to the presence or absence of MYCN amplification.
Figure 3a shows that the 5-year survival rates of patients
with GGSs (n=18), GGWs (n = 33) and GGPs (n=25)
tumors were 89, 85 and 53%, respectively, whereas those
of patients with GGSa (n=S5), GGWa (n=3) and
GGPa (n=28) tumors involving MYCN amplification
were 0, 33 and 34%, respectively (Figure 3b). We then
further examined the survival curves of patients with
MYCN-nonamplified tumors in young (< 1-year-old)
and old (= 1-year-old) patients. Figure 3¢ shows the 5-
year survival rates of 88, 86 and 67% in GGWs (n = 24),
GGSs (n=7) and GGPs (n=3) tumors, respectively,
among young patients, whereas they were 76, 91 and

Table 1 Five-year overall survival rates of the patients with each
genomic subgroup of sporadic neuroblastomas

N 5-Year OS (%)
GGS
GGSa 5 0
GGSs 18 89
GGP
GGPla 22 44
GGPls 2 0
GGP2a 4 0
GGP2s 5 40
GGP3a i 0
GGP3s 135 59
GGP4a 1 0
GGP4s 3 67
GGW
GGWla 0 —
GGWils 0 —
GGW2a 0 —
GGW2s 1 100
GGW3a 0 —
GGW3s 3 100
GGWda 1 0
GGWds 23 87
GGWSa 2 50
GGW5s 6 67

Abbreviations: GGP, partial chromosomal gains/losses genomic
group; GGS, silent genomic group; GGW, whole gains and/or losses
genomic group; OS, overall survival rate.

a Sporadic neuroblastomas
(n=112)

Gaw (n=36) | . .

68%

0.8

0.6

0.4 = 43%

Survival probability

0.2

0
0 24 48 72 96

Months after diagnosis
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51% in GGWs (n=9), GGSs (n=11) and GGPs
(n=22) tumors, respectively, among old patients
(Figure 3d). The former pattern was similar to that in
MS-detected tumors, which had high percentages of
GGW tumors, whereas the latter contained high
incidences of GGP tumors.

Segregation of the prognosis of sporadic neuroblastomas
with a single copy of MYCN by genomic and molecular
signatures

Recently, we have generated a clinically useful cDNA
microarray carrying 200 genes that predicts the prog-
nosis of neuroblastomas with an accuracy rate of 89%
(Ohira et al., 2005). The univariate analysis of 112
sporadic neuroblastomas showed that both genomic
signatures (GGP vs GGW+GGS, P=0.003) and
molecular signatures (posterior value<0.5 vs =0.5,
P<0.001) were highly significant prognostic indicators,
like other variables including age (P=0.006), stage
(P<0.001), tumor origin (P=0.001), TrkA expression
(P=0.004), Shimada classification (P<0.001) and
MYCN amplification (P<0.001; Table 2). In addition,
genomic signature was a prognostic factor independent
from molecular signature, age and tumor origin,
although it showed no prognostic significance when
stage, Shimada classification, or MYCN amplification
was controlled (Table 2). Even in sporadic neuroblas-
tomas with a single copy of MYCN, the highest
significance according to the univariate analysis was
given to molecular signature (P=10.002), followed by
tumor origin (P=0.006) and genomic signature
(P=0.010; Table 2). The multivariate analysis also
showed that genomic signature was a prognostic
indicator independent from molecular signature or
tumor origin (Table 2). As shown in Figure 4, our in-
house expression microarrays segregated the survival
curves of patients with sporadic tumors lacking M YCN
amplification (GGSs + GGPs + GGWs) into the favor-
able (94%, n=17) and unfavorable (42%, n=13)
prognosis groups (P =0.001).

b Mass-screening detected

neuroblastomas (n=124)
GGW (n=04) GGS (n=6) o,

wran . 100%

96%

1 o

GGP (n=24)

© o ©
> ) I o 0]

Survival probability

©
)

