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Imaging, Diagnosis, Prognosis

A Three-Gene Expression Signature Model for Risk
Stratification of Patients with Neuroblastoma

Idoia Garcia1, Gemma Mayol1, Jos�e R��os3, Gema Domenech3, Nai-Kong V. Cheung4, Andr�e Oberthuer5,
Matthias Fischer5, John M. Maris6, Garrett M. Brodeur6, Barbara Hero5, Eva Rodr��guez1, Mariona Su~nol2,
Patricia Galvan1, Carmen de Torres1, Jaume Mora1, and Cinzia Lavarino1

Abstract
Purpose: Neuroblastoma is an embryonal tumor with contrasting clinical courses. Despite elaborate

stratification strategies, precise clinical risk assessment still remains a challenge. The purpose of this study

was to develop a PCR-based predictor model to improve clinical risk assessment of patients with

neuroblastoma.

Experimental Design: The model was developed using real-time PCR gene expression data from 96

samples and tested on separate expression data sets obtained from real-time PCR and microarray studies

comprising 362 patients.

Results: On the basis of our prior study of differentially expressed genes in favorable and unfavorable

neuroblastoma subgroups, we identified three genes, CHD5, PAFAH1B1, and NME1, strongly associated

with patient outcome. The expression pattern of these genes was used to develop a PCR-based single-score

predictor model. The model discriminated patients into two groups with significantly different clinical

outcome [set 1: 5-year overall survival (OS): 0.93 � 0.03 vs. 0.53 � 0.06, 5-year event-free survival

(EFS): 0.85 � 0.04 vs. 0.042 � 0.06, both P < 0.001; set 2 OS: 0.97 � 0.02 vs. 0.61 � 0.1, P ¼ 0.005, EFS:

0.91 � 0.8 vs. 0.56 � 0.1, P ¼ 0.005; and set 3 OS: 0.99 � 0.01 vs. 0.56 � 0.06, EFS: 0.96 � 0.02 vs.

0.43 � 0.05, both P < 0.001]. Multivariate analysis showed that the model was an independent marker

for survival (P < 0.001, for all). In comparison with accepted risk stratification systems, the model robustly

classified patients in the total cohort and in different clinically relevant risk subgroups.

Conclusion: We propose for the first time in neuroblastoma, a technically simple PCR-based

predictor model that could help refine current risk stratification systems. Clin Cancer Res; 18(7);

2012–23. �2012 AACR.

Introduction
Neuroblastoma, the most common solid extracranial

pediatric tumor, is heterogeneous in terms of its biologic,
genetic, and morphologic characteristics. Such tumors

exhibit diverse clinical behaviors whereby patients with
similar clinicopathologic features can have radically differ-
ent outcomes. Since treatment strategies vary from surgery
alone to intensive multimodal regimens, precise risk assess-
ment is critical for therapeutic decisions. Currently, several
clinical, biologic, and morphologic parameters, such as age
at diagnosis, tumor stage, genomic amplification ofMYCN
oncogene, copy number alterations of the chromosomal
regions 1p, 11q, and 17q, ploidy, and histologic features,
are considered as markers of neuroblastoma outcome (1–
4). However, despite elaborate risk stratification strategies,
there remain cases where thesemarkers have shown limited
clinical use.

Microarray gene expression studies have contributed to
identify sets of genes of prognostic importance in numer-
ous neoplasias, including neuroblastoma (5–13). Never-
theless, the use of microarrays in clinical practice is
limited by the large sets of genes identified and the need
for complex statistical analyses required to extract infor-
mative patterns from raw microarray data. Furthermore,
there has been little overlap in the prognostic gene sets
identified by different groups. To translate these profiles
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into clinically applicable tests, it is essential to reduce the
number of genes and create profiles that can be analyzed
with a conventional assay such as quantitative real-time
PCR (qRT-PCR).
In our previous study, we identified differentially

expressed genes capable of discriminating between sub-
groups of neuroblastoma with radically different clinical
course; namely, near-triploid (favorable prognosis) and
near-diploid/tetraploid tumors (unfavorable prognosis).
A substantial portion of these genes mapped to chromo-
somes 1 and 17, chromosomal regions found to be
recurrently altered in neuroblastoma (14). Tumor cell
ploidy has recently been included in the International
Neuroblastoma Risk Group (INRG) classification system
as a significant neuroblastoma biomarker together with
MYCN status and 11q23 allelic status (3). Gene expres-
sion profiles associated with different neuroblastoma
ploidy status may contribute to the identification of genes
that are predictive of outcome. In this study, we investi-
gated whether the identified gene expression profiling
data allowed for the development of an outcome predic-
tor model that could both accurately predict neuroblas-
toma outcome and be technically simple and applicable
for routine clinical use. To this end, we examined the
prognostic significance of 11 high-ranked, differentially
expressed genes located on the chromosomes 1 and 17,
chosen on the basis of our previous study (14). The
results of a qRT-PCR–based analysis enabled the devel-
opment of a single-score predictor model based on the
expression pattern of 3 genes, CHD5, PAFAH1B1, and
NME1, strongly associated with patient outcome.

Methods
Patients and samples

Tumor specimens from 96 patients with neuroblastoma
were obtained at the time of diagnosis from different
institutions [Memorial Sloan-Kettering Cancer Center
(MSKCC), NY (n¼ 42), Hospital Sant Joan de D�eu (HSJD),
Barcelona, Spain (n ¼ 32); Hospital Ni~no Jes�us, Madrid,
Spain (n¼ 11); Hospital La Paz,Madrid, Spain (n¼ 7); and
Hospital La Fe, Valencia, Spain (n ¼ 4)] and represented
the training set of this study (Table 1 and Supplementary
Table S1).

The first 36 unselected cases of the training cohort (36 of
96 neuroblastoma) were used to develop the gene expres-
sion–based model; the remaining 60 primary neuroblasto-
ma tumors were used as preliminary testing cohort. The
complete training cohort (n¼ 96)was subsequently used to
refine the obtained model (Table 1 and Supplementary
Table S1).

A separate set of 120 primary neuroblastoma tumors
(hereafter referred as set 1)of patients diagnosed and treated
at the Department of Pediatric Oncology, University Chil-
dren’s Hospital of Cologne, Cologne, Germany, was used as
an independent, blinded set of RNA samples to validate the
model by qRT-PCR.

Tumors were assessed by a pathologist, only tumors with
more than 70% viable tumor cell content were included in
the study. Risk assessment was defined by the International
Staging System (INSS; ref. 1). Neuroblastoma stages I–IV
were treated without use of cytotoxic therapy, when possi-
ble. Patients with stage IV neuroblastoma were treated with
the combination of intensive chemotherapy (including
high-dose therapy and autologous stem cell rescue), radio-
therapy, and surgery. Written informed consent was
obtained from each subject or from his or her guardian
before collection of samples. This study was approved by
the Institutional Review Boards.

Gene expression data
Two published gene expression data sets from different

platforms comprising 352 patients in total were used as
validations sets. Expression datawere downloaded from the
National Centre of Biotechnology Information Gene
Expression Omnibus (GSE3960; ref. 15) and from the
European Bioinformatics Institute ArrayExpress database
(E-TABM-38; ref. 9). Updated clinical data were obtained
from the authors. The validation sets will be hereafter
referred to as set 2 [n ¼ 101 (ref. 15)] and set 3 [n ¼ 251
(ref. 9)]. Sets 2 and 3 were used to assess the prediction
performance of the model across different neuroblastoma
expression data sets. Set 3 includes expression data of 110
patients comprised in set 1. This set of overlapping samples
(n¼ 110) was used to estimate the prediction performance
of the model in neuroblastoma tumors analyzed by differ-
ent expression methods (qRT-PCR and microarray analy-
ses). Set 3 was used for further analyses aimed to test the
classification performance of the model as compared with
current risk stratification systems. Set 3 was selected for

Translational Relevance
Neuroblastoma risk stratification is perhaps the most

advanced of all pediatric solid tumors. International
classification systems are based on various clinicopath-
ologic and genetic parameters. Nevertheless, there
remain cases where these elaborated stratification strat-
egies have shown limited clinical use. In this study, a
three-gene PCR-based single-scoremodelwas developed
and tested using quantitative real-time PCR and micro-
array expression data from four sets including 458
patientswith primary neuroblastoma. The scoringmeth-
od reliably stratified patients with significantly different
outcome in all the test sets and in different neuroblas-
toma risk subgroups, showing to be robust and highly
reproducible. Furthermore, multivariate analysis
showed that the model is an independent prognostic
factor for survival. The proposed model is a technically
simple classifier that requires minimal amount of
mRNA, easy to interpret, reproducible, and cost-effec-
tive. These results provide evidence of a practical prog-
nostic classifier that could help refine pretreatment risk
assessment in patients with neuroblastoma.

A Three-Gene Risk Stratification Model for Neuroblastoma

www.aacrjournals.org Clin Cancer Res; 18(7) April 1, 2012 2013
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these analyses as it comprises a full representation of the
neuroblastoma tumor spectra and amedian follow-up time
ofmore than 5 years (Table 1 and Supplementary Table S5).

The analyses were done blinded of clinical and biologic
data and sample identification.

RNA isolation and qRT-PCR
Total RNA was isolated from the 96 snap-frozen samples

using Tri Reagent (Sigma), following manufacturers’ pro-
tocols. The cDNA was synthesized from 1 mg total RNA as
previously described (14). Gene expression was quantified
with TaqMan Gene Expression Assays (Supplementary
Table S2) products on an ABI PRISM 7000 Sequence Detec-
tion System, using theDDCT relative quantificationmethod.
All experiments included no-template controls and were
carried out in duplicate and repeated twice independently.
Transcript levels were measured relative to 3 normal tissue
samples (adrenal gland, lymph node, and bone marrow)
andnormalized to TATA-box–binding protein (TBP), hypo-
xanthine phosphoribosyltransferase 1 (HPRT1), and succi-
nate dehydrogenase complex, subunit A (SDHA) expression
values as previously described by Vandesompele and col-
leagues (16).

To control for possible variations among PCR runs con-
ducted on different days, the expression of the reference
genes was assessed in all tumor samples and control speci-
mens at commencement, halfway through, and on com-
pletion of all the analyses. The assays were highly repro-
ducible, with coefficient of variation (CV) less than 0.05
(TBP¼ 0.035, SDHA¼ 0.049, andHPRT1¼ 0.040 in tumor
samples and TBP ¼ 0.029, SDHA ¼ 0.045, and HPRT1 ¼
0.022 for control specimens).

Statistical analysis
Gene expression values were normalized with a z-score

transformation. From the 96 neuroblastoma cases of the
training set, the first 36 unselected cases were used for the
selection of genes strongly associated, as independent fac-
tors, with overall (OS) and event-free (EFS) using Cox
regression models. Relapse, progression, and death from
disease were considered as events. Genes significantly asso-
ciated with OS and EFS were further tested using principal
components analysis (PCA; multivariable unsupervised
method) with the VARIMAX rotation method and tested
usingCox regressionmodels. This procedurewas conducted
by means of a stepwise backward selection approach. Brief-
ly, at each step of the backward selection procedure, one
gene was removed from the set of genes. To select which
gene was discarded (not independent predictor or the least
statistically significant), all the possible combinations of
genes were tested by removing and then reintroducing one
by one each gene following an iterative procedure. Each
gene set combination was thus analyzed using PCA and
testedwithCox regressionmodels to assess the performance
and the association with OS and EFS. This backward selec-
tion procedure concluded when the combination with the
minimum set of genes statistically significantly associated
withOS andEFS is found.After testing all the combinations,
genes that were not independent predictors and the least
statistically significant genes were discarded.

The outcome predictor model was developed using a
linear combination of the z-score transformed expression
value of each of the selected genes, weighted by the regres-
sion coefficients (a) of components with Eigenvalue > 1.
The model was tested using the remaining 60

Table 1. Clinical and biologic characteristics of the training and validation cohorts

Training
Validation

Characteristics Training set (N ¼ 96) Set 1 (N ¼ 120) Set 2 (N ¼ 101) Set 3 (N ¼ 251)

Age, mo
Median 18.94 26.9 16.3 15.03
Range 0–216 0–299 0–156 0–276

INSS, n (%)
Stage I–III 53 (56) 43 (36) 51 (50) 153 (61)
Stage IV 34 (35) 52 (43) 50 (50) 67 (27)
Stage IVS 9 (9) 25 (21) — 31 (12)

MYCN status, n (%)
Amplified 20 (21) 24 (20) 20 (20) 30 (12)
Nonamplified 76 (79) 96 (80) 81 (80) 220 (88)
Undetermined — — — 1

1p status, n (%)
LOH 11 (25) 31 (26) 28 (28) 52 (21)
No LOH 33 (75) 88 (73) 72 (72) 194 (79)
Undetermined 52 1 1 5

Follow-up, mo
Median 48.22 89.21 11.73 64.46

Garcia et al.
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neuroblastoma cases of the training set. The entire training
cohort (n¼96)wasused to refine themodel. To validate the
final model, we applied it to different expression data sets
obtained by qRT-PCR (set 1) and microarray gene expres-
sion studies (sets 2 and 3). The performance of the model
was examined with multivariable Cox regression models
using a stepwise variable selection procedure. Survival
curves were described using the Kaplan–Meier method and
compared by means of the log-rank test. The area under the
curve (AUC) of the receiver operating characteristic (ROC)
test was used for quantitative assessment of the final model
for the testing set (set 3). Predictive values (positive and
negative), sensitivity, specificity, and the accuracy were
calculated and expressed along with known prognostic
factors (age, INSS, MYCN status, chromosome 11q and
1p alterations, and histologic features). Data were analyzed
with SPSS program (version 15.0; SPSS, Inc.). All statistical
tests were 2-sided. P values �0.05 were considered statisti-
cally significant.

Results
Selection of genes for the outcome predictor score
model
In our previous study, we found specific transcriptional

profiles associated with neuroblastoma with different ploi-
dy (14). A statistically significant number of genes found to

be differentially expressed mapped to chromosomes 1 (P¼
0.01) and 17 (P < 0.0001), chromosomes with aberrations
reported to be consistently associated with outcome in
neuroblastoma (2). For this study, we selected 11 high-
ranked, differentially expressed genes located on the chro-
mosomes 1 and 17, some of these known to play a role in
neuroblastoma pathogenesis. The expression levels of the
11 genes were quantified using qRT-PCR in 36 neuroblas-
toma tumors (Supplementary Table S1). To assess the
association with OS and EFS, qRT-PCR expression levels
were normalized by z-score transformation and analyzed
using univariable Cox regression models (Supplementary
Table S3). High expression of 6 genes was found to be
significantly associated (P < 0.05) as independent factors
with outcome: 5 (RERE, PTPRF, GNB1, CHD5, and
PAFAH1B1) were associated with longer OS and EFS (HR
< 1 for all) and one gene,NME1, was associated with worse
clinical outcome (HR > 1). These 6 genes were considered
potential prognostic markers and were further studied. We
conducted PCA and univariable Cox regression analyses
applying a stepwise backward selection approach. This
selection procedure identified a predominant gene expres-
sion pattern. Three genes, CHD5 (chromodomain, helicase
DNA-binding protein 5), PAFAH1B1 (platelet-activating
factor acetylhydrolase, isoform 1B), and NME1/nm23-H1
(nonmetastatic cells 1, protein expressed in), had a princi-
pal component with Eigenvalue > 1 describing more than

Figure 1. Kaplan–Meier analyses
with log-rank estimates for OS and
EFSof set 2 (A andB) andset 3 (C and
D) classified according to the
prediction (Y96) model. HR, high-risk;
LR, low-risk.
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60% of the expression variability and were found to be
strongly associated with OS and EFS (P ¼ 0.001, for both).
These 3 genes were selected for the model as the strongest
prognostic markers. We thus developed a gene expression–
based outcome predictor score model using z-transformed
qRT-PCR data of each of the 3 genes weighted by the
regression coefficients from the PCA (Supplementary Table
S4), as described in the equation:

ðY36Þ ¼ ða1Þ � ðCHD5Þþða2Þ � ðPAFAH1B1Þþða3Þ � ðNME1Þ

where, (Y36) is the outcome prediction score, equation
developed using 36 neuroblastomas; an is the weighted
value of each gene to the definition of (Y); a1 ¼ 0.418;
a2 ¼ 0.430; a3 ¼ �0.374; and (Gene) is the z-transformed
gene expression data of the sample analyzed.
The negative weighting value of NME1 indicates that the

contribution of this gene is inversely correlated with the
(Y36) score; thus, high expression levels of NME1 correlate
with low (Y36) values. Patients were ranked according to
their (Y36) score. Low (Y36) values were associated with
shorter OS and EFS; conversely, an increase of the (Y36)
score was associated with longer survival. Gene expression
transformation to a z-distribution (mean, 0; SD, 1) allowed

the cutoff point to divide neuroblastoma tumors with high
or low scores to be set at the value (Y36)¼ 0. Kaplan–Meier
estimates showed how the model could clearly separate the
patients into groups with divergent clinical course (Supple-
mentary Fig. S1A and S1B).

The first approximation of the model was tested using an
independent set of 60 primary neuroblastoma tumors
(Supplementary Table S1). For each tumor, qRT-PCR
expression levels of the 3 genes were z-transformed and
inserted into the equation (Y36). Patients were ranked and
divided into 2 groups, Y36 < 0 or >0. The outcome predictor
score could separate patients with significant differences in
OS [HR, 9.3; 95% confidence interval (CI), 1.1–79.7; P ¼
0.013] and EFS (HR, 3.1; 95% CI, 1.2–8.03; P ¼ 0.014;
Supplementary Fig. S1C and S1D).

