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Abstract

DDX1, a gene mapping to the 2p24 region, has been observed to be co-amplified with MYCN in neuroblastoma. Co-
amplification of the DDX1 gene is a consequence of the short physical distance between the two genes. Recently, it has
been found that neuroblastoma cells can show a low increase in MYCN gene copy number, defined as MYCN gain.
We studied 13 neuroblastomas with MYCN gain to evaluate the status of the DDX1 gene. We investigated DDX1/MYCN

gain by double-colour FISH on interphase nuclei. All cases showed concomitant low extra copy number of DDX1 and
MYCN. Heterogeneous distribution of nuclei displaying DDX1/MYCN gain was observed in almost all tumours, suggest-
ing a clonal evolution of cells with DDX1/MYCN gain. This is the first report that shows DDX1 co-gained with MYCN in
neuroblastoma and indicates that DDX1 over-representation is closely associated with an increase in MYCN copy number
in neuroblastoma cells. Since DDX1 has already been found co-amplified with MYCN, DDX1 gain seems to be a further
rearrangement due to the physical proximity of the two genes. Moreover, all patients with DDX1/MYCN gain show a good
overall survival but a high frequency of adverse events.
� 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Neuroblastoma (NB) is the most common extra
cranial solid tumour in children below the age of 5
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years. This tumour shows a great clinical and genetic
heterogeneity [1]. Extra copies of the MYCN onco-
gene, which maps to the chromosome 2p24.3 region
[2,3], have been detected in 20–30% of NB [4–6]. An
increase in MYCN copy number ranging between 4
and over 100 (per haploid genome) is defined as
MYCN amplification [2,7–9] whereas an increase from
one to 4, relative to the number of chromosome 2, has
been described as MYCN gain [9]. MYCN gain has
recently been observed in about 6–8% of neuroblasto-
mas [10–12]. MYCN amplification is associated with
more aggressive tumours and is a strong marker of
poor prognosis [4,13,14] whereas the meaning of
MYCN gain remains to be clarified. MYCN amplifica-
tion is frequently associated to MYCN over-expres-
sion [15] although the role of increased MYCN

expression is still controversial [16]. The size of MYCN

amplicon ranges from 100 to 1.500 kb [17] supporting
the hypothesis that additional genes mapping in that
region can be involved in the amplification process
contributing to tumour growth.

In a recent paper, Weber et al. [18] demonstrated
that more than one gene located at 2p24–25 can be
co-amplified with MYCN in human neuroblastoma
and that the frequency of gene amplification directly
correlates to the physical distance from MYCN.
DDX1 (DEAD/H-BOX1) is one of the MYCN co-
amplified genes; it maps to 2p24.3, 340 kb distal
from MYCN and belongs to a family of genes that
encode DEAD box proteins, putative ATP-depen-
dent RNA helicases [19–21]. It has been shown to
act as an oncogene but its biological function is still
unexplained [22]. DDX1 gene has been observed co-
amplified with MYCN in human neuroblastoma cell
lines and in 50–70% of MYCN amplified NB pri-
mary tumours [23–28]. DDX1 amplification corre-
lates with increased mRNA expression in primary
tumours [24,18] as well as in cell lines [23,17]. The
prognostic significance of MYCN/DDX1 co-amplifi-
cation is still controversial [18,29,30].

Since DDX1 and MYCN are closely located and
are co-amplified in neuroblastoma, we investigated
the status of the DDX1 gene in tumours with
MYCN gain from patients with neuroblastoma.

Here,wereport thefirstevidenceofDDX1andMYCN

co-gain in neuroblastoma cells of primary tumours.

2. Materials and methods

From January 2003 to June 2005, 313 primary neu-
roblastomas from patients enrolled in the Italian Neuro-
blastoma Registry (INBR) were studied by fluorescence

in situ hybridisation (FISH) to evaluate MYCN gene sta-
tus. Informed consent for biological studies was obtained
before collection of the samples. Fifty cases (16%) showed
MYCN amplification, whereas 30 (9.6%) had MYCN

gain. Given the poor availability of tissue from primary
or metastatic tumours at the time of onset of the disease,
we studied the status of DDX1 in 13 cases out of the 30
showing MYCN gain. Expression analysis of MYCN

and DDX1 was carried out for five cases available for
RNA extraction. Clinical data have been collected to eval-
uate overall survival (OS) and event free survival (EFS).

2.1. Tumour histology

Tumours were classified according to the pathologic clas-
sification of the International Neuroblastoma Pathology
Committee (INPC) [31]. In 11 cases tissue was available from
primary tumours whereas in two cases material was obtained
from metastatic sites (lymph node). All but one tumour were
classified as neuroblastoma, Schwannian-stroma poor,
poorly differentiated. One was classified as ganglioneuro-
blastoma, nodular classical with a poorly differentiated neu-
roblastomatous nodule. Tumour cell content of the samples
utilised to study MYCN and DDX1 status was determined
histologically on the specular half of each sample.

2.2. FISH analysis

Double-colour FISH was performed on interphase
nuclei using Chromosome 2p24 (MYCN)/Alphasatellite 2
Cocktail Probe (Qbiogene, France) and Chromosome 2
a-Satellite (D2Z) (Oncor Appligene, Illkirch, France) for
MYCN gene copy number detection and BAC (RP11-
422A6) for DDX1 gene copy number detection. Commer-
cial probes were handled according to the manufacturer’s
recommendations. The DDX1 probe was labelled by Bio-
tin-16-dUTP, and FISH was carried out as previously
described [32]. For simultaneous detection of MYCN and
DDX1 genes, cosmid pNB101 and BAC (RP11-422A6)
were directly labelled with CyTM3-dUTP and FluorXTM

dCTP (Amersham Pharmacia, UK), respectively. For each
tumour and probe combination we surveyed at least 200
nuclei. MYCN gain has been also confirmed by the use of
N-MYC/LAF cocktail probe (2p24-2q11) (Qbiogene,
France) (data not shown). As recommended by the Euro-
pean Neuroblastoma Quality Assessment (ENQUA)
group, MYCN amplification was defined as a 4-fold or
greater increase in MYCN signals in relation to the number
of chromosome 2, whereas a copy increase up to 4-fold was
defined as MYCN gain [33].

2.3. RT-PCR

The expression analysis was performed on five avail-
able NB samples. Total RNA was isolated from NB sam-
ples and from two cell lines (MYCN amplified SK-N-BE
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