0 24 48 72 96
Months after diagnosis

Figure 2 Kaplan-Meier survival curves in three genomic groups (GGS, GGP and GGW) based on array-CGH. (a) Sporadic
neuroblastomas: GGS vs GGP: P=0.109, GGS vs GGW: P=0.320 and GGP vs GGW: P=0.002. (b) Mass screening-detected
neuroblastomas: GGS vs GGP: P=1.000, GGS vs GGW: P=1.000 and GGP vs GGW: P = 1.000.
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a Sporadic neurcblastomas with b Sporadic neuroblastomas with
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Figure 3 Kaplan—Meier survival curves in three genomic groups (GGS, GGP and GGW) of sporadic neuroblastomas based on array-
CGH. (a) Sporadic neuroblastomas with a single copy of MYCN GGS vs GGP: P=0.035, GGS vs GGW: P=0.736 and GGP vs
GGW: P=0.033. (b) Sporadic neuroblastomas with MYCN amplification GGS vs GGP: P=0.104, GGS vs GGW: P=0.156 and
GGP vs GGW: P=10.642. (c) Sporadic neuroblastomas with a single copy of MYCN in patients under 1 year of age GGS vs GGP:
P=1.000, GGS vs GGW: P=0.919 and GGP vs GGW: P=0.412. (d) Sporadic neuroblastomas with a single copy of MYCN in
patients over 1 year of age. GGS vs GGP: P=0.063, GGS vs GGW: P=0.478 and GGP vs GGW: P=0.48].
Discussion in-house microarrays harboring approximately 5340
genes derived from primary neuroblastomas, several
The present array-CGH analysis revealed the whole  candidate genes including CHDS5 at 1p36 (Bagchi et al.,
feature of the genomic abnormality patterns of sporadic ~ 2007) as well as Survivin at 17925 (Islam et al., 2000)
and MS-detected neuroblastomas. The patterns of  were identified as lowly and highly expressed genes in
genomic aberrations in MS-detected neuroblastomas  neuroblastomas with advanced stages, respectively
are similar to those in sporadic tumors, suggesting that  (manuscript in preparation). The amplicon surrounding
they are genetically genuine neuroblastomas which are  the MYCN locus was ranged from 2.4 Mb proximal
similar to sporadic tumors found in patients under 1 (G14110) to 5Mb distal (D2S5387) of MYCN itself and
year of age. Indeed, both of them have a high tendency  gains were further extended to wider range, from 2pter
to regress spontaneously. The exceptions we found are  to 2pll.
that the incidence of GGPs tumors is relatively higher in To date, the presence of the GGS subgroup with very
MS-detected tumors than in sporadic tumors found  silent aberrations of the tumor genome has never been
among young patients and that their clinical outcome is  verified definitely. The distribution of GGS tumors is
very good. very unique; namely, they are present in both MS
BAC array-based aCGH analyses have defined  detected and sporadic tumors removed from the patients
several minimal critical regions of gains and losses in  under 1 year of age. They are also found in tumors
Ip, 2p and 11q. These included minimal losses in 1I0Mb  obtained from the patients over 1 year of age, and some
regions of 1p36.3 (Ipter to RP11-19901, D1S244) and  of them possess MYCN amplification. Furthermore,
11923 (from RP11-42L18 to RP11-45N4). The 2Mb  GGS tumors mostly show diploid karyotype. These
region in 1p36.2-36.3 detected by a BAC clone RP11-  facts suggest that GGSs tumors might represent
219F4 (D15507) exhibited highest deletion frequency of ~ neuroblastoma at an early stage of carcinogenesis with
32%. By combining the expression data obtained by the  early oncogenic hit(s), which later develop to GGP or
Oncogene
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Table 2 Univariate and multivariate analyses of genomic and molecular signature as well as other prognostic factors in sporadic neuroblastomas
Sporadic NBLs (all cases) Sporadic NBLs (MYCN, single copy)
N P HR CcI N P HR CI
Genomic signature (GGP vs GGW + GGS) 53 vs 59 0.003 2.59  (1.36, 4.90) 25 vs 51 0.010 341 (1.32, 8.82)
Molecular signature (posterior <0.5 vs >0.5) 22vs18 <0.001 11.15 (2.52,4935) 13vs17 0.002 14.05  (1.72, 114.89)
Age (= 1-year old vs <l-year old) 74 vs 38 0.006 2.67 (1.24,5.77) 42 vs 34 0.070 247  (0.88, 6.96)
Stage (3, 4 vs 1, 2, 45) 73vs38 <0001 492 (1.93,12.54) 38vs37  0.038 280  (1.00, 7.88)
Origin (adrenal vs nonadrenal) 72 vs 40 0.001 322 (1.43,7.25) 41 vs 35 0.006 4.59  (1.33,15.85)
TRKA expression (low vs high) 2vs36  0.004 337 (1.36,8.34) 24vs36  0.766 121 (0.34, 4.31)
Shimada (unfavorable vs favorable) 39 vs 37  <0.001 4.54  (1.71,12.07) 14 vs 36 0.668 1.37 (0.33, 5.75)
MYCN (amplification vs single copy) 36 vs 75 <0.001 398 (2.16, 7.35) — — — —
Genomic signature (GGP vs GGW + GGS) 15 vs 25 0.045 2.89  (1.01, 8.30) 8 vs 22 0.031 5.46 (1.09, 27.40)
Molecular signature (posterior<0.5 vs 20.5) 22 vs 18 0.002 7.52  (1.69,33.38) 13vs 17 0.034 7.41 (0.90, 60.87)
Genomic signature (GGP vs GGW + GGS) 53 vs 59 0.048 1.99  (1.05, 3.78) 25 vs 51 0.055 285  (1.10,7.36)
Age (> 1-year old vs <l-year old) 74 vs 38 0.132 1.88  (0.87, 4.06) 42 vs 34 0.549 1.44  (0.51, 4.05)
Genomic signature (GGP vs GGW + GGS) 53 vs 58 0.416 1.34  (0.71, 2.54) 25 vs 50 0.098 2.61 (1.01, 6.76)
Stage (3,4 vs 1, 2, 45) 73 vs 38 0.005 4.06 (1.60, 10.34) 38 vs 37 0.496 1.56  (0.56, 4.40)
Genomic signature (GGP vs GGW + GGS) 53 vs 59 0.012 2.23  (1.18,4.23) 25 vs 51 0.015 3.19 (1.23, 8.26)
Origin (adrenal vs non-adrenal) 72 vs 40 0.006 278 (1.24, 6.26) 41 vs 35 0.008 430  (1.24, 14.88)
Genomic signature (GGP vs GGW + GGS) 41 vs 47 0.079 2.17  (0.96, 4.95) 18 vs 42 0.050 375  (1.06, 13.33)
TRKA expression (low vs high) 52 vs 36 0.078 2.34  (0.95, 5.79) 24 vs 36 0.727 0.79 (0.22, 2.80)
Genomic signature (GGP vs GGW + GGS) 53 vs 58 0.236 1.53  (0.81, 2.90) e - — -
MYCN (amplification vs single copy) 36 vs 75 <0.001 330 (1.79, 6.08) — — — —
Abbreviations: CI, confidence interval; GGP, partial chromosomal gains/losses genomic group; GGS, silent genomic group; GGW, whole gains
and/or losses genomic group; HR, hazard ratio; N, sample number; NBLs, neuroblastomas; P, P-value.
Sporadic neuroblastomas with a single copy derived from different progenitor cells. It is interesting
of MYCN (n=30) that the clinical outcome is very good for patients with
- T ; " " M YCN-nonamplified GGSs tumors, whereas it is very
1 7 Posterior20.5 (n=17) 1 . bad for patients with GGSa tumors possessing M YCN
0.9t 177" amplification, implying again remarkable impact of
MYCN amplification on the patient’s outcome.
0.8f T The GGP group is characterized by the presence of
= 07t 17qg gain with other chromosomal abnormalities includ-
= ing MYCN amplification, 1p loss and 1lq loss. Since
§ 0.6} . this group of tumors shows multiple chromosomal
= aberrations with partial gains and/or losses, unknown
g 0.5 | Posterior<0.5 (n=13) | causes to induce genomic instability might have
S 04} bbbl | 42% triggered genesis of neuroblastoma in progenitor or
2 stem cells of sympathetic cell lineage (Maris and
L 0.31 P=0.001 1 Matthay, 1999; Nakagawara, 2004). The frequently
02t - ] observed GGP tumors are as follows: GGPla tumors
| . with both 1p loss and M YCN amplification and GGP3s
| 0.1} ] tumors with 11q loss but without MYCN amplification.
‘ . , ‘ _ . The former may belong to a typical MYCN-amplified
00 12 24 36 48 60 72 neuroblastoma (White ef al, 1995) with a 5-year
Months after diagnosis cumulative survival rate of 42% in our series, whereas
- . . . the latter to the so-called intermediate type tumor
igure 4 Kaplan—Meier survival curves of sporadic neuroblasto- . . !
mas with a single copy of MYCN according to the molecular (Srivatsan et al., 1993; Attiyeh et al., 2005) with the rate
signature. Gene-expression profiling segregated patients into the of 75%. In GGP tumors, it is obvious that MYCN
favorable (posterior score>>0.5) and unfavorable (posterior scor- amplification has the most powerful impact on the
e<0.5) prognosis groups (P=0.001). The posterior score denotes patient prognosis. Interestingly, among the GGPs
?Oomr:lzl};llth;()g?;em would show good outcome after 5 years tumors lacking MYCN amplification, 1p loss and 1lq
’ loss seem to similarly affect the prognosis. However,
GGW tumors. Since MS did not decrease the incidence =~ GGP2s tumors with both 1p loss and 11q loss show
of sporadic neuroblastomas (Brodeur et al., 2001; Levy, poorer prognosis in an additive manner. The similar
2005), GGSs tumors in young and old patients might be  additive effect has also been observed in GGPla (42%
Oncogene
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survival) and GGP2a (0% survival) with MYCN-
amplified tumors. These suggest that Ip loss and 1lg
loss may independently affect the outcomes of neuro-
blastoma. Interestingly, one of the main characteristics
of the M YCN-amplified tumors found in the long-term
survivors is a lack of 11q loss (Supplementary Figure
S4), corresponding to the observation that the high
percentage of S-year survival rate is shown in the
GGPla group with 1p loss but without 11q loss.

GGW neuroblastoma has a favorable prognosis, as
reported (Vandesompele et al., 1998). Since the pattern
of chromosomal aberrations is represented by whole
chromosomal gains and/or losses, mitotic dysfunction
during the cell division cycle in progenitor or stem cells
might have generated neuroblastoma (Maris and
Matthay, 1999; Nakagawara, 2004). Interestingly, lp
loss or 11q loss in a minor population of GGWs tumors
(GGW1s and GGW3s) seems not to affect the
prognosis.

The presence of different patterns of genomic aberra-
tions like GGS, GGP and GGW may reflect differences
in stem or progenitor cells targeted to generate different
genetic subsets of neuroblastomas. Although carcino-
genic events to cause neuroblastomas may occur
sequentially (Tonini, 1993), our serial analyses of six
paired primary and recurrent tumors interestingly
suggest that the major genetic events, for example,
MYCN amplification, 1p loss, 11q loss and 17q gain,
could occur not always in order during tumor progres-
sion (Supplementary Table S3).