To improve the performance of the predictor model, we
proceeded to reestimate the component coefficient scores of
the 3 genes using the entire training cohort of 96 cases
(Supplementary Table S1). The component coefficient score
values obtained were comparable with those of the (Y36)
equation (Supplementary Table S4). Kaplan–Meier analy-
ses with log-rank estimates of the 96 training samples
analyzed with the (Y96) model confirmed the strong

Table 3. Multivariable Cox regression model for OS and EFS considering the (Y96) model and clinical and
biologically relevant parameters for risk stratification of set 3 patients

Survival Event

HR (95% CI) P HR (95% CI) P

Univariate model
Model (Y96) 28.09 (8.65–91.19) <0.001 15.59 (7.07–34.34) <0.001

Age 11.68 (5.40–25.27) <0.001 5.44 (3.16–9.36) <0.001

Model (Y96) 15.85 (4.75–52.91) <0.001 11.07 (4.89–25.07) <0.001
Age 5.41 (2.46–11.95) <0.001 2.61 (1.49–4.59) 0.001

INSS stage 10.14 (5.1–20.16) <0.001 6.27 (3.72–10.57) <0.001

Model (Y96) 15.13 (4.41–51.97) <0.001 10.32 (4.46–23.86) <0.001
INSS stage 3.65 (1.78–7.5) <0.001 2.48 (1.42–4.31) 0.001

MYCN 8.7 (4.7–16.1) <0.001 4.7 (2.73–8.1) <0.001

Model (Y96) 20.2 (6.02–67.73) <0.001 13.53 (6–30.5) <0.001
MYCN 2.74 (1.46–5.12) 0.002 1.59 (0.91–2.77) 0.105

1p LOH 7.48 (4.06–13.77) <0.001 4.25 (2.57–7.03) <0.001

Model (Y96) 18.92 (5.63–63.52) <0.001 12.83 (5.67–29.01) <0.001
1p LOH 2.93 (1.56–5.47) 0.001 1.76 (1.05–2.95) 0.033

Multivariate model
Model (Y96) 9.9 (2.8–35.3) <0.001 836 (3.6–30.4) <0.001
MYCN 3.2 (1.7–6.0) <0.001 1.7 (0.99–3.0) 0.053
INSS stage 4.2 (2.0–8.4) <0.001 2.6 (1.5–4.5) 0.001

NOTE: The analysis was conducted sequentially, adding one variable at each step, to assess how the presence of each variable
influences the performance of the (Y96) model. The (Y96) model was statistically significantly associated with OS and EFS in univariate
and multivariate analyses.
Abbreviation: NE, "non evaluable" P value due to "no cases" in a combination of the 2 factors.

A Three-Gene Risk Stratification Model for Neuroblastoma
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association of the (Y96) model with OS and EFS (P < 0.001,
for both; Supplementary Fig. S1E and S1F). The (Y96)model
was tested on an independent, blinded set of 120 neuro-
blastoma tumors (set 1) by qRT-PCR. Patients were sepa-
rated into 2 groups with significantly diverse clinical out-
come (5-year OS: 0.93 � 0.03 vs. 0.53 � 0.06, 5-year EFS:
0.85 � 0.04 vs. 0.047 � 0.06, both P < 0.001; OS: HR, 7.5;
95% CI, 2.9–19.5; and EFS: HR, 4.7; 95% CI, 2.3–9.5;
Supplementary Fig. S1G and S1H).

Validation of outcome predictor model using
independent microarray data

To assess whether the (Y96) model was able to predict
prognosis across different neuroblastoma data sets, we

applied it to 2 published gene expression databases from
different microarray platforms: set 2 (n ¼ 101; ref. 15) and
set 3 (n ¼ 251; ref. 9).

For each patient, microarray expression data of the 3
genes were z-transformed and inserted into the equation
(Y96). Kaplan–Meier estimation with log-rank test and
univariable Cox regression models showed that for both
data sets, the (Y96) score could clearly separate patients
into 2 groups with different OS and EFS [set 2: 5-year OS:
0.97 � 0.02 vs. 0.61 � 0.1; HR, 10.5; 95% CI, 1.3–80.7;
5-year EFS: 0.91 � 0.8 vs. 0.56 � 0.1; HR, 13.3; 95% CI,
1.7–101.6, both P ¼ 0.005; set 3 5-year OS: 0.99 � 0.01
vs. 0.56 � 0.06; HR, 28.1; 95% CI, 8.7–91.2; 5-year EFS:
0.96 � 0.02 vs. 0.43 � 0.05; HR, 15.6; 95% CI, 7.1–34.3,
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Figure 2. Kaplan–Meier analyses
and log-rank estimates for OS and
EFS of the validation cohort set 3
classified according to the (Y96)
model (A and B), INRG (C and D),
GPOH NB2004 (E and F).
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both P < 0.001; (Fig. 1)]. For set 2, only one [stage III
MYCN nonamplified (NA) neuroblastoma] of the 50
patients (2%) assigned to the low-risk group by the
(Y96) score, had a fatal disease progression, and was thus
misclassified. For set 3, 7 of the 148 patients (4.7%)
assigned to the low-risk group by the (Y96) model had
an event. Of them, 3 (2%; stage IV, >18 months, MYCN
NA) died of disease progression.
The estimation of the performance of the (Y96)model for

prediction of outcome showed an AUC for the ROC test of
0.87 (95% CI, 0.83–9.21) for OS and 0.89 (95% CI, 0.84–
0.93) for EFS. Prediction accuracies for the (Y96)model and
established neuroblastoma prognostic parameters (age,
INSS, MYCN amplification, and chromosome 1p status)
are shown in Table 2. Furthermore, in a multivariable Cox
regression analysis evaluating the prognostic parameters,
the model remained significantly associated with OS and
EFS (P < 0.001 for all), showing thus to be independent of
other prognostic markers (Table 3).
To further assess the model across different data sets, the

prediction performance of samples analyzed by different
expression methods (qRT-PCR and microarray analyses),
included in sets 1 and 3 (n ¼ 110), was compared. Equiv-
alent results were obtained (data not shown), showing that
the classification capacity of themodel is independent of the
type and origin of the expression data used.

Classification performance of the (Y96) model with
respect to current risk stratification systems

To evaluate the prediction performance of the (Y96)
model, risk stratification systems of international neuro-
blastoma trialswere applied to set 3; this set of data has a full
representation of the neuroblastoma tumor spectra and a
median follow-up time of more than 5 years (Table 1).
According to the criteria of the INRG and of clinical trials
from Germany [German Society for Pediatric Hematology/
Oncology (GPOH) NB2004], the United States [Children’s
Oncology Group (COG)], and Japan [Japanese Advanced
Neuroblastoma Study Group (JANB)], 219, 248, 224, and
250 patients could be classified, respectively (Supplemen-
tary Table S5). All classification systems separated patients
into groups with significant differences in OS and EFS
(Fig. 2, Table 4). In comparison, the classification predic-
tion of the (Y96) model differed in a subset of patients (Fig.
2, Table 4 and Supplementary Table S5). Specifically, 5 of
the patients favorably classified had a fatal outcome (INRG,
n¼ 1 of 120; NB2004, n¼ 3 of 155; COG, n¼ 4 of 113; and
JANB, n ¼ 4 of 154; 4 cases matched), notably, these
patients were classified in the high-risk group by the
(Y96) model. Similarly, the 4 patients with a fatal outcome
assigned to the intermediate-risk group (INRG, n¼ 3 of 27;
NB2004, n¼ 3 of 15; COG, n¼ 1 of 36; and JANB, n¼ 2 of
20; 3 case matched) were classified as high-risk patients by

Figure 2. (Continued ) COG (G and
H), and JANB (I and J). HR, high-risk;
IR, intermediate-risk; LR, low-risk.
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the (Y96)model. Conversely, 3 cases assigned to the low-risk
group according to the (Y96) model and unfavorably clas-
sified by the risk stratification systems, died of disease.

(Y96)model classificationof patient subgroups defined
by current prognostic markers

Performance of the (Y96) model was assessed within
patient subgroups of set 3 defined by currently used prog-
nosticmarkers and comparedwith international neuroblas-
toma risk stratification systems. The (Y96) model correctly
classified patients with fatal outcome in the subgroup of
patients younger than 18months (5-year OS: 1.0 vs. 0.80�
0.65, P < 0.0001; 5-year EFS: 0.98� 0.01 vs. 0.58� 0.83, P <
0.0001) and significantly separated patients with different
OS and EFS within the cohort of age above 18 months
(5-year OS: 0.93 � 0.05 vs. 0.32 � 0.06, P < 0.0001; 5-year
EFS: 0.87� 0.06 vs. 0.34� 0.07, P<0.0001; Supplementary
Figs. S2 and S3). Furthermore, the model accurately classi-
fied all patients with localized neuroblastoma: stage I to III
MYCN not amplified (5-year OS: 1.0 vs. 0.78 � 0.1, P <
0.0001; 5-year EFS: 0.98� 0.13 vs. 0.64� 0.10, P < 0.0001),
stage I to III age above 18months (5-year OS: 1.0 vs. 0.44�
0.14, P < 0.001; 5-year EFS: 0.95� 0.44 vs. 0.43� 0.11, P <

0.001), as well as patients older than 18months with stage I
to IIIMYCNnot amplified disease (5-yearOS: 1.0 vs. 0.56�
0.19, P < 0.001; 5-year EFS: 0.95� 0.41 vs. 0.33� 0.18, P <
0.0001), showing a higher classification accuracy than the
risk stratification systems (Supplementary Figs. S4–S6). A
significant classification capacity was observed for patients
stage IV (5-year OS: 0.85 � 0.1 vs. 0.41 � 0.07, P ¼ 0.02;
5-year EFS: 0.76 � 0.1 vs. 0.27 � 0.06, P ¼ 0.01; Supple-
mentary Fig. S7). Within stage IV neuroblastoma, the perfor-
mance of the model was less robust for stage IV withMYCN
nonamplified disease (5-year OS: 0.85� 0.1 vs. 0.52� 0.09,
P¼ 0.095; 5-year EFS: 0.77� 0.11 vs. 0.33� 0.09, P¼ 0.04)
or stage IV above 18 months MYCN nonamplified tumors
(5-yearOS: 0.77� 0.13 vs. 0.33� 0.1, P¼ 0.096; 5-year EFS:
0.66� 0.15vs. 0.25� 0.1,P¼ 0.125; Supplementary Figs. S8
and S9). However, themodel showed the capacity to classify
correctly allMYCN amplified neuroblastoma (stage I–IV) as
high-risk tumors (Supplementary Fig. S10).

Validation of the robustness of the three-gene
signature and the statistical procedure

To show that the 3 selected genes are highly prognostic
independent of the test set used to build the predictive

Table 4. Summary of the Kaplan–Meier estimates shown in Fig. 2

Low-risk High-risk Intermediate-risk

Risk classification
system

No. of
patients

Survival
probability

SE No. of
patients

Survival
probability

SE No. of
patients

Survival
probability

SE

Y96 model (n ¼ 251)
EFS (3 y) 148 0.96 0.02 103 0.52 0.05
OS (3 y) 0.99 0.01 0.77 0.04
EFS (5 y) 0.96 0.02 0.43 0.05
OS (5 y) 0.99 0.01 0.56 0.06

INRG (n ¼ 219)
EFS (3 y) 120 0.95 0.02 72 0.41 0.06 27 0.8 0.08
OS (3 y) 1.00 0.69 0.05 0.93 0.05
EFS (5 y) 0.94 0.02 0.37 0.06 0.75 0.09
OS (5 y) 0.99 0.01 0.42 0.07 0.93 0.05

NB2004 (n ¼ 248)
EFS (3 y) 155 0.93 0.02 78 0.48 0.06 15 0.67 0.12
OS (3 y) 0.99 0.01 0.73 0.05 0.8 0.1
EFS (5 y) 0.92 0.02 0.44 0.06 0.67 0.12
OS (5 y) 0.98 0.01 0.49 0.06 0.8 0.02

COG (n ¼ 224)
EFS (3 y) 113 0.93 0.03 75 0.47 0.06 36 0.89 0.05
OS (3 y) 0.98 0.01 0.72 0.05 0.97 0.03
EFS (5 y) 0.93 0.03 0.41 0.06 0.8 0.08
OS (5 y) 0.97 0.02 0.47 0.06 0.97 0.03

JANB (n ¼ 250)
EFS (3 y) 154 0.93 0.02 76 0.47 0.06 20 0.8 0.09
OS (3 y) 0.99 0.01 0.72 0.05 0.9 0.07
EFS (5 y) 0.92 0.02 0.43 0.06 0.61 0.12
OS (5 y) 0.98 0.01 0.48 0.06 0.9 0.07
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model, we developed for each validation set indepen-
dently, an equation using exclusively microarray data.
CHD5, PAFAH1B1, and NME1 microarray expression
data were z-transformed and processed following the
same statistical methodology mentioned above. The
principal component coefficient scores obtained for each
equation, (Yset2) and (Yset3), were similar to those of
the (Y96) model (Supplementary Table S4). Set 2 and 3
data were analyzed applying these equations. For both
data sets, Kaplan–Meier estimates and univariable Cox
regression models showed equivalent results to those
obtained with the (Y96) model (Supplementary Fig.
S11 and Table S5). These results show the robustness of
the gene expression signature and of the statistical meth-
odology used to develop the model.

Discussion
In this study, we developed a PCR-based predictor model

using the expression pattern of just 3 genes strongly asso-
ciated with outcome of patients with neuroblastoma.
CHD5, PAFAH1B1, and NME1 were identified through the
analysis of the prognostic significance of 11 genes found
differentially expressed in our previous study (14). The
results of a qRT-PCR–based evaluation of the expression
pattern of the selected genes in a training set of 96 primary
neuroblastoma tumors enabled the development of a sin-
gle-score predictor model. Its validity was assessed using
different expression data sets obtained from qRT-PCR and
microarray gene expression studies comprising a total of
362 patients (9, 15). Our scoring method reliably stratified
patients into neuroblastoma groups with markedly diver-
gent clinical course. Multivariable Cox models showed that
the developed scoringmodel was an independent predictor
marker for survival. Moreover, the prediction performance
of the 3-gene model was found to be as robust as the
international neuroblastoma risk stratification systems
based on a combination of clinical andbiologic parameters.
Our classifier also significantly discriminated between
patients in most subgroups defined by currently used prog-
nostic markers. Interestingly, a significantly higher predic-
tion performance than current risk stratification systems
was observed in clinically relevant subgroups such as chil-
dren with localized disease MYCN nonamplified. This is a
relevant finding, as outcome prediction in this biologically
broad subgroup of localized nonamplified neuroblastoma
tumors still remains a challenge, as suggested by the low-
and intermediate-risk patients experiencing adverse disease.
The (Y96) model could, thus, help to better stratify these
patients into subgroups with different clinical course and
treatment regimes.
The genes that comprise the model have been previous-

ly reported to be involved in neuroblastoma biology.
CHD5 is a tumor suppressor gene located on chromo-
some 1p36.31, region recurrently lost in high-risk neu-
roblastoma (17–21). Expression of this ATP-dependent
chromatin remodeling helicase has been found to be
restricted to neuronal-derived tissues and absent in

neuroblastoma cell lines and neuroblastoma primary
tumors with high-risk features, undifferentiated neuro-
blasts, MYCN amplification, advanced stage, and 1p
monosomy (18, 21). Association between CHD5 expres-
sion and favorable prognosis in neuroblastoma has
been reported previously in microarray gene expression
studies (8, 11, 14, 22). PAFAH1B1, located on chromo-
some 17p13.3, encodes an acetylhydrolase involved in
cerebral cortex development, neuronal migration, and
axonal growth (23). Mutations of PAFAH1B1 have been
related to the Miller–Dieker lissencephaly syndrome
(23, 24). We identified PAFAH1B1 expression in low-risk
neuroblastoma tumors, whereas in high-risk tumors,
expression is significantly diminished. PAFAH1B1 has
been reported previously associated with favorable prog-
nosis in neuroblastoma (7). In our study, high expression
of both CHD5 and PAFAH1B1 correlated with prolonged
survival. In contrast, NME1 displayed high expression
levels in high-risk neuroblastoma tumors, as reported
previously (25, 26).NME1, located on a region frequently
gained in clinically aggressive neuroblastoma 17q21.3
(27, 28), has been reported in several microarray analyses
to be associated with high-risk neuroblastoma (6, 12, 13).
The product of the NME1 gene is a nucleoside dipho-
sphate kinase involved in cell proliferation, normal devel-
opment, and cell differentiation (29).

Prognostic models, similar to ours, and gene signatures
based on small sets of genes, have been reported previously
to predict clinical outcome in diffuse large B-cell lymphoma
(6 genes; ref. 30), clear cell renal carcinoma (3 genes;
ref. 31), soft tissue sarcoma (3 genes; ref. 32), and non–
small cell lung cancer (5 genes; ref. 33). In neuroblastoma,
although diverse studies have proposed robust microarray
multigene–based classification systems, to date, these gene
signatures are still extensive and difficult to implement to
clinical routine; that is, 429 genes (10), 144 genes (7, 9), 59
genes (8), 55 genes (5), 42 genes (6), 39 genes (11), or 19
genes (12). We have reduced the classifier complexity to 3
genes strongly associated with patient outcome and created
a prognostic model that can be applied in routine labora-
tories using conventional qRT-PCR assay. Our preliminary
results provide evidence of a prognostic model that can
accurately define neuroblastoma clinical risk groups and
could thus assist therapeutic decisions in patients with
neuroblastoma.

