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ABSTRACT
To provide better insight into the genetic signatures of neuroblastomas, we
analyzed 500 neuroblastomas (included specimens from JNBSG) using targeteddeep sequencing for 10 neuroblastoma-related genes and SNP arrays analysis. ALK
expression was evaluated using immunohistochemical analysis in 259 samples.
Based on genetic alterations, the following 6 subgroups were identified: groups
A (ALK abnormalities), B (other gene mutations), C (MYCN amplification), D (11q
loss of heterozygosity [LOH]), E (at least 1 copy number variants), and F (no
genetic changes). Groups A to D showed advanced disease and poor prognosis,
whereas groups E and F showed excellent prognosis. Intriguingly, in group A, MYCN
amplification was not a significant prognostic marker, while high ALK expression
was a relevant indicator for prognosis (P = 0.033). Notably, the co-existence of
MYCN amplification and 1p LOH, and the co-deletion of 3p and 11q were significant
predictors of relapse (P = 0.043 and P = 0.040). Additionally, 6q/8p LOH and 17q
gain were promising indicators of survival in patients older than 5 years, and 1p, 4p,
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and 11q LOH potentially contributed to outcome prediction in the intermediate-risk
group. Our genetic overview clarifies the clinical impact of genetic signatures and
aids in the better understanding of genetic basis of neuroblastoma.

INTRODUCTION

RESULTS

Neuroblastoma is the most common pediatric
extracranial solid tumor and accounts for approximately
15% of all pediatric cancer-related deaths [1]. The
clinical course of patients with neuroblastomas is
highly variable, ranging from spontaneous regression to
widespread metastatic disease, mirroring the biological
and genetic heterogeneity of this disease [1]. Despite
intensive multimodal therapy, the prognosis of high-risk
neuroblastoma still remains poor with a 5 year survival
rate of approximately 40% [1, 2], and this underscores the
importance of developing novel therapeutic modalities
on the basis of the understanding of neuroblastoma
pathogenesis.
In recent years, several genetic changes, such as
MYCN amplification [3], loss of heterozygosity (LOH)
of chromosomes 1p and 11q [4, 5], and 17q gain, have
been identified in neuroblastoma specimens, which have
been shown to correlate with its aggressive clinical
features [6]. However, these genetic changes explain
only half of the cases of high-risk neuroblastoma, and
an overview of the genetic heterogeneity in all stages of
neuroblastoma has not been fully presented. On the other
hand, the discovery of ALK mutations/amplifications in
approximately 10% of neuroblastoma cases represents a
major impact on neuroblastoma research, as it reveals a
novel molecular mechanism involved in the pathogenesis
of neuroblastoma and provides a basis for the
development of therapeutic strategies [7–10]. In addition,
several groups have reported a strong significant trend
between high ALK expression levels and poor outcome
in patients with neuroblastomas [11, 12]. However, as
the mutation/amplification rate in neuroblastoma cases
is relatively low, our knowledge regarding the genetic
profiles of neuroblastomas with ALK abnormalities is still
limited. More recently, genome-wide searches for genetic
alterations using whole-exome/genome sequencing have
revealed that neuroblastomas, similarly to other pediatric
malignancies, have very few additional gene targets,
including ATRX, TERT, and RAS pathway genes [13–17].
However, no comprehensive study has yet explored
the profiles of genetic aberrations and their potential
contributions to clinical phenotypes in a large series
of neuroblastoma cases. Therefore, to provide further
insight into the genetic signatures of neuroblastomas
and their contributions to clinicopathological features,
we conducted a genome-wide study in a cohort of 500
neuroblastoma cases using targeted deep sequencing and
single nucleotide polymorphism (SNP) array analysis
combined with immunohistochemical (IHC) analysis of
the ALK protein.

Division into genetic subgroups based on
genetic signatures, ALK aberrations, MYCN
status, other gene mutations, and copy number
variations (CNVs)
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We identified 102 mutations involving the 10
neuroblastoma-related genes in 98 of the 500 patients
(19.6%) (Figure 1, Supplementary Table 1). Mutations
were most frequently observed in ALK (9.4% of cases),
and the mutations were concentrated around the hot
spots in the kinase domain (Figure 1). The second most
frequently mutated gene was ARID1B (4.4% of cases)
(Figure 1, Supplementary Table 1). Additionally, ARID1A
and ATRX mutations were recurrently detected in our
cohort at frequencies of 2.4% and 3.4%, respectively
(Figure 1, Supplementary Table 1). Although loss of
function mutations or deletions of ATRX have been
implicated in the pathogenesis of neuroblastoma, we found
only 3 putative loss of function mutations in this study.
Mutations in PHOX2B and RAS pathway genes were
previously reported in 2.3% and 3.7% of neuroblastoma
cases [18, 19], but such mutations were less frequent
in our screen here (Figure 1, Supplementary Table 1).
Although the mutation rate of the targeted genes was
relatively low, considerable variations in copy number
changes were observed in most neuroblastoma individuals
(frequency, 81.6%). Recapitulating previous reports
[6, 20–22], neuroblastoma genomes were characterized by
common 17q gains with or without 1p, 3p, 4p, 11q, 19p,
and 19q LOH, and 1q, 2p, 7q, and 12q gains with varying
combinations (Figure 2A). As shown in Figure 2A, the
CNVs found in more than 5% of the samples were 1p
LOH (30.2%), 1q gain (13.2%), 2p gain (35.8%), 3p LOH
(15.8%), 4p LOH (8.8%), 5p gain (7.6%), 6q gain (7.0%),
7q gain (36.2%), 8p LOH (5.8%), 11q LOH (28.2%),
12q gain (29.4%), 17q gain (73.4%), 19p LOH (6.6%),
19q LOH (7.4%), and 22q LOH (6.2%). Aberrant high
expression of TERT due to intragenic rearrangements
were frequently found in aggressive phenotype of
neuroblastoma [15, 16]. These changes can be detected
by fluorescence in situ hybridization and expression
analysis, but unfortunately, since RNA and/or frozen cell
samples were not available, we could not evaluate TERT
abnormalities in this study.
The most prominent genetic signature of the
entire cohort was the apparent presence of the following
6 genetic subgroups defined by common genetic
changes (Figure 2A): (1) the group with ALK mutation/
amplification (group A; n = 47); (2) the group with other
gene mutations without ALK mutation (group B; n = 59);
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(3) the group with MYCN amplification without other gene
mutations (group C; n = 88); (4) the group with 11q LOH
without MYCN amplification and other gene mutations
(group D; n = 91); (5) the group with CNVs without gene
mutations, MYCN amplification, and 11q LOH (group E;
n = 123); and (6) the group showing no genetic changes
(group F; n = 92). As group F showed almost no genetic
changes, we checked the histological criteria of 50 of the

