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Abstract. In the past few years high throughput methods
for assessment of DNA copy number alterations have witnessed rapid progress. Both ‘in house’ developed BAC,
cDNA, oligonucleotide and commercial arrays are now
available and widely applied in the study of the human genome, particularly in the context of disease. Cancer cells are
known to exhibit DNA losses, gains and amplifications affecting tumor suppressor genes and proto-oncogenes.
Moreover, these patterns of genomic imbalances may be associated with particular tumor types or subtypes and may

have prognostic value. Here we summarize recent array
CGH findings in neuroblastoma, a pediatric tumor of the
sympathetic nervous system. A total of 176 primary tumors
and 53 cell lines have been analyzed on different platforms.
Through these studies the genomic content and boundaries
of deletions, gains and amplifications were characterized
with unprecedented accuracy. Furthermore, in conjunction
with cytogenetic findings, array CGH allows the mapping
of breakpoints of unbalanced translocations at a very high
resolution.
Copyright © 2006 S. Karger AG, Basel

Neuroblastoma (NB) is a pediatric tumor arising from
primitive sympathetic nervous cells. The median age of diagnosis is two years and almost 90% of patients are diagnosed before the age of five years. Neuroblastomas have a
remarkably variable clinical behavior ranging from spontaneous regression to widespread metastasis and fatal outcome (Brodeur, 2003). As a step towards more efficient
treatment and better survival for children with aggressive
NB, improved risk assessment and prognostic staging is

needed. Also, insights into the genetic defects and altered
molecular pathways governing NB oncogenesis are urgently required in order to design new, more efficient and less
toxic therapeutic strategies.
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DNA copy number alterations in the pre-FISH era

NB is one of the first tumors in which proto-oncogene
amplification was discovered and used in therapy stratification (Alitalo et al., 1983; Schwab et al., 1983; Brodeur et al.,
1984; Seeger et al., 1985; Schwab, 1999). Cytogenetically, aggressive NB tumors and cell lines derived from high-stage
NB were shown to contain double minute chromatin bodies
or homogeneously staining chromosome regions. Molecular analyses revealed that these unusual chromosomal alterations represented high-level amplification of a new pro-
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to-oncogene with high homology to the previously discovered MYC gene. Hence, the amplified gene in NB was coined
MYCN (Alitalo et al., 1983; Schwab et al., 1983). In addition
to the high level amplification, these neuroblastoma cells
often showed 1p-deletions or unbalanced translocations
leading to distal 1p-loss (Brodeur et al., 1977; Maris et al.,
2000). Further contribution of classical cytogenetics to the
study of NB was restricted, especially by the difficulty of
obtaining good metaphases, in particular in NB without
MYCN amplification which roughly represents two thirds
of all cases. Independent DNA content measurements and
study of rare karyotypes indicated that a subset of these NB,
in particular those with low stage, show near triploidy (Look
et al., 1984; Kaneko et al., 1987). Further analyses of DNA
copy number changes in NB were based on loss of heterozygosity studies, focussing on delineation of the critical region for 1p-deletions (Maris and Matthay, 1999; Bown,
2001; White et al., 2005) but also leading to the discovery of
other important recurrent regions of loss at chromosome
3p, 11q and 14q (Takita et al., 1995; Hallstensson et al., 1997;
Ejeskar et al., 1998; Guo et al., 1999; Theobald et al., 1999;
Hoshi et al., 2000a, b; Plantaz et al., 2001; Thompson et al.,
2001). Although these studies contributed to our insights in
NB genetics, LOH analyses typically focused on one or a few
specific regions and, at best, analyzed the entire genome at
low resolution. Consequently, a genome-wide view of the
detailed patterns of genomic imbalances associated with the
different NB subtypes could not be described until the advent of chromosomal comparative genomic hybridisation
(CGH).
From FISH, M-FISH and metaphase CGH to array CGH