In conclusion, we propose a robust and technically sim-
ple PCR-based one-score predictormodel that requires only
minimal amount of mRNA, easy to interpret, reproducible,
and cost-effective formost laboratories. These featuresmake
the model a potentially practical classifier for neuroblasto-
ma risk stratification that could help refine current risk
stratification systems. The potential of this prototypemodel
remains to be fully validated using qRT-PCR in a large,
prospective, and independent cohort of patients with neu-
roblastoma samples.
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Supplementary Table 2. TaqMan Gene Expression Assays for gene expression analysis by 
quantitative real-time PCR.

Gene symbol Gene Name TaqMan Assay  ID

   

Model Gene
   
CHD5 Chromodomain DNA binding helicase, protein 5 Hs00395930_m1

   
PAFAH1B1 Platelet-activating factor acetylhydrolase, isoform 1B, alpha subunit Hs00181182_m1

   
NME1 Non-metastatic cell 1, protein (NM23A) expressed in Hs00264824_m1 

Reference Gene

   
TBP TATA box-binding protein Hs00427620_m1

   
HPRT1 Hypoxantine guanine phosphoribosyltransferase 1 Hs01003267_m1

   
SDHA succinate dehydrogenase complex, subunit A Hs00417200_m1
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Supplementary Table 3. Univariable Cox regression models of the expression of 11 genes with OS 
and EFS as a dependent variable.

Overall survival Event free survival

Gene Localization

Hazard Ratio 

P-value

Hazard Ratio

P-value95%CI 95%CI

NME1 17q21.3 2.09 (1.26; 3.49) 0.005 1.60 (1.06; 2.42) 0.026

FLOT2 17q11.2 0.77 (0.38; 1.59) 0.483 1.04 (0.62; 1.75) 0.873

POLR2A 17p13.1 0.54 (0.20; 1.46) 0.225 0.53 (0.23; 1.23) 0.142

RERE 1p36.23 0.52 (0.27; 0.99) 0.046 0.55 (0.33; 0.91) 0.019

RUTBC1 17p13.3 0.49 (0.21; 1.17) 0.108 0.65 (0.36; 1.20) 0.171

PTPRF 1p34 0.40 (0.16; 0.96) 0.039 0.34 (0.16; 0.73) 0.006

VAMP2 17p13.1 0.37 (0.10; 1.42) 0.149 0.57 (0.25; 1.28) 0.171

ARHGEF11 1q21 0.37 (0.14; 1.01) 0.053 0.65 (0.32; 1.31) 0.229

GNB1 1p36.33 0.32 (0.12; 0.89) 0.029 0.46 (0.23; 0.91) 0.026

CHD5 1p36.31 0.17 (0.03; 0.85) 0.031 0.38 (0.15; 0.97) 0.043

PAFAH1B1 17p13.3 0.20 (0.07; 0.60) 0.004 0.23 (0.10; 0.52) 0.000

Supplementary Table 4. Comparison of principal component coefficient scores of the developed models.

Component coefficient scores

Model � �1 �2 3

Y 0.41836 0.430 -0.374
Y 0.48096 0.462 -0.347
Y 0.502Set2 0.454 -0.266
Y 0.445Set3 0.457 -0.430
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Supplementary Figure 1.  Kaplan-Meier analyses with log-rank estimates for OS and EFS 
according to the (Y36) model in the training set of 36 NB cases (Panel A and B) and in the
independent set of 60 (Panel C and D). OS and EFS of the complete training set of 96 primary 
tumors (Panel E and F) and of the validation Set 1 (Panel G and H) classified according to the (Y96)
model.

Supplementary Figure 2. Kaplan-Meier analyses with log-rank estimates for OS and EFS are 
shown as defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 
(Panel E and F), COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for NB
patients <18 months from Set 3 cohort.

Supplementary Figure 3. Kaplan-Meier analyses with log-rank estimates for OS and EFS are 
shown as defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for NB 
patients age > 18 months from Set 3 cohort.

Supplementary Figure 4. Kaplan-Meier analyses with log-rank estimates for OS and EFS are 
shown as defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 
(Panel E and F), COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for all 
NB patients stage 1 to 3 MYCN non-amplified from Set 3. 

Supplementary Figure 5. Kaplan-Meier analyses with log-rank estimates for OS and EFS are 
shown as defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 
(Panel E and F), COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for
patients age > 18 months with stage 1 to 3 NB from Set 3 cohort.

Supplementary Figure 6. Kaplan-Meier analyses with log-rank estimates for OS and EFS are 
shown as defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 
(Panel E and F), COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for
patients age >18m, stage 1 to 3 MYCN non-amplified from Set 3.

Supplementary Figure 7. Kaplan-Meier analyses with log-rank estimates for OS and EFS are 
shown as defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 
(Panel E and F), COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for 
patients stage 4 from Set 3 cohort. Panels C and D show only 1 graph since all patients with 
available data for risk stratification according to the INRG criteria, were classified as HR tumors.

Supplementary Figure 8.Kaplan-Meier and log-rank estimates of OS and EFS are shown as 
defined by the (Y96) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 (Panel E and F), 
COG (Panel G and H) and JANB (Panel I and J) risk stratification systems for patients stage 4 
MYCN non-amplified from Set 3 cohort. Panels C and D show only 1 graph since all patients with 
available data for risk stratification according to the INRG criteria, were classified as HR tumors.

Supplementary Figure 9. Kaplan-Meier and log-rank estimates of OS and EFS as defined by the
(Y96
According to the INRG, GPOH NB2004, COG and JANB criteria all patients were classified as high-
risk (data not shown).

) model (Panel A and B) in patients >18m stage 4 MYCN non-amplified from Set 3 cohort.

Supplementary Figure 10. Kaplan-Meier analysis with log-rank estimates of OS and EFS for all 
MYCN amplified NB (stage 1 to 4). According to the INRG, GPOH NB2004, COG and JANB criteria 
all patients were classified as high-risk (data not shown).

Supplementary Figure 11.  Kaplan-Meier and long-rank estimates of OS and EFS are shown as 
defined by the prediction of the models based on the three-gene microarray expression, YSet2 (Panel 
A and B) and YSet3 (Panel C and D).
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Expression of the neuron-specific protein CHD5 is
an independent marker of outcome in
neuroblastoma
Idoia Garcia1, Gemma Mayol1, Eva Rodríguez1, Mariona Suñol2, Timothy R Gershon3, José Ríos4,
Nai-Kong V Cheung5, Mark W Kieran6, Rani E George6, Antonio R Perez-Atayde7, Carla Casala1, Patricia Galván1,
Carmen de Torres1, Jaume Mora1*, Cinzia Lavarino1*

Abstract

Background: The chromodomain, helicase DNA-binding protein 5 (CHD5) is a potential tumor suppressor gene
located on chromosome 1p36, a region recurrently deleted in high risk neuroblastoma (NB). Previous data have
shown that CHD5 mRNA is present in normal neural tissues and in low risk NB, nevertheless, the distribution of
CHD5 protein has not been explored. The aim of this study was to investigate CHD5 protein expression as an
immunohistochemical marker of outcome in NB. With this purpose, CHD5 protein expression was analyzed in
normal neural tissues and neuroblastic tumors (NTs). CHD5 gene and protein expression was reexamined after
induction chemotherapy in a subset of high risk tumors to identify potential changes reflecting tumor response.

Results: We provide evidence that CHD5 is a neuron-specific protein, absent in glial cells, with diverse expression
amongst neuron types. Within NTs, CHD5 immunoreactivity was found restricted to differentiating neuroblasts and
ganglion-like cells, and absent in undifferentiated neuroblasts and stromal Schwann cells. Correlation between
protein and mRNA levels was found, suggesting transcriptional regulation of CHD5. An immunohistochemical
analysis of 90 primary NTs highlighted a strong association of CHD5 expression with favorable prognostic variables
(age at diagnosis <12 months, low clinical stage, and favorable histology; P < 0.001 for all), overall survival (OS)
(P < 0.001) and event-free survival (EFS) (P < 0.001). Multivariate analysis showed that CHD5 prognostic value is
independent of other clinical and biologically relevant parameters, and could therefore represent a marker of
outcome in NB that can be tested by conventional immunohistochemistry. The prognostic value of CHD5 was
confirmed in an independent, blinded set of 32 NB tumors (P < 0.001).
Reactivation of CHD5 expression after induction chemotherapy was observed mainly in those high risk tumors with
induced tumor cell differentiation features. Remarkably, these NB tumors showed good clinical response and pro-
longed patient survival.

Conclusions: The neuron-specific protein CHD5 may represent a marker of outcome in NB that can be tested by
conventional immunohistochemistry. Re-establishment of CHD5 expression induced by chemotherapy could be a
surrogate marker of treatment response.

* Correspondence: jmora@hsjdbcn.org; clavarino@fsjd.org
1Developmental Tumor Biology Laboratory, Hospital Sant Joan de Déu,
Fundación Sant Joan de Déu, Barcelona, Spain
Full list of author information is available at the end of the article
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Introduction
Neuroblastic tumors (NTs) are embryonal cancers aris-
ing from neural crest derived sympathetic nervous sys-
tem precursors. These neoplasms are the most
common extracranial solid tumors in childhood and
account for approximately 15% of all pediatric oncol-
ogy deaths [1].
Neuroblastoma (NB), the most undifferentiated form

of NTs, embodies a heterogeneous spectrum of diseases
whereby patients with similar clinicopathological fea-
tures exhibit radically different outcomes ranging from
spontaneous regression to inexorable progression. Since
treatment strategies vary from a “watchful waiting”
approach to multimodal intensive regimens, precise risk
assessment is critical for therapeutic decisions. Various
combinations of prognostic markers have been used
with success for risk group distinction, including clini-
cal, histologic and genetic factors, yet there remain cases
where established indicators of aggressiveness have
demonstrated limited clinical utility. Additional para-
meters are therefore needed for a more precise identifi-
cation and therapeutic targeting of high risk NB
patients.
There is an apparent link between NB aggressiveness

and specific genetic aberrations. One of the most recur-
rent genetic alterations described is the deletion of the
short arm of chromosome 1 found in approximately
35% of NB [2]. The high incidence of chromosome 1p
deletion in human cancer [2], with 1p36 deletion being
the most common alteration [3], has led to an extensive
search for 1p36 tumor suppressor genes. Recent findings
have identified the CHD5 gene as a candidate tumor
suppressor [4,5] mapping to the smallest region of dele-
tion (SRD) described in NB, 1p36.31 [6]. Evidence sup-
porting CHD5 as a tumor suppressor is the recently
reported strong promoter methylation and transcrip-
tional silencing of the remaining allele in 1p deleted NB
cell lines [5]. Nevertheless, low or absent CHD5 expres-
sion levels have been found in NB cell lines lacking pro-
moter methylation [7], 1p deletion, or inactivating
mutations [6], suggesting other mechanisms by which
CHD5 expression may be inhibited.
CHD5 is one of the nine members of the chromodo-

main helicase DNA-binding (CHD) family of enzymes
that belong to the ATP-dependent chromatin remodel-
ing protein SNF2 superfamily [8]. CHD protein struc-
ture is characterized by two N-terminal chromodomains
and a SNF2-like ATPase central domain that defines the
chromodomain remodeling proteins [9,10]. The mem-
bers of this evolutionarily conserved class of proteins
play a critical role in organizing the chromatin structure
and accordingly, in chromatin based transcriptional reg-
ulation of genes.

The aberrant expression of some of the CHD genes
has been associated with human disease processes like
CHARGE syndrome, Hodgkin’s lymphoma or dermato-
myositis [8]. CHD5 mRNA expression, restricted to neu-
ronal-derived tissues and the adrenal gland in normal
tissues [10], is basically absent in NB primary tumors
with high risk features, MYCN amplification, advanced
stage and 1p monosomy [5].
The distribution of CHD5 protein in NTs and normal

neural tissues has not been explored. Like neural tissue,
NTs consist of two main cell populations, neuroblastic
cells and Schwann-like cells. The malignant potential of
these tumors is inherently dependent on the proportion
of immature neuroblastic cells and the abundance of
Schwann cell stromal component, Schwannian stroma-
poor undifferentiated NB being the most malignant.
CHD5 expression remains to be investigated in these
two cell populations. In the present study, we analyzed
by immunohistochemistry normal neural derived tissues
and NTs to visualize CHD5 protein distribution within
the different cell populations. Because impaired CHD5
expression is associated with high risk NB tumors, we
asked whether CHD5 protein expression might serve as
an immunohistochemical marker of outcome in NB. It
is known that gene expression pattern can change with
treatment, for this reason, CHD5 gene and protein
expression was re-examined after induction treatment in
a set of paired cases.

Material and Methods
Patients and tumor samples
A total of 90 primary tumor specimens (63 NB, 14
ganglioneuroblastomas (GNB) and 13 ganglioneuromas
(GN)) (Additional file 1) were obtained at diagnosis
from two institutions (Hospital Sant Joan de Déu
(HSJD) of Barcelona and Memorial Sloan-Kettering
Cancer Center (MSKCC) of New York) together with 12
high risk NB cases with available paired diagnostic and
post-chemotherapy tumor specimens. An independent
set of 32 NB tumors was obtained from Children’s Hos-
pital of Boston and Dana-Farber Cancer Institute (CHB/
DFCI) for data validation analysis. Non-tumor samples
(fetal brain, adult cerebral cortex, adult cerebellum,
adrenal gland, bone marrow, spinal cord and sympa-
thetic ganglion) were also included in this study.
NB risk assessment was defined by the International

Neuroblastoma Staging System (INSS) [11]. NB stages 1,
2, 3 (MYCN non-amplified) and 4s were uniformly treated
without use of cytotoxic therapy, when possible. Stage 4
and stage 3 MYCN amplified NB patients were treated
according to N5, N6 or N7 protocols. This study was
approved by the Institutional Review Boards and informed
consent was obtained before collection of samples.
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http://www.molecular-cancer.com/content/9/1/277

Page 2 of 14

�
��

� 
��

��
�



:9

Tumors were assessed by a pathologist (M.S.), only
tumors with >70% viable tumor cell content were
included in the study.
Seven NB cell lines (LA-N-1, SKNSH-SY5Y, SK-N-Be

(2)C, SKNSH-EP1, SK-N-JD, SK-N-LP and SK-N-AS)
were used in this study. NB cell lines were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine and penicillin (100 U/ml) and
streptomycin (100 μg/ml) (GIBCO, Invitrogen, US) at
37°C in 5% CO2 atmosphere.

In vivo study
NB cell lines SK-N-JD, SK-N-LP and SK-N-AS were
harvested and resuspended in phosphate buffered saline
(PBS) solution and BD Matrigel Basement Membrane
Matrix (BD Biosciences, US). One hundred microliters
of cell suspension containing 8 × 106 cells were subcuta-
neously inoculated into the right flank of six-week old
CD-1 Nude (nu/nu) mice (Charles River Laboratories,
Europe). Mice were killed when NB cell lines developed
tumors that exceeded 1.5 cm3. Tumors were removed
surgically, fixed in 10% formalin and embedded in paraf-
fin for histological examination.

Immunohistochemistry
Immunohistochemical (IHC) analysis was performed on
formalin-fixed, paraffin-embedded (FFPE) tissues using
rabbit-polyclonal anti-CHD5 antibody (Strategic Diag-
nostics, DE) at a 1:1000 dilution for 1 hour; mouse-poly-
clonal anti-Neurofilament protein, 68kD (NF68)
antibody (Zymed, US) 1:300 dilution, 1 hour and
mouse-polyclonal anti-Glial fibrillary acidic protein
(GFAP) antibody (Novocastra, UK) 1:200 dilution, 2
min. Two different anti-CHD5 antibody batches
(T00251-A1 and T00251-A02, Strategic Diagnostics,
DE) have been tested in this study. Normal human
brain was used as positive control.
Slides were examined by a pathologist (M.S.) using an

Olympus BX41 light microscopy to assess staining and
score both percentage of positive cells and staining
intensity (0, negative; 1, weak; 2, strong and 3, very
intense staining). Integer values were assigned to the
proportion of positive cells (<25% = 1; 25-75 = 2; >75%
= 3). Intensity and positive cell values were multiplied
to provide a single score for each case.
Double fluorescent immunostaining: Paraformaldehyde

(4%, pH 7.4) fixed cryosections, blocked with bovine
serum albumin (BSA) 1% for 1 hour, were incubated
overnight at 4°C with a rabbit-polyclonal anti-CHD5
antibody (H-185) (Santa Cruz, US) at 1:1000 dilution,
followed by anti-rabbit IgG Cy3-conjugated antibody,
(Sigma, US) 1:400 dilution for 45 min. Sections were
subsequently incubated with anti-NF68 antibody (1:300
dilution) 1 hour or anti-GFAP antibody (1:200 dilution)

2 min, and stained with anti-mouse IgG FITC-conju-
gated antibody (Sigma, US) 1:700 dilution, 45 min.
Nuclei were counterstained with 4’6-diamino-2-pheny-
lindole (DAPI) (Sigma, US), 1:5000 dilution, 5 min.
Paraformaldehyde fixed bone marrow aggregates were

incubated with anti-GD2 antibody (BD Biosciences, US)
1:800 dilution 1 hour and stained with anti-mouse IgG-
FITC antibody at 1:700 dilution, 45 min, or with anti-
CHD5 antibody as described above.
Immunoreactivity was evaluated with a Leica epifluor-

escence DM5000B microscope (Leica Microsystems,
US).