92 tumors in this group, for which paraffin sections were
available. All these tumors revealed a high number of
neuroblastoma or ganglioneuroblastoma cells, indicating
that purity was high in at least these 50 tumors, although
the possibility of very low tumor content could not be
excluded for the remaining samples. In this group, 14
cases died and 2 tumor samples from dead cases had poor
quality due to low volume of tumor. All 14 tumors were

Figure 1: Mutational patterns of representative genes detected by targeted amplicon sequencing (N = 500). Mutation
distributions for ALK, MYCN, ATRX, ARID1A, ARID1B, PHOX2B, PTPTN11, HRAS, KRAS, and NRAS in 500 neuroblastoma cases. Types
of mutation were distinguished by the indicated colors.
www.impactjournals.com/oncotarget
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taken before starting chemotherapy, but only one case
could be re-checked histologically in the current study.
Thus, tumor contents and quality of majority dead cases
in group F were unclear.
Importantly, these genetic subgroups correlated well
with clinical parameters, such as INSS stages, age, and
overall survival (Figure 2B). The percentage of stage 4
patients in each group was much higher in groups A, B,
C, and D (A: 70.2%, B: 71.2%, C: 84.1%, and D: 81.3%)
compared to groups E and F (E: 24.4% and F: 32.6%)
(P < 0.0001). On the other hand, the percentage of earlystage (stages 1 and 2) cases were significantly enriched
in groups E and F (E: 33.3% and F: 43.5%) compared to
other groups (A: 12.8%, B: 16.9%, and C: 3.4%). The age
of patients was significantly higher in group D (median
age, 43.0 months [range, 0–239]) than in the other groups
(P < 0.0001), while it was significantly lower in group E
(median age, 7 months [range, 0–264]) than in the other
groups (P < 0.0001) (Table 1). The patients in groups A, B,
C, and D had significantly poor prognoses, whereas those
in groups E and F had favorable prognoses (P < 0.0001)
(Figure 2B, Table 1). Group E was highly correlated with
hyperdiploid lesions, which were observed in 87 of 123
cases (70.7%).
The systematic search for genomic alterations in
large samples enabled us to detect significant correlations
among different genetic lesions. Thus, we conducted
pairwise comparisons across major driver events, such
as MYCN amplification, ALK abnormalities, 1p LOH,
and 11q LOH in our entire cohort (Figure 2C). MYCN
amplification and 1p LOH showed the most significant
positive correlation (FDR q < 10−4), followed by MYCN
amplification and ALK mutation/amplification (FDR
q < 10–4) and 1p LOH and ALK mutation/amplification
(FDR q < 10−3) (Figure 2C). In contrast, 11q LOH,
characterized by poor survival, significantly coexisted
with 3p, 4p, 6q, and 19q LOH (FDR q < 10−4), suggesting
that not only 11q LOH but also co-operation among
these chromosomal losses contributed to the aggressive
phenotype. On the other hand, as previously reported,
MYCN amplification and 11q LOH showed a significant
negative correlation (FDR q < 10−3), confirming the
mutually exclusive phenotype of tumors characterized by
MYCN amplification and 11q LOH (Figure 2C).

alterations in various chromosomes, such as 1p LOH and
2p gain, 7q or whole chromosome 7 gain, 11q LOH, and
12q or whole chromosome 12 gain were significantly
frequently detected (Supplementary Table 2). There was
high concordance between MYCN amplification and 1p
LOH in group A1, whereas a variety of copy number
changes, including 7q or whole chromosome 7 gain and
whole chromosome 17 gain were significantly gathered
in group A2 compared to A1 (7q or whole 7 gain: Pc <
0.0001 and whole chromosome 17 gain: Pc = 0.0016)
(Supplementary Table 2), suggesting that co-operating
events in subgroup A tumors exhibited a highly genetic
heterogeneity.
We further compared the differences in
clinicopathological features between groups A1 and A2.
Group A1 was significantly characterized by unfavorable
histology (P < 0.0001), but the ALK score according to
IHC analysis was not significantly different between these
groups (P = 0.10). The prevalence of stage 4 cases was
significantly higher in group A1 than in group A2, and
patients in A1 tended to be older at diagnosis than those in
A2. Additionally, primary adrenal site was more frequent
in group A1 than in group A2 (P = 0.027). The relapse
rate was slightly higher in group A1 than in group A2
(Pc = 0.96 by Chi-square test and P = 0.0615 by Fisher’s
exact test) (Supplementary Table 2); however, the survival
rate was not statistically different between groups A1 and
A2 (P = 0.54) (Figure 3B).

Genetic characteristics of patients older than
5 years
As 90% of neuroblastoma cases are diagnosed
by age 5 years [23], cases over 5 years are very rare,
and thus, the genetic characteristics of this group have
been poorly studied. Therefore, we next investigated
the genetic characteristics of 86 cases older than 5 years
(older group) in our cohort (Supplementary Table 3).
The older group was characterized by advanced stage
of disease and high-risk classification; however, in our
cohort, the overall survival was not significantly different
between the younger (<5 years) and older groups (P =
0.31, Figure 4A). Similarly to younger group, non-stage
4 cases in order group showed excellent prognosis as
represented in Figure 4B. Among the 86 cases in the
older group, 67 (77.9%) had at least 1 genetic alteration,
whereas 19 (22.1%) showed no genetic changes (Figure
5A). The most recurrent alterations in the older group
were found in MYCN (amplification: 11.6%) followed by
ATRX mutations (8.1%). In comparison to the younger
group, ATRX mutations were obviously enriched in the
older group (older: 8.1% vs. younger: 2.2%), whereas
MYCN amplification was more frequent in the younger
group (older: 11.6% vs. younger: 28.3%). The spectrum
of CNVs in the older group was distinct from that in the
younger group, except for 17q gain (72.1%) and 1p LOH

Genetic and clinicopathological features of
group A
To further analyze the genetic features of ALK
abnormality-positive tumors, we classified group A into
the following 2 subgroups based on the MYCN status:
group A1 (ALK mutation/amplification with MYCN
amplification; 57.4% of cases) and group A2 (ALK
mutation/amplification without MYCN amplification;
42.6% of cases) (Figure 3A). Although gene mutations
were less frequent in both groups A1 and A2, copy number
www.impactjournals.com/oncotarget
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various partial CNVs (Figure 5A). Interestingly, MYCN
amplification and 11q LOH were not significant risk
factors for poor prognosis in the older group (P = 0.29
and P = 0.63), but 6q LOH, 8p LOH, and 17q gain were
highly correlated with poor prognosis (P = 0.047, P =
0.031, and P = 0.007, respectively) in univariate analysis
(Figure 5C–5E). However, in multivariate Cox regression
analysis, only INSS stage 4 was found to independently
affect overall survival (HR, 7.94; 95% confidence
interval (CI), 1.63–143.23; P < 0.006) (Supplementary
Table 5). Since LOH on 6q and 8p have been newly