Thus, the genomic signatures presented here success-
fully categorized new prognostic subgroups of neuro-
blastomas. The rather consistent patterns of genomic
abnormalities provide reliable information to under-
standing of the genetic bases which underlie the clinical
phenotypes of neuroblastomas with different survival
rates. However, the pattern of genomic abnormalities
may often lack biological significance affecting the
clinical behavior of individual tumors. The gene-
expression profile well reflects the biology of individual
tumor. Therefore, establishment of the combined
system of both genomic and molecular signatures is
ideal for predicting the prognosis of individual patients
with neuroblastoma. The present study has clearly
shown that genomic and molecular signatures are
independent prognostic indicators and suggests that
an expression microarray could compensate for the
relevant lack when used only genomic signature. In
conclusion, combined genomic and molecular signa-
tures may be clinically useful for constituting an ideal
system to categorize and even individualize each tumor,
which may make tailored medicine of neuroblastoma
possible.

Materials and methods

Fatients, tissue specimens and DNA/RNA resources

Tumor specimens were collected from 236 patients who had
undergone biopsy or surgery at various institutions in Japan
(see Supplementary Information). They included 112 sporadic
and 124 MS-detected neuroblastoma specimens. All tumors
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were histopathologically diagnosed as neuroblastoma or
ganglioneuroblastoma and were staged according to the
International Neuroblastoma Staging System (Brodeur et al.,
1993). Informed consent was obtained at each institution or
hospital. The procedure of this study was approved by the
Institutional Review Board of the Chiba Cancer Center
(CCC7817). Patients were treated by the standard protocols
(Kaneko et al., 2002; Iehara er al., 2006) in Japan between
1995 and 2003. All MS-detected tumors were diagnosed
between 6 and 8 months after birth by measuring urinary
catecholamine metabolites in Japan (Sawada er al, 1984).
Fresh neuroblastoma tissues removed during surgery were
stored at —80°C. MYCN copy number, TrkA mRNA
expression and DNA ploidy were measured as reported
previously (Islam ez al., 2000).

Microarray-based comparative genomic hybridization

A chip carrying 2464 BAC clones prepared by ligation-
mediated PCR, which covers the whole human genome at
roughly 1.2-Mb resolution (Snijders et al., 2001; Albertson
et al., 2003), was used. The 500-ng aliquots of tumors and
reference DNAs were labeled by random priming with each
Cy3-dCTP and Cy5-dCTP (Amersham Pharmacia, Piscat-
away, NJ, USA). Hybridization was performed as previously
reported (Pinkel er al., 1998). UCSF Spot and UCSF Sproc
programs to analyse values for spotted clones (Jain ez al., 2002)
were used. All array-CGH data are available at NCBI Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/)
with accession number GSE 5784,

cDNA microarrays

In-house cDNA microarrays, carrying 5340 cDNAs obtained
from the oligo-capping cDNA libraries generated from
anonymous neuroblastoma tissues (Ohira et al., 2003, 2005),
were used. Preparation of RNA, hybridization, reading of
spots and statistical analyses were conducted as reported
previously (Ohira et al., 2005). Gene-expression profile data
described in this study is available at NCBI GEO with
accession number GSE 5779.

Statistical analysis

The fluorescence ratio for each array CGH spot was normal-
ized and rescaled into estimated copy number aberrations of
each clone according to the comb-fit method (Oba et al., 2006;
see also Supplementary Figure S2a). Chromosomal events
were detected by locally smoothing variations in copy number
aberrations of clones on a chromosome and by applying
threshold rules (see Supplementary Figure S2a and Supple-
mentary Information for more detail). The numbers of whole
chromosomal events, Nw and of partial chromosomal events,
Np, were counted for 22 + 2 chromosomes in every specimen,
and the scatter plot in the Nw—Np plane exhibited apparent
three clusters: whole differential dominant (Nw > Np), partial
differential dominant (Nw<Np) and silent (Nw~0, Npx0)
(Supplementary Figure S2b). To discriminate whole differen-
tial dominant from partial differential dominant, we defined a
‘global’ feature variable « as computationally evaluated as the
ratio between Nw and Np; when o was small (large), the
sample was likely to be whole (partial) differential dominant
(see Supplementary Information for more detail). A differ-
ential analysis of gene expression was made using standard
t-test with the g-value analysis (Storey and Tibshirani, 2003)
for incorporating a false discovery rate (to deal with multiple
statistical tests). A survival analysis was made based on
Kaplan—Meier and log-rank tests. Univariate and multivariate
analyses were made according to the Cox hazard models.
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Oncogenic mutations of ALK kinase in neuroblastoma
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Neuroblastoma in advanced stages is one of the most intractable
paediatric cancers, even with recent therapeutic advances'.
Neuroblastoma harbours a variety of genetic changes, including a
high frequency of MYCN amplification, loss of heterozygosity at
1p36 and 11q, and gain of genetic material from 17q, all of which
have been implicated in the pathogenesis of neuroblastoma=,
However, the scarcity of reliable molecular targets has hampered
the development of effective therapeutic agents targeting neuro-
blastoma. Here we show that the anaplastic lymphoma kinase
(ALK), originally identified as a fusion kinase in a subtype of
non-Hodgkin’s lymphoma (NPM-ALK)*® and more recently in
adenocarcinoma of lung (EML4-ALK)*", is also a frequent target
of genetic alteration in advanced neuroblastoma. According to our
genome-wide scans of genetic lesions in 215 primary neuroblas-
toma samples using high-density single-nucleotide polymorphism
genotyping microarrays''", the ALK locus, centromeric to the
MYCN locus, was identified as a recurrent target of copy number
gain and gene amplification. Furthermore, DNA sequencing of
ALK revealed eight novel missense mutations in 13 out of 215
(6.1%) fresh tumours and 8 out of 24 (33%) neuroblastoma-derived
cell lines. All but one mutation in the primarysamples (12 out of 13)
were found in stages 3—4 of the disease and were harboured in the
kinase domain. The mutated kinases were autophospherylated and
displayed increased kinase activity compared with the wild-type
kinase. They were able to transform NIH3TS3 fibroblasts as shown
by their colony formation ability in soft agar and their capacity to
form tumours in nude mice. Furthermore, we demonstrate that
downregulation of ALK through RNA interference suppresses pro-
liferation of neuroblastoma cells harbouring mutated ALK, We
anticipate that our findings will provide new insights into the
pathogenesis of advanced neuroblastoma and that ALK-specific
kinase inhibitors might improve its clinical outcome.

To identify oncogenic lesions in neuroblastoma, we performed a
genome-wide analysis of primary tumour samples obtained from 215
neuroblastoma patients using high-density single-nucleotide poly-
morphism (SNP) arrays (Affymetrix GeneChip 250K Nspl) (Supple-
mentary Table 1). Twenty-four neuroblastoma-derived cell lines were
also analysed (Supplementary Table 2). Interrogating over 250,000
SNP sites, this platform permits the identification of copy number
changes at an average resolution of less than 12 kilobases (kb)'?4,

Analysis of this large number of samples, consisting of varying
disease stages, permitted us to obtain a comprehensive registry of
genomic lesions in neuroblastoma {Supplementary Figs 1 and 2). A
gain of chromosomes, often triploid or hyperploid (defined by mean
copy number of >>2.5), was a predominant feature of neuroblastoma
genomes in the lower stages. Ploidy generally correlated with the

clinical stage, where non-hyperploid cases were significantly assoc-
fated with stage 4 disease (P=4.13 X 107>, trend test) (Supple-
mentary Fig. 3 and Supplementary Table 3). 17q gains, frequently
in multiple copies (3= copy number <5), were a hallmark of the
neuroblastoma genome® and were found in most neuroblastoma
cases. Copy number gains tended to spare chromosomes 3, 4, 10,
14 and 19 (Supplementary Figs 2 and 3). Notably, these chromo-
somes often had copy number losses including lp (22.8%), 3p
(8.8%), 4p (5.1%), 6q (7.0%), 10q (9.8%), 11q (19.5%), 14q
(3.7%), 19p (7.4%) and 19q (5.1%), implicating the pathogenic role
of ‘relative’ gene dosages.