Western blot analysis
Proteins were extracted from cell lines and homogenized
tissue in lysis buffer (20 mM Tris pH 8.8, 80 mM NaCl,
1% NP-40 and protease inhibitors). Protein concentra-
tions were quantified using the Bradford method (Bio-
Rad laboratories, US) and 30 μg of protein were resolved
on an 8% SDS-PAGE. Membranes were incubated with
polyclonal anti-CHD5 antibody (1:2000; Strategic Diag-
nostics, DE) and monoclonal anti b-actin antibody
(1:5000; Sigma, US) and detected with donkey anti-rab-
bit IgG HRP-conjugated antibody (1:2500; Affinity BioR-
eagents, Inc., US) and goat anti-mouse IgG HRP-
conjugated antibody (1:5000; Sigma, US) respectively.
Antibody conjugates were visualized by enhanced che-
miluminescence (ECL, Amersham Life Science, US).

RNA isolation and cDNA synthesis
Total RNA was isolated from snap frozen samples and
cell lines using Tri Reagent (Sigma, US), following man-
ufacturers’ protocols. cDNA was synthesized from 1 μg
total RNA using random primers and M-MLV reverse
transcriptase (Promega, US) as previously described [12].

Quantitative Real-time Polymerase Chain Reaction (qRT-
PCR)
Quantification of transcript levels, using the ΔΔCT rela-
tive quantification method, were performed on an ABI
Prism 7000 Sequence Detection System with TaqMan®
Assay-on-Demand Gene Expression products (Applied
Biosystems, US), as previously reported [12].

Statistical analysis
Comparisons between immunohistochemical results
were performed by means of the log-rank test. qRT-
PCR transcript levels were normalized by z-score trans-
formation to enable a correlation analysis with the
immunostaining score values. Correspondence between
immunoreactivity and mRNA expression levels within
the same samples was examined using the Spearman’s
correlation coefficient analysis. Statistical analyses for
qualitative variables were performed by means of the
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Fisher’s exact test and U Mann-Whitney test for quanti-
tative or ordinal variables. Overall survival (OS) and
event-free survival (EFS) probabilities were estimated
using the Kaplan-Meier method. Multivariate Cox
regression models were used to examine the prognostic
significance of CHD5, INSS stage, age at diagnosis,
MYCN status and 1p LOH. Each variable consisted of
two groups: “INSS stage” consisted of: (1) ST1, 2, 3 and
4s, and (2) ST4; “age” (at diagnosis): (1) ≤ 12 months (2)
> 12 months; “MYCN“: (1) MYCN non-amplified (2)
MYCN amplified; “LOH": (1) no LOH (2) LOH. Predic-
tive Positive and Negative Values (PPV and NPV) were
used for a descriptive comparison between CHD5
expression and MYCN and 1p LOH. All reported
P-values are two-sided. P-values ≤0.05 were considered
statistically significant. Statistical analysis was performed
with SPSS 15.0 package (SPSS, Chicago, IL).

Results
CHD5 protein expression in normal neural tissues is
restricted to neuronal cells
In normal human neural tissue sections (brain cortex,
cerebellum, spinal cord and sympathetic ganglion),
CHD5 immunoreactivity was found restricted to neu-
rons, whereas glial cells were consistently negative (Fig-
ure 1A, C, D and 1E). CHD5 expression pattern was
confirmed by immunostaining with neuronal (NF68)
and glial (GFAP) cell markers. Frozen brain sections
analyzed by double immunofluorescence showed co-
localization of CHD5 and NF68 in neurons. No CHD5
protein expression was observed in GFAP positive glial
cells (Figure 1G and 1H).
Intensity and intracellular localization of CHD5 stain-

ing in the cerebral cortex varied among neuron types
but did not exhibit a layer-related expression (Figure
1A). Nuclear labeling was intense in morphologically
small neurons with scarce cytoplasm present in all corti-
cal layers identified by size and location as interneurons.
Larger neurons with triangular shaped soma, including
pyramidal neurons present in cortical layers III, IV and
V, exhibited essentially negative or lower intensity of
nuclear staining and diffuse cytoplasm reactivity (Figure
1A). In the cerebellum, Purkinje cells and deep nuclei
neurons exhibited intense nuclear and diffuse cytoplasm
staining. Cerebellar granular layer neurons lacked
immunoreactivity (Figure 1C).
Spinal cord specimens were characterized by intense

positive neuron processes, predominantly located in the
external white matter, and large motoneuron cell bodies
with positive cytoplasm and mostly negative nuclear
staining (Figure 1D). All glial cells, including the epen-
dymal cells lining the central canal of the spinal cord,
were negative for CHD5 expression (Figure 1D*). In the
sympathetic ganglia, neuron cell bodies showed intense

nuclear and diffuse cytoplasm reactivity, while the stro-
mal cell component was found negative for CHD5 (Fig-
ure 1E).
Adrenal gland specimens exhibited weak CHD5

expression, mainly in the nucleus of the medullary cells.
Neuroblastic aggregates found in fetal adrenal glands
(19-20 weeks) were essentially negative, although few
intermixed positive cells were identified in larger neuro-
blastic islets (Figure 1F).
CHD5 expression was evaluated in brain cortex speci-

mens and in NB cell lines by immunoblot analysis.
CHD5 protein (250-260 kDa) was detected only in brain
cortex specimens, both in the total protein extract and
in the nuclear fraction. No CHD5 protein was detected
in the cytoplasmic fraction of all the analyzed specimens
or in NB cell lines (Figure 1B).
These results identify CHD5 as a neuron-specific pro-

tein, absent in glial cells, with a diverse expression pat-
tern amongst neuron types. Human immature
neuroblastic aggregates in the developing adrenal gland
are mostly negative for CHD5.

CHD5 protein is expressed in the neuroblastic component
of low clinical risk NTs
CHD5 immuno-localization was investigated in a total
of 90 primary NTs (63 NB including 24 stage 4, 8 stage
4s and 31 loco-regional NB; 14 GNB and 13 GN)
(Table 1).
Stage 4 NB cases, all histologically undifferentiated

high risk NB, appeared predominantly (20/24) negative
or with <25% neuroblastic cells with faint CHD5 nuclear
reactivity (Figure 2A and 2E; Table 1, Additional file 1).
Only 3/24 undifferentiated NB tumors exhibited weak
nuclear reactivity in 25-75% of cells, and one had
intense nuclear staining in >75% of tumor cells. In con-
trast, stage 4s NB, histologically undifferentiated low
risk tumors, showed consistently (8/8) very intense
CHD5 nuclear positivity in >75%, generally >90% of the
neuroblasts (Figure 2F, Table 1, Additional file 1). This
clinically low risk NB is, nevertheless, a highly prolifera-
tive metastatic tumor. Thus, for 2 stage 4s NB tumors,
CHD5 expression was also evaluated in the liver and
bone marrow metastases. Intense CHD5 immunopositiv-
ity, equivalent to the primary tumor, was observed in
>75% neuroblasts disseminated in the liver. Intriguingly,
bone marrow neuroblastic aggregates, identified using
an antibody against the ganglioside GD2 ubiquitously
expressed in NB (data not shown), lacked CHD5 immu-
noreactivity (Figure 2H), similar to stage 4 bone marrow
smears (Figure 2G).
Loco-regional tumors (stage 1, 2, and 3) displayed

more heterogeneous expression patterns (Figure 2B and
2C; Additional file 1), with staining values being highest
in differentiating NB, where intense nuclear staining was
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Figure 1 CHD5 protein expression in normal human neural tissues. CHD5 immunostaining in (A) normal neural tissue, cerebral cortex
(100x), box: pyramidal and interneuron CHD5 staining (400x); (B) expression of CHD5 protein detected by immunoblotting in (1) brain cortex
total protein, (2) brain cortex nuclear protein fraction, (3) brain cortex cytoplasmatic fraction, (4) LA-N-1 NB cell line total protein and (5) LA-N-1
nuclear fraction; CHD5 predicted molecular weight of 250-260 kDa is based on the amino acid composition (ref. 5); all analyzed samples
displayed a 150-160 kDa size band, not yet characterized; (C) Cerebellum (100x), box: Purkinje cell CHD5 staining (400x); (D) Spinal cord (100x),
box: Motoneuron CHD5 staining (400x), box*: ependymal cells lining canal spinal cord (100x); (E) Sympathetic ganglia (100x), box: Ganglion cell
CHD5 staining (400x); (F) immature neuroblast aggregates within fetal adrenal gland (200x), (arrow) CHD5 immunopositive neuroblasts; (G-H)
double fluorescent immunostaining, (G, arrow) NF68+/CHD5+ neuron; (H, arrow) GFAP+/CHD5- astrocyte, (H, arrow head) GFAP-/CHD5+ neuron.
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observed in >75% of neuroblastic cells (13/32) (Figure
2B; Additional file 1), and lowest in stage 3 MYCN
amplified NB composed mainly of undifferentiated neu-
roblasts with undetectable immunoreactivity, similar to
stage 4 NB cases (Figure 2C, Table 1, Additional file 1).
GNB (14/14) and GN (13/13) tumors exhibited gang-

lion-like cells with intense nuclear and diffuse cytoplasm
staining. Absence of nuclear staining and feeble cyto-
plasmic reactivity was observed in Schwann-like cells
(Figure 2D; Additional file 1). The undifferentiated neu-
roblastic component of GNB lacked CHD5 staining
(Table 1, Additional file 1).
The described immunohistochemical assays were per-

formed using two different batches of the anti-CHD5
antibody (T00251-A1 and T00251-A02). Both batches
performed consistently across many repeats, further sup-
porting the validity of our results (Additional file 2A).
The specificity of the anti-CHD5 antibody was further
validated on mouse xenografts of human NB cell lines
(SK-N-JD, SK-N-LP and SK-N-AS). All the xenografts
were found to be negative for CHD5 staining (Addi-
tional file 2B).
Altogether, CHD5 protein was expressed in the

nucleus of neuroblastic cells of clinical low risk NTs. In
stage 4s NB, CHD5 negative neuroblast bone marrow
metastasis imply the existence of intratumoral clones
with CHD5 differential expression in an otherwise histo-
logically homogeneous tumor subtype.

CHD5 transcript levels are associated with protein
expression
CHD5 protein expression was contrasted with gene
transcript levels. Quantification of CHD5 mRNA in
non-tumoral frozen tissue samples using qRT-PCR iden-
tified high expression in fetal brain and adult cerebral
cortex, as reported previously [10]. Normal bone mar-
row specimens lacked CHD5 expression.

CHD5 mRNA levels were analyzed for 84 primary
NTs obtained at diagnosis (23 stage 4; 7 stage 4s; 34
loco-regional NB; 9 GNB and 11 GN); 55 of these
tumors were also analyzed by immunohistochemistry.
High risk undifferentiated NB tumors, stage 4 and

stage 3 MYCN-amplified NB displayed significantly
lower mRNA expression levels than stage 1, 2, 3 (P <
0.001) and stage 4s NB (P = 0.001) (Additional file 3).
The highest mean expression values, similar to normal
fetal brain, were found for stage 4s NB. GN specimens
displayed consistently low CHD5 transcript levels,
whereas, GNB tumors were characterized by highly vari-
able expression attributable to the presence of CHD5
negative component, Schwann-like stroma and undiffer-
entiated neuroblasts, besides the positive ganglion-like
cells that compose these tumors.
Correlation between CHD5 immunoreactivity and

mRNA expression levels within the same samples was
examined in a set of 34 consecutive NB tumors. Immu-
nohistochemical and qRT-PCR analyses were carried
out on the same portion of the tumor specimen, with
similar cell composition and a high tumor cell content
(>70% as recommended for PCR studies). CHD5 nuclear
immunoreactivity was assigned a staining score (Addi-
tional file 1) and gene expression values were z-score
transformed. A significant correlation was observed
between mRNA and protein levels (Spearman’s rho =
0.774; P < 0.001), low CHD5 protein scores were consis-
tently associated with low mRNA levels (negative z-
score values), and high IHC scores with high mRNA
expression (positive z-score values) (Additional file 4).
Interestingly, very intense nuclear staining displayed by
low risk tumors, mostly stage 4s and infant stage 1 NB,
was not associated with the highest transcript levels
(Additional file 4, cases # 1-6, 30, 31 and 33).
These results reveal a correspondence between CHD5

protein and mRNA expression, suggesting a potential
regulation of CHD5 expression at the transcriptional
level.

CHD5 protein expression is associated with patient
outcome in NB
CHD5 nuclear immunoreactivity was assigned a staining
score (Additional file 1) and compared to clinical and
biological variables currently used for NB risk classifica-
tion. High CHD5 staining values were found to be sig-
nificantly associated with INSS stages 1, 2, 3 (MYCN
non-amplified) and 4s NB (n = 63), age at diagnosis <12
m (n = 63) and favorable tumor histology (n = 63); P <
0.001 for all the tested variables.
To assess whether CHD5 expression was associated

with patient outcome, immunoreactivity scores were
compared to overall survival (OS) and event-free survi-
val (EFS) for all 63 NB tumors. The median score value

Table 1 CHD5 inmunostaining in Neuroblastic tumors

Percentage of CHD5 immunopositive neuroblastic
cells

n <25% 25-75% >75%

St 1,2,3 31 10/31 (32.2%) 9/31 (29%) 12/31 (38.7%)

St 4 24 19/24 (79.1%) 4/24 (16.6%) 1/24 (4.1%)

St 4s 8 – – 8/8 (100%)

GNB 14 14/14* (100%) – 14/14** (100%)

GN 13 – – 13/13 (100%)

Total 90 29 13 48

Percentage of CHD5 positive (nuclear staining) tumor cells within each
neuroblastic tumor group evaluated using predetermined cutoff values (<25%;
25-75%; >75%). Detailed data regarding percentage of positive tumor cells
and staining intensity are reported in Additional file 1. For GNB tumors, the
undifferentiated neuroblastic (*) and the ganglionar (**) cell populations were
scored separately. GNB = ganglioneuroblastoma, GN = Ganglioneuroma.
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Figure 2 CHD5 protein expression in neuroblastic tumors. CHD5 immunostaining in (A) stage 4 undifferentiated NB (400x); (B) loco-regional
differentiating NB (400x); (C) stage 3, MYCN amplified, undifferentiated NB (400x); (D) Ganglioneuroblastoma (100x); (E) stage 4 (200x) and (F)
stage 4s primary tumor (200x) with bone marrow neuroblast aggregates (G-H), respectively (400x).
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was used as a cut-off to define high (>2) and low (≤2)
CHD5 expressing NB tumors. High CHD5 expression
was found to be significantly associated with a better OS
(log-rank test P < 0.001) and EFS (log-rank test P <
0.001) (Figure 3A and 3B). Furthermore, using this cut-
off, Cox multivariate analysis showed that expression of
CHD5 protein predicted OS and EFS independently of
INSS stage, patient age, amplification of MYCN and 1p

LOH (Table 2; Additional file 5). Specifically, CHD5
IHC was the only variable that remained statistically sig-
nificantly associated with event-free survival in both the
univariate and multivariate analyses (Table 2; Additional
file 5). CHD5 IHC remained statistically significantly
associated with overall survival, except when 1p LOH
was included in the multivariate analysis, owing to the
strong association of CHD5 expression with

Figure 3 Expression of CHD5 protein is prognostic for neuroblastoma patients. Kaplan-Meier analysis documenting increased overall
survival and event-free survival of neuroblastoma patients with tumors that have high CHD5 immunoreactivity versus patients with tumors that
have low CHD5 expression, (A) overall survival (P < 0.001) and (B) event-free survival (P < 0.001). The analysis was performed with all 63 NB
tumors, including all stages (stage 1, 2, 3, 4s and 4). Independent validation performed on 32 primary NB samples (C) overall survival (P = 0.001)
and (D) event-free survival (P < 0.0001). DOD = dead of disease.
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chromosome 1p status (Table 2; Additional file 5). The
Predictive Value of CHD5 staining was evaluated and
compared to MYCN and 1p LOH (Table 3). CHD5
expression showed the highest Negative Predictive
Value (NPV) for overall survival status (96.4%) and
event free survival (85.7%). MYCN status and 1p LOH
showed a NPV of 81.6% and 78.9%, respectively, for
the overall survival status, and of 65.3% and 63.2%,
respectively, for the event free survival. The Positive
Predictive Value (PPV) of CHD5 expression (overall
survival status: 54.3%; event free survival: 71.4%), i.e.

proportion of events or deaths in patients with low
CHD5 expressing tumors, was intermediate between
MYCN (66.7% and 77.8%, respectively) and 1p LOH
(46.7% and 60%, respectively) values. CHD5 IHC
showed high sensitivity and accuracy rate for the pre-
diction of OS (95% and 73%, respectively) and EFS
(86.20% and 77.80%) (Table 4).
The prognostic value of CHD5 expression was validated
on an independent, blinded set of 32 FFPE primary NB
tumors of patients diagnosed and treated at the Chil-
dren’s Hospital of Boston (n = 21) and HSJD of