(24.4%) (Figure 5B). The CNV signature of the older
group was characterized by high frequencies of 3p LOH
(26.7%), 4p LOH (15.1%), 11q LOH (43.0%), 19p LOH
(15.1%), 19q LOH (15.1%), 22q LOH (22.1%), and 12q
gain (18.6%) (Figure 5A, 5B, Supplementary Table 4).
We further compared CNV signatures between alive and
dead cases, but significant differences were not observed
(Figure 5B). Of note, group E in the older group had
distinct genetic features from group E in the younger
group, with a low frequency of hyperploid cases (46.2%),
and it exhibited unbalanced 17q gain combined with

Figure 2: Genetic characteristics and overall survival of 500 neuroblastomas. (A) Landscape of genetic lesions in the 500

neuroblastomas. Molecular classification, histological type, INSS classification, and risk classification together with the numbers of
affected cases and the types of mutations and CNVs are shown by color as indicated. Based on the genetic lesions, neuroblastoma patients
were divided into the following 6 genetic subgroups: group A, ALK mutation/amplification; group (B) other gene mutations without
ALK mutation/amplification; group C, MYCN amplification and 1p LOH; group D, 11q LOH; group E, copy number variations without
gene mutations, MYCN amplification, and 11q LOH; and group F, silent group. B. Kaplan–Meier overall survival curves for the 500
neuroblastoma patients according to the 6 genetic groups. (C) Significant positive and negative correlations among major driver alterations
are indicated with their odds ratios. Red, gene mutation/copy number change pairs that are co-altered more than that expected by chance;
blue, mutually exclusive gene mutation/copy number change.
www.impactjournals.com/oncotarget
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Table 1: Characteristics of each genetic subgroup
Number
Median age
[range](months)
Stage
Stage 1–3, 4S
Stage 4
Outcome
Alive
Dead

P value

Group A
47
21.0
[0–163]

Group B
59
42.0
[0–185]

Group C
88
27.0
[1–132]

Group D
91
43.0
[0–239]

Group E
123
7.0
[0–264]

Group F
92
26.5
[0–188]

<0.0001

14
33

17
42

14
74

17
74

93
30

62
30

<0.0001

25
22

38
21

45
43

64
27

104
19

78
14

<0.0001

Genetic characteristics of relapsed/refractory
cases with neuroblastoma

identified as genetic alterations related to poor prognosis
in older patients, we further assessed the candidate genes
in common regions of 6q and 8p LOH in older group.
As a result, we found homozygous deletions involving
ARID1B locus within minimal deleted region on 6q in
2 cases (Supplementary Figure 1). Furthermore, a total
of 23 genes, including CSMD1 gene (related to neuronal
growth and cone stabilization), were detected in common
region of 8p LOH (Supplementary Table 6). Since
recurrent structural variants and a missense mutation of
CSMD1 gene have been found in neuroblastoma [14, 19],
this gene may be the promising gene target for 8p LOH
in neuroblastoma.

Relapsed or primary resistant neuroblastoma
patients often have a poor prognosis [1, 24], and the
genetic features associated with relapsed/refractory
disease have been incompletely described. Therefore,
to reveal the genetic basis of relapsed/refractory
neuroblastoma, we compared genetic characteristics
between relapsed and/or refractory cases and nonrelapsed cases. Among the 500 cases, 75 were relapsed,
36 were refractory, and 232 did not relapse. For the
remaining 157 cases, we did not have disease status

Figure 3: Genetic and clinical characteristics of group A (ALK mutation/amplification) (A) Landscape of genetic lesions in group A
including 47 neuroblastomas with ALK mutation/amplification. According to the MYCN status, group A can be divided into the following
2 subgroups: group A1 (ALK abnormalities with MYCN amplification) and group A2 (ALK abnormalities without MYCN amplification).
(B) Overall survival of neuroblastoma patients in groups A1 and A2.
www.impactjournals.com/oncotarget
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Relationship between ALK IHC staining and
genetic abnormalities

information. In our cohort, 76 of 111 (68.5%) cases in the
relapsed/refractory group died, whereas all cases alive
in the non-relapsed group (Figure 6A). Thus, relapsed/
refractory cases had extremely poor prognosis compared
to the non-relapsed cases (P < 0.0001) (Figure 6B).
ATRX alterations and 1q gain were dominantly detected
in the relapsed group, but the significant genetic
differences between relapsed and refractory groups in our
cohort were not observed (Figure 7 and Supplementary
Table 7). As many as 50–60% cases with high-risk
neuroblastoma patients will eventually suffer relapse
[24], but our knowledge of relevant predictive genetic
markers of relapse in neuroblastoma is still limited. Thus,
in order to identify better predictive markers of relapse,
we re-analyzed genetic changes between relapse and
complete remission cases. In addition to the known risk
factors, including stage, MYCN amplification, 1p and 3p
LOH and 17q gain were significantly more frequently
detected in relapsed cases than in complete remission
cases (Supplementary Table 8). Moreover, significant
coexistence of MYCN amplification and 1p LOH (FDR
q < 10−4) and co-deletion of 3p and 11q (FDR q < 10–2)
were observed in the relapsed group on pairwise
comparisons (Figure 8). Of note, in multivariate analysis,
the coexistence of MYCN amplification and 1p LOH (HR,
2.14; 95% CI, 1.03–4.51; P = 0.043), and the co-deletion
of 3p and 11q LOH (HR, 2.60; 95% CI, 1.04–6.71;
P = 0.040) were significant predictors of relapsed disease,
and these were independent from clinical parameters
(Supplementary Table 9). Although MYCN amplification,
17q gain, 1p LOH, and 3p LOH were correlated with
relapse-free survival in univariate analysis, there was
no significance in multivariate analysis, suggesting that
combinations of these molecular parameters (MYCN
amplification with 1p LOH and 3p/11q LOH) are
important for the prediction of relapse (Supplementary
Table 9).