After excluding known copy number variations, we identified a
total of 28 loci undergoing high-grade amplifications (copy number
=5) (Supplementary Table 4). These lesions fell into relatively small
genomicsegments, having a mean size of 361 kb, which accelerated the
identification of gene targets in these regions (Supplementary Table 4
and Supplementary Fig. 4). The candidate gene targetsinduded TERT
(5p15.33), HDAC3 (5¢31.3), IGF2 (11pl15.1), MYEOV (11q13.3),
FGF7(15q21.1) and CDH13(16q23.3). However, many of them were
not recurrent but found only in a single case. Although the recurrent
lesions were mostly explained by the amplification of MYCN at 2p24,
as found in 50 out of 215 (23%) of the primary cases, we identified
another peak of recurrent amplification at 2p23 (Fig. 1a), which con-
sisted of amplicons in five primary cases and in one neuroblastoma-
derived cell line, NB-1 (Supplementary Fig. 5). This peak was located
at the centromeric margin of the common copy number gains in
chromosome 2p, which was created by copy number gains in 109
samples mostly from non-hyperploid stage 4 cases. The minimum
overlapping amplification was defined by the amplicons found in
the NB-1 cell line (Supplementary Fig. 5) and contained a single gene,
the anaplastic lymphoma kinase (ALK), which has previously been
reported to be overexpressed in neuroblastoma cases', Although five
of the six samples showing ALK amplification also had MYCN amp-
lification, one primary case (NT056) lacked a MYCN peak and the
amplification was confined to the ALK-containing locus. In inter-
phase fluorescent in situ hybridization (FISH) analysis of NB-1,
MYCN and ALK loci were amplified in separate amplicons (Fig. 1b),
indicating that the 2p23 amplicons containing ALK were unlikely to
represent merely ‘passenger’ events of MYCN amplification but act-
ively contributed to the pathogenesis of neuroblastoma.

Because an oncogene can be activated by gene amplification and/
or mutation, to search for possible mutations we performed DNA
heteroduplex formation analysis'® and genomic DNA sequencing for
the exons 20 to 28 of ALK, which encompass the juxtamembrane and
kinase domains (Supplementary Table 5). In total, we identified eight
nucleotide changes in 21 neuroblastoma samples, 13 out of 215
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a b (6.1%) primary samples and 8 out of 24 (33%) cell lines, which
3 resulted in seven types of amino acid substitutions at five different
MYCN ALK Chromosome 2p NB-1 positions (Table 1 and Supplementary Fig. 6). They were not found in

either the genomic DNA collected from 50 healthy volunteers or in
the SNP databases at the time of preparing this manuscript. In fact,
somatic origins of missense changes were confirmed in 9 out of 13
primary cases, for which DNA was obtained from the peripheral
blood or the tumour-free bone marrow specimens (Supplementary
Fig. 6). On the other hand, T1087I (ACC>ATC), found in case
NT126, had a germline origin and thus it could not be determined
whether the T10871 change was a rare non-functional polymorphism
or represented a pathogenic germline mutation. For other changes
found in three primary cases (NT128, NT217 and NT218) and cell
lines, normal DNA was not available but they were likely to represent
oncogenic mutations because they were identical to common so-
matic changes (F1174L or R1275Q) or shown to have oncogenic
potential in functional assays (K1062M).

Most mutations occurred within the kinase domain (20 out of 22
or 91%), which clearly showed two mutation hotspots at F1174 and
R1275 (Fig. 1c). A neuroblastoma-derived cell line, SJNB-2, had a
homozygous ALK mutation of R1275Q, which was probably due to
uniparental disomy of chromosome 2 (Supplementary Fig. 7a).
Another case (NT074) harboured two different mutations, F1174L
Figure 1| Common 2p gains/amplifications and ALK mutations in and R1275Q, but it remains to be determined whether both are on the
neuroblastoma samples. a, Recurrent copy number gains on the 2p arm. same allele, ALK mutations within the kinase domain occurred at
l‘.lighigl‘aqe amplilf:catiogs :“e ls(h°:fll_b)’ li%ht‘l‘ed h°ﬁ1°“tzlk1siﬂefs» whereas  amino acid positions that are highly conserved across species and
simp:e gamns are shown Dy dark-red ines. 1wo Comimon peaks ot copy during molecular evolution (Supplementary Figs 8 and 9). Accordin
number gains and amplifications in the MYCN and ALK lodi are indicatedby thegconserved structure of of}?er insulirl;y reciptor kinases we pre%

arrows. The cytobands in 2p are shown at the bottom. b, Interphase FISH . . .
analysis of NB-1 showing high-grade amplification of MYCN (red) and ALK dicted that F1174 is located at the end of the Col helix, whereas the

loci (green). The amplified MYCN locus appears as a single large signal. other two are on the two [B-sheets: before the catalytic loop (6,
¢, Distribution of the eight ALK mutations found in 21 neuroblastoma F1245) and within the activation loop (B9, R1275) (Supplementary
samples. The positions of the mutated amino acids are indicated by black Fig. 7b, ¢)¥’. Thus, conformational changes due to amino acid sub-
(primary samples) and red cell lines) arrowheads. The number of mutations  stitutions at these positions might be responsible for the aberrant
at each site is shown at the top of the arrowheads. TM, transmembrane, activity of the mutant kinases.

Table 1| ALK mutations/amplifications in neuroblastoma samples

Sample Age Stage MYCN? Clinical Mutations/ Nucleotide substitution Origin of mutations
(months) outcome amplitications
NT126 99 4 - Dead T10871 ACC>ATC Germ line
NT218 8 1 - Alive F1174L TTC>TTG ND
NTO74 34 3 + Dead F1174L TTC>TTA Somatic
R1275Q CGA>CAA
NT160 12 4 + Dead F1174L TIC>TTA Sematic
NT217 24 4 + Dead F1174L TIC>TTA ND
NT190 48 4 + Alive F1174L TIC>TTA Somatic
NT060 163 3 - Alive F1174C TTC>TGC Somatic
NT162 28 4 + Dead F1174V TTC>GTC Somatic
NT195 24 4 + Alive F1245L TTC>TTG Sormatic
NTO55 6 3 d Alive R1275Q CGA>CAA Somatic
NT128 8 4 - Dead R1275Q CGA>CAA ND
NT164 54 -4 + Dead R1275Q CGA>CAA Somatic
NT200 133 4 - Dead R1275Q CGA>CAA Somatic
SCMC-N5% - - + - K1062M AAG>ATG ND
SINB-41 - - + - F1174L TTC>TTA ND
LAN-11 - - T+ - F1174L TTC>TTA ND
SCMC-N2f - - + - F1174L TTC>TTA ND
SK-N-SHt - - - - F1174L TTC>TTA ND
SINB-2't - - + - R1275Q CGA>CAA ND
LAN-5T - - + - R1275Q CGA>CAA ND
TGWT - - + - R1275Q CGA>CAA ND
NT204 12 1 + Alive Amplification - -
NT056 11 3 - Dead Ampilification - -
NT071 36 3 + Alive Amplification - -
NT165 19 4 + Dead Amplification - -
NT169 7 4 + Dead Amplification - -
NB-1} - - + - Amplification - -

ND, not determined.

*Presence (+) or absence {—) of MYCN ampilification in FISH analysis. Ali cases where there was an absence of MYCN amplification (—) were also checked for possible MYCN mutations by
sequencing of all MYCN exons, but no MYCN mutations were identified.

