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Neuroblastoma is an aggressive embryonal tumor that accounts for ~15% of childhood cancer deaths. Hitherto, despite the

availability of comprehensive genomic data on DNA copy number changes in neuroblastoma, relatively little is known about the

genes driving neuroblastoma tumorigenesis. In this study, high resolution array comparative genome hybridization (CGH) was

performed on 188 primary neuroblastoma tumors and 33 neuroblastoma cell lines to search for previously undetected recurrent

DNA copy number gains and losses. A new recurrent distal chromosome 1q deletion (del(1)(q42.2qter)) was detected in seven

cases. Further analysis of available array CGH datasets revealed 13 additional similar distal 1q deletions. The majority of all

detected 1q deletions was found in high risk 11q deleted tumors without MYCN amplification (Fisher exact test p5 5.613

1025). Using ultra-high resolution (~115 bp resolution) custom arrays covering the breakpoints on 1q for 11 samples, clustering

of nine breakpoints was observed within a 12.5-kb region, of which eight were found in a 7-kb copy number variable region,

whereas the remaining two breakpoints were colocated 1.4-Mb proximal. The commonly deleted region contains one miRNA

(hsa-mir-1537), four transcribed ultra conserved region elements (uc.43-uc.46) and 130 protein coding genes including at least

two bona fide tumor suppressor genes, EGLN1 (or PHD2) and FH. This finding further contributes to the delineation of the

genomic profile of aggressive neuroblastoma, offers perspectives for the identification of genes contributing to the disease

phenotype and may be relevant in the light of assessment of response to new molecular treatments.

Neuroblastoma (NB) is the most common extracranial solid
tumor in children and arises from sympathetic neural crest
progenitor cells.1,2 In contrast to pediatric leukemias for which
survival rates have dramatically increased over the past deca-
des, the overall survival in high risk NB subgroups is still dis-

appointingly low.1 Understanding the molecular pathology of
NB can open the way to more efficient and less toxic targeted
therapies. Recent advances in the genomic characterization of
various malignancies including NB have already shown that
the identification of causal genes and perturbed pathways in
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tumors can pave the way toward innovative therapies such as
Gleevec,3 Erlotinib4 and Nutlin.5 As was recently illustrated by
the case of increased proliferative effect of BRAF-selective
inhibitors in RAS mutant melanomas,6 in depth knowledge of
pathway signaling in relation to the comprehensive genomic
profile of individual tumors may be required prior to adminis-
trating drugs for targeted therapy. Detailed molecular portraits
through high density genomic DNA arrays and genome wide
mutation profiles will aid in understanding the molecular basis
of individual responses to new molecular therapies. While
whole genome sequencing efforts for NB are underway, DNA
copy number analyses have already provided an extensive
insight into the genetic heterogeneity of NB. Overall, based on
genomic profiles, the majority of NB samples can be grouped
into three major subtypes linked to prognosis7–10: Subtype 1
consisting of mainly numerical aberrations with favorable
prognosis; Subtype 2A with 17q gain and 11q loss, often in
combination with a 3p loss but without MYCN amplification
and Subtype 2B with MYCN amplification, 1p deletion and
17q gain. The latter two subtypes are associated with an unfav-
orable prognosis. Furthermore, higher resolution array CGH
analyses have also uncovered the presence of additional focal
recurrent DNA copy number alterations affecting genes impli-
cated in the MYCN pathway, apoptosis and differentiation
(Kumps et al., unpublished data).

As a result of our search for new recurrent DNA copy
number alterations in NB, we discovered a previously unno-
ticed recurrent distal chromosome 1q deletion. This deletion
occurs predominantly in high risk MYCN single copy NB
with 11q deletions. Interestingly, breakpoint analysis using
ultra-high resolution array CGH showed that in eight out of
11 cases breakpoints clustered to a 7-kb copy number variable
region indicating that the underlying genomic architecture
may have triggered the formation of this recurrent intrachro-
mosomal 1q rearrangement. The deleted region encompasses
multiple gene loci including several tumor suppressor genes.