In addition to genetic alterations of ALK, elevated
ALK expression levels have been previously reported in
two-third of primary neuroblastoma cases [11, 25]. To
assess the relationship between genetic lesions and ALK
expression, IHC analysis of ALK was further performed
in 259 cases. Among these 259 cases, 101 (39.0%) showed
high ALK staining (ALK score +3 or +4; high ALK score),
101 (39.0%) showed low ALK staining (ALK score 1+ or
+2; low ALK score), and 57 cases (22.0%) were negative
(ALK score 0) (Figure 9A). Previous reports revealed that
the ALK expression level is higher in neuroblastomas
with ALK mutation/amplification than in tumors with
wild-type ALK [26]. In accordance with this finding, the
frequency of ALK mutation/amplification was significantly
higher in the high ALK score group than in the negative/
low ALK score group (P = 0.002). The 101 cases with a
high ALK score were characterized by specific molecular
(MYCN amplification; 1p, 3p, and 11q LOH; and 1q,
2p, and 17q gains), clinical (stage 4, relapsed disease,
and primary adrenal site), and pathological parameters
(INPC; unfavorable histology) (Supplementary Table 10).
Accordingly, patients with high ALK score exhibited
significantly poor prognosis compared to patients with
negative/low ALK score (P = 0.004) (Figure 9B). The
percentages of cases classified into genetic subgroups A
and C were higher in the high ALK score group (18.8%
and 25.7%, respectively) than in the negative/low ALK
score group (6.3% and 13.9%, respectively) (P = 0.002
and P = 0.018, respectively). In contrast, the percentages
of cases classified into groups E and F were higher in
the negative/low ALK score group (23.4% and 26.0%,
respectively) than in the high ALK score group (11.9%
and 8.9%, respectively) (P = 0.018 and P = 0.0004,
respectively). Furthermore, significant survival differences

Figure 4: Overall survival of 500 neuroblastoma patients according to age at diagnosis and stages. Overall survival
according to age at diagnosis in neuroblastoma patients (A) and overall survival according to stage4 or non-stage4 in neuroblastoma
patients older than 5 years (B).
www.impactjournals.com/oncotarget
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Figure 5: Characteristics of neuroblastoma patients older than 5 years and those younger than 5 years at diagnosis.

(A) Mutational and copy number change profiles of patients according to age at diagnosis. Among the patients aged under 5 years, group
A included 10.1% of patients; group B, 13.0%; group C, 19.3%; group D, 16.0%; group E, 23.4%; and group F, 18.1%. On the other hand,
among the patients aged over 5 years, group A included 5.8% of patients; group B, 19.8%; group C, 8.1%; group D, 29.1%; group E, 15.1%;
and group F, 22.1%. (B) Overview of copy number changes and allelic imbalances detected using a single nucleotide polymorphism (SNP)
array in 86 neuroblastoma patients older than 5 years at diagnosis. Overall survival curves according to 6q LOH (C), 8p LOH (D), and 17q
gain (E) in the patients older than 5 years at diagnosis.
www.impactjournals.com/oncotarget
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were observed between high ALK score and negative/
low ALK score cases in group A (P = 0.033) (Figure 9C).
However, no significant differences in the survival rate
were detected in the other groups.

LOH, and DNA ploidy are important for risk assessment
in patients with neuroblastoma [27–31]. However,
stratification is still imperfect, resulting in the undertreatment of few cases with intermediate risk. This may
be due to the lack of systematic molecular characterization
in this patient group of neuroblastoma. In our cohort, 97
cases were classified into the intermediate-risk group
of COG risk classification, and we assessed the genetic
features of these cases. In this intermediate-risk group, the
proportion of patients in group E was the highest (46.4%),
while the proportions of patients in groups A, B, and D
were relatively low (8.2%, 9.3%, and 10.3%, respectively).
To identify patients who might benefit the most from

The presence of 1p, 4p, and 11q LOH potentially
contributed to the outcome prediction of
intermediate-risk neuroblastoma
During the last several decades, a body of
literature regarding risk-based therapy for children with
neuroblastoma has been accumulated [2]. Clinical stage,
age, histopathology, MYCN copy number status, 11q

Figure 6: Comparison of the genetic and clinical landscape between 111 relapsed/refractory cases and 232 complete
remission cases. (A) Mutational and copy number change profiles of relapsed cases and non-relapsed cases among 343 neuroblastomas.

Relapsed/refractory cases included 76 dead cases. This comparison excluded 157 patients without information about disease status.
(B) Overall survival according to relapsed/refractory cases versus complete remission cases.
www.impactjournals.com/oncotarget
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with MYCN amplification (group A1) and the other was
a group without MYCN amplification (group A2). Each of
these subgroups displayed different genetic backgrounds
and clinical features, and there were no concordances
with mutation types and these subgroups. Therefore,
mutated ALK alleles may not be selected during the
branching evolution of tumor development. Since the
overall survival rate between groups A1 and A2 was not
significantly different, MYCN amplification may not be a
prognostic indicator in these groups. However, because
the relapse rate was higher in group A1 than in group
A2, the combined occurrence of MYCN amplification and
ALK abnormalities is likely to contribute to the gain in
metastatic progression capacities. In agreement with this,
our previously reported ALKR1275Q knock-in and MYCN
transgenic compound mice revealed that the co-operation
of ALK mutation and MYCN overexpression results in
impaired normal extracellular matrix/basement membrane
integrity and enhanced tumor growth and dissemination
[32]. Because MYCN amplification and TERT alterations
were mutually exclusive [15–16], aggressive phenotype of
group A2 might be correlated with high TERT expression.
Thus, to provide an adequate assessment of molecular
basis of group A2, further study is required.
Through IHC analysis and genetic screening, we
demonstrated that overall survival was significantly worse in
cases with a high ALK score than in those with a low ALK

genetic alteration-based risk estimation, we analyzed the
prognostic value of genetic changes in the intermediaterisk group (Figure 10A). There were no relationship
between genetic subgroups and overall survival in patients
with intermediated-risk group (Figure 10B). Intriguingly,
in addition to 11q LOH (P = 0.041), 1p LOH and 4p LOH
were significantly related to poor outcome (P = 0.0014
and P = 0.04, respectively) (Figure 10C–10E), although
multivariate analysis did not show statistical significance
(Supplementary Table 11).

DISCUSSION
The present comprehensive genetic analysis revealed
the whole features of the CNVs and mutation spectrum
of major driver genes in a large series of neuroblastoma
specimens. Based on genetic signatures, neuroblastoma
patients can be divided into 6 molecular subgroups, which
displayed different clinical characteristics, confirming
the genetic diversity of neuroblastomas. Owing to the
presence of very few genetic changes in tumors from
group F, the majority of these tumors may be driven by
epigenetic modifications, germline variants, or substantial
numbers of mutations, which went undetected, as only 10
neuroblastoma-related genes were analyzed.
Our study revealed the following 2 subgroups of
group A: one was a group having ALK abnormalities

Figure 7: Comparison of the genetic and clinical landscape between 75 relapsed cases and 36 refractory cases. Mutational
and copy number change profiles of relapsed cases and refractory cases among 111 neuroblastomas.
www.impactjournals.com/oncotarget

107522

Oncotarget

score in group A, indicating the reliable prognostic value
of IHC analysis for ALK in cases with ALK abnormalities.
Therefore, the combination of IHC findings and the genetic
status of ALK can support therapeutic decisions.
In this cohort, patients who were older than 5
years at diagnosis had partial gains and deletions of
chromosomes, typical 19p, 19q, and 22q LOH, and
these alterations were more common in these patients
than in those younger than 5 years. These findings
indicated that the genetic background of neuroblastomas
in children older than 5 years is distinct from that in
children younger than 5 years. Because 19p/19q LOH
and 22q LOH were commonly found in patients older
than 5 years at diagnosis, analysis of these chromosomal
aberrations might help elucidate the mechanisms of tumor
development in patients older than 5 years. In addition,
our results suggested that 6q and 8p LOH and 17q gain
might be useful to predict the outcome of patients older
than 5 years, although the number of patients with these
chromosomal abnormalities was too small for detecting
statistically independent associations between these CNVs
and a patient’s poor prognosis.