1 Cell lines.

1 Homozygous mutation.
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ALK mutation highly correlated with MYCN amplification
(P=1.55 X 10™*, Fisher’s exact test; Supplementary Table 6) where
14 out of 21 mutations coexisted with MYCN amplification.
Regardless of the status of MYCN amplification, 12 of the 13 muta-
tions were found in patients with advanced stage neuroblastoma
(Table 1). However, whereas MYCN amplification and stage 4 were
significant risk factors for poor survival, the mutation/amplification
status of ALK was not likely to have a major impact on survival
(Supplementary Fig. 10 and Supplementary Table 7), although the
statistical power ofthe current analysis was largely limited in order to
detect a marginal hazard.

To evaluate the impact of ALK mutations on kinase activity, we
generated Flag-tagged constructs of ALK and its mutants, F1174L
and K1062M, which were stably expressed in NIH3T3 cells, and
examined their phosphorylation status and in vitro kinase activity.
The ALK mutants stably expressed in NIH3T3 cells were phosphory-
lated according to western blot analysis using an antibody specific for
phosphorylated ALK (anti-pY1604) and a PY20 blot after anti-Flag
immunoprecipitation of the mutant kinases (Fig, 2a), whereas the
wild-type kinase was not phosphorylated. The immunoprecipitated
ALK mutants also showed increased tyrosine kinase activity in vitro
when compared with wild-type ALK, This was shown using both
a universal substrate for tyrosine kinase (poly-GluTyr) and the
synthetic YFF peptide'®, which was derived from a sequence of the

a c P =0.027*
& & ,§ 100 —p - 0.027*
~ (S iB: . r—————
& &S & 80
w— *em|AntipAK =
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; 40
P20 &,
x
) ()
g oo} Anti-ALK & \é‘ /\b}’ KY
Ny & \Q«&
iP: anti-Flag +
N
b '\&/ & d « é}. '\by ‘.é‘
& Sy & & F
AN S F&EE
YFF| ] l e n | DAKT
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Figure 2| Kinase activity of ALK mutants and their downstream signalling.
3, Stably expressed ALK and its mutants (F1174L and K1062M) were
immunoprecipitated with an anti-Flag antibody and subjected to western
blot analysis with anti-pY1604 (upper panel) or PY20 (middle panel). An
anti-ALK blot of precipitated kinases is also displayed (bottom panel), b, In
vitro kinase assay for wild-type ALK kinase and its mutants using the
synthetic YFF peptide as a substrate, where kinase activity is expressed as
relative values to that for wild-type kinase based on the densities in the auto-
radiogram, ¢, Kinase activity was also assayed for the poly-GluTyr peptide.
Significantly different measurements are indicated by asterisks with P
values, Bars show mean (*s.d.) in three independent experiments.

d, Western blot analyses of NIH3T3 cells expressing wild-type and mutant
ALK for phosphorylated forms of AKT (pAKT), ERK (pERK1/2) and STAT3
(pSTATS3). The total amount of each molecule is also displayed (AKT, ERK1/
2, and STAT3) together with an anti-ALK blot (ALK).
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activation loop of ALK (Fig, 2b, ¢). Inaccordance with these findings,
downstream molecules of ALK signalling including AKT, STAT3 and
ERK" were activated in cells expressing mutant ALK, as shown by
their increased phosphorylation (Fig. 2d).

Next, we investigated the oncogenic potential of these mutants.
NIH3T3 cells stably expressing mutant kinases showed increased
colony formation in soft agar compared with the wild-type protein
(Fig. 3a and Supplementary Fig, 11). The tumorigenicity of these
ALK mutants was further assayed by injecting 1.0 X 107 NIH3T3 cells
into nude mice. The NIH3T3 cells transfected with the ALK mutants
showed focus-forming capacity and developed subcutaneous
tumours (6 out of 6 inoculations) 21 days after inoculation, whereas
the mock and wild-type ALK-transfected cells did not (0 out of 6
inoculations) (Fig. 3b, ¢). Finally, we examined the effect of ALK
inhibition on the proliferation of neuroblastoma-derived cell lines.
RNA interference (RNAi)-mediated ALK knockdown resulted in
reduced cell proliferation of SK-N-SH cells harbouring the F1174L
mutation, but the effects were less clear in wild-type ALK-expressing
LAN-2 cells (Fig. 3d, e). Of particular interest is a recent report that 5
out of 17 neuroblastoma-derived cell lines, including SK-N-SH and
NB-1, frequently showed high sensitivity to the specific ALK inhib-
itor TAE684 (ref. 19).

a R d  SK-N-SH LAN-2
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Figure 3| Oncogenic role of ALK mutations. a, Colony assays for NIH3T3
cells stably expressing wild-type as well as mutant ALK (F1174L and
K1062M). The average numbers of colonies in triplicate experiments are
plotted and standard deviation is indicated. Results showing statistically
significant differences as compared with experiments using wild-type ALK
are indicated by asterisks with P values. b, ¢, NTH3T3 cells were transfected
with wild-type and mutant ALK (F1174L, K1062M and EML4-ALK) and
subjected to a focus forming assay (b) as well as an in vivo tumorigenicity
assay in nude mice (c). d, Effect of RNAi-mediated ALK knockdown on cell
proliferation in neuroblastoma cell lines expressing either the F1174L
mutant (SK-N-SH) or wild-type ALK (LAN-2). Cell growth was measured
using the Cell Counting Kit-8 after knockdown experiments using ALK-
specific siRNAs (siRNA ALK), control siRNAs (siRNA luc), or mock
experiments, where absorbance was measured in triplicate and averaged for
each assay. To draw growth curves, the mean * s.d. of the averaged
absorbance in three independent knockdown experiments is plotted.

e, Successful knockdown of ALK protein was confirmed by anti-ALK blots
(ALK) using Coomassie brilliant blue G-250 (CBB) staining as loading
controls. NC, control siRNA; siRNA, ALK siRNA.
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Through the genome-wide analysis of genetic lesions in neuroblas-
toma, we identified novel oncogenic ALK mutations in advanced
neuroblastoma. Combined with the cases having a high-grade amp-
lification of the ALK gene, aberrant ALK signalling was likely to be
involved in 11% (16 out of 151) of the advanced neuroblastoma
cases. Because ALK kinase has been shown to be deregulated only
in the form of a fusion kinase in human cancers, including lymphoma
and lung cancer, the identification of oncogenic mutations in ALK
not only increases our understanding of the molecular pathogenesis
of advanced neuroblastoma, but also adds a new paradigm to the
concept of ‘ALK-positive human cancers’ in that the mutated ALK
kinases themselves might participate in human cancers. Our results
again highlight the power of genome-wide studies to clarify the gen-
etic lesions in human cancers” %, Given that ALK mutations are
preferentially involved in advanced neuroblastoma cases having a
poor prognosis, our findings implicate that ALK inhibitors may
improve the clinical outcome of children suffering from intractable
neuroblastoma.