The introduction of fluorescent in situ hybridisation
(FISH) and chromosomal CGH analyses led to a number of
remarkable findings in the analysis of genetic alterations in
NB. The power of FISH was best illustrated by the finding
of whole chromosome 17 and partial 17q gain as the most
frequent recurrent chromosomal change in NB (Savelyeva
et al., 1994; Van Roy et al., 1994; Vandesompele et al., 1998,
2001; Speleman and Bown, 2000). Only one cytogenetic
study referred to chromosome 17 involvement in NB, all
other previously conducted cytogenetic analysis overlooked
the non-random involvement of chromosome 17 in NB
(Gilbert et al., 1984; Brodeur and Fong, 1989). FISH studies
including 24-colour M-FISH (Speicher et al., 1996) revealed
gain of 17q in the majority of cell lines and high-stage tumors, most often as the result of unbalanced translocations
(Van Roy et al., 2001; Schleiermacher et al., 2003). Although
many partner chromosomes can be involved in these translocations, chromosome 1p and 11q seemed to be preferentially involved, leading to combined 17q gain and loss of
putative tumor suppressor loci as a result of one single genetic event. It has been hypothesized that 17q gain contributes to NB oncogenesis due to copy number gain of one or
more critical dosage sensitive genes (Speleman and Bown,
2000; De Preter et al., in preparation).
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The introduction of chromosomal CGH in the study of
NB opened up new possibilities (Kallioniemi et al., 1992; du
Manoir et al., 1993). CGH was rapidly recognized as a powerful method for detection of DNA copy number imbalances in tumors, in particular for those that were difficult
to karyotype or for retrospective studies on frozen or formalin fixed samples. CGH indeed yielded a number of fundamental new insights in NB (Altura et al., 1997; Brinkschmidt et al., 1997, 1998; Lastowska et al., 1997; Plantaz et
al., 1997, 2001; Van Gele et al., 1997; Van Roy et al., 1997;
Vandesompele et al., 1998, 2001; Hirai et al., 1999; Breen et
al., 2000; Cunsolo et al., 2000; Vettenranta et al., 2001; Iehara et al., 2002). Most importantly, this method provided
a genome-wide overview of genomic imbalances occurring
in these tumors and, for the first time, the association of all
these alterations within tumors and subgroups could be analyzed. This series of investigations allowed us and others
to categorize NB into three major subgroups: favorable near
triploid NB with a recognizable pattern of predominantly
numerical gains and losses (losses of chromosome 3, 4, 9, 11,
14 and gains of chromosomes 6, 7, 17 and 18) (subtype 1)
and two subtypes of unfavorable NB with either 11q-loss
without MYCN amplification (subtype 2A) or those with
MYCN amplification and 1p-deletions (subtype 2B). The
latter two subtypes both typically present with 17q gain.
Multi-center studies revealed 17q gain as the strongest independent genetic prognostic marker in NB (Bown et al.,
1999; Vandesompele et al., 2005).
Although CGH has been an important tool in the investigation of large genomic changes in NB, the technique also
suffers from a number of limitations. Most importantly, this
method is rather time consuming and, due to the use of
chromosome preparations in the analysis, the resolution remains restricted at about 10 Mb for single copy changes
in most studies. Array CGH has overcome these two limitations and is now providing fast assays with a resolution at
the kilobase level. Although the principle of array CGH had
been reported as early as 1997 by Solinas-Toldo and colleagues (Solinas-Toldo et al., 1997), it has taken several years
before this methodology became more widely used. Below,
we review the results obtained with various array CGH platforms in the genetic study of NB.
Platforms for array CGH

In total, 11 array CGH studies on neuroblastoma have
been performed using a variety of platforms including BAC,
custom made cDNA and commercial oligonucleotide arrays
(Beheshti et al., 2003; Mosse et al., 2003, 2005; Chen et al.,
2004; De Preter et al., 2004, 2005; Scaruffi et al., 2004; Selzer et al., 2005; Stallings et al., 2006; Hoebeeck et al., in press;
Michels et al., in preparation). A representative overview of
the three types of neuroblastomas analysed by array CGH is
shown in Fig. 1. Typically, the resolution of the arrays depends on the number and size of reporters that are tested.
BAC arrays were initially developed in house by a number of
pioneering groups (Solinas-Toldo et al., 1997; Snijders et al.,

Fig. 1. ArrayCGH visualisation of representative neuroblastoma tumors, each belonging to a specific subtype (1, 2A ,
2B). The X-axis represents the chromosomes, the Y-axis the ratio tumor versus control material.