Previous papers have identified several driver
oncogenic events, such as alterations in the RAS/MAPK
pathway, in relapsed neuroblastomas, using high throughput
sequencing [17]. However, as these gene alterations are
enriched in only relapsed cases, the actionable genetic
alterations at diagnosis that predict occurrence of relapse
have been poorly studied, except for MYCN amplification
[28]. In our study, we showed that the coexistence of MYCN
amplification and 1p LOH, and the co-deletion of 3p and
11q in diagnostic samples were significantly correlated with
the relapse rate. Therefore, it would be necessary to evaluate
these genetic parameters at diagnosis in order to make the
most appropriate therapeutic strategy.
Intermediate-risk neuroblastomas are thought to
have high genetic diversity, and only limited data exist on
prognostic molecular markers in this group. According to
our genetic study, not only 11q LOH but also 1p and 4p
LOH likely correlate with poor prognosis, and thus, these
alterations may potentially contribute to relevant treatment
stratification of the intermediate-risk group.
Our comprehensive genetic overview clarifies
the clinical impact of genetic signatures and aids in the

Figure 8: Correlations and temporal hierarchy of gene alterations in 75 neuroblastoma with relapse. Statistically
significant (q < 0.01) positive (red) and negative (blue) correlations among gene mutations/copy number changes.
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better understanding of copy number alteration spectrum
of neuroblastoma. These findings provide important
therapeutic opportunities, and they will help in the
development of personalized medicine for neuroblastoma
patients who still have a poor prognosis. However, since
our genetic landscapes are drawn in a single cohort and
lack information of TRET abnormalities, to provide
accurate evaluations for molecular subgroups, further
studies are needed.

of initial diagnosis from patients who had been diagnosed
with neuroblastomas and admitted to Tokyo University
Hospital and many other hospitals in Japan between
2003 and 2015. A total of 500 samples were assessed in
this study. Among the 500 samples, 282 were obtained
from the JNBSG. Informed consent was obtained
from parents according to the relevant Japanese laws
on the protection of persons taking part in biomedical
research (Supplementary Table 3). All the tumors were
classified according to the International Neuroblastoma
Staging System (INSS) [33]. Risk stratification was
performed according to Children’s Oncology Group
(COG) [1, 2]. Patients were treated according to several
protocols [34, 35]. The MYCN gene copy number was
determined as a routine diagnostic approach using FISH
analysis combined with SNP array data in this study. The
characteristics of the 500 study patients are summarized

MATERIALS AND METHODS
Patients and tumor samples
This study was approved by the ethics review
board of the University of Tokyo (approved number:
1598). Neuroblastoma samples were obtained at the time

Figure 9: Genetic and clinical characteristics of the high and low ALK score groups. (A) Genetic landscape of 259

neuroblastomas based on the ALK score. (B) Kaplan–Meier estimate for overall survival according to the ALK score. (C) Kaplan–Meier
estimate for overall survival according to the ALK score in group A.
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in Supplementary Table 3. DNA was extracted according
to the manufacturer’s instructions.

was performed using NotI-tagged primers (Supplementary
Table 12). In addition to genes confirmed to be recurrently
mutated in previous neuroblastoma sequencing studies,
such as ALK, ATRX, ARID1A, ARID1B, MYCN, and
PTPN11, we selected targeted genes directly involved
in the RAS pathway (NRAS, HRAS, and KRAS). We also
selected PHOX2B, which has been detected in patients
with presumed genetic predisposition to neuroblastoma
[13, 14, 19, 36–38]. The digested PCR product was

Targeted deep sequencing of PCR-amplified
fragments
Targeted
deep
sequencing
for
selected
neuroblastoma-related genes (ALK, MYCN, ATRX,
ARID1A/1B, PTPN11, PHOX2B, HRAS, KRAS, and NRAS)

Figure 10: Genetic and clinical characteristics of the neuroblastoma patients classified intermediate risk group by
COG risk classification. (A) Mutational and copy number changes profiles by COG risk classification in 481 neuroblastomas. 19 patients
without the information about COG risk classification excluded in this landscape. This cohort included 96 patients with intermediate-risk
group. All patients with Group C (MYCN amplification) were in high-risk group. Overall survival for patients with 5 genetic subgroups in
intermediate- risk group (B), 1p LOH in intermediate-risk group (C), 4p LOH in intermediate-risk group (D) and 11q LOH in intermediaterisk group (E).
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Statistical analysis

purified, concatenated with T4 DNA ligase, and sonicated
to generate fragments with an average size of 200 bp
using a Covaris system. Within each genomic DNA pool,
individuals with mutations were confirmed by subsequent
sequencing by Hiseq 2000 or Miseq. Fragments were
processed for sequencing according to a modified
Illumina paired-end library protocol, and sequences
were read with HiSeq 2000 or Miseq using a 100-bp or
150-bp paired-end read protocol [39]. Sequencing reads
were aligned to hg19 using Burrows-Wheeler Aligner
(BWA) with default parameters. The allele frequencies
of SNVs and indels were calculated at each genomic
position by enumerating the relevant reads with SAM
tools. All variants showing VAF > 0.02 were extracted
and annotated using ANNOVAR [40]. We excluded all
variants found in dbSNP131, 1000 Genomes Project, and
our in-house database, unless they were registered in the
Catalogue of Somatic Mutations in Cancer (COSMIC
version 60) [41]. The effects of the mutations on protein
function were assessed using SIFT [42], PolyPhen-2 [43],
and Mutation Taster [44]. To validate putative genomic
variants detected in pooled sequencing, independent
targeted deep sequencing was performed.

Statistical analyses were performed using JMP®Pro11
(SAS Institute Inc., Cary, NC, USA). Correlations between
clinical and molecular data were assessed by using the
chi-square test. Relapse-free survival and overall survival,
indicated with standard deviation, were estimated using
the Kaplan–Meier method and were compared using the
log-rank test. A P-value < 0.05 was considered to indicate
significance. Relapse-free survival was calculated from
diagnosis until the date of relapse. Overall survival was
calculated from diagnosis until last follow-up or diseaserelated death. For multivariate analysis, we applied Cox
proportional hazards regression models based on event-free
survival with a backward procedure. Correlations between
mutations and CNVs were investigated using Chi-squared
test. The Pc values were adjusted by using Bonferroni’s
correction for multiple comparisons. Mann-Whitney U-Test
was used for comparison of age at diagnosis between
groups A1 and A2. We performed exhaustive pairwise
testing across 3 genes (ALK MYCN, and ATRX) and 16 copy
number changes in chromosome arms. Multiple testing
was corrected using the method proposed by BenjaminiHochberg [48, 49], which was considered statistically
significant at a P-value < 0.01 [50].