Table 2 Cox regression analysis

Overall Survival

Variable HR and 95%CI p-value Variable HR and 95%CI p-value Interaction p-value&

CHD5 IHC 21.28 (2.84-159.39) 0.003

CHD5 IHC 18.67 (2.27-153.88) 0.007 0.951

INSS 4.15 (1.63-10.58) 0.003 INSS 1.24 (0.46-3.29) 0.673

CHD5 IHC 15.17 (1.89-121.73) 0.011 0.931

Age (>12 m) 5.56 (1.61-19.19) 0.007 Age (>12 m) 2.14 (0.59-7.75) 0.249

CHD5 IHC 12.29 (1.56-96.49) 0.017 0.952

MYCN (*) 14.27 (4.28-47.58) < 0.001 MYCN(*) 8.08 (2.43-26.93) 0.001

CHD5 IHC 14.33 (1.84-111.48) 0.011 0.946

LOH(**) 2.88 (1.04-7.96) 0.042 LOH(**) 1.75 (0.63-4.89) 0.287

Event Free Survival

Variable HR and 95%CI p-value Variable HR and 95%CI p-value Interaction p-value&

CHD5 IHC 8.14 (2.82-23.5) <0.001

CHD5 IHC 7.01 (2.09 to 23.51) 0.002 0.939

INSS 3.7 (1.73-7.88) 0.001 INSS 1.26 (0.53 to 2.97) 0.605

CHD5 IHC 7.04 (2.24 to 22.09) 0.001 0.638

Age (>12 m) 3.13 (1.33-7.39) 0.009 Age (>12 m) 1.36 (0.54 to 3.44) 0.515

CHD5 IHC 5.97 (1.98 to 17.98) 0.001 0.933

MYCN (*) 4.58 (1.84-11.42) 0.001 MYCN 2.72 (1.07 to 6.88) 0.035

CHD5 IHC 6.02 (1.98 to 18.34) 0.002 0.492

LOH(**) 2.12 (0.92-4.91) 0.079 LOH 1.24 (0.52 to 2.95) 0.622

Cox regression analysis of the NB cohort using CHD5 protein expression and clinical and biologically relevant variables (INSS stage, patient age at diagnosis,
MYCN amplification status and chromosome 1p LOH). Expression of CHD5 was statistically significantly associated with overall survival and event-free survival in
both the univariate and multivariate analyses. All NB patients (n = 63) where included in the study except for the studies with MYCN amplification (n = 58) and
1p LOH (n = 53), due to the undetermined status in some patients. IHC = Immunohistochemical analysis; INSS = International Neuroblastoma Staging System; HR
= hazard ratio; CI = confidence interval. P-values are two sided. (&) Interaction P-values obtained from Cox regression model: IHC + Co-factor+IHC*Co-factor. (*)
data available for 58 patients; (**) data available for 53 patients.

Table 3 Analysis of the Predictive Value was performed for a descriptive comparison between CHD5 expression and
MYCN and 1p LOH

Overall Survival Event Free Survival

Alive Dead PPV NPV No event Event PPV NPV

CHD5 IHC High 27 (62.8%) 1 (5%) 54.30% 96.40% 24 (70.6%) 4 (13.8%) 71.40% 85.70%

Low 16 (37.2%) 19 (95%) 10 (29.4%) 25 (86.2%)

MYCN Non amplified 40 (93%) 9 (60%) 66.70% 81.60% 32 (94.1%) 17 (70.8%) 77.80% 65.30%

Amplified 3 (7%) 6 (40%) 2 (5.9%) 7 (29.2%)

1p LOH No 30 (78.9%) 8 (53.3%) 46.70% 78.90% 24 (80%) 14 (60.9%) 60% 63.20%

LOH 8 (21.1%) 7 (46.7%) 6 (20%) 9 (39.1%)

Garcia et al. Molecular Cancer 2010, 9:277
http://www.molecular-cancer.com/content/9/1/277

Page 9 of 14



	
��

&�
��

'%
�

%&
 �

��
�%

��
�

��
 ��

3�
�=

/�

%

�?
��

�%
��

��
�&

&�
'%

"
�#

'�
��

��
�*

��
�1

��
�+

��

�

��
+�

�&
��

%�
�

7D

Barcelona (n = 11). Kaplan-Meier analysis and a log-
rank test showed a statistically significant difference in
OS (log-rank test P = 0.001) and EFS (log-rank test P <
0.0001) between patients with high and low CHD5
expression scores (Figure 3C and 3D). Tumors with
high IHC scores were associated with longer survival
(mean 73 months) in comparison with low expressing
tumors (mean 46 months).
These results suggest that CHD5 protein expression is

a potential prognostic marker of outcome in NB
patients.

CHD5 expression reactivation is associated with tumor
response to induction therapy
Tumor histology and gene expression can change with
treatment as a result of important changes in cellular
processes. We investigated the effects of induction che-
motherapy (3 cycles) on CHD5 expression in 12 high
risk NB cases with available paired diagnostic and post-
chemotherapy tumor specimens for qRT-PCR and
immunohistochemical analyses. At diagnosis all these
tumors (2 locoregional and 10 stage 4 NB) displayed
low CHD5 mRNA expression and negative immunos-
taining. Following induction chemotherapy, a significant
increase of CHD5 transcript and CHD5 positive nuclear
staining was detected in 6/12 specimens, together with
therapy-induced morphological changes (increased cyto-
plasm and ganglion-like cell morphology) (Figure 4A
and 4C; cases #1-6). All these patients achieved an initial
complete or very good response to cytotoxic therapy
(chemo- and radiation therapy). At the time of analysis,
5/6 patients were alive with a mean follow-up of 35.62
months (Figure 4B). One case, stage 4 MYCN amplified,
progressed after a good initial response to chemotherapy
and died of refractory bone marrow disease (Figure 4C;
case #6). Bone marrow aspirate smears of this patient
exhibited widespread tumor dissemination with CHD5
negative neuroblast aggregates (data not shown).
In contrast, low gene and protein expression levels

persisted in the 6 remaining post-therapy specimens (6
stage 4 NB; 3/6 MYCN amplified and 1p36 deleted
tumors) (Figure 4A and 4C; cases #7-12). Therapy
induced neuroblastic differentiation was observed in
only one of these samples (case #7), a stage 4 NB with
aberrant morphological changes. All 6 patients died of
rapid disease progression with no signs of clinical

response; with a mean survival of 12.73 months (Figure
4B).
These observations suggest a relationship between

CHD5 expression reactivation and response to induction
therapy and subsequent patient outcome.

Discussion
Gene expression of CHD5, an ATP-dependent chroma-
tin remodeling enzyme, has been reported to be
restricted essentially to the nervous system [8,10]. We
describe for the first time that CHD5 is a neuron speci-
fic protein in normal neural tissue, with variable immu-
nostaining intensity and intracellular localization among
the neuron types of the cerebral cortex. Recent evi-
dences suggest that the diverse neuron cell classes
derive from distinct embryonal germinal zones and are
characterized by specific cell signaling systems that reg-
ulate neural stem cells throughout the developing brain
[13-15]. Thus, neuronal cells adopt a brain layer fate
determined by their molecular profiles [14]. While we
did not observe a layer specific distribution of CHD5 in
the cerebral cortex, we did note an association of CHD5
expression with neurons with distinct morphological,
physiological and neurochemical features.
In normal neural tissue, glial cells appeared consis-

tently devoid of CHD5 expression. In human glial
tumors, chromosome arm 1p allelic loss is a frequent
genetic abnormality, especially in oligodendrogliomas
(70-85%) and astrocytomas (20-30%) [16]. Recently, low
levels of CHD5 expression have been reported in glio-
mas with 1p deletion, whereas nondeleted tumors dis-
played expression levels comparable to normal brain [4].
Thus, deletion of CHD5 has been proposed as an initiat-
ing event in gliomas [4]. Our findings, however, suggest
that the role of CHD5 as a tumor suppressor in glial
tumors needs further investigation.
NTs are embryonal cancers that are assumed to origi-

nate from primitive sympathetic neuroblast aggregates
located in neural crest derived sympathetic nervous sys-
tem. We observed how primitive neuroblast aggregates
found in fetal adrenal gland specimens generally lack
CHD5 expression. Interestingly, only a few cells were
found with a variable degree of nuclear reactivity in lar-
ger aggregates. To date, the fate of these immature neu-
roblastic aggregates remains unsolved, and spontaneous
involution and cell maturation have been proposed [17].

Table 4 Comparison of sensitivity, specificity and accuracy rate between CHD5 expression, MYCN status and 1p LOH

Overall Survival Event Free Survival

Sens Specif Accurancy Sens Specif Accurancy

CHD5 IHC 95.00% 62.80% 73.00% 86.20% 70.60% 77.80%

MYCN 40.00% 93.00% 79.30% 29.20% 94.10% 67.20%

1p LOH 46.70% 78.90% 69.80% 39.10% 80.00% 62.30%
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The immunoreactivity observed in a small proportion of
neuroblasts within these islets could suggest the estab-
lishment of CHD5 expression prior to their disappear-
ance; however, no evident differentiating features were
observed in these immunopositive cells that suggested
the activation of the maturation process.
In NTs, CHD5 is essentially expressed in the nucleus

of differentiating neuroblastic cells and ganglion cells,
and absent in the Schwannian stromal component.
However, the most intense immunoreactivity was
observed in stage 4s NB, a rare subgroup of histologi-
cally undifferentiated, highly proliferative, metastatic
tumors with a high incidence of spontaneous regression,
affecting young infants. Accurate distinction of

spontaneously regressing infant NB from high risk infant
stage 4 can be difficult, but critical for therapeutic deci-
sions. In our hands, the intensely positive CHD5 nuclear
staining enabled a clear distinction of stage 4s NB from
stage 4 NB, which was consistently immunonegative.
These results are consistent with our previous gene
expression profiling study, where similar differential
CHD5 expression profiles were observed amongst
infants with disseminated NB subgroups [18]. Thus,
CHD5 immunohistochemical staining may be clinically
useful for a more accurate characterization of dissemi-
nated infant NB.
In NB, CHD5 nuclear staining was strongly asso-

ciated with established favorable prognostic variables

Figure 4 Chemotherapy-induced expression of CHD5 in 12 high risk NB tumors. (A) CHD5 immunoreactivity pre- and post-chemotherapy
(400x); (B) Kaplan-Meier analysis for OS was performed using the mean between pre-treatment and post-treatment gene expression levels as
cut-off to divide tumors which reactivate CHD5 and tumors that maintain low expression levels; (C) CHD5 transcript levels quantified by qRT-PCR:
CHD5 expression levels (Black) at diagnosis, (Grey) post-chemotherapy. Fetal brain CHD5 expression represents normal neural tissue values.
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like low clinical stage, age at diagnosis <12 months and
favorable histology. Our findings suggest that CHD5
protein expression may accurately define NB risk
groups and may, therefore, be a prognostic marker.
Evidence is provided by the statistically significant
association found between high CHD5 immunoreactiv-
ity and favorable OS and EFS. These results are consis-
tent with recent studies reporting a strong association
of CHD5 mRNA levels with patient outcome in NB
[5,10]. Furthermore, Cox multivariate analyses suggest
that the prognostic value of CHD5 protein expression
is independent of other clinical and biological variables
currently used in risk stratification of NB patients and
could therefore represent an immunohistochemical
marker of prognosis in NB.
Currently, risk stratification of NB patients is per-

formed by combining different markers with strong
prognostic impact, including patients’ age at diagnosis,
tumor stage, genomic amplification of the oncogene
MYCN, copy number alterations of chromosomal
regions 1p, 11q and 17q, tumor DNA content [1,19] and
Shimada histological score [20]. However, despite elabo-
rate risk stratification strategies, outcome prediction in
neuroblastoma is still deficient. In recent years, to
improve risk assessment additional prognostic indicators
such as gene-expression signatures [21-23], combined
genomic and molecular signatures [24] or expression
levels of single candidate genes, e.g., Trk (NTRK) family
of neurotrophin receptors [25,26], FYN [27], PRAME
[28] and ZNF423 [29], have been associated with NB
clinical behavior. Expression of the Trk family receptors
has been the most extensively characterized marker in
NB and has been found to be consistently correlated
with the biology and clinical behavior of NB. Based on
our results, there is an apparent similarity between the
expression patterns of CHD5 and TRKA in NB and their
patterns of association with NB disease outcome. TRKA
expression has been reported to be high in biologically
favorable NB tumors and inversely associated with
MYCN amplification [30]. The prognostic value of the
immunohistochemical detection of TrkA has also been
examined and reported to be high, especially in combi-
nation with Ha-Ras expression pattern [31,32]. Further
IHC studies have correlated the lack of TrkA expression
with metastatic malignant NB [33]. However, in the lat-
ter study, 34% of the patients with stage 4 NB displayed
TrkA expression, a subset of which died of aggressive
metastatic disease despite TrkA expression [33,34]. In
our study, the majority of stage 4 NB either lacked
CHD5 immunoreactivity (83%) or exhibited weak
nuclear staining (13%), a high risk phenotype according
to our scoring system. Only one stage 4 tumor was
found to be clearly immunoreactive for CHD5; at the
time of analysis the patient is alive, 29 months from

diagnosis. These observations further confirm CHD5 as
a powerful prognostic marker that could complement
other known markers such as age at diagnosis, stage,
MYCN status, cellular DNA content, 1p deletion and
tumor histology. However, the potential clinical use of
this marker must be tested in larger, prospective
cohorts.
It is known that tumor histology and gene expression can

change with treatment as a result of important changes in
cellular processes, e.g., induced tumor differentiation, DNA
repair, apoptosis and tissue necrosis. Undifferentiated NB
occasionally exhibit neuroblastic maturation in response to
chemotherapy. Assessment of CHD5 gene and protein
expression in NB post-therapy specimens revealed that
tumors with evident neuroblastic maturation showed both
CHD5 gene and protein reactivation. Notably, none of
these tumors harbored 1p deletion. Conversely, in tumors
where minimal or no morphological changes were
observed in the post-treatment specimens, low CHD5
expression persisted. These observations suggest the exis-
tence of a subset of tumors within high risk NB where
CHD5 expression can be reactivated from the silenced
state by standard chemotherapy. Remarkably, when post-
therapy reactivation was observed, CHD5 expression was
largely associated with disease response to cytotoxic induc-
tion therapy and subsequently with longer patient OS. All
12 patients included in the study received the same treat-
ment, nevertheless some tumors failed to respond. At pre-
sent, treatment response in NB is routinely evaluated by
monitoring urine levels of catecholamine and its metabo-
lites (VMA/HVA ratio) and by estimating the decrease in
the size of measurable lesions with conventional imaging
modalities, such as computed tomography (CT) or mag-
netic resonance imaging (MRI). At the time of second-look
surgery, the degree of induced tumor cell differentiation
and the extent of necrosis can also be useful to estimate
treatment response. However, no biological markers for
tumor chemotherapy responsiveness have been reported in
NB. The use of such biomarkers would make chemother-
apy more effective for individual patients by allowing
timely changes of therapy in the case of nonresponding
tumors. Furthermore, markers reflecting tumor response
can function as surrogates of long-term outcome. Taking
into account the small cohort of cases that may have led to
an overestimation of the data, our findings would suggest
that restoration of CHD5 expression could be a surrogate
marker of treatment response that can be clinically useful
to identify patients that do not benefit from conventional
treatment. These results warrant further investigation in a
larger cohort of uniformly treated patients.
In summary, we report that the differential expression

of the neuron-specific protein CHD5 accurately defines
NB risk groups and may represent a marker of outcome
in neuroblastoma that can be tested by conventional
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immunohistochemistry. In high risk NB patients, re-
establishment of CHD5 expression following chemother-
apy should be tested prospectively as a surrogate marker
of treatment response.

Additional material

Additonal file 1: Clinical and biological characteristics of 90 NT
specimens included in the study. INSS = International Neuroblastoma
Staging System; Diagnosis: NB = neuroblastoma, GNB =
ganglioneuroblastoma, GN = ganglioneuroma; Disease status: A = alive,
D = dead; EFS = Event free survival; qRT-PCR = Quantitative real-time
PCR; IHC = immunohistochemistry; n.a = not available data
Immunohistochemical analysis of CHD5 expression in NTs Results
are displayed as percentage of CHD5 immunopositive cells present in
each tumor specimen. Staining intensity: 0 = negative; 1 = weak staining;
2 = strong staining, 3 = very intense staining. Proportion of positive cells
values (<25% = 1; 25-75 = 2; >75% = 3). Intensity and positive cell values
were multiplied together to provide a single score for each case.

Additonal file 2: A. Immunohistochemical staining of FFPE sections
of two immunopositive neuroblastic tumors using two different
batches of the anti-CHD5 antibody (T00251-A1 and T00251-A02); B.
Immunochemical assay with the anti-CHD5 antibody (Strategic
Diagnostics, DE) on mouse xenografts derived from human NB cell
lines. The specificity of the anti-CHD5 antibody was validated by
immunohistochemical assays on FFPE sections of mouse xenografts of
human NB cell lines (SK-N-JD, SK-N-LP and SK-N-AS). In these NB cell
lines CHD5 gene expression is very low or absent (data not shown),
similar to previously reported data (ref. 5, ref. 10). Two different anti-
CHD5 antibody batches (T00251-A1 and T00251-A02, Strategic
Diagnostics, DE) were tested. Ganglioneuroblastoma FFPE tissue sections
were used as positive control samples. All the analyzed xenographs were
composed nearly exclusively (>95%) of neuroblastic cells exhibiting no
CHD5 nuclear staining and faint cytoplasmic staining (when present).
Only few (<5%) immunopositve cells were observed in the SK-N-LP
xenograft. However, viable tumor cells in the SK-N-LP xenograft where
negative for CHD5 nuclear staining, similar to SK-N-JD and SK-N-AS.
These results were comparable to the immunostaining pattern observed
in undifferentiated high risk NB tumors. The GNB ganglionar cells
showed intense nuclear and diffused cytoplasm immunostaining.