2001; Cai et al., 2002; Wessendorf et al., 2002; Fiegler et al.,
2003; Greshock et al., 2004). At the same time, oligonucleotide arrays were explored for DNA copy number change
measurements (Lucito et al., 2003; Bignell et al., 2004).
The availability of a set of BAC clones with an average
spacing of 1 Mb across the genome and further improvements in the protocols (Fiegler et al., 2003) as well as the
production of reliable commercial platforms (Agilent, NimbleGen, Spectral Genomics, Affymetrix) have given a major
boost to wide implementation of array CGH in the field of
cancer genetics. The great interest in the potential of array

CGH has led to further increase in resolution, e.g. by producing tiling path arrays for given chromosomal regions
(Fix et al., 2004; Hoebeeck et al., in press; Michels et al., in
preparation) as well as whole genome tiling path BAC arrays
(Garnis et al., 2003; Ishkanian et al., 2004; van Duin et al.,
2005).
Similarly, oligonucleotide arrays have been produced
with up to 40,000 oligos or more (Agilent), SNP chips probing about 500,000 SNPs (Affymetrix) or NimbleGen chips
with up to 385,000 features. The SNP chips offer the additional advantage of allele status determination, as illustrat-
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Fig. 2. Comparison of arrayCGH platforms focused on chromosome 2q in NB cell line SJNB-12. Part A depicts arrayCGH with a 1-Mb BAC set. Parts B and C represent Affymetrix SNP data, assessed for DNA copy number changes
(B) or allele status determination (loss of heterozygosity) (C) (LOH-value out of Affymetrix GeneChip Chromosome
Copy Number Analysis Tool was divided by 20 for rescaling reasons).

ed for chromosome 2 in NB cell line SJNB-12 (Fig. 2). This
allows simultaneous copy number measurement, and detection of extended regions of homozygosity, even without
copy number change (Bignell et al., 2004; Zhao et al., 2004).
As a disadvantage, oligonucleotide and cDNA arrays typically produce more noise than BAC arrays (presumably due
to the limited size of the reporter). Interpretation of copy
number status for a given locus therefore requires combination of several adjacent reporters. Using the approach of a
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sliding window, good results can be produced, but at the
cost of resolution. However, thanks to the recent production
of (ultra) high-density oligonucleotide arrays, sensitivity remains very high even when 10–50 reporters have to be combined for copy number analysis at a given region. This is
probably best illustrated by the current Affymetrix Gene
Chip Mapping 500K Array set (3–5 kb) and NimbleGen
chips that offer a standard 6 kilobase resolution but can even
go up to an amazing resolution of 10 basepairs.

Dissection of amplicons

In total 53 NB cell lines and 176 tumors have been investigated by several groups (Beheshti et al., 2003; Chen et al.,
2004; De Preter et al., 2004, 2005; Scaruffi et al., 2004;
Mosse et al., 2005; Selzer et al., 2005; Stallings et al., 2006;
Hoebeeck et al., in press; Michels et al., in preparation). See
also the Wellcome Trust Sanger Institute Cancer Genome
Project web site (http://www.sanger.ac.uk/genetics/CGP).
With respect to amplicon dissection, the MYCN locus, amplified in most of these cell lines, has been investigated in
great detail in previous studies (Manohar et al., 1995; Kuroda et al., 1996; Reiter and Brodeur, 1996, 1998). Recent
array CGH investigations focused on detailed dissection of
complex MYCN amplicons as well as rare but putatively important amplicons involving other loci than those on the
short arm of chromosome 2 (De Preter et al., 2004).
NB cell line IMR-32 contains a known complex non-contiguous amplicon including MYCN (Shiloh et al., 1985; Van
Roy et al., 1997; Jones et al., 2000; Spieker et al., 2001) and
was included in several array CGH studies (Beheshti et al.,
2003; Chen et al., 2004; Mosse et al., 2005; Michels et al., in
preparation). These revealed, in addition to MYCN and adjacent genes, also involvement of non-contiguous segments
from the chromosome 2 short arm. In addition to our standard BAC array analysis we also studied this cell line with
10K SNP chips and Agilent Human Genome CGH MicroArray 44A oligonucleotide chips. Furthermore, IMR-32 was
included in a PCR based subtractive cloning procedure in
our laboratory (De Preter et al., 2004). Deposition of the
subtracted cDNA clones on a custom microarray and hybridization with IMR-32 DNA, resulted in the identification
of clones that were overexpressed due to gene amplification.
Using this approach, amplification of all previously reported amplified genes in this cell line was detected. Furthermore, four additional clones were found to be amplified,
including the ANTXR1 gene on 2p13.1, two anonymous
transcripts, and a fusion transcript resulting from 2p13.3
and 2p24.3 juxtaposed sequences. Table 1 and Fig. 3 summarize the results of all studies on the 2p amplicon in IMR32 (Beheshti et al., 2003; Chen et al., 2004; De Preter et al.,
2004; Mosse et al., 2005; Michels et al., in preparation).
Clearly, array CGH is well suited for amplicon dissection
but it is of interest that the combined subtractive cloning
and array CGH yielded complementary data. Involvement
of other regions of 2p in MYCN amplicon formation was
also detected in a few other cell lines and primary tumors
(Beheshti et al., 2003; Chen et al., 2004; Mosse et al.,
2005).