SNP array analysis
We analyzed the genome-wide copy number
variations (CNVs) for the 500 samples using GeneChip
Human Mapping 250k Nspl or CytoScan HD arrays
(Affymetrix) according to the manufacturer’s instructions.
CNAG/AsCNAR was used for subsequent informatics
analysis for SNP array data as described previously [45, 46],
which enabled accurate detection of allelic status without
paired normal DNA, even in the presence of up to 70–80%
normal cell contamination. Amplification was defined as a
copy number of ≥5, gain was defined as a copy number
of 3–4, and loss was defined as a copy number of 1. The
array data have been deposited in the Japanese Genotypephenotype Archive (JGA) at DNA Data Bank of Japan
Center (DDBJ Center; http://www.ddbj.nig.ac.jp) with
accession number JGAS00000000046 [47].
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cytoplasmic staining, 50–75% of cells (high); 4+, strong
intensity of cytoplasmic staining, >75% of cells (high).
www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS
We are grateful to Ms. Matsumura, Ms. Hoshino,
Ms. Yin, Ms. Saito, Ms. Nakamura M, Ms. Nakamura H,
Ms. Mizota, and Ms. Ogino for their excellent technical
assistance. We also wish to express our appreciation to
107526

Oncotarget

Drs. Mitsui and Tsuji from The University of Tokyo for
the assistance of sequencing analysis.

9. Mosse YP, Laudenslager M, Longo L, Cole KA, Wood A,
Attiyeh EF, Laquaglia MJ, Sennett R, Lynch JE, Perri P,
Laureys G, Speleman F, Kim C, et al. Identification of ALK as
a major familial neuroblastoma predisposition gene. Nature.
2008; 455:930–5. https://doi.org/10.1038/nature07261.

CONFLICTS OF INTEREST
The authors declare no potential conflicts of interest.

10. George RE, Sanda T, Hanna M, Frohling S, Luther W 2nd,
Zhang J, Ahn Y, Zhou W, London WB, McGrady P, Xue L,
Zozulya S, Gregor VE, et al. Activating mutations in ALK
provide a therapeutic target in neuroblastoma. Nature. 2008;
455:975–8. https://doi.org/10.1038/nature07397.

GRANT SUPPORT
This work was supported by KAKENHI (17H04224
and 26293242) of Japan Society of Promotion of Science;
Research on Measures for Intractable Diseases, Health,
and Labor Sciences Research Grants, Ministry of Health,
Labor and Welfare and by The Project for Development of
Innovative Research on Cancer Therapeutics (P-DIRECT)
and P-CREATE.

11. Duijkers FA, Gaal J, Meijerink JP, Admiraal P, Pieters R, de
Krijger RR, van Noesel MM. High anaplastic lymphoma
kinase immunohistochemical staining in neuroblastoma
and ganglioneuroblastoma is an independent predictor of
poor outcome. Am J Pathol. 2012; 180:1223–31. https://doi.
org/10.1016/j.ajpath.2011.12.003.
12. Yan B, Kuick CH, Lim M, Venkataraman K, Tennakoon C,
Loh E, Lian D, Leong MY, Lakshmanan M, Tergaonkar V,
Sung WK, Soh SY, Chang KT. Platform comparison
for evaluation of ALK protein immunohistochemical
expression, genomic copy number and hotspot mutation
status in neuroblastomas. PLoS One. 2014; 9:e106575.
https://doi.org/10.1371/journal.pone.0106575.

REFERENCES
1. Maris JM, Hogarty MD, Bagatell R, Cohn SL.
Neuroblastoma. The Lancet. 2007; 369:2106–20. https://
doi.org/10.1016/s0140-6736(07)60983-0.
2. Park JR, Bagatell R, London WB, Maris JM, Cohn SL,
Mattay KK, Hogarty M. Children’s Oncology Group’s
2013 blueprint for research: neuroblastoma. Pediatr
Blood Cancer. 2013; 60:985–93. https://doi.org/10.1002/
pbc.24433.

13. Cheung NK, Zhang J, Lu C, Parker M, Bahrami A, Tickoo SK,
Heguy A, Pappo AS, Federico S, Dalton J, Cheung IY, Ding
L, Fulton R, et al. Association of age at diagnosis and genetic
mutations in patients with neuroblastoma. Jama. 2012;
307:1062–71. https://doi.org/10.1001/jama.2012.228.

3. Nakagawara A, Ikeda K, Tsuda T, Higashi K. N-myc
oncogene amplification and prognostic factors of
neuroblastoma in children. J Pediatr Surg. 1987; 22:895–8.

14. Molenaar JJ, Koster J, Zwijnenburg DA, van Sluis P,
Valentijn LJ, van der Ploeg I, Hamdi M, van Nes J,
Westerman BA, van Arkel J, Ebus ME, Haneveld F,
Lakeman A, et al. Sequencing of neuroblastoma identifies
chromothripsis and defects in neuritogenesis genes. Nature.
2012; 483:589–93. https://doi.org/10.1038/nature10910.

4. Fong CT, Dracopoli NC, White PS, Merrill PT, Griffith RC,
Housman DE, Brodeur GM. Loss of heterozygosity for
the short arm of chromosome 1 in human neuroblastomas:
correlation with N-myc amplification. Proc Natl Acad Sci U
S A. 1989; 86:3753–7.

15. Valentijn LJ, Koster J, Zwijnenburg DA, Hasselt NE, van Sluis P,
Volckmann R, van Noesel MM, George RE, Tytgat GA,
Molenaar JJ, Versteeg R. TERT rearrangements are frequent
in neuroblastoma and identify aggressive tumors. Nat Genet.
2015; 47:1411–4. https://doi.org/10.1038/ng.3438.

5. Srivatsan ES, Ying KL, Seeger RC. Deletion of
chromosome 11 and of 14q sequences in neuroblastoma.
Genes Chromosomes Cancer. 1993; 7:32–7.
6. Plantaz D, Mohapatra G, Matthay KK, Pellarin M, Seeger
RC, Feuerstein BG. Gain of chromosome 17 is the most
frequent abnormality detected in neuroblastoma by
comparative genomic hybridization. Am J Pathol. 1997;
150:81–9.

16. Peifer M, Hertwig F, Roels F, Dreidax D, Gartlgruber M,
Menon R, Kramer A, Roncaioli JL, Sand F, Heuckmann JM,
Ikram F, Schmidt R, Ackermann S, et al. Telomerase
activation by genomic rearrangements in high-risk
neuroblastoma. Nature. 2015; 526:700–4. https://doi.
org/10.1038/nature14980.