Additional file 3: CHD5 mRNA expression levels in NTs Results are
displayed as mean expression levels of NT subgroups obtained from two
independent analyses. HR = high risk NB (Stage 4 and Stage 3 MYCN
amplified); LR = low risk NB (stage 1, stage 2 and stage 3 MYCN non-
amplified); GNB= ganglioneuroblastoma; GN = ganglioneuroma.
Quantification was performed relative to normal fetal brain. Error bars
illustrate the variability amongst the samples of each NT subgroup.

Additional file 4: Comparison of CHD5 mRNA and protein
expression. The lineal graph shows comparison between CHD5 mRNA
levels and protein immunoreactivity in 34 NB cases. Low CHD5 protein
scores were associated with lower mRNA levels (negative z-score values),
and high IHC scores with high mRNA expression (positive z-score values),
(Spearman’s correlation analysis rho = 0.774; P < 0.001). Low risk tumors,
stage 4s and infant stage 1 NB tumors showed very intense nuclear
staining in comparison to the observed transcript levels (cases # 1-6, 30,
31 and 33).

Additional file 5: Cox multivariate análisis. Cox multivariate regression
analysis has been performed using clinical and biological variables
currently used in risk stratification of NB patients (INSS stage, age at
diagnosis, MYCN status and 1p LOH) in combination with the CHD5 IHC.
The analysis has been performed sequentially, adding one variable at
each step, in order to assess how the presence of each variable
influences the performance of CHD5. CHD5 IHC remained statistically
significantly associated with overall survival in all the analyses, except
when the 1p LOH parameter is included in the overall survival analysis.
This is due to the strong association of the expression of CHD5, located
on 1p36, with chromosome 1p status. All the rest of variables, except for

MYCN amplification, were not statistically significant. For event free
survival analysis, CHD5 IHC is the only variable that remained statistically
significant along the whole analysis, even in the presence of 1p LOH. IHC
= Immunohistochemical analysis; INSS = International Neuroblastoma
Staging System; HR = hazard ratio; CI = confidence interval. P-values are
two sided.
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Abstract

Neuroblastoma (NB) pathogenesis has been reported to be closely associated with numerous genetic alterations. However,
underlying DNA methylation patterns have not been extensively studied in this developmental malignancy. Here, we
generated microarray-based DNA methylation profiles of primary neuroblastic tumors. Stringent supervised differential
methylation analyses allowed us to identify epigenetic changes characteristic for NB tumors as well as for clinical and
biological subtypes of NB. We observed that gene-specific loss of DNA methylation is more prevalent than promoter
hypermethylation. Remarkably, such hypomethylation affected cancer-related biological functions and genes relevant to NB
pathogenesis such as CCND1, SPRR3, BTC, EGF and FGF6. In particular, differential methylation in CCND1 affected mostly an
evolutionary conserved functionally relevant 39 untranslated region, suggesting that hypomethylation outside promoter
regions may play a role in NB pathogenesis. Hypermethylation targeted genes involved in cell development and
proliferation such as RASSF1A, POU2F2 or HOXD3, among others. The results derived from this study provide new candidate
epigenetic biomarkers associated with NB as well as insights into the molecular pathogenesis of this tumor, which involves a
marked gene-specific hypomethylation.
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Introduction

Neuroblastoma (NB), the most common extracranial tumor of

childhood, is a complex developmental malignancy characterized

by numerous biologically significant genetic alterations that are

intimately associated with the clinical outcome of patients [1]. In

addition to genetic changes, the complex and heterogeneous

clinical evolution of NB greatly depends on patient’s age at

diagnosis, as well as clinical stage and histopathologic features of

the tumor [1].

Altered DNA methylation patterns have been widely reported

to be a critical factor in cancer development and progression. In

particular, regional DNA hypermethylation (hyperM) of CpG

islands in promoter regions of tumor suppressor genes as well as

global hypomethylation (hypoM) affecting DNA repeats are

considered to be the most frequent cancer-related epigenetic

changes [2,3]. So far, most studies have focused their attention on

the role and mechanisms of promoter hyperM, since loss of global

DNA methylation was believed to affect DNA repeats and to be

mainly involved in structural-nuclear functions such as chromo-

somal instability [2].

Although the genomic profile of NB is well-characterized, DNA

methylation changes have not been extensively studied in these

tumors. Several genes have been reported as being methylated in

NB [4–9], nevertheless the genome-wide DNA methylation

pattern of NB is still greatly unknown. The aim of the present

study was to investigate the pattern of epigenetic changes in NB at

the genome-wide level using DNA methylation-specific micro-

arrays. Besides identifying changes globally associated with NB, we

characterized DNA methylation patterns associated with distinct

clinical and biological subtypes of the disease. Interestingly, we

observed that gene-specific loss of DNA methylation is more

prevalent than promoter hyperM. Such hypoM affected cancer-

related biological functions and genes relevant to NB pathogenesis

such as CCND1 [10].

PLOS ONE | www.plosone.org 1 November 2012 | Volume 7 | Issue 11 | e48401
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Materials and Methods

Patients and samples
A total of 25 primary neuroblastic tumors (NT) including 22

NBs, 2 ganglioneuromas (GN) and 1 ganglioneuroblastoma (GNB)

were used for genome wide methylation analysis. Additionally, an

independent cohort of 13 NBs and 2 GN was used for bisulfite

pyrosequencing, mRNA gene expression and DNA copy number

variation analyses (Table 1 and Table S1A). GN and GNB as well

as normal human fetal brain (FB) and adrenal gland (AG) tissues

were used as reference samples. NB risk assessment was defined by

the International Neuroblastoma Staging System (INSS) [11].

Tumor samples were assessed by a pathologist (M.S.), only tumors

with .70% viable tumor cell content were included in the study.

DNA was isolated from snap-frozen samples using Cell Lysis

Solution (Promega, USA) and proteinase K (Sigma, USA)

following manufacturers’ protocols.

Ethics statement: The study was approved by the Institutional

Research Ethics Committee (Comité Ético de Investigación

Clı́nica, Fundación Sant Joan de Déu – CEIC-FSJD). Patients/

parents/guardians signed an informed consent before collection of

samples.

Genome-wide DNA methylation profiling
DNA methylation profiling was performed using the Infinium

HumanMethylation27 BeadChip (Illumina, USA). Genomic DNA

bisulfite conversion and hybridization to the platform was

performed at the Human Genotyping Unit at the Spanish

National Cancer Center (CEGEN-CNIO, Madrid, Spain), as

previously described. Data were analyzed using the BeadStudio

software (version 3, Illumina Inc, USA) [12,13]. For each CpG site

we calculated the beta-value (bvalue), which is a quantitative

measure of DNA methylation levels ranging from 0 for completely

unmethylated to 1 for completely methylated cytosines. Possible

sources of biological and technical biases that could affect our

results such as gender-specific and low quality CpGs were

excluded from the study [14–16]. Methylation microarray data

have been deposited at Gene Expression Omnibus data repository

(GSE39626).

Differential DNA methylation analysis
Since there is no consensus strategy for differential methylation

analysis, we used three different approaches. First, CpG sites were

categorized as hyperM when bvalues were ,0.25 in the reference

samples and .0.75 in at least 10% of NB samples, and hypoM

when bvalues were .0.75 in the reference samples and ,0.25 in

at least 10% of NB samples. Second, differential methylation was

defined as mean bvalues between NB and reference samples

showing an absolute difference greater than 0.25 [17]. Finally, an

unpaired t-test was performed using Step Down Permutation

(SDP) [18] and False Discovery Rate (FDR) analyses [19]. Venn

diagrams were used to compare lists of differentially methylated

CpGs (http://www.pangloss.com/seidel/Protocols/venn.cgi) and

only those concomitantly identified by all three classification

criteria were defined as differentially methylated.

Hierarchical clustering and principal component analysis
Unsupervised and supervised agglomerative hierarchical clus-

tering were performed using the Cluster Analysis tool from Bead

Studio (version 3, Illumina Inc, USA). Principal Component

Analysis (PCA) was performed with R (www.r-project.org) using

the FactoMineR package available through Bioconductor.

Bisulfite pyrosequencing
To validate DNA methylation data, bisulfite pyrosequencing

(BPS) analysis was performed as previously described [20]. Briefly,

genomic DNA was bisulfite converted using EpiTect Plus Bisulfite

Conversion Kit (Qiagen, Hilden, Germany) according to manu-

facturer’s instructions. A subsequent PCR amplification was

performed using biotinylated primers (Table S1B). Pyrosequencing

and data analysis were performed with the pyrosequencer analyzer

PyroMark Q96 (Qiagen, Hilden, Germany) according to manu-

facturer’s instructions.

Gene expression analysis
To assess expression levels of differentially methylated genes,

publicly-available expression microarray data sets [21–23] with

representative NB tumor spectra were analyzed. Raw data was

normalized to a z-score transformation. Unpaired t-test analysis

adjusted by SDP and FDR was performed. Genes with a

Table 1. Patients’ clinical and biological characteristics.

Characteristics Methylation Array Samples (n=22) Independent Sample Set (n =13)

Age, months

Median 28,9 32,6

Range 0–120 0–216

INSS, n (%)

Stage 1–3 11 (50) 5 (38,5)

Stage 4 7 (31,8) 6 (46,2)

Stage 4S 4 (18,2) 2 (15,3)

MYCN status, n (%)

Amplified 5 (22,7) 10 (76,9)

Non-amplified 16 (72,8) 3 (23,1)

Undetermined 1 (4,5) 0

The NB cohort used for genome-wide methylation analysis (Methylation Array Sample Set) as well as the NB cohort used for bisulfite pyrosequencing, mRNA gene
expression and DNA copy number variation analyses (Independent Sample Set) are reported in the table.
doi:10.1371/journal.pone.0048401.t001
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statistically significant differential expression (p,0.01), z-score .1

in .50% of samples, were considered differentially expressed.

For candidate genes, total RNA isolation and gene expression

quantification was performed for 10 cases included in the

methylation array and an independent set of 13 NB samples

using quantitative real time polymerase chain reaction (qRT-PCR)

as previously described [22] (Table S1B).

Bioinformatic annotation of differentially methylated
genes
The Database for Annotation, Visualization and Integrated

Discovery (DAVID) v6.7 (http://david.abcc.ncifcrf.gov/) was used

for gene-annotation enrichment analysis and biological pathway

mapping [24]. Probability (Benjamini-Hochberg correction) lower

than 0.05 was considered statistically significant.

Differentially methylated genes were classified according to their

chromosomal localization. Probability distribution analysis was

performed to determine potential chromosome enrichment. P-

value,0.05 was considered statistically significant.

Promoter classification of differentially methylated genes into

promoters with high (HCP), intermediate (ICP), low (LCP) and

mixed CpG content, as well as the identification of Polycomb

(PcG) target genes was performed as previously reported [14].

Hypergeometric probability distribution analysis with a prob-

ability cut-off ,0.05, was performed to determine hyperM or

hypoM chromosome enrichment and to determine promoter type

and PcG-mark enrichment in differentially methylated genes.

Analyses were performed with SPSS version 15.0 (SPSS, Inc,

Chicago, IL).

Results

DNA methylation profiling and identification of
differentially methylated genes in NB
In order to investigate the pattern of DNA methylation in NB,

we analyzed 22 primary NB tumors using the Infinium

HumanMethylation27 BeadChip microarray. Two GN, 1 GNB,

as well as, normal human FB and AG tissues were used as

reference samples to identify differentially methylated genes

specific for NB.

We initially performed a quality control of the data obtained

from the microarray analysis and excluded 3337 gender-specific

and low quality CpGs. Additionally, one NB sample (NT18, Table

S1A) was excluded because of poor detection p-values.

Unsupervised Principal Component Analysis (PCA) performed

on all the samples included in the study, showed that NBs display a

clearly distinct DNA methylation profile as compared to normal

reference samples (FB and AG) and the clinically less aggressive

GNB and benign GN (Figure 1A), being these two entities

epigenetically undistinguishable from normal reference samples.

In order to identify differentially methylated genes in NB,

supervised analyses were performed using independently three

different reference samples (FB, AG and 2 GN with 1 GNB). By

comparing gene lists generated by these analyses we were able to

identify a common set of 351 genes, being 23 hyperM and 328

hypoM, in NB (Figure 1B, Table S2A). This set of genes will be

hereafter referred as NB-specific genes. We then performed a

supervised hierarchical cluster and a PCA using the hyperM and

hypoM gene sets separately. Remarkably, the DNA methylation

pattern of hyperM genes allowed us to differentiate NBs with

diverse MYCN amplification status. Interestingly, hypoM genes

segregated NBs by their age at diagnosis, clustering those with 5 or

more years separately from younger patients (Figure 1C and 1D).

The NB-specific genes were ranked according to the percentage

of samples found differentially methylated and the level of bvalue
changes. The most clearly hyperM genes in our series were EMP1,
RASSF1A, ACTC, GNG12, HOXD3, PAMR1, IL17RC, CARD11,
POU2F2 and P2RY6 (Table S2B). Among these, RASSF1A and

POU2F2 have previously been described methylated in NB tumors

and cell lines. Here, both genes showed clearly increased

methylation levels in$80% of the NB samples, which is consistent

with prior reports [5,7,25]. Besides, to our knowledge only

HOXD3 has previously been described hyperM in cancer,

specifically in prostate carcinoma [26,27].

Applying the same strategy, 69 genes were clearly hypoM in NB

(Table S2B). Notably, among these we identified CCND1. This
gene has been reported to be highly expressed in a significant

portion (.75%) of NB tumors and cell lines [10,28]. The 17 CpGs

analyzed across the length of the CCND1 locus revealed a complex

epigenetic pattern in NB cases and control samples (Figure 2A). In

NB, we observed a reduction of DNA methylation levels at 12 of

17 CpG sites and a significant hypomethylation, using stringent

criteria, only at two CpGs (Target IDs cg04717045 and

cg02723533). Unexpectedly, DNA methylation loss was observed

outside the 59 region of CCND1, which was unmethylated in NB

cases and control samples. Hypomethylation within the gene-body

was not considered significant due to epigenetic heterogeneity in

the reference samples (Figure 2A). The 39 untranslated region (39-
UTR), in contrast, was consistently methylated in reference

samples and hypomethylated in a large fraction of NBs. At the

two significantly hypoM sites, 17 of 21 NB lose methylation as

compared to all the reference samples (bvalue .0.90), being 11 of

them markedly hypoM (Figure 2A).

DNA methylation changes in clinically and biologically
relevant NB subgroups
A supervised approach was used to analyze differential DNA

methylation profiles between clinical and biologically relevant NB

subgroups.

High-risk (HR) NBs (n= 9), defined as stage 4 and MYCN
amplified (MYCN A) tumors, were compared with low-risk (LR)

NBs (n = 8), which include stage 1 to 3 MYCN non-amplified

(MYCN NA) tumors. A total of 19 clearly differentially methylated

genes were identified. Five genes were hyperM in HR with respect

to LR NB and reference samples, whereas no hypoM gene was

observed in this clinical subgroup. In contrast, hyperM was not

observed in LR NBs whilst 14 genes exhibited de novo loss of

methylation in this clinically favorable subgroup (Table S2C).

We next compared the two clinically relevant metastatic NB

subgroups, i.e. stage 4 (n= 6) and stage 4S (n = 4) NBs. We

identified a total of 9 differentially methylated genes. Of these, 2

genes were hyperM in at least 3 of 4 stage 4S NBs and no hyperM

was detected in stage 4 NBs. With regard to hypoM, 5 and 2 genes

were observed in stage 4S and 4 NBs, respectively (Table S2C).

Comparing MYCN A (n= 5) and NA (n= 15) tumors, we

identified 23 differentially methylated genes (7 hyperM and 16

hypoM) in MYCN amplified with respect to non-amplified tumors

and reference samples (Table S2C).

Finally, we compared NBs based on patient’s age at diagnosis

using the clinically-established 18 month age cut-off, i.e. ,18

months (n = 11) and $18 months (n = 10). According to our

selection criteria, no consistently differentially methylated genes

were identified, most likely due to the high heterogeneity in both

subgroups. Based on the supervised PCA analysis shown in

Figure 1D, we observed that patients with 5 or more years of age

segregated separately from the younger patients, suggesting

different underlying methylation patterns. A supervised analysis

DNA Methylation Profiling in Neuroblastoma
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was thus performed using two age cut-offs, 18 months and 5 years

(i.e. 0 to,18 months (n = 12), $18months to ,5 years (n = 4), $5

years (n = 5)). Differences between the methylation patterns of the

three age subgroups were observed. However, methylation was

heterogeneous in patients younger than 5 years, but clearly distinct

from the older NB patients (Table S2C). Applying only a 5 year

age cut-off (,5 years, n = 16 and $5 years, n = 5), we identified a

clear DNA methylation pattern characterized by a set of genes

with a consistent loss of DNA methylation in patients younger than

5 years of age compared with the older patients, the latter being

similar to reference samples (Table S2C).