METHODS SUMMARY

Genomic DNA from 215 patients with primary neuroblastoma and 24 neuro-
blastoma-derived cell lines was analysed on GeneChip SNP genotyping micro-
arrays (Affymetrix GeneChip 250K Nspl). After appropriate normalization of
mean array intensities, signal ratios were calculated between tumours and
anonymous normal references in an allele-specific manner, and allele-specific
copy numbers were inferred from the observed signal ratios based on the hidden
Markov model using CNAG/AsCNAR software™'*, ALK mutations were exam-
ined by DNA heteroduplex analysis and/or genomic DNA sequencing'®, Full-
length cDNAs for mutant ALK were isolated by high-fidelity PCR and inserted
into pcDNA3 and pMXS. The expression plasmids were transfected into
NIH3T3 cells using Effectene Transfection Reagent (Qiagen) or by calcium
phosphate methods®. Western blot analysis of mutant ALK kinases, in vitro
kinase assays, and tumour formation assays in nude mice were performed as
previously described”. This study was approved by the ethics boards of the
University of Tokyo and of the Chiba Cancer Center Research Institute,

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Specimens. Primary neuroblastoma specimens were obtained during surgery or
biopsy from patients who were diagnosed with neuroblastoma and admitted to a
number of hospitals in Japan. In total, 215 primary neuroblastoma specimens
were subjected to SNP array analysis after informed consent was obtained from
the parents of each patient. The patients were staged according to the
International Neuroblastoma Staging System™. The clinicopathological findings
are summarized in Supplementary Table 1. Twenty-four neuroblastoma-derived
cell lines were also analysed by SNP array analysis (Supplementary Table 2). The
SCMC-N2, SCMC-N4 and SCMC-N5 cell lines were established in our labor-
atory****, The SINB series of cells and the UTP-N-17 cell line were gifts from A.
T. Look and A. Inoue, respectively. The other cell lines used were obtained from
the Japanese Cancer Resource Cell Bank (http://cellbank.nibio.go.jp/).
Microarray analysis. High molecular mass DNA was isolated from tumour
specimens as well as from the peripheral blood or the bone marrow as described
previously®, The DNA was subjected to SNP array analysis using Affymetrix
GeneChip Mapping 50K and/or 250K arrays (Affymetrix) according to the
manufacturer’s suggested protocol. The scanned array images were processed
with Gene Chip Operation software (GCOS)™, followed by SNP calls using
GTYE. Genome-wide copy number measurements and loss of heterozygosity
detection were performed using CNAG/AsCNAR algorithms™, which enabled
an accurate determination of allele-specific copy numbers.
Confirmation of SNP array data, FISH and/or genomic PCR analysis confirmed
the results of SNP array analyses as described previously'?, PCR primer sets were
designed to amplify several adjacent fragments inside and outside of the homo-
zygously deleted regions in tumour samples.
Mutation analysis, Mutations in the ALK gene were examined in 239 neuro-
blastoma samples, including 24 cell lines, by denaturing high-performance liquid
chromatography (DHPLC) using the WAVE system (Model 4500;
Transgenomic) according to the manufacturer’s suggested protocol'®, The sam-
ples showing abnormal conformations were subjected to direct sequencing ana-
lysis using an ABI PRISM 3100 Genetic Analyser (Applied Biosystems). Using
direct sequencing, mutation analysis of MYCN was also performed in seven cases
with ALK alterations but not MYCN amplification. The primer sets used in this
study are listed in Supplementary Table 5.
Transforming potential of ALK mutants. Total RNA was extracted from SJNB-
1 {wild type), SCMC-N2 (F1174L) and SCMC-N5 (K1062M) cells as described
previously™®, First-strand cDNA was synthesized from RNA using Transcriptor
Reverse Transcriptase and an oligo (dT) primer (Roche Applied Science). The
resulting cDNA was then amplified by PCR using the KOD-Plus-Ver.2 DNA
polymerase (Toyobo) and the primers sense 5'-TCAGAAGCTTTACCAA-
GGACTGTTCAGAGC-3’ and antisense 5'-AATTGCGGCCGCTACTTGTCA-
TCGTCGTCCTTGTAGTCGGGCCCAGGCTG GTTCATGC-3', thereby intro-
ducing a Hindl site at the 5" terminus and a NotI site and a Flag sequence at the
3’ terminus, The HindIlI-NotI fragments of ALK cDNA were subcloned into
pcDNAS3 to generate expression plasmids. After resequencing to confirm that
they had no other mutations, the ALK plasmids were used for transfection into
NIH3T3 cells using Effectene Transfection Reagent (Qiagen) according to the
suggested manufacturer’s protocol. The transfected NTH3T3 cells were selected
in 800 pg mi ™" G418 for 2 weeks to obtain stably expressing clones.

To evaluate the phosphorylation status of ALK mutants, the cell lysates of
stable clones were immunoprecipitated with antibodies to Flag (Sigma) and the
resulting precipitates were subjected to western blot analysis with the antibody
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specific to pTyr 1604 (Cell Signaling Technology) of ALK and the generic anti-
phosphotyrosine antibody (PY20). The in vitro kinase activity of ALK mutants
was measured using a non-radioactive isotope solid-phase enzyme-linked
immunosorbent assay using the Universal Tyrosine Kinase Assay kit (Takara)
according to the manufacturer’s suggested protocol. We also performed the in
vitro kinase assay with the synthetic YFF peptide (Operon Biotechnologies) as
described previously'®. For anchorage-independent growth analysis, 1 X 10? sta-
bly transfected NIH3T3 cells were mixed in 0.3% agarose with 10% FBS-DMEM
and plated on 0.6% agarose-coated 35-mm dishes. After culture for 28 days, the
colonies of >0.1 mm in diameter were counted. The quantification of the col-
onies was from three independent experiments. To investigate the downstream
signalling of ALK, western blot analysis was performed using the anti-ERK1/2,
anti-phospho-ERK1/2, anti-AKT, anti-phospho-AKT, anti-STAT3 and anti-
phospho-STATS3 antibodies (Cell Signaling Technology)'.

The cDNA mutant of ALK was also inserted into the pMXS plasmid and the
constructs were introduced into NIH3T3 cells by the calcium phosphate method
as described previously’. The cells were then either cultured for 21 days or
injected subcutaneously at six sites in three nude mice.

Inhibition of ALK through RNAi-mediated knockdown. To suppress the
expression of the ALK protein, two different pairs of ALK siRNAs (ALK
siRNA1 and ALK siRNA2) were obtained (Qiagen)'. The sequences were 5'-
GAGUCUGGCAGUUGACUUCATAT-3' for ALK siRNA1 and 5'-GCUCC-
GGCGUGCCAAGCAGATAT-3' for ALKsiRNA2. A siRNA, targeting a sequence
in firefly (Photinus pyralis) luciferase mRNA {JucsiRNA), was used asa negative
control (Qiagen)™. The sequences of luc siRNA were as follow: sense 5'-
CGUACGCGGAAUACUUCGAATAT-3" and antisense 5'-UCGAAGUAUU-
CCGCGUACGATAT-3'. Gene knockdown was achieved in SK-N-SH and
LAN-2 cells using HiPerFect transfection reagent following the manufacturer’s
suggested instructions (Qiagen). To assess the effect of ALK knockdown on cell
growth, these cells were seeded in 96-well plates at a concentration of 8.0 X 10>
cells per well 24 h before transfection and assayed using the Cell Counting Kit-8
(Wako).

Statistical analysis. The significance of the correlation between MYCN amp-
lification and ALK mutation was tested according to the conventional 2 X2
contingency table using Fisher’s exact test. The significance of the differences
in kinase activity between wild-type and mutant ALK kinases was examined by
the Mann-Whitney U-test based on the measured percentage activity of kinases
in the precipitates of the corresponding samples. The significance of the differ-
ences in colony formation between wild-type and mutant ALK kinases was also
examined by the Mann-Whitney U-test, The size of the hazards from possible
risk factors, including International Neuroblastoma Staging System stages,
MYCN status and ALK mutation/amplification were estimated by Cox regres-
sion analysis assuming a proportional hazard model using Stata software,
Correlation between ploidy and dinical stage was tested by nptrend test.

23, Smith, E. 1, Haase, G. M., Seeger, R. C. & Brodeur, G. M. A surgical perspective on
the current staging in neuroblastoma—the International Neuroblastoma Staging
System proposal. J. Pediatr. Surg. 24, 386~390 (1989),

24, Takita, J. et al. Allelotype of neuroblastoma. Oncagene 11, 1829-1834 (1995),

25. Takita, J. et al. Absent or reduced expression of the caspase 8 gene occurs
frequently in neuroblastoma, but not commonly in Ewing sarcoma or
rhabdomyosarcoma. Med. Pediatr. Oncol. 35, 541-543 (2000).