Fig. 3. Dissection of the 2p amplicons on IMR32 by the use of different platforms. (A) = Affymetrix 10K SNP chip, (B) = BAC array
CGH, (C) = combined subtractive cDNA cloning and BAC array CGH
and (D) = Agilent Human Genome CGH MicroArray 44A oligonucleotide chips.
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Table 1. Summary of all studies on the 2p amplicon in NB cell line IMR-32

Methodology

Publication

MEIS1
2p14–p13

ANTXR1
2p13.1

FAM84A
2p24.3

NAG
2p24

DDX1
2p24

MYCN
2p24.1

CGH on cDNA microarrays
Combined subtractive cDNA cloning
and BAC array CGH
CGH on cDNA microarrays
BAC arrayCGH
Agilent
Affymetrix SNP chip

Beheshti et al. (2003)
De Preter et al. (2004)

!
!

!

!
!

!
!

!

!
!

Chen et al. (2004)
Michels et al. (in prep.)
Michels et al. (in prep.)
Michels et al. (in prep.)

!
!
!
!

!
!
!
!

!
!
!
!

!
!
!
!

!
!
!
!

!
!
!

ALK
2p23

!

Table 2. Dissection of amplicons in NB cell line NGP
Methodology

Publication

TSPAN31 CDK4 AVIL
CTDSP2
12q13.3
12q14 12q14.1 12q13–q15

MDM2
CNOT2 FOXN4
12q14.3–q15 12q15
12q24.11

Hybridization of total
genomic DNA to
cDNA microarrays
Array CGH
Affymetrix SNP chip

Heiskanen et al. (2000)

!

!

!

Michels et al. (in prep.)
Michels et al. (in prep.)

!

!

!

!

NB cell line NGP contains, in addition to the MYCN amplicon, also a second non-contiguous complex amplicon
consisting of 12q14 and 12q24 sequences (Corvi et al., 1995;
Van Roy et al., 1995). This cell line and its amplified sequences were investigated in several array CGH studies
(Heiskanen et al., 2000; Chen et al., 2004; Mosse et al., 2005),
including a BAC and SNP array analysis in our series of investigations (De Preter et al., 2004; Michels et al., in preparation). These analyses revealed a number of previously not
recognized genes implicated in the amplicon formation on
12q in NB cell line NGP; i.e. CNOT2 at 12q15, FOXN4 at
12q24.11 and KNTC1 at 12q24.31. The amplification status
of all above-mentioned genes was validated and confirmed
by FISH analysis (Table 2). Interestingly, positional expression mapping yielded evidence for a subset of primary NB
with 12q amplification (Su et al., 2004).
Yet another nice illustration of the resolving power of array CGH but also of the importance of including metaphase
FISH data, which allow interpretation of array CGH data in
the context of the genomic position of the aberrant clones,
was obtained through the study of the SJNB-12 NB cell line.
This cell line is unusual as it is the only NB cell line with
amplified sequences in the absence of MYCN amplification.
Initial CGH and FISH studies showed amplification of sequences derived from 16q22.2]q22.3 including the ATBF1
transcription factor (Van Roy et al., 2001). Literature data
(Boon et al., 2001) demonstrating MYC amplification in this
cell line prompted us to perform dual-colour FISH with a
MYC and ATBF1 clone. This showed amplification of MYC
and ATBF1 on double minutes. The detection of a reciprocal
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!
!