Material and Methods
Primary NB tumors and cell lines

A cohort of 188 primary NB tumors (54 samples from Ghent
University Hospital, Belgium; 33 samples from the Medical
School of Valencia, Spain; 101 samples from Essen University
Children’s Hospital, Germany) and an additional panel of 33
NB cell lines were included in this study. Clinical and
genomic information regarding these samples is summarized
in Supporting Information Table 1.

DNA isolation

DNA was isolated from all primary tumors and cell lines
using the QIAamp DNA mini kit (Qiagen), as specified in
the manufacturer’s protocol.

Array CGH analysis

All samples were profiled on a 44 or 60 K custom designed
oligonucleotide array platform (157 samples and 64 samples,

respectively). These arrays were selectively enriched for
genomic regions known to be recurrently implicated in NB,
such as 1p, 2p, 3p, 11q and 17. Furthermore, oligonucleotides
encompassing miRNA loci and transcribed ultraconserved
region elements (T-UCRs), as well as cancer gene census
genes and genes from the Neuroblastoma Gene Server Data-
base (http://medgen.ugent.be/NBGS/; Pattyn et al., unpub-
lished data) were added to the custom array.

A specific ultra-high density array was designed, contain-
ing 47,091 probes within a 5.4 Mb segment surrounding the
distal 1q deletion breakpoint, creating a resolution of �115
bp. Eleven tumors with a distal 1q deletion were profiled on
this platform, to further delineate the breakpoint regions.

An ultrahigh resolution 1M array platform (�3-kb resolu-
tion) was used for the profiling of the NB cell line SK-N-FI.

The array CGH analysis was performed by hybridizing
400, 200, or 1,000 ng (for 44K, 60K or 1M array, respec-
tively) of tumor DNA against an equal amount of control
human reference DNA (male promega control DNA, male
EBV99 cell line DNA or female EBV411 cell line DNA, see
Supporting Information Table 1), after random primer label-
ing with Cy3 and Cy5 dyes (Perkin Elmer). The proceeding
steps in the hybridization protocol were done according to
the manufacturer’s instructions (Agilent Technologies). After
scanning (G2505C Agilent scanner, Agilent Technologies)
and extraction of the features (feature extraction v10.1.1.1
software), further processing of the data included the circular
binary segmentation algorithm (CBS),11 for the delineation of
the chromosomal gains and losses, and the wave correction
algorithm,12 both of which are implemented in the in-house
developed array CGH software arrayCGHbase (http://medge-
n.ugent.be/arraycghbase).13 For the array profiles generated
on the 1M and custom 1q platform the wave correction algo-
rithm was not implemented.

All array CGH data are made available at http://medgen.u-
gent.be/arraycghbase/ (login guest, password guest). All base
pair positions are referring to human genome build 36 (hg18).

Data mining and statistical analysis

After extraction of wave corrected CBS ratio values from
arrayCGHbase, the statistical software R (2.10.0) was used to
automate the identification of recurrent and/or frequent aber-
rations and to perform statistical analysis on the obtained
data. Fisher exact test was used to determine the association
of the 1q deletion with clinical and genomic parameters.
Kaplan–Meier curves were plotted for the visualization of
survival data for the different NB subtypes. Survival data
from 177 of the patients from our cohort (of which 6 with
1q deletion) were available for these survival analyses. A cut-
off log2 value of -0.3 or 0.3 was implemented for the identifi-
cation of losses or gains, respectively.