26. Takita, J. et al. Allelic imbalance on chromosome 2q and alterations of the caspase
8 gene in neuroblastoma. Oncogene 20, 4424-4432 (2007),
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Case Report

A CASE SERIES OF CHILDREN WITH HIGH-RISK METASTATIC
NEUROBLASTOMA TREATED WITH A NOVEL TREATMENT
STRATEGY CONSISTING OF POSTPONED PRIMARY SURGERY
UNTIL THE END OF SYSTEMIC CHEMOTHERAPY INCLUDING
HIGH-DOSE CHEMOTHERAPY

Yoshiko Hashii, MD, PhD, Takeshi Kusafuka, MD, PhD, Hideaki Ohta, MD,
PhD, Akihiro Yoneda, MD, PhD, and Yuko Osugi, MD, PhD o Departments of
Pediatrics and Pediatric Surgery, Osaka University Graduate School of Medicine,

Osaka, Japan
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Hospital, Osaka, Japan

Masahiro Fukuzawa, MD, PhD, and Junichi Hara, MD, PhD o Departments of
Pediatrics and Pediatric Surgery, Osaka University Graduate School of Medicine,
Osaka, Japan

o The aim of this study was to clarify the feasibility of a novel treatment sirategy consisting
of postponed primary surgery till the end of systemic chemotherapy including HDC without
interruption by local therapy for neuroblastoma patients at a high risk for velapse. After induction
chemotherapy, patients received double conditioning HDC consisting of thiotepa and melphalan.
Radical surgery was applied to local lesions. Irradiation was not applied to any lesions. Eleven
consecutive pediatric neuroblastoma patients were treated according to this strategy. Seven of 11
patients remained in complete remission for 21{171 months. This treatment sirategy seems feasible
and a further study is warranted.

Keywords delayed primary surgery, high-dose chemotherapy, high-risk neuroblastoma,
melphalan, thiotepa

Advanced neuroblastoma is a systemic disease that spreads to the whole
body, including the bone marrow, liver, lymph nodes, and bones. Morpho-
logic or radiologic methods only detect metastases larger than a certain
size. This indicates that high-risk neuroblastoma should be considered as a
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systemic disease and that an increase of chemotherapy intensity is a premise
for the improvement of treatment outcome. Indeed, the only method
that has been proven to significantly improve survival is strengthening of
chemotherapy intensity, including high-dose chemotherapy (HDC) with
stem cell rescue. Thus, HDC with stem cell salvage following intensive
induction chemotherapy has been widely accepted as being required for
neuroblastoma treatment in high-risk groups, and treatment results have im-
proved [1-5]. However, the 5-year eventfree survival (EFS) rate is 30-40%
and remains unsatisfactory despite various intensive efforts [3-5].

Neuroblastoma cells acquire resistance to chemotherapy in the early
stages of treatment: it is therefore a premise for attaining a cure to eradicate
tumor cells before they acquire chemotherapy resistance. We therefore
assumed that interruption of systemic chemotherapy and/or reduction of
dose intensity by surgery and radiotherapy might promote acquisition of
drug resistance by malignant cells and clonal evolution. We also assumed
that intensive chemotherapy combined with potent HDC might enable
us to postpone local therapy until after the completion of all systemic
chemotherapies. Based on this hypothesis, we postponed local therapy until
the completion of all systemic chemotherapies, which made it possible to
administer intensive chemotherapy in a shorter period of time and increase
chemotherapy intensity without interruption of chemotherapy. As local
therapy, surgery for the primary focus and residual metastases was finally
performed at completion of treatment and response to chemotherapy was
then evaluated pathologically.

With respect to local therapy, no difference has been observed in the
EFS rate between gross total resection and partial resection in prospective
studies despite a decrease in local recurrence rate with gross total resection
[6, 7]. In a similar manner, local radiotherapy has been clearly shown to
reduce local recurrence [8], but its contribution to the improvement of
EFS has not been proven [9, 10]. Thus, though extensive local therapy
reduces the local recurrence rate, it does not significantly contribute to
increased survival. Since we assumed the significance of local surgery might
increase under sufficient control of systemic disease, gross total resection
was attempted in all patients. Radiotherapy was not performed because
of the acute adverse effects and late complications following intensive
chemotherapy. We report the results of this novel treatment approach in
a consecutive series of 11 children (1992-2005) with high-risk abdominal
neuroblastoma.

PATIENTS AND METHODS
Patients

Eleven consecutive pediatric patients with abdominal and mediastinum
neuroblastoma at high risk for relapse were treated according to the
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current treatment strategy. The high-risk category includes International
Neuroblastoma Staging System (INSS) stage 4 for patients aged >1 year
and MYCN™' stage 4 for those aged <l year. Table 1 summarizes the
clinical data for the 11 patients (6 males; 1 aged <1 year; age range
6—-64 months (median, 33 months)). Amplification of the MYCN gene was
analyzed in primary tumors at first surgery in 8 patients and in bone marrow
samples for the other 3. Six patients had MYCN amplification and 5 had
no amplification by fluorescence in situ hybridization analysis. Seven of
8 patients who underwent biopsy of primary tumor or metastatic lymph
nodes had unfavorable histopathological findings. Eight patients had poorly
differentiated neuroblastoma and 1 had undifferentiated neuroblastoma
according to the International Neuroblastoma Pathology Classification.
Three patients (#6, #8, and #11) did not undergo biopsy at the outset
but histological confirmation was performed in patient 6 at final surgery.

Induction Chemotherapy

For induction chemotherapy, we basmally employed the new Al regl-
men (cyclophosphamide (CPA) 1.2 g/m?, etoposide (VP—16) 100 mg/m?
x 5, tetrahydropyraniyl-adriamycin (THP-ADR) 40 mg/m?, and cisplatin
(CDDP) 90 mg/m?) or the 98A3 regimen (CPA 1.2 g/m x 2, CDDP
90 mg/m2 THP-ADR 40 mg/m and vincristine (VCR) 1.5 mg/mQ)
We administered newAl or 98A3 regimen every 4 weeks. Three patients
received carboplatin (CBDCA) instead of CDDP because of insufficient
renal function. Irinotecan was additionally administered to 4 patients [11].
Induction chemotherapy was administered for 3-6 courses, principally until
normalization of tumor markers (neuron-specific enolase (NSE), vanillyl-
mandelic acid (VMA), and homovanillic acid (HVA)) and disappearance
of distant metastases. The disappearance of metastasis was evaluated by
computed tomography, technetium-99 bone scan, bilateral bone marrow
aspiration, and iodine-123 metaiodobenzyl-guanidine scan.

High-Dose Chemotherapy

After induction chemotherapy, patients received a double-conditioning
regimen of 2 cycles of high-dose chemotherapy (HDC) consisting of
thiotepa and melphalan [12]. Patients aged >2 years received 800-1000
mg/m? of thiotepa and 280-300 mg/m? of melphalan, and patients aged
<2 years at HDC received 32 mg/kg of thiotepa and 6 mg/kg of melphalan.
This HDC regimen consisted of 2 cycles of administration of thiotepa and
melphalan with a l-week interval; thiotepa (140-200 mg/ m?/ day) and
melphalan (50-75 mg/m?/day) were administered on days —11, -10, -4
and -3. When creatinine clearance (Ccr) was <90 mL/min/1.78m? in
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patients aged >2 years, dosage was adjusted according to the following
formula: given dose (mg/mQ) = (Ccr/100) x 800 rng/m2 (thiotepa) or
280 mg/m? (melphalan). In the case of allogeneic transplantation, doses
of these drugs were reduced, because of severe gastrointestinal toxicity due
to these alkylating agents. Peripheral blood stem cells (PBSCs) and bone
marrow cells were used as salvage stem cells in 4 and 3 patients, respectively.
Because PBSC count was insufficient for stem cell rescue in 2 patients, bone
marrow cells were also transfused with PBSCs. Autologous bone marrow
was used in the patients in whom PBSCs could not be harvested: this was
performed at the end of induction chemotherapy. PBSCs were harvested
after the 1Ist to 4th course of induction chemotherapy, after morphologic
disappearance of tumor cells from bone marrow. In the 2 patients in whom
disappearance of tumor cells from bone marrow was delayed, unrelated
umbilical cord blood was used (Table 2).