!
!

!

ANAPC5 RSN
12q24.31 12q24.3

!

!
!

KNTC1
12q24.31

!
!

t(8;16) with breakpoints in the chromosomal regions containing ATBF1 and MYC suggested that this translocation
might have triggered or accompanied amplicon formation
in these tumor cells. A combination of FISH, SNP chip and
BAC array CGH allowed us to map the amplified sequences,
amplicon borders and a total of nine breakpoints that were
implicated in a complex process of translocation-excisiondeletion-amplification mechanism leading to nonsyntenic
co-amplification of MYC and ATBF1 (Van Roy et al.,
2006).
Our array CGH screening of 75 primary NB tumors and
29 NB cell lines also revealed amplicons on 11q in five samples, which were confirmed with q-PCR at the genomic level (Michels et al., in preparation). All 11q amplicons were
located at chromosomal band 11q13 containing the CCND1
gene in keeping with previous findings of Molenaar et al.
(2003).
Fix et al. (2004) analysed 1p-amplicons located at 1p34.2
and 1p36.3, respectively, found in two neuroblastomas by
chromosomal CGH. Array CGH on a medium-resolution
genomic array containing 178 PACs/BACs from 1p and subsequent high-resolution arrays containing contigs of overlapping PACs/BACs from the amplified regions, enabled
precise mapping and delineation of both amplicons. The
1p34.2 amplicon appeared as a homogeneous amplification
unit, whereas the 1p36.3 amplicon exhibited a more complex structure, with two non-contiguous, highly amplified
regions and several moderately amplified units.

Genome-wide assessment of chromosomal gains and
losses

In total 176 primary tumors and 53 cell lines have been
tested by array CGH for chromosomal gains and losses.
This approach has several advantages as compared to previous loss of heterozygosity studies using polymorphic markers. First, a genome wide appraisal for gains and losses is
obtained in one single experiment by array CGH whereas
LOH analysis requires a rather labour-intensive series of
PCRs, even when multiplexing is performed. Second, the
resolution that is obtained for mapping deletion borders is
superior to LOH, in particular when high density oligonucleotide arrays or BAC tiling path arrays are used. Finally,
although LOH studies have the advantage of detecting uniparental disomies, interpretation of allelic imbalance in hyperdiploid tumors or losses in tumors with substantial infiltrating normal cells can be problematic. Recent studies,
as well as our analyses on a number of cell lines have shown
that SNP arrays could be instrumental in the detection of
losses and in particular regions of uniparental disomy. In
leukemia, a screening of 64 AML cases with normal karyotypes indicated as much as 20% of samples with disomy for
particular chromosomal segments (Raghavan et al., 2005).
Subsequent analysis for selected genes in these regions
showed the presence of mutations e.g. in RUNX1, indicating
that loss of the normal homologue and reduplication of the
chromosome containing the mutated allele contributed to
tumor formation (Fitzgibbon et al., 2005). Such an extensive
analysis has not been performed in NB and it remains to be
determined whether this mechanism of oncogenesis is also
implicated in neuroblastoma. For chromosome 2 in SJNB12, uniparental disomy has been observed (Fig. 2).
In view of the frequent occurrence of 1p and 11q deletions, previous studies using conventional techniques on a
large series of tumors have allowed a detailed delineation of
the critical regions of loss. The recent array CGH studies
have also contributed to the detection and delineation of
losses at other chromosomal regions. We have focused specifically on 3p deletions in NB using a chromosome 3p BAC
tiling path array. This allowed us to detect small interstitial
deletions in NB cell lines as well as a number of critically
important distal deletions in tumors which defined in total
three putative SROs. Interestingly, the two most convincing
SROs were located within regions that are frequently affected in common tumors such as lung and breast cancers (Hoebeeck et al., in press). Array CGH analysis was also used in
an effort to fine map the region for 11q deletion in NB. In a
previous study, functional evidence for a neuroblastoma
suppressor gene on chromosome 11 was obtained through
microcell mediated chromosome transfer, indicated by differentiation of neuroblastoma cells with loss of distal 11q
upon introduction of chromosome 11 (Bader et al., 1991).
Interestingly, some of these microcell hybrid clones were
shown to harbor deletions in the transferred chromosome
11. This model system was further exploited as a means to
identify candidate tumor suppressor or differentiation
genes located on chromosome 11. To this purpose, array