Fluorescence in situ hybridization (FISH)

Fluorescence in situ hybridization was performed on the SK-
N-FI cell line, to confirm the distal 1q deletion. Two probes
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proximal to the deletion breakpoint (RP11-379G13, RP11-
118A16), and two probes distal to the breakpoint (RP11-
27F05, RP11-641H04) were cohybridized with a Chromo-
some 1 specific probe (CEP 1; Abbott Laboratories, IL). FISH
analysis was performed as described previously.14

Multiplex FISH (M-FISH) was performed on the SK-N-FI
cell line as described previously.15

DNA sequencing

For two candidate tumor suppressor genes residing in the 1q
deletion region, FH (fumarate hydratase) and EGLN1 (EGL
nine homolog 1, also referred to as PHD2, prolyl hydroxylase
domain 2), mutation analysis of the coding exons was per-
formed on genomic DNA of 32 NB cell lines and 9 primary
tumors. Part of the first exon of EGLN1 could not be ampli-
fied due to the presence of a GC rich region. Unidirectional
Sanger sequencing was performed using an ABI3730XL
sequencer (Applied Biosystems). Analysis of the results was
performed with the Sequence Scanner v1.0 software (Applied
Biosystems). The sequence of the primers that were used for
this sequencing analysis can be found in Supporting Informa-
tion Table 2.

mRNA expression analysis

A previously published gene expression dataset
(GSE21713),16 including a part of the samples profiled in this
study, was used for the Spearman correlation analysis
between copy number and expression of the genes in the 1q
deleted region. In addition, specific expression analysis of the
H2AFX gene for the different NB subgroups was performed
on this dataset.

This dataset consists of 101 NB tumor samples of which
five have distal 1q deletion.

miRNA expression analysis

Expression profiling was performed for hsa-mir-1182, a
microRNA in close proximity of the breakpoint, and hsa-
mir-1537, a miRNA residing in the distal 1q deletion region,
using TaqMan microRNA assays as described earlier.17,18 A
total of 34 NB tumor samples with different stages were
selected including four 1q deleted primary tumors as well as
the SK-N-FI cell line with 1q deletion (Supporting Informa-
tion Table 3).

In silico breakpoint analysis

In silico sequence analysis was performed to find sequence
similarities between the distal 1q region encompassing the
two breakpoint clusters and the surrounding region. The telo-
meric subsequence of Chromosome 1 from base position 225
904 200 (2-Mb upstream of the proximal breakpoint cluster)
to 231 333 895 (2-Mb downstream of the distal breakpoint
cluster) was retrieved from the human genome build 36
(hg18). The sequence was aligned part by part (every 10 bp)
to the entire part of the genome under study, in this case the

5.4-Mb region, whereby exact matches were excluded. The
results of these self-alignments within this region were then
summarized for every 1 kb window and visualized using the
Gepard software.19

Results
A new rare recurrent deletion encompassing the most distal
part of the long arm of Chromosome 1, del(1)(q42.2qter),
was detected in 6 primary tumors (6/188, 3.2%) and one cell
line (SK-N-FI, 1/33, 3.0%) (Fig. 1, Supporting Information
Fig. S1). For six out of seven deletions, the breakpoints were
identical at 10-kb resolution. The deletion was confirmed in
SK-N-FI by FISH analysis and on a high resolution 1M array
(Fig. 1, Supporting Information Fig. S2), whereas M-FISH
excluded the presence of a balanced chromosomal rearrange-
ment affecting 1q, at least at this resolution (data not shown).
To further delineate the genomic characteristics of these 1q
deletions and the clinical features linked to these tumors, we
collected three additional cases from an unpublished inde-
pendent tumor series analyzed with the same platform (3/
113, 2.7%). Furthermore, we screened previously published
datasets20–22 to look for the presence of this particular rear-
rangement, yielding 10 additional cases with a similar
1q42.2-1qter deletion (for details see Supporting Information
Table 4). Overall, the frequency of 1q deletions across these
five tumor sample sets was 2.8% (19/679).

Investigation of the clinical and genomic features of the
tumors carrying this particular deletion showed a significant
association with high stage (p ¼ 0.003) and the majority of
1q deleted tumors also exhibited 11q deletions (13/19 tumors
with 1q deletion versus 154/657 tumors without 1q deletion;
p ¼ 5.61 � 10�5). This pointed out that 8% of 11q deleted
tumors presented with a cooccurrence of the distal 1q dele-
tion. Other genomic features significantly enriched amongst
the distal 1q deleted samples are proximal 1q gain in 9/19
cases (p ¼ 5.29 � 10�5; Supporting Information Fig. S3) and
19q deletion in 9/19 (p ¼ 5.51 � 10�6) cases (for detailed
statistics, see Table 1, Supporting Information Table 5).
Within the 11q deleted high risk group, there was no signifi-
cant difference in survival between samples with or without
the 1q deletion (Supporting Information Fig. S4).