7. Chen Y, Takita J, Choi YL, Kato M, Ohira M, Sanada M,
Wang L, Soda M, Kikuchi A, Igarashi T, Nakagawara A,
Hayashi Y, Mano H, et al. Oncogenic mutations of ALK
kinase in neuroblastoma. Nature. 2008; 455:971–4. https://
doi.org/10.1038/nature07399.

17. Eleveld TF, Oldridge DA, Bernard V, Koster J, Daage LC,
Diskin SJ, Schild L, Bentahar NB, Bellini A, Chicard M,
Lapouble E, Combaret V, Legoix-Ne P, et al. Relapsed
neuroblastomas show frequent RAS-MAPK pathway
mutations. Nat Genet. 2015; 47:864–71. https://doi.
org/10.1038/ng.3333.

8. Janoueix-Lerosey I, Lequin D, Brugieres L, Ribeiro A, de
Pontual L, Combaret V, Raynal V, Puisieux A, Schleiermacher
G, Pierron G, Valteau-Couanet D, Frebourg T, Michon J, et
al. Somatic and germline activating mutations of the ALK
kinase receptor in neuroblastoma. Nature. 2008; 455:967–70.
https://doi.org/10.1038/nature07398.
www.impactjournals.com/oncotarget

18. van Limpt V, Schramm A, van Lakeman A, Sluis P, Chan A,
van Noesel M, Baas F, Caron H, Eggert A, Versteeg R.
The Phox2B homeobox gene is mutated in sporadic
107527

Oncotarget

neuroblastomas. Oncogene. 2004; 23:9280–8. https://doi.
org/10.1038/sj.onc.1208157.

in the Children’s Oncology Group. J Clin Oncol. 2005;
23:6459–65. https://doi.org/10.1200/JCO.2005.05.571.

19. Pugh TJ, Morozova O, Attiyeh EF, Asgharzadeh S, Wei JS,
Auclair D, Carter SL, Cibulskis K, Hanna M, Kiezun A,
Kim J, Lawrence MS, Lichenstein L, et al. The genetic
landscape of high-risk neuroblastoma. Nat Genet. 2013;
45:279–84. https://doi.org/10.1038/ng.2529.

28. Seeger RC, Brodeur GM, Sather H, Dalton A, Siegel SE,
Wong KY, Hammond D. Association of multiple copies
of the N-myc oncogene with rapid progression of
neuroblastomas. N Engl J Med. 1985; 313:1111–6. https://
doi.org/10.1056/nejm198510313131802.

20. Janoueix-Lerosey I, Schleiermacher G, Michels E,
Mosseri V, Ribeiro A, Lequin D, Vermeulen J, Couturier J,
Peuchmaur M, Valent A, Plantaz D, Rubie H, ValteauCouanet D, et al. Overall genomic pattern is a predictor of
outcome in neuroblastoma. J Clin Oncol. 2009; 27:1026–
33. https://doi.org/10.1200/JCO.2008.16.0630.

29. Attiyeh EF, London WB, Mosse YP, Wang Q, Winter C,
Khazi D, McGrady PW, Seeger RC, Look AT, Shimada H,
Brodeur GM, Cohn SL, Matthay KK, et al. Chromosome
1p and 11q deletions and outcome in neuroblastoma. N
Engl J Med. 2005; 353:2243–53. https://doi.org/10.1056/
NEJMoa052399.

21. George RE, Attiyeh EF, Li S, Moreau LA, Neuberg D,
Li C, Fox EA, Meyerson M, Diller L, Fortina P, Look AT,
Maris JM. Genome-wide analysis of neuroblastomas using
high-density single nucleotide polymorphism arrays.
PLoS One. 2007; 2:e255. https://doi.org/10.1371/journal.
pone.0000255.

30. Look AT, Hayes FA, Nitschke R, McWilliams NB,
Green AA. Cellular DNA Content as a Predictor of Response
to Chemotherapy in Infants with Unresectable Neuroblastoma.
N Engl J Med. 1984; 311:231–5. https://doi.org/10.1056/
NEJM198407263110405.
31. Shimada H, Ambros IM, Dehner LP, Hata J, Joshi VV,
Roald B, Stram DO, Gerbing RB, Lukens JN, Matthay KK,
Castleberry RP. The International Neuroblastoma Pathology
Classification (the Shimada system). Cancer. 1999;
86:364–72.

22. Schleiermacher G, Janoueix-Lerosey I, Ribeiro A,
Klijanienko J, Couturier J, Pierron G, Mosseri V, Valent A,
Auger N, Plantaz D, Rubie H, Valteau-Couanet D,
Bourdeaut F, et al. Accumulation of segmental alterations
determines progression in neuroblastoma. J Clin Oncol. 2010;
28:3122–30. https://doi.org/10.1200/JCO.2009.26.7955.

32. Ueda T, Nakata Y, Yamasaki N, Oda H, Sentani K, Kanai A,
Onishi N, Ikeda K, Sera Y, Honda ZI, Tanaka K, Sata M,
Ogawa S, et al. ALK(R1275Q) perturbs extracellular
matrix, enhances cell invasion and leads to the development
of neuroblastoma in cooperation with MYCN. Oncogene.
2016; 35:4447–58. https://doi.org/10.1038/onc.2015.519.

23. Teshiba R, Kawano S, Wang LL, He L, Naranjo A,
London WB, Seeger RC, Gastier-Foster JM, Look AT,
Hogarty MD, Cohn SL, Maris JM, Park JR, et al. Agedependent prognostic effect by Mitosis-Karyorrhexis Index
in neuroblastoma: a report from the Children’s Oncology
Group. Pediatr Dev Pathol. 2014; 17:441–9. https://doi.
org/10.2350/14-06-1505-oa.1.

33. Brodeur GM, Pritchard J, Berthold F, Carlsen NL, Castel V,
Castelberry RP, De Bernardi B, Evans AE, Favrot M,
Hedborg F. Revisions of the international criteria for
neuroblastoma diagnosis, staging, and response to
treatment. J Clin Oncol. 1993; 11:1466–77.

24. Simon T, Berthold F, Borkhardt A, Kremens B, De
Carolis B, Hero B. Treatment and outcomes of patients
with relapsed, high-risk neuroblastoma: results of German
trials. Pediatr Blood Cancer. 2011; 56:578–83. https://doi.
org/10.1002/pbc.22693.

34. Kaneko M, Tsuchida Y, Mugishima H, Ohnuma N,
Yamamoto K, Kawa K, Iwafuchi M, Sawada T, Suita S.
Intensified chemotherapy increases the survival rates
in patients with stage 4 neuroblastoma with MYCN
amplification. J Pediatr Hematol Oncol. 2002; 24:613–21.