Technical and clinical validation of candidate genes by
pyrosequencing
DNA bisulfite pyrosequencing of 3 NB-specific candidate genes

(EMP1, GNG12 and CCND1) as well as of EPSTI1, which is

differentially methylated in clinically relevant NB subgroups, was

performed to validate DNA methylation array data. Two NB

tumors included in the microarray as well as an independent

cohort of 13 NB and 2 GN samples were used for this aim. First,

the degree of correlation between microarray DNA methylation

and BPS data was tested and found to be significantly high

(r = 0.958, p,0.001) (Figure S1).

Consistent with the array results, EMP1 and GNG12 NB-specific

genes showed high methylation levels compared to reference

samples in all the NB cases of the validation set (n = 13) (Figure

S2B and S2C). CCND1 showed a clear loss of methylation in 10 of

the 13 independent NBs tested, which is in line with the

proportion of hypoM cases identified by the methylation array

(Figure 2A, 2B and 2C, Figure S2A). EPSTI1 methylation analysis

in the validation series also confirmed the array data (Figure S2D).

Association between DNA methylation and gene
expression
To investigate whether differential DNA methylation in NB is

associated with gene expression, we analyzed published gene

expression data of independent and representative NB tumor sets

[21–23]. Expression data was available for 13 of 23 hyperM and

136 of 328 hypoM NB-specific genes (Table S3A). Five of thirteen

(38.4%) hyperM genes showed lower expression levels as

Figure 1. DNA methylation profiling and identification of differentially methylated genes in NB. A: Unsupervised Principal Component
Analysis (PCA) of array-based DNA methylation data in 21 neuroblastomas (NB) (classified according to INSS Stage), 2 ganglioneuroma (GN), 1
ganglioneuroblastoma (GNB); and normal reference samples: fetal brain (FB) and adrenal gland (AG). B: Venn diagram showing the strategy used to
identify NB-Specific genes. Hypermethylated and hypomethylated genes in NB were determined using three different supervised analyses with
distinct reference samples (FB, AG and GN/GNB). C: Supervised hierarchical cluster analysis of DNA methylation data from NB-specific genes in 21 NB
samples, 2 GN, 1 GNB; and 2 normal reference samples: FB and AG. D: Supervised Principal Component Analysis (PCA) in 21 NB samples, 2 GN, 1 GNB;
and normal reference samples: FB and AG for NB-specific genes.
doi:10.1371/journal.pone.0048401.g001

DNA Methylation Profiling in Neuroblastoma

PLOS ONE | www.plosone.org 4 November 2012 | Volume 7 | Issue 11 | e48401

�
��

� 
��

��
�



@-

compared to reference samples. In contrast, 10 of 136 genes

(7.3%) with lower methylation levels were highly expressed in NB

as compared to reference samples. These results are in line with

previous studies reporting that only a fraction of genes with

promoter hypomethylation show a significant increase in gene

expression, being, possibly, conditioned to specific activation [29–

30].

To validate if differential DNA methylation in NB is associated

with gene expression changes, we analyzed 5 candidate genes by

qRT-PCR in 23 NBs with available RNA (10 cases included in the

methylation array and an independent set of 13 NB samples). In

general, hyperM genes showed lower expression levels in NB

samples compared to reference samples. Likewise, most hypoM

genes showed higher expression levels in the NB tumors with

respect to reference samples, confirming microarray data (data not

shown). CCND1 was found to be highly expressed in all NB

samples, consistent with previous reports [10,31] (Figure 2D).

Biological and functional features of differentially
methylated genes in NB
Differentially methylated genes were functionally characterized

using bioinformatic approaches. A gene ontology (GO) analysis of

genes hypoM in NB allowed the identification of significantly

enriched (p,0.05) functions such as defense response, immune

response, immune system process, response to stimulus and

epidermis development (Table S3B). Due to the small sample

size, gene sets derived from other comparisons did not result in any

significantly enriched GO term.

Most studies in adult tumors have reported that hyperM genes

are enriched in promoters with high CpG content (HCP) and

PRC2 target genes in embryonic stem cell (ESC) [17]. Remark-

ably, in our series, the group of hyperM genes showed a loss for

HCP promoters (21.7% vs. 53.5% in the background, p=0.072)

and an enrichment for ICP promoters (34.78% vs. 11.68% in the

background, p=0.012). No significant enrichment for PRC2

targets was observed (13% vs. 9.6% in the background, p=0.49).

In contrast, hypoM genes showed the previously reported pattern

[17], i.e. they were associated with an increase for low CpG

Figure 2. Methylation and expression data of CCND1. A: Graphical display of the DNA methylation levels of the 17 CpGs measured across the
CCND1 length. The heatmap shows the data from 21 neuroblastoma (NB) and reference samples (2 GN, 1 GNB; 1 FB and 1 AG). Below the heatmap we
show some genomic features of the CCND1 locus (UCSC Genome Browser, data from the hg19 adapted to the hg18) including Transcription Factor
binding sites (TFBS), evolutionary conserved DNAseI hypersensitive domain (DNAseI cluster) and Vertebrate Multiz Aligment, PhastCons Conservation
(Mammal Conservation) and miRNA target sites (TS). B: DNA methylation-specific pyrograms for CCND1. The pyrogram above corresponds to a
neuroblastoma sample whereas the pyrogram below corresponds to a reference sample (FB). Grey shading shows the percentage of methylation
observed for the CpGs analyzed. C: Box-plot for DNA methylation data of CCND1 obtained by bisulfite pyrosequencing in an independent cohort of
13 NB and 2 GN samples and reference samples. D: mRNA expression levels of CCND1 analyzed by qRT-PCR in two NB independent cohorts.
doi:10.1371/journal.pone.0048401.g002
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content promoters (LCP) (68.3% vs. 22.6% in the background,

p,0.001) and a decrease of PRC2 targets (3.3% vs. 9.6% in the

background, p,0.001) (Table S3C).

To determine if differential methylation in NB occurs homo-

geneously throughout the genome, the chromosome distribution of

NB-specific genes was analyzed. Given the small number of

hyperM genes no significant enrichment or grouped tendency was

observed (Table S3D). Conversely, a significant portion of hypoM

genes mapped to chromosomes 1 (48 genes), 17 (25 genes), 19 (58

genes) and 21 (9 genes) (p,0.05 for all) and showed chromosome

specific localization. These genes mapped to specific chromosome

regions 1p36 (20%) and 1q21 (25%), chromosome 17p13 and

17q21 (both 27%), whereas the majority of genes identified on

chromosome 19 were restricted to 19p13 (.70%; 43 of 58), and all

chromosome 21 hypoM genes mapped to 21q22 (9/9).

Dicussion

In the present study, we have analyzed the pattern of differential

methylation in primary NB samples using microarray-based DNA

methylation analysis. Unsupervised PCA showed that DNA

methylation profiles in NB are clearly distinct from those of the

clinically less aggressive GNB and benign GN and the normal

reference samples used in this study (Figure 1A). Differential DNA

methylation analysis using stringent criteria enabled us to identify

DNA methylation changes characteristic of NB tumors. Interest-

ingly, the pattern of hyperM and hypoM was found to be

associated with clinic-biologically relevant subgroups of NB

tumors. Specifically, the DNA methylation pattern of hyperM

genes allowed us to differentiate NBs with diverse MYCN

amplification status. HypoM genes segregated cases according to

age at diagnosis, clustering those with 5 or more years separately

from younger patients (Figure 1D). Supervised DNA methylation

analysis comparing well-known NB clinical subgroups confirmed

the existence of differentially methylated genes between high and

low risk tumors, MYCN A from NA tumors as well as stage 4 from

stage 4S NB. Previous reports analyzing specific candidate genes

have identified hypermethylated genes associated with MYCN

amplification status in NB cell lines and tumors [4], thus

corroborating the existence of subgroup-specific DNA methylation

patterns in NB. However, no consistent DNA methylation

differences were identified when comparing subgroups using the

clinically established prognostic age cut-off of 18 months. In

contrast, in line with the analysis shown in Figure 1D, a consistent

loss of DNA methylation was observed in patients younger than 5

years as compared to older patients and reference samples (Table

S2C). In NB, age at time of diagnosis is a powerful marker of

tumor behavior, and is thus critical in the prognostic evaluation of

this developmental malignancy [32]. Traditionally, patient’s age

has been analyzed as a binary function, with a cut-off point

initially established at 12 months and recently set at a more

optimal prognostic age cut-off of 18 months [32]. However, the

International Neuroblastoma Pathology Classification (the Shi-

mada system) evaluates the prognostic impact of the histological

features of the tumor considering two age cut-offs at time of

diagnosis: 18 months and 5 years [33]. Interestingly, although we

observed age-related DNA methylation patterns recalling these

two age cut-offs, they were more consistent using the 5 years cut-

off.

Overall, we observed that loss of DNA methylation is more

prevalent than promoter hyperM in NB. This is in line with the

well known global hypomethylation of cancer cell DNA, generally

believed to affect repetitive sequences and satellite DNA and to

contribute to the generation of chromosomal instability [2].

Therefore, gene-specific hypomethylation has not been extensively

studied. Interestingly, we observed that hypoM affected genes

relevant to NB pathogenesis such as CCND1. Cyclin D1 is a

regulator subunit of cyclin-dependent kinases required for cell

cycle G1/S transition that has been described highly expressed in

various types of solid tumors as well as in more than 75% of NBs.

The cause of CCND1 overexpression in these tumors is greatly

unknown. High-level amplifications of CCND1 have been reported

only in a small percentage (2%) of NB tumors [10]. Therefore,

mechanisms other than gene amplification seem to be responsible

for increased CCND1 expression [34]. Recently, GATA3, a

transcription factor overexpressed in NB, has been reported to

be implicated in CCND1 overexpression [35]. In this study, we

observed loss of CCND1 gene methylation in more than 70% of the

NB tumors analyzed, associated with high CCND1 expression

levels and absence of gene amplification (data not shown).

Differentially methylated CpGs were not localized in the promoter

region but in the 39 untranslated region (Figure 2A). Interestingly,

based on the data available in the UCSC Genome Browser

(GRCh37/hg19), the 39-UTR of CCND1 is an evolutionary

conserved DNAseI hypersensitive domain highly enriched for

microRNA target sites and Transcription Factor binding sites,

including GATA3, MYC, FOXA1/2 and JUND, among others.

Experimental data supporting the functional role of the 39-UTR

region in the expression of CCND1 have been reported in mantle

cell lymphomas (MCL), where in addition to the fusion of CCND1

gene on chromosome 11 to the immunoglobulin heavy chain

enhancer, the loss of the 39-UTR has been linked to hyper-

proliferative MCL [36]. However, CCND1 rearrangements leading

to loss of the 39-UTR have been observed only in a very small

percentage of NBs [10]. Noteworthy, in our series CCND1 hypoM

occurs in the presence of RASSF1A promoter hyperM. Selective

epigenetic silencing of RASSF1A is a common event in human

cancer, including NB where it has been reported hypermethylated

in .75% of tumors [5,25]. Ras association domain family 1

isoform A is a tumor suppressor that negatively regulates cell

proliferation by inhibiting cyclin D1 protein accumulation through

posttranscriptional mechanisms [37]. RASSF1A hyperM has

previously been inversely associated with cyclin D1 expression

and tumor cell proliferation [38]. It is thus tempting to speculate

that loss of CCND1 gene methylation in the 39-UTR regulatory

region and concomitant hypermethylation of RASSF1A could

represent a potential mechanism underlying CCND1 gene overex-

pression in NB.

Loss of methylation also affected genes with cancer-related

biological functions i.e. SPRR3, previously reported as hypomethy-

lated in cancer, specifically in hepatocellular carcinoma [39].

Overexpression of SPRR3 has been reported to promote breast

and colon cancer proliferation by enhancing p53 degradation via

the AKT and MAPK pathways [40,41]. HypoM also affected genes

reported to stimulate cell proliferation, i.e. BTC, EGF and FGF6.
Betacellulin, member of the EGF family, has recently been

reported to induce proliferation of neural stem cells and prevent

spontaneous differentiation in cell culture via both the EGF

receptor (EGFR) located in NSCs and ErbB4 on neuroblasts [42].

The epidermal growth factor also acts via the EGFR to stimulate

cell proliferation and neoplastic transformation. Fibroblast growth

factor 6, a FGF family member, is implicated in self-renewal and

maintenance of pluripotency of ES and iPS cells [43].

On the other hand, epigenetically suppressed genes included

genes involved in tissue development and differentiation. Among

these, POU2F2, previously described as being hypermethylated in

NB tumors and cell lines, encodes a transcription factor involved

in neuronal differentiation [7,44]. Homeobox D3, member of the

DNA Methylation Profiling in Neuroblastoma
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Hox gene family, has been described associated with the

modulation of cell-adhesive properties during embryonic develop-

ment [45]. Aberrant methylation of HOXD3 has not been

described previously in NB, but has recently been reported as a

novel biomarker of prostate cancer progression together with

RASSF1A, TGF-b and APC [27]. Differentiation-related genes

included IRF6, which encodes a transcription factor that regulates

craniofacial development and epidermal proliferation. IRF6
downregulation has been correlated with promoter methylation

in invasive squamous cell carcinomas [46]. Epithelial membrane

protein-1, a member of the peripheral myelin protein 22 family

expressed in first differentiating neurons, has been described

involved in neural differentiation [47]. Downregulation of EMP1
has been described in squamous cell lung carcinoma suggesting a

potential tumor suppressor function [48].

The functional characterization of differentially methylated

genes revealed that hyperM occurs predominantly at ICP

promoters, while hypoM affects mostly LCP genes, regardless of

the NB subgroup studied. Moreover, the vast majority of changes

of DNA methylation were observed in genes that are not targets of

PcG proteins in ESCs. These findings are in contrast with most

other tumors in which de novo methylation affects predominantly

genes with dense CpG island promoters highly enriched for PcG

targets [14,16,17]. The epigenetic features of NB identified in this

study may be related to the embryonic origin of this developmen-

tal disease, fundamentally different from that of adult cancers.

Additionally, chromosome distribution of NB-specific genes

showed that global DNA hypoM in NB is organized not only at

the functional level but also at spatial level since it significantly

affects specific chromosomes as well as chromosomal regions

previously described to be recurrently altered in NB.

This study provides a genome-wide view of the DNA

methylation landscape in NB. However, it is worth mentioning

that our conclusions are based on a small cohort of cases which

may have led to an overestimation of the data, and that the array

used does not differentiate 5-methylcytosine from 5-hydroxy-

methylcytosine. In spite of these caveats, our findings suggest that

hypoM is a prevalent epigenetic alteration in NB that affects

cancer-related biological functions and specific genes relevant for

NB pathogenesis, such as CCND1. Moreover, hypomethylation

involves chromosomal regions recurrently altered in this malig-

nancy. Our findings also provide evidence for the existence of

DNA methylation profiles characteristic of NB. We identified

specific DNA methylation changes associated with clinical and

genetic features of NB tumors, suggesting altered DNA methyl-

ation patterns as a critical factor for NB tumorigenesis.
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technical assistance.

Author Contributions

Conceived and designed the experiments: CL GM JIM-S JR. Performed

the experiments: CL GM JIM-S JR AQ MK SG. Analyzed the data: CL

GM JIM-S JR AQ MK MS SG. Contributed reagents/materials/analysis

tools: CL GM JIM-S JR AQ MK ME IG CdT ER PG JM. Wrote the

paper: CL GM JIM-S JR JM.

References

1. Maris JM, Hogarty MD, Bagatell R, Cohn SL (2007) Neuroblastoma. Lancet

369: 2106–2120.

2. Esteller M (2008) Epigenetics in Cancer. N Engl J Med 358: 1148–1159.

3. Baylin SB, Jones PA (2011) A decade of exploring the cancer epigenome –

biological and translational implications. Nat Rev Cancer 11: 726–734.

4. Alaminos M, Davalos V, Cheung NK, Gerald WL, Esteller M (2004) Clustering

of gene hypermethylation associated with clinical risk groups in neuroblastoma.

J Natl Cancer Inst 96: 1208–1219.

5. Michalowski MB, de Fraipont F, Plantaz D, Michelland S, Combaret V, et al.

(2008) Methylation of tumor-suppressor genes in neuroblastoma: The RASSF1A

gene is almost always methylated in primary tumors. Pediatr Blood Cancer 50:

29–32.

6. Kamimatsuse A, Matsuura K, Moriya S, Fukuba I, Yamaoka H, et al. (2009)

Detection of CpG island hypermethylation of caspase-8 in neuroblastoma using

an oligonucleotide array. Pediatr Blood Cancer 52: 777–783.

7. Carén H, Djos A, Nethander M, Sjöberg RM, Kogner P, et al. (2011)

Identification of epigenetically regulated genes that predict patient outcome in

neuroblastoma. BMC Cancer 11: 11–66.