Breakpoint analysis at intermediary resolution level revealed
a similar genomic localization in 5 out of the 13 additional cases
compared to the cases profiled on our 44K/60K oligonucleotide
array platform. In three remaining cases, breakpoints were
positioned in a region ranging from 0.8 to 2.1 Mb proximal to
the recurrent breakpoint, whereas for the other five samples no
base pair positions of the breakpoints were available. Next, an
ultrahigh density oligonucleotide array platform, covering the
breakpoint on 1q was designed to perform a more detailed
breakpoint analysis on 11 cases (see Supporting Information
Table 4). This approach enabled us to fine map the breakpoint
in each of these samples near to base pair level. Nine break-
points clustered to a ‘‘hotspot’’ region within a 12.5-kb segment
(genomic positions 229321385–229333895) whereas the
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remaining two breakpoints were colocated 1.4-Mb proximal to
this hotspot (genomic positions 227904200–227987941) (Fig. 2,
Supporting Information Table 4). At this level of resolution,

two pairs of identical breakpoints were found, situated between
genomic position 229322024–229322239 and 229323891–
229324551.

Table 1. Distribution of clinical parameters (stage, age) and primary genomic alterations (MYCN amplification, 11q and 19q deletion and 1q
gain) for the total patient cohort analyzed in this study

All samples
Samples with distal
1q deletion

Samples without distal
1q deletion

p-value
(Fisher exact test)

Number (%) 677 19 (3) 658 (97)

Tumor stage 651 19 632

1, 2, 4S 233 (36) 1 (5) 232 (37) 0.003

3, 4 418 (64) 18 (95) 400 (63)

Age 499 13 486

>12 months 340 (68) 12 (92) 328 (67) 0.071

<12 months 159 (32) 1 (8) 158 (33)

MYCN status 677 19 658

MYCN amplification 155 (23) 1 (5) 154 (23) 0.092

MYCN single copy 522 (77) 18 (95) 504 (77)

11q status 676 19 657

11q deletion 167 (25) 13 (68) 154 (23) 5.61 � 10�5

No 11q deletion 509 (75) 6 (32) 503 (77)

1q status 676 19 657

Proximal 1q gain 74 (11) 9 (47) 65 (10) 5.29 � 10�5

No proximal 1q gain 602 (89) 10 (53) 592 (90)

19q status 676 19 657

19q deletion 57 (8) 9 (47) 48 (7) 5.51 � 10�6

no 19q deletion 619 (92) 10 (53) 609 (93)

p-values were calculated using the Fisher exact test.

Figure 1. Array CGH profile of Chromosome 1 of the NB cell line SK-N-FI using the ultra-high resolution 1M oligonucleotide array platform.

The deletion is evident at the distal end of the q-arm, preceded by a proximal 1q gain. The white lines on the tumor profile represent the

CBS segments.
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The observed breakpoint hotspot prompted us to search
for evidence for a possible underlying genomic structure driv-
ing the formation of these recurrent deletions. To this end, in
silico analysis of the genomic region covering and flanking
these breakpoints was performed. No segmental duplications
were found in this region based on the most recent human
genome assemblies (hg18 and hg19). Interestingly, 8 out of
11 breakpoints map to a 7-kb copy number variable region
(chr1:229320471–229327610, hg18) recently detected by
Sudmant et al.23 in 159 human genomes sequenced using the
Illumina platform. Using read-depth, the copy number of
this region was detected as variable and contains between 3
and 5 copies in the genomes of different individuals. The
human reference genome (hg18) contains this region dupli-
cated five times based on read-depth analyses,24 although no
segmental duplications were detected by WGAC (whole ge-
nome assembly comparison) and Celera WSSD (whole ge-
nome shotgun sequence detection) analyses (Supporting In-
formation Fig. S5). No copy number variable region could be
detected in the region of the more proximal breakpoint clus-
ter by this analysis, but we noted the presence of several
LINE repeats and sequence similarities in the regions of the
two breakpoint clusters detected (Supporting Information

Fig. S6), thus possibly also rendering this particular region
more prone to rearrangement.

