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Novel risk stratification of patients with neuroblastoma by genomic
signature, which is independent of molecular signature
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Human neuroblastoma remains enigmatic becanse it often
shows spontancons regression and aggressive growth. The
prognosis of advanced stage of sporadic neuroblastomas is
still poor. Here, we investigated whether genomic and
molecular signatures could categorize new therapeutic risk
groups in primary neuroblastomas. We conducted micro-
array-based comparative genomic hybridization (array-
CGH) with a DNA chip carrying 2464 BAC clones to
examine genomic aberrations of 236 neuroblastomas and
used in-house cDNA microarrays for gene-expression
profiling. Array-CGH demonstrated three major genomic
groups of chromosomal aberrations: silent (GGS), partial
gains and/or losses (GGP) and whole gains and/or losses
(GGW), which well corresponded with the patterns of
chromosome 17 abnormalities. They were further classi-
fied into subgroups with different outcomes, In 112
sporadic neuroblastomas, MYCN amplification was
frequent in GGS (22%) and GGP (53%) and caused
serious outcomes in patients. Sporadic tumors with a
single copy of MYCN showed the S-year cumulative
survival rates of 89% in GGS, 53% in GGP and 85% in
GGW. Molecular signatures also segregated patients into
the favorable and unfavorable prognosis groups
(P=0.001). Both univariate and multivariate analyses
revealed that genomic and molecular signatures were
mutually independent, powerful prognostic indicators,
Thus, combined genomic and molecular signatures may
categorize novel risk groups and confer new clues for
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allowing tailored or even individualized medicine to
patients with neuroblastoma.
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Introduction

Neuroblastoma is one of the most common solid tumors
in children. However, its clinical behavior is enigmatic
because the tumor usually regresses spontancously when
developed in patients under 1 year of age, but often
grows rapidly to cause fatal outcomes when developed
as an advanced tumor in patients over the age of 1 year
(Brodeur, 2003; Schwab er al., 2003). Recent nationwide
mass screening (MS) in Japan for discovering neuro-
blastoma at the age of 6 months clearly demonstrated
the presence of a large number of asymptomatic tumors
undergoing spontancous regression (Woods et al., 2002),
which had been suggested by Beckwith and Perrin
(1963). The involvement of TrkA, a high-affinity
receptor for nerve growth factor, in the regression of
neuroblastoma has been suggested; however, the mole-
cular mechanisms of the regressive event still remain
clusive (Nakagawara et al., 1993; Nakagawara, 1998).
On the other hand, the majority of sporadic neuroblas-
tomas are discovered at advanced stages, and their
prognosis is still very poor (Brodeur, 2003; Schwab
et al., 2003). Recently advanced cytogenctic analyses
revealed that given subsets of neuroblastomas with a
favorable prognosis possess the hyperdiploid karyotype
of chromosomes (Look er al., 1984; Tomioka er al.,
2003) and that the other subsets with an unfavorable
prognosis usually possess the diploid or tetraploid
karyotype and often have MYCN amplification, gains
of chromosome arms 1q, 2p and 17q, as well as allelic
losses of chromosome arms Ip, 3p and 11q (Brodeur,
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2003; Schwab er al., 2003). We and other investigators
have previously reported the high accuracy of gene-
expression profiling to predict the prognosis of neuro-
blastoma (Wei er al., 2004; Ohira er al., 2005). However,
the prognostic significance of genomic signatures when
using a high-resolution DNA microarray in primary
neuroblastomas has never been reported. Here, we
applied microarray-based comparative genomic hybri-
dization (array-CGH) to both sporadic and MS-
detected neuroblastomas in order to comprehend their
clinical behavior and found that genomic signatures,
together with molecular signatures, stratified the novel
risk groups in sporadic neuroblastomas.