25. Passoni L, Longo L, Collini P, Coluccia AM, Bozzi F,
Podda M, Gregorio A, Gambini C, Garaventa A, Pistoia V,
Del Grosso F, Tonini GP, Cheng M, et al. Mutationindependent anaplastic lymphoma kinase overexpression in
poor prognosis neuroblastoma patients. Cancer Res. 2009;
69:7338–46. https://doi.org/10.1158/0008-5472.can-08-4419.

35. Iehara T, Hosoi H, Akazawa K, Matsumoto Y, Yamamoto K,
Suita S, Tajiri T, Kusafuka T, Hiyama E, Kaneko M,
Sasaki F, Sugimoto T, Sawada T. MYCN gene amplification
is a powerful prognostic factor even in infantile
neuroblastoma detected by mass screening. Br J Cancer.
2006; 94:1510–5. https://doi.org/10.1038/sj.bjc.6603149.

26. Schulte JH, Bachmann HS, Brockmeyer B, Depreter K,
Oberthur A, Ackermann S, Kahlert Y, Pajtler K, Theissen J,
Westermann F, Vandesompele J, Speleman F, Berthold F,
et al. High ALK receptor tyrosine kinase expression
supersedes ALK mutation as a determining factor of
an unfavorable phenotype in primary neuroblastoma.
Clin Cancer Res. 2011; 17:5082–92. https://doi.
org/10.1158/1078-0432.CCR-10-2809.

36. Sausen M, Leary RJ, Jones S, Wu J, Reynolds CP, Liu X,
Blackford A, Parmigiani G, Diaz LA Jr, Papadopoulos N,
Vogelstein B, Kinzler KW, Velculescu VE, et al. Integrated
genomic analyses identify ARID1A and ARID1B alterations
in the childhood cancer neuroblastoma. Nat Genet. 2013;
45:12–7. https://doi.org/10.1038/ng.2493.

27. London WB, Castleberry RP, Matthay KK, Look AT,
Seeger RC, Shimada H, Thorner P, Brodeur G, Maris JM,
Reynolds CP, Cohn SL. Evidence for an age cutoff greater
than 365 days for neuroblastoma risk group stratification
www.impactjournals.com/oncotarget

37. Mosse YP, Laudenslager M, Khazi D, Carlisle AJ,
Winter CL, Rappaport E, Maris JM. Germline PHOX2B
mutation in hereditary neuroblastoma. Am J Hum Genet.
2004; 75:727–30. https://doi.org/10.1086/424530.
107528

Oncotarget

38. Trochet D, Bourdeaut F, Janoueix-Lerosey I, Deville A, de
Pontual L, Schleiermacher G, Coze C, Philip N, Frebourg T,
Munnich A, Lyonnet S, Delattre O, Amiel J. Germline
mutations of the paired-like homeobox 2B (PHOX2B)
gene in neuroblastoma. Am J Hum Genet. 2004; 74:761–4.
https://doi.org/10.1086/383253.

sequence alterations. Nat Methods. 2010; 7:575–6. https://
doi.org/10.1038/nmeth0810-575.
45. Nannya Y, Sanada M, Nakazaki K, Hosoya N, Wang L,
Hangaishi A, Kurokawa M, Chiba S, Bailey DK, Kennedy GC,
Ogawa S. A robust algorithm for copy number detection using
high-density oligonucleotide single nucleotide polymorphism
genotyping arrays. Cancer Res. 2005; 65:6071–9. https://doi.
org/10.1158/0008-5472.can-05-0465.

39. Yoshida K, Toki T, Okuno Y, Kanezaki R, Shiraishi Y, SatoOtsubo A, Sanada M, Park MJ, Terui K, Suzuki H, Kon A,
Nagata Y, Sato Y, et al. The landscape of somatic mutations
in Down syndrome-related myeloid disorders. Nat Genet.
2013; 45:1293–9. https://doi.org/10.1038/ng.2759.

46. Yamamoto G, Nannya Y, Kato M, Sanada M, Levine RL,
Kawamata N, Hangaishi A, Kurokawa M, Chiba S, Gilliland
DG, Koeffler HP, Ogawa S. Highly sensitive method for
genomewide detection of allelic composition in nonpaired,
primary tumor specimens by use of affymetrix singlenucleotide-polymorphism genotyping microarrays. J R Stat
Soc. 2007; 81:114–26. https://doi.org/10.1086/518809.

40. Wang K, Li M, Hakonarson H. ANNOVAR: functional
annotation of genetic variants from high-throughput
sequencing data. Nucleic Acids Res. 2010; 38:e164. https://
doi.org/10.1093/nar/gkq603.
41. Forbes SA, Bindal N, Bamford S, Cole C, Kok CY,
Beare D, Jia M, Shepherd R, Leung K, Menzies A,
Teague JW, Campbell PJ, Stratton MR, et al. COSMIC:
mining complete cancer genomes in the Catalogue of
Somatic Mutations in Cancer. Nucleic Acids Res. 2011;
39:D945–50. https://doi.org/10.1093/nar/gkq929.

47. Kodama Y, Mashima J, Kosuge T, Katayama T, Fujisawa T,
Kaminuma E, Ogasawara O, Okubo K, Takagi T, Nakamura Y.
The DDBJ Japanese Genotype-phenotype Archive for genetic
and phenotypic human data. Nucleic Acids Res. 2015;
43:D18–22. https://doi.org/10.1093/nar/gku1120.
48. Hochber YBaY. Controlling the False Discovery Rate: A
Practical and Powerful Approach to MultipleTesting. J R
Stat Soc. 1995; 57:289–300.

42. Kumar P, Henikoff S, Ng PC. Predicting the effects of
coding non-synonymous variants on protein function using
the SIFT algorithm. Nat Protoc. 2009; 4:1073–81. https://
doi.org/10.1038/nprot.2009.86.

49. Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I.
Controlling the false discovery rate in behavior genetics
research. Behav Brain Res. 2001; 125:279–84.

43. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE,
Gerasimova A, Bork P, Kondrashov AS, Sunyaev SR.
A method and server for predicting damaging missense
mutations. Nat Methods. 2010; 7:248–9. https://doi.
org/10.1038/nmeth0410-248.

50. Suzuki H, Aoki K, Chiba K, Sato Y, Shiozawa Y, Shiraishi Y,
Shimamura T, Niida A, Motomura K, Ohka F, Yamamoto T,
Tanahashi K, Ranjit M, et al. Mutational landscape and
clonal architecture in grade II and III gliomas. Nat Genet.
2015; 47:458–68. https://doi.org/10.1038/ng.3273.

44. Schwarz JM, Rodelsperger C, Schuelke M, Seelow D.
MutationTaster evaluates disease-causing potential of

www.impactjournals.com/oncotarget

107529

Oncotarget