The commonly deleted segment, defined by the most dis-
tal breakpoint, is 17.9 Mb in length and contains a total of
130 protein coding genes including a cluster of 27 olfactory
receptor genes as well as one miRNA (hsa-miR-1537) and
four T-UCRs (uc.43–uc.46). In the deletion interval, there
were a total of 18 prioritized dosage sensitive genes identified,
based on Spearman’s correlation coefficient analysis for DNA
copy number alterations and gene expression levels (p-value
< 0.05). These dosage sensitive genes were further prioritized
by selecting for genes with a fitSNP value larger than 0.55,
which is indicative for genes that are more likely to harbor
disease-associated variants.25 Furthermore, inclusion in the
NB gene server (NBGS database; Pattyn et al., unpublished
data) was also taken into account (Supporting Information
Table 6). Fumarate hydratase (FH), a gene involved in fami-
lial hereditary leiomyomatosis and renal cell cancer26 and
with a known role in hypoxia, is one of these 18 genes.
Mutation analysis of this gene in 32 NB cell lines and 9 pri-
mary NB tumors revealed one exonic mutation (p.Y491H),
two intronic mutations of which one is initiating a start
codon and three variants in the 30UTR, possibly changing the

Figure 2. Schematic representation of the genomic position of the 11 chromosome 1q breakpoints as determined at a 115 bp resolution

on the ultra-high resolution 1q array. The majority of breakpoints were found in the ‘hotspot’ position at position 229.3 Mb (in

chromosome band 1q42.2). The two remaining breakpoints were located at genomic position 227.9 Mb in chromosome band 1q42.13. In

the lower panel of the figure, the detailed positioning of the hotspot breakpoints at genomic position 229.3 Mb is depicted. The light grey

bars represent the most proximal part of the deleted region and the dark grey bars represent the region between the last normal probe and

the first deleted probe. The two pairs of breakpoints marked by * and **, respectively were located at identical breakpoint positions. The

7-kb copy number variable region is shown below on the figure. C
an

ce
r
G
en
et
ic
s

Fieuw et al. 5

Int. J. Cancer: 000, 000–000 (2011) VC 2011 UICC



original binding site for miRNAs (Supporting Information
Table 7). Another interesting gene located in this region,
albeit not dosage sensitive, is EGLN1 (EGL nine homolog 1)
or PHD2 (prolyl hydroxylase domain 2) which was recently
described as a tumor suppressor gene in familial paragan-
glioma and breast cancer.27,28 Mutation analysis in the same
tumor panel revealed only one intronic variant in a NB cell
line (Supporting Information Table 7).

MiRNA expression profiling was performed for hsa-mir-
1537, the microRNA residing in the deletion and hsa-mir-
1182, a microRNA just proximal to the breakpoint, on a
cohort of 35 primary tumor samples, but these miRNAs were
either very low or not expressed in the tested samples.

Discussion
Using high resolution array CGH screening on a large cohort
of NB samples, we identified a rare recurrent 17.9-Mb termi-
nal deletion on distal chromosome 1q (del(1)(q42.21qter)).
Despite previous intensive DNA copy number analyses, this
rearrangement was not previously reported. This may be
explained by the relative low overall frequency of the altera-
tion or by the lower sensitivity of BAC or other low resolu-
tion platforms that were previously used. Interestingly, retro-
spective analysis of selected previously (un)published datasets
allowed identification of a total of 13 tumors with similar 1q
breakpoints.