CGH was performed to evaluate the chromosome 11 status
in the hybrids and allowed the delineation of three putative
regions that could harbor the responsible differentiation
gene on chromosome 11: 11q25, 11p15.1]p13 and 11p15.3
(De Preter et al., 2005).
Chromosome breakpoint analysis

Apart from the delineation of breakpoints of deleted regions and amplicons, array CGH analysis also allowed us to
pinpoint the breakpoints of unbalanced translocations that
result in partial gains and losses. In the absence of karyotypes, the nature of the chromosomal rearrangement leading to these gains and/or losses is difficult to determine. For
cell lines however, karyotypes and (M)-FISH data are available, thus facilitating the interpretation of the array CGH
findings. As mentioned above, gain of 17q represents the
most frequent alteration in high-stage NB and typically results from unbalanced rearrangements with involvement of
various partner chromosomes. Given the frequency and
prognostic importance of 17q gain in NB, we performed array CGH with a chromosome 17 tiling path with an average
resolution of 130 kb on a total of 28 NB cell lines and 69 primary tumors (Vandesompele et al., in preparation). One of
the primary aims was to define a small critical region of gain
in order to facilitate the identification of the genes contributing to NB pathogenesis. In total, twenty-one different
chromosome 17 breakpoint regions were identified at the
BAC level. The most proximal and distal breakpoints
mapped at position 28.58 Mb (17q11.2) and 44.3 Mb
(17q21.32), respectively and no small interstitial gains were
found (Ensembl version 36). Given the fact that we did not
find more distal 17q breakpoints in this series, we hypothesize that one or more critical genes sensitive to a gene dosage effect contributing to neuroblastoma oncogenesis could
be located just telomeric to the region harboring the most
distally located breakpoint at 17q21.32. Data-mining of gene
expression profiles from primary NB tumors for genes located within this presumed critical 1–2 Mb segment allowed
the identification of a number of interesting candidate genes
(De Preter et al., in preparation; Vandesompele et al., in
preparation). Also, we performed an innovative data-mining approach using the L2L (list-to-lists) concept of microarray data analysis which allowed us to compare our expression data of fetal neuroblasts and primary NB with
published microarray gene lists (http://medgen.UGent.be/
NBGS/) (Pattyn et al., in preparation). This provided additional genes of possible interest in NB development.
Breakpoints can be analyzed at an even higher resolution
up to 50 bp to 10 kb. This was illustrated by recent papers
by Selzer et al. (2005) and Stallings et al. (2006) who used
fine-tiling oligonucleotide array CGH in the study of,
amongst others, 17q breakpoints in NB cell lines and primary NB tumors.
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Future challenges for array CGH in NB

The results summarized in this review clearly illustrate
the analytical power of array CGH methods in the study of
genomic imbalances in NB. Array CGH offers a rapid and
detailed genome-wide picture of amplifications, deletions
and gains and, in conjunction with cytogenetic data, allows
high-resolution mapping of unbalanced translocation
breakpoints. An increasing number of studies are now focusing on the combined analysis of gene expression and
DNA copy number alteration profiling data, as also illustrated in this review. This approach will add more power to
the data-mining efforts of the large expression data sets, e.g.
for matching genomic subclasses of tumors with particular
sets of differentially expressed genes and for focusing on
altered gene expression in regions affected by genomic alterations in order to facilitate identification of candidate tumor suppressor genes in the deleted regions or proto-oncogenes in the gained or amplified chromosomal segments.

At the individual patient level, particular patterns of genomic imbalances may have important prognostic predictive value and, therefore, array CGH profiling might become an important aspect of the genetic diagnostic workup
of certain tumors. Currently, the widespread use of this
methodology is prevented by the high costs of the procedure
but it is anticipated that due to further developments and
the huge potential market for these products, array CGH
will become a standard procedure for genome-wide detection of chromosomal imbalances.
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