of the patients and the difference in size of 
the deletion. 
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 The minimum region of deletion overlap is localised between the distal breakpoint 
of patient 3 and the proximal breakpoint of patient 4. This region is ~1.3 Mb in size 
and encompasses 8 genes, from MSH6 to FSHR. So far, this region was not found 
altered among healthy individuals.24 The FOXN2 gene, located between MSH6 and 
FSHR might be of interest in relation to the phenotype of the patients. It is known 
that deregulation of FOX family genes can lead to congenital disorders in addition to 
its involvement in several types of cancer. Furthermore, the FBXO11 gene coding for 
F-box protein family, might be involved in some of the developmental anomalies, as it 
related to phosphorylation-dependent ubiquitination. Mutations within the LHCGR 
and the FSHR genes are related to aberrant external and/or internal genital organs. No 
mutations with specific pathogenetic consequences have been reported for the remain-
ing two genes (CCDC128, STON1).

Recently, the whole genome of Nobel laureate Jim Watson was sequenced (http://
www.ncbi.nlm.nih.gov/Traces/trace.cgi), revealing as much as 600,000 single nucleo-

Table 3.  Overview of clinical features of the four patients with different sizes of inter-
stitial 2p deletions.

Patient 1 Patient 2 Patient 3 Patient 4

Localisation 2p16.2-p21 2p16.2-p21 2p16.3 2p16.3-p21

Cytogenetically visible Yes Yes No No

De novo Yes Yes N.D. Father not tested 

Age of examination 6, 13, 36 months 5, 13.6, 17 month 7 years 37 years

Psychomotor delay Present Present Present Present

Length Short stature (-2 
SD)

Tall stature 75th percentile Short stature

Weight 10th percentile 95th percentile 50-75th percentile > 97th percentile

Size of skull < 25th percentile Microcephaly 50th percentile. < 25th percentile

Shape of skull Flattening of the 
occipital region

Flattening of poste-
rior parietal region

Turricephaly Brachycephaly with 
narrow forehead

Others Aorta descendens 
P97. Palatoschisis 
Cataract, Nystagmus, 
Strabismus conver-
gens

ASD
Mild astigmatism
Hypothelorism

Joint hyperextensibil-
ity with tendency to 
dislocation, 
High arched, narrow 
palate oblong face, 
large mouth, thin 
upper lip

Colon cancer Too young Too young Too young Yes

N.D.: not determined
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tide variants that had not been reported before. The cost involved of this project was 
substantial and therefore this way of screening the human genome is not applicable on 
large scale yet. It can be expected, however, that affordable sequence-based whole ge-
nome genotyping will become possible within the coming two years. As a result, SNP 
typing and array-CGH will be superseded fairly soon by next generation sequencing. 
The first step towards the implementation of genome wide sequencing in a diagnostic 
setting would be to type “harmless” variations in a large group of normal individuals, 
since on average 1 in 1000 nucleotide on the human genome of a healthy individual 
varies. In addition, screening large cohorts of affected individuals with well-defined 
clinical features is essential to be able to interpret this new data.26 
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