Upon analysis of the 1q deleted tumors from our series
and the additionally identified cases, it became apparent that
the majority occurred within the high risk NB Subtype 2A,
which consists of 11q deleted tumors without MYCN amplifi-
cation. This is in keeping with the fact that this major
genomic subgroup of NB exhibits a higher number of struc-
tural aberrations as compared to MYCN amplified NB Sub-
type 2B.21,22 It was suggested by the authors that these
tumors exhibit a chromosomal instability phenotype possibly
due to the loss of H2AFX, located on 11q.21 However, we
could not confirm their results regarding the lower expres-
sion of H2AFX in Subtype 2A tumors compared to the other
subtypes, H2AFX mRNA expression levels were higher in
Subtype 2B compared to both Subtypes 1 and 2A tumors, the
latter two showing a similar expression level. Remarkably, the
samples with the 1q deletion had a high expression level,
comparable to the Subtype 2B tumors (Supporting Informa-
tion Fig. S7).

In contrast to previously reported DNA copy number
gains or losses in NB, the present distal 1q deletion break-
points are not scattered but cluster within two defined
genomic regions. In particular, 9 out of 11 breakpoints are
located within a 12.5-kb segment as determined by ultra-high
resolution DNA arrays (�115 bp resolution). In silico analy-
sis of the breakpoint region revealed no segmental duplica-
tions; however, 8 out of 11 breakpoints were mapped to a
7-kb copy number variable region, suggesting a possible role
for the underlying genomic architecture in the increased risk
for double strand break formation.

Two possible candidate tumor suppressor genes located
within the deleted segment are FH (fumarate hydratase) and
EGLN1 (EGL nine homolog 1). Both are bona fide tumor
suppressor genes implicated in familial hereditary leiomyo-
matosis and renal cell cancer (FH)26 and familial paragan-
glioma and breast cancer (EGLN1).27,28 However, mutation
analysis did not reveal further direct evidence for involve-
ment of either of these two genes in our cohort of NB sam-
ples. Therefore further studies are needed to show whether
haplo-insufficiency for both or either of the genes might con-
tribute to the tumor phenotype.

The present finding is important for several reasons. First,
we illustrate that upon analysis of a large tumor cohort with
sufficiently high resolution for DNA copy number detection,
new recurrent alterations can be detected. Such rare recurrent
deletions may point at the presence of important tumor sup-
pressor genes as recently illustrated for PHF6 in T-ALL.29

Currently, exome sequencing is ongoing to search for loss of
function mutations for genes located within the 1q deleted
segment. Second, the occurrence of rare genomic alterations
detected by array CGH may be reminiscent to the low fre-
quency mutations detected in whole genome sequencing proj-
ects. Subsequent data mining has indeed revealed that many
of these apparently orphan mutations can be linked to com-
mon pathways specifically perturbed in particular tumor enti-
ties.30 It can be anticipated that these rare 1q deletions may
contribute to one or more commonly affected signaling path-
ways in NB. This was illustrated in our recent study uncover-
ing DNA copy number alterations affecting multiple up and
downstream components of the MYCN pathway (Kumps et
al., unpublished data). Thirdly, it occurred to us that in addi-
tion to FH and EGLN1, all other tumor suppressor genes pre-
disposing to pheochromocytoma/paraganglioma map into
regions that are commonly deleted in NB, and more specifi-
cally in NB tumors with a distal 1q deletion, such as VHL
(von Hippel-Lindau) on 3p25.3, SDHD (succinate dehydro-
genase complex, subunit D) on 11q23 and SDHB (succinate
dehydrogenase complex, subunit B) on 1p36.13. Remarkably,
these genes encode for consecutive enzymes in the Krebs
cycle (FH, SDHB and SDHD), and are involved in the HIF1A
hypoxia pathway (FH, SDHB, SDHD, VHL, EGLN1). A defi-
ciency of these genes could lead to a stabilization of HIF1A,
possibly leading to a so-called pseudohypoxic drive.31

In conclusion, as mentioned above, access to the detailed
molecular portrait of tumors may turn out to be of critical
importance for understanding responses of individual
patients to new therapeutic strategies and pave the way for
personalized targeted therapy.
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