Results

Patterns of genomic signatures in 236 primary
neuroblastomas

The most prominent feature of 236 primary neuroblas-
tomas (112 sporadic and 124 MS detected) was the
apparent presence of three genomic groups (GGs)
(Figure la, its magnified, high-resolution figures are
also indicated in Supplementary Figures Sla and b): the
group of few chromosomal events (silent, GGS; n=29);
the group of partial chromosomal gains/losses (GGP;
n=177) and the group of whole chromosomal gains/
losses (GGW; n=130) (Supplementary Figures S2a and
b). Correlation analysis revealed that the global feature
(see Materials and methods) was maximally correlated
with the gain of the long arm of chromosome 17
(R=—0.807) and with the gain of a whole chromosome
17 (R=10.75) (Supplementary Table Sla), therefore the
genomic groups GGP and GGW were defined by the
status of aberration, by 17q gain and 17 whole
chromosomal gain occurred in chromosome 17, respec-
tively. They were followed by DNA ploidy (R=
—0.642), loss of chromosome Ip (R=-0.521), MYCN
amplification (R=—0.531), loss of chromosome 1lq
(R=-0.5), low TrkA expression (R=-0.47) and
age= 1-year old (R =-0.466). Even when tested in 112
sporadic tumors, the correlation coefficient was —0.773
in 17q gain, —0.705 in DNA ploidy, —0.598 in 1p loss,
—0.565 in tumor stages, —0.502 in M YCN amplification,
—0.49 in low TrkA expression and —0.458 in age>
1-year old (Supplementary Table S1b). These suggested
that 17q gain was a characteristic and prognosis-related
event in primary neuroblastomas. The percentages of
DNA diploidy or tetraploidy were 83% (15/18), 66%
(33/50) and 18% (17/94) in GGS, GGP and GGW
tumors, respectively (Supplementary Table S2a).

GGS tumors rarely showed chromosomal aberrations
except MYCN amplification in 5 among 29 tumors
(Figure 1b, a high-resolution figure is also indicated in
Supplementary Figure Slc). To date, the presence of the
GGS subgroup with very silent aberrations of the tumor
genome has never been verified definitely. The concern
about the possible dilution of the tumor-cell DNA
content by contamination of stromal cells was cleared
by the detailed examination of GGS tumor specimens

Oncogene

(see Supplementary Figure S2b and Supplementary
Information).

Seventy-seven GGP tumors, which had 17q gain, were
further subgrouped computationally according to the
detailed chromosomal event, the presence and/or
absence of 1p loss and 11q loss, which are characteristic
and MYCN amplification (s, single copy of MYCN; a,
MYCN amplification) (Figures la and b, and see
Supplementary Information). GGP1 tumors were char-
acterized by 1p loss and 17q gain as main aberrations.
GGPla (n=23) was one of the most common GGP
tumors. They showed the diploid karyotype (10/13,
77%) and had MYCN amplification in addition to 1p
loss and 17q gain. Interestingly, GGPls tumors lacking
MYCN amplification (n=6) showed relatively frequent
2p gain, as well as 14q loss, 1q gain, 4p loss and 7p gain
that were rare in GGPla tumors with M YCN amplifica-
tion. GGP2 tumors were characterized by the presence
of both Ip loss and 11q loss, in addition to 17q gain. In
GGP2a, tumors with MYCN amplification (n=4) also
frequently showed 1q gain. GGP3 tumors formed a
group typically characterized by the presence of 11q loss
and 17q gain without 1p loss. Intriguingly, only 1 of 27
GGP3 tumors had MYCN amplification. All GGP4
tumors except one, which presented neither 1p loss nor
11q loss, also had no MYCN amplification. The
percentages of diploidy/tetraploidy in GGP1, GGP2,
GGP3 and GGP4 tumors were 76% (13/17), 75%
(6/8), 76% (13/17) and 13% (1/8), respectively (Supple-
mentary Table S2a).

GGW tumors with whole chromosomal gains and/or
losses, especially with the predominant gain of whole
chromosome 17 (Figure 1b), were mostly the tumors
detected by MS (94/130, 73%; sce Supplementary Table
S2a). The highest incidence of MS-detected neuroblas-
tomas was observed in GGW4s tumors that were purely
composed of whole chromosomal gains/losses. The
DNA ploidy analysis revealed that 82% (77/94) of
GGW wumors were hyperdiploidy. Similarly to GGP
tumors, GGW tumors were categorized into tumors
with the following aberrations: 1p loss (GGW1, n=3);
both Ip loss and 11q loss (GGW2, n=2); 1lq loss
(GGW3, n=11) and without any one (GGW4, n=92).
GGWS tumors (n= 20) formed a group of tumors with a
low frequency of chromosome 17 on the BAC array.
Like chromosome 17, chromosomes 6 and 7 were
frequently gained in GGW tumors. MYCN amplifica-
tion was observed in only three tumors belonging to
GGW4 or GGWS (3/112, 2.7%).

Genomic signatures and clinical outcomes

Genomic signatures of neuroblastomas unveiled pre-
viously unknown relationships between genetic sub-
group and patient prognosis (Figure 1b). The greatest
surprise was the difference in the 5-year survival rates
between the GGSa (0%, n=>35) and GGSs (91%, n=24)
subgroups (P<0.001). The other MYCN-amplified
tumor subgroups, GGPla (n=23), GGP2a (n=4) and
GGWa (n=13), also showed very poor survival rates of
42, 0 and 0%, respectively. On the other hand, GGWs
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