Local Therapy

After all courses of chemotherapy including HDGC, radical surgery was
finally applied to remove tumor tissue in local lesions when bone marrow
function was acceptably recovered for surgery. Total resection for primary
tumor as well as lymph node metastases was attempted. All lesions where
the primary tumor and local lymph node metastases existed in onset of the
disease were explored and if any suspected tumor tissue was existed, then
resection was performed.

CT scan was performed after surgery to confirm no residual tumor in
local lesions in all cases. Irradiation was not applied to any local lesions.

RESULTS
Response to Induction Chemotherapy

In 1 patient (#3), tumors did not respond to induction chemotherapy
and he showed progressive disease. He died from progression of pulmonary
metastatic tumors 6 months after diagnosis before HDC. After 3-6 courses
(median, 5 courses) of induction chemotherapy, 10 patients received HDC.
Time from initial diagnosis to HDC was 4-6 months (median, 5 months).
With respect to metastases at initial diagnosis in patients who received
HDC, these were detected in bone (n = 8), bone marrow (n = 7), lymph
node (n = 9), and liver (n = 1)and evaluated by computed tomography,
technetium-99 bone scan, bilateral bone marrow aspiration, and iodine-123
metaiodobenzyl-guanidine scan. After induction chemotherapy, the bone
marrow metastases disappeared in all patients, but liver and bone metastases
each remained in 1 patient, respectively. Primary tumors and regional
lymph node metastases remained in all patients. Tumor marker levels were
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normalized in all patients. At HDC, 7 patients attained PR and 2 VGPR
according to International Neuroblastoma Response Criteria.

Response to High-Dose Chemotherapy

Nine patients received HDC at PR or VGPR. The size of one primary
tumor did not change. After HDC, residual bone metastases disappeared
in 1 patient. Liver metastases persisted in 1 patient. Five primary tumors
that decreased to below 50% after conventional chemotherapy decreased to
below 10% and the sizes of primary tumors did not change dramatically, but
metastatic lymph nodes disappeared in 2 patients. With respect to adverse
reactions observed during HDC, fungal osteomyelitis was observed in 1
patient who received allograft. In addition, gastrointestinal tract mucositis
with bloody stools was observed in 1 patient and NCI-CTC grade III
mucositis was noted in all patients.

Surgery and Pathological Evaluation of Tumors

Radical surgery was performed in each patient, resecting all recogniz-
able lesions, including the primary tumor and affected lymphatic tissues.
The timing of surgery was 2 months after the initiation of HDC in most
patients who received autologous stem cell transplantation, and it was
prolonged to 4 months in the patients who underwent allogeneic transplan-
tation and/or had HDC-related complications (Table 3).

We evaluated the effect of chemotherapy including HDC by comparing
tumor specimens resected at outset and second-look surgery in 6 patients,
according to the histologic criteria for the effects of anticancer therapy for
pediatric solid malignant tumors in Japan (Table 4) [13]. We were not able
to evaluate the remaining 4 patients as insufficient amounts of pretreatment
specimen were available. Necrotic or fibrous lesions were seen in one-third
to two-thirds of the area of tumor tissues (Eflb) of 1 patient. In the 4 cases,
prominent necrosis and loss of tumor cells were observed in more than two-
thirds of the tumor area and was associated with fibrosis and calcification
(Ef2). On histological examination, the specimens from almost all, except
one (#11), resected primary tumors had some degree of residual tumor
tissue and in occasional cases viable tumor tissue was recognized in concur-
rently resected lymph nodes. However, residual tumor tissue consisted of
scattered nests of neuroblastic cells in degenerative fibrous tissue, occasion-
ally associated with Schwannian cell proliferation. Neuroblastic cells were
more differentiating with abundant neutrophil formation as compared to
pretreatment tumors. The preoperative induction chemotherapy and HDG
produced remarkable cytotoxic effects and induced differentiation toward
ganglionic cells. Examples of the histopathologic changes resulting from
treatment are shown in Figures 1 and 2.
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TABLE 4 Pathological Classification of Treatment
Effect According to the Committee on Histological
Classification of Childhood Tumors, Japanese Society
of Pathology

Ef0 No effect

Efla  Necrosis of tumor cells in less than one-third
of tumor area

Eflb  Necrosis of tumor cells in less than two-thirds
and in more than one-third of tumor area

Ef2 Necrosis and disappearance of tumor cells
plus calcification and fibrosis in more than
two-thirds of tumor area

Ef3 All tumors are affected by obvious necrotic
tissue and no tumor cells are seen

Outcome

Altogether, 10 of 11 patients received HDC and 7 patients have re-
mained in remission for 21-171 months (median, 73 months). In 2 patients
(#7 and #10), the tumor relapsed in regional abdominal and thoracic
lymph nodes after 24 and 18 months, respectively, from initial diagnosis.
In patient #9, relapse was observed in multiple sites including bone, bone
marrow, and lymph nodes 20 after from diagnosis. After gross total resection
of the tumors, patient #7 received salvage chemotherapy, consisting of
irinotecan and topotecan, and local irradiation. Finally, allogeneic stem
cell transplantation preconditioned with fludarabine and busulfan was
performed. She has been in remission for 21 months after relapse. The
other 2 patients are currently undergoing treatment.

FIGURE 1 Histological findings for primary tumor is from patient 4: (a) before treatment—poorly
differentiated subtype with low mitosis karyorrhexis index (MKI); and (b) after HDC—residual tumor
nests of differentiating neuroblastic cells.
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FIGURE 2 Histological findings for lymph node metastasis from patient 5: (a) before treatment—poorly
differentiated subtype with low mitosis karyorrhexis index (MKI); and (b) after HDC—extensive necrosis
with residual differentiating neuroblastic cell nests.

DISCUSSION

Primary surgery is generally and traditionally performed between in-
duction chemotherapy and HDC. It might be possible that tumor cells
become more sensitive to chemotherapy after mass reduction, but the
rationale of the timing of local therapy is unclear. In this case series, we
performed primary surgery after completion of induction chemotherapy
and HDC based on the hypothesis that consecutive conventional and high-
dose chemotherapies without interruption by local therapy can eradicate
systemically spread tumor cells before acquisition of resistance to cytotoxic
drugs and clonal evolution of resistant clones. The disadvantage of this
treatment strategy is the increased risk for metastasis of tumor cells residing
in the local tumors and emergence of resistant clones in these. Among 11
consecutive high-risk patients with stage 4 neuroblastoma, except 1 patient
whose tumors were primarily refractory to induction chemotherapy, none
displayed progressive disease before local surgery; 7 patients remain in
event-free survival; and systemic relapse was observed in only 1 patient.

The disadvantage of performing surgery during chemotherapy appears
to be related to the interruption of systemic therapy. Furthermore, when in-
traoperative/postoperative complications occur, discontinuation of systemic
chemotherapy may be prolonged and this may cause systemic relapse. In
performing surgery after all courses of chemotherapy, the timing of surgery
can be selected under conditions of sufficient tumor control. Surgery was
safely performed after recovery of hematopoiesis in this series.

In this treatment strategy, HDC plays a key role, since less potent
HDC may allow progression of the local tumor. For HDC, we employed
a double-conditioning regimen consisting of thiotepa and melphalan, as
previously reported [12]. These agents were chosen for the treatment of
neuroblastoma, as they show efficacy as high-dose, single-agent therapy for
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