8. Grau E, Martinez F, Orellana C, Canete A, Yañez Y, et al. (2011)
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Identification of tumoral glial precursor cells in neuroblastoma
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a b s t r a c t

Neuroblastic tumors (NBT) are composed by neuroblasts and Schwannian-like stroma. The
origin of these two cell subtypes remains unclear. In this study, we describe, a neuroblastic-
like subpopulation in neuroblastoma (NB) coexpressing GD2 and S100A6, neuroblastic and
glial lineage markers respectively. The GD2+/S100A6+ neuroblastic subpopulation was
found to be enriched in low risk NB, distributed around the perivascular niche. Some stro-
mal bundles showed GD2+/S100A6 costaining. Metastatic bone marrow specimens also
showed GD2+/S100A6+ cells. During in vitro retinoic acid induced differentiation of NB cell
lines, rare GD2+/S100A6 neuroblatic cells appeared. We conclude that GD2+/S100A6+

neuroblasts may represent a tumoral glial precursor subpopulation in NBT.
� 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Neuroblastoma (NB) is the most common pediatric
extracraneal tumor and its origin has been clearly associ-
ated to the development of the sympathetic nervous sys-
tem [1,2]. Histologically, NB is mainly composed by
neuroblasts at different stages of differentiation, and a var-
iable amount of Schwannian-like stroma [3]. The ratio of
both cell types varies according to the degree of tumor
maturation and a correlation has been established between
the degree of differentiation of the neuroblastic subtype,
the proportion of the Schwannian-like stroma and the
outcome of the patient, being the undifferentiated
stroma-poor NB the most malignant and the stroma-rich
ganglioneuroma (GN) a benign form [3,4].

The origin of the Schwannian-like stromal cell remains
controversial, and the relationship between Schwannian-
like stromal cells and neuroblastic cells has not yet been

clarified. Since the amount of the Schwannian-like stroma
has been so clearly associated to better prognosis, it has
been speculated that Schwannian-like cells in the tumor
may influence tumor growth by secreting antiproliferative
and/or antiangiogenic signals [5,6]. In this regard, experi-
mental evidence shows that when co-cultured in vitro,
neuroblasts derived from neuroblastoma tumors can
enhance the proliferation of Schwann cells [7]. One
hypothesis is that both the Schwannian-like stromal cells
and the neuroblastic cells could arise from pluripotent
neoplastic cells originating from the neural crest. Mora
et al. showed that Schwannian-like stromal cells had the
same genetic alterations as neuroblastic cells [8]. An alter-
native theory, proposed by Ambros and colleagues [9],
stated that Schwannian-like stromal cells in neuroblastic
tumors are likely to be reactive in nature and may have
been recruited from normal tissues. Recent studies have
provided evidence supporting both hypothesis, Du et al.
[10] showed how human bone marrow stromal or mesen-
chymal stem cells differentiate into Schwannian stroma
cells when injected into xenografted human NB tumors
in a murine model and in co-culture with NB cells
in vitro. Whereas, Coco et al. [11] identified loss of
heterozigosity at 1p36 loci in both the Schwannian cell
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component and the whole ganglioneuroblastoma
intermixed (Schwannian-rich) tumor specimen. Also,
Delattre’s group [12] suggested that Schwannian-like
stromal do not derive from neuroblastic cells, but that
nevertheless both cell populations share a common
multipotential progenitor

In vitro, NB cell lines have been subjected to induced
differentiation towards both neuronal and glial-like cells,
suggesting that undifferentiated neuroblasts retain a muti-
potential state [13,14] and are able to recapitulate the dif-
ferentiation process of the neural crest cells of the trunk
[15]. In 1973 Biedler et al. [16] described for the first time
three cell subtypes spontaneously arising in NB cell line
cultures: the N (neuroblastic), S (substrate adherent) and
I (intermediate) subtypes. These three cell line subtypes
were isolated and characterized on the basis of the differ-
ent cell morphology, cell culture behavior and protein
expression pattern [16,17]. I-subtype cells have been pro-
posed as NB stem cells [18,19]. These cells have morpho-
logical and culture growth characteristics that are
‘‘intermediate’’ between N- and S-type cells, and express
marker proteins of both cell lineages. I-type cells have been
reported to have a bipotential capacity to differentiate
towards both neuronal and glial lineage when induced
with retinoic acid and 5-bromo-20-deoxyuridine, respec-
tively. According to our previous studies in vitro, the cell
membrane ganglioside GD2, and the calcium binding
protein S100A6 were found to be reliable markers for the
identification of neuroblastic and glial lineage cells, respec-
tively [13]. Our results showed that N- and I-type cells pos-
sess a similar differentiation potential and represent an
uncommitted stage between neuronal and glial fates,
whereas S-type cells seem to be committed towards a glial
lineage fate

The aim of the present study was to explore in vivo in
NBT, the presence of cells that express simultaneously neu-
ronal (GD2) and glial (S100A6) cell lineage marker pro-
teins, bipotential cells, that could embody a potential
NBT precursor or initiating cell. In this study, we have
identified, in primary NB tumor samples, a morphologi-
cally undistinguishable tumoral subpopulation of neuro-
blasts that have features of both neuronal and glial
features. In vitro, we were able to recapitulate the differen-
tiation stages which give rise to these bipotential cells, and
demonstrate how some neuroblastic tumor cells give rise
to other cellular components of the tumor.

2. Material and methods

2.1. Patients and samples

Thirty-seven NBT (18 NB, 2 GNB and 2 GN at diagnosis
and 15 NB post-treatment) snap frozen tumor specimens
as well as 8 metastatic bone marrow biopsies were ob-
tained from patients diagnosed and uniformly treated at
Hospital Sant Joan de Déu, Barcelona (HSJD). Tumor cell
content and viability was evaluated by pathologist. This
study was approved by the Institutional Review Boards
and informed consent was obtained before collection of
all samples.

2.2. Immunostaining

Tumor tissue cryosections (5 lm) and bone marrow
smears were fixed with paraformaldehyde (PFA) 4% pH 7.4
for 20 min., nonspecific sites were blocked with bovine
serum albumin (BSA) 1% 30 min�1 h. Primary antibodies
specific for S100A6 (CACY-100 clone; 1:1000; Sigma, US),
GD2 (14.G2a; 1:800; BD, US), CD34 (prediluted;Novocastra,
UK) andPARPp85 (1:1500;Promega,US)were incubated for
1–3 h at room temperature or overnight (O/N) at 4 �C. DAB
Novolink Polymer Detection System (Novocastra, UK) was
used for immunohistochemical staining. For immunofluo-
rescence analysis, secondary antibodies anti-mouse IgG
labelled with Cy3 and FITC (Sigma, US) were incubated for
45 min.Nuclei counterstainingwasperformedwith406-dia-
mino-2-phenylindole (DAPI) for immunofluorescence and
hematoxilin for immunohistochemistry.

2.2.1. Double immunofluorescence
Cryosections were fixed and blocked as described

above, anti-S100A6 (1:1000) was incubated O/N at 4 �C
and then with anti-mouse IgG-Cy3 (1:400) for 45 min. Sec-
ond blocking step was performed using FAB fragments
(1:500; Jackson Immunoresearch Laboratories, US) during
30 min. Anti-GD2 (1:800; BD, US) was incubated 30 min
and then stained with anti-mouse IgG-FITC (1:700; Sigma,
US). Nuclei were counterstained with DAPI (1:5000; Sigma,
US).

Cryosections were mounted with anti-shade mounting
media (Vector Laboratories, US). Slides were kept at
�20 �C until analyzed with a Leica 5000B epifluorescence
microscope.

The proportion of GD2+/S100A6+ neuroblasts was
assigned a score from 0 to 3: 0 = <1%; 1 = 1–10%; 2 = 10–
25%; 3 = >25% of the totality of neuroblasts in the sample.

2.3. Differentiation induction

Neuronal differentiation was induced in three NMYC
amplified neuroblastoma cell lines,SK-N-Be2C and SK-N-
LP, both I-type and LAN-55 N, N-type cell line,by addition
of 1 lM of all-trans retinoic acid (ATRA) during 60 days,
following the protocol described previously [13].

2.4. Fluorescence activated cell sorting (FACS)

Nine snap-frozen tumor biopsies, collected and stored
following our institution biobank advices, were used for
FACS and subpopulations analysis. Tumor fragments were
washed with HBSS (Sigma, US), dissected into small pieces
of 1 mm3 and subsequently, enzymatically disaggregated
with 1 mg/ml Collagenase IV (Sigma, US) and 2000 units
DNAse I (Sigma, US) in 4 ml of HBSS during 30 min–1 h
(h) at 37 �C in a shaking bath. Cells were washed and cen-
tifruged 1.5g for 5 min. Disaggregated tumor cells were
fixed in 0.5% PFA during 2 h. Cells were incubated with
anti-S100A6 antibody (1:50) O/N at 4 �C and the secondary
antibody anti-mouse IgG1-Hilyte647 (1:300; Anaspec, US)
during 45 min. The second antibody staining was
performed by incubating anti-GD2 (3:100) during 1 h and
the secondary antibody anti-mouse IgG-FITC (1:400)
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during 45 min. After each step cells were washed twice in
1.5 ml PBS and finally resuspended in 0.5–1 ml PBS and
kept at 4 �C in darkness until analyzed. All the antibodies
were diluted in 1% BSA. Cell sorting was performed using
the BD FACSAria cell sorter (Beckton Dickinson, US).

As positive control of the double staining procedure,
GD2+/S100A6� SK-N-ER cell line and GD2�/S100A6+ LA1-
5S (S-type) cells were mixed in a 1:1 proportion and ana-
lyzed as mentioned above.

DNA staining was performed with Hoeschst 33342
(Ho342) (Sigma, US).

CD133 staining analysis was performed as follows: 106

fixed disaggregated tumor cells were incubated with anti-
CD133-PE O/N at 4 �C (AC133; 1:10; Miltenyi Biotech, Ger-
many) and negative control staining was performed by
incubating fixed disaggregated tumor cells with IgG-PE
(1:300; Sigma, US).

2.5. NMYC copy number determination

Sorted cell subpopulations were centrifuged 5000g
5 min and DNA extraction was performed using QiaAMP
DNA Micro kit (Qiagen) following manufacturer’s protocol.
DNA was quantified using Nanodrop N-1000. NMYC gene
copy number was determined by Q-PCR as described else-
where [20].

3. Results

3.1. GD2+/S100A6+ cell subpopulation in neuroblastic tumor samples

In our previous studies in vitro, GD2 and S100A6 proteins were found
to be reliable markers for the identification of neuroblastic and glial line-
age cells, respectively [13]. Here, both markers were used to study pri-
mary neuroblastoma tumor samples.

In all primary neuroblastic tumor samples analyzed (n = 22), intense
cell membrane GD2 expression was observed in all the cells morphologi-
cally identified as neuroblastic (Fig. 1). Conversely, noGD2 specific staining
was detected in primary ganglioneuroma (n = 2) or ganglioneuroblastoma
(n = 2) tumors, showing specific expression only in the morphologically
undifferentiated neuroblasts (data not shown). S100A6 expression was
detected in the nuclear membrane of all the cells constituting the Schwan-
nian stroma and also in cells morphologically assessed as blood vessels.
Moreover, S100A6 nuclear expression was observed in isolated, sparse
undifferentiated neuroblasts (Fig. 1).

On the basis of these results, GD2 and S100A6 double immunostain-
ing was performed in 18 primary non-treated diagnostic NB samples and
15 post-treatment specimens. Concomitant expression of both markers
was observed in a subpopulation of neuroblasts (<25% of the total) in
16 (89%) of the 18 samples obtained at diagnosis. In those tumors, the
majority of the GD2+/S100A6+ neuroblasts within the tumor were found
isolated and surrounded by GD2+/S100A6� neuroblasts. In primary
tumors, besides the GD2+/S100A6+ neuroblasts, also some morphologi-
cally Schwannian-like double stained cells were identified in the stromal
bundles and in some of the blood vessels (Fig. 1, arrows). In 7 out of 15
(46%) post-treatment cases analyzed, GD2+/S100A6+ neuroblasts were
found, showing a scattered distribution amongst the GD2+/S100A6� neu-
roblasts and, in some cases, also some blood vessels were GD2+/S100A6+.

Altogether, a small subpopulation of neuroblasts is double stained
with both GD2/S100A6, neuroblastic and stromal markers respectively.
The co-expression of GD2 and S100A6 in non neuroblastic cells might
enlighten their potential tumorigenic origin.

3.2. GD2+/S100A6+ cells in clinically relevant subgroups of NBTs

Since a broad range (0–25%) of GD2+/S100A6+ neuroblasts was
detected amongst the different NBTs analyzed, we investigated the rela-
tionship between the number of GD2+/S100A6+ neuroblasts and the

clinico-pathological features of the tumors. The proportion of GD2+/
S100A6+ neuroblasts was analyzed with respect to recognized clinico-
pathological risk factors. High risk tumors were defined as those tumors
with NMYC amplification or stage four disease, and low risk tumors
defined as tumors with stages 1, 2, 3, 4s and NMYC not amplified.

No differences were identified in the proportion of GD2+/S100A6+

neuroblasts among histologically defined undifferentiated/poorly differ-
entiated and differentiating neuroblastoma tumors. A statistically signif-
icant (p = 0.0081) difference was detected when low risk and high risk
tumors were compared, being the low risk tumors those with a higher
number of GD2+/S100A6+ neuroblasts. A mean proportion average pro-
portion of 20% GD2+/S100A6+ neuroblasts of the total neuroblastic popu-
lation was identified for low-risk cases, whilst only an average of 9%
GD2+/S100A6+ was identified in the high risk cases (Fig. 2A).

Seven (46%) out of 15 post-treatment NB samples analyzed contained
undifferentiated/poorly differentiated neuroblasts. In all of these samples
a highly variable percentage (ranged from 0% to 45%) of GD2+/S100A6+

neuroblastic cells was seen. The presence of co-stained cells was
restricted to the non-necrotic/fibrotic areas where blood vessels could
be identified. (Fig. 2B). When the high-risk tumors at diagnosis were com-
pared with the post-treatment samples the proportion of GD2+/S100A6+

neuroblasts were higher in the post-treatment samples, however, the var-
iability amongst these cases was too high to be statistically significant
(Fig. 2A).

Taken together, these data suggest that in NB the proportion of GD2+/
S100A6+ neuroblasts is associated with the clinical risk of the tumor and
not with the histopathological features.

3.3. Perivascular distribution of GD2+/S100A6+ cells

In brain tumors, the distribution of cancer stem cells has been
described to be perivascular [21]. In this study, we have analyzed the per-
ivascular distribution of GD2+/S100A6+ neuroblasts, in order to see if they
follow a specific distribution. To this purpose, serial cryosections of 6
tumors (4 pre and 2 post-treatment) were stained with GD2/S100A6
and CD34/S100A6. The GD2+/S100A6+ neuroblasts showed a tendency
to lay close to the stromal areas, where the blood vessels can be found
too (Fig. 2B). The perivascular distribution of GD2+/S100A6+ neuroblasts
was quantified in the cell layers surrounding the blood vessels. An enrich-
ment of GD2+/S100A6+ neuroblasts was found in the cell layers closest to
the blood vessels (Fig. 2C) (p < 0,01). These results suggest that GD2+/
S100A6+ neuroblasts are not distributed randomly, but either arise from
or tend to populate the near stromal regions.

3.4. GD2+/S100A6+ neuroblasts in bone marrow metastasis

To determine whether the GD2+/S100A6+ neuroblastic subpopulation
is present in the metastatic sites, bone marrow (BM) specimens from 8 NB
patients with diffuse BM disease were analyzed by double
immunofluorescence.

To assess the GD2/calcyclin specificity in the BM tissue, BM aspirates
from 1 non-tumoral and 4 non-neuroblastoma tumor (Ewing sarcoma,
retinoblastoma, Langherhans cell histiocytosis, and esthesioneuroblas-
toma) patients were also analyzed as negative controls. In these samples,
no GD2 staining was detected in the BM cell subpopulations, while
S100A6 nuclear membrane staining was observed in immature lympho-
cytes as previously reported [22]. Conversely, all the NB bone marrow
samples analyzed (n = 8), showed cell membrane GD2 staining in the neu-
roblastic aggregates. In all of these clusters, one or two morphologically
neuroblastic cells (never representing more than 10% of the total cells
of the aggregate) were concomitantly positive for GD2 in the cell mem-
brane and for S100A6 in the nuclear membrane (Fig. 2D). Thus, the
GD2+/S100A6+ subpopulation of neuroblasts was also present in the BM
metastatic site.

3.5. Cell apoptosis

Recently, upregulation of S100A6 expression has been related with
cell growth inhibition and apoptosis [23,24]. We found an increase in
the amount of GD2+/S100A6+ neuroblasts in post-treatment specimens
showing areas of cell differentiation as well as necrosis. In order to inves-
tigate a potential association of S100A6 immunostaining with apoptosis
processes, GD2/S100A6 double staining was performed in parallel with
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caspase-cleaved fraction of the Poly (ADP-ribose) polymerase (p85 PARP)
in serial tumor cryosections (n = 6). Both the localization and the percent-
age of p85 PARP positive cells within the analyzed tumors sections
showed no correspondence with GD2+/S100A6+ neuroblasts (Fig. 3).
These results suggest that GD2+/S100A6+ expression is not related to
apoptotic processes in NB.

3.6. GD2+/S100A6+ neuroblast cells isolation

In order to further characterize the GD2+/S100A6+ NB tumor cell sub-
populations, we proceeded to the isolation of these cells by Fluorescence
activated cell sorting (FACS).

FACS analysis was performed in 9 snap-frozen enzymatically disag-
gregated tumor specimens (6 pre-treatment, 1 post-treatment and 2 tu-
mor relapse) from 8 different patients. All tissue samples taken at
diagnosis and relapse were composed of >70% of viable tumor cells. Cell
viability ranged between 30% and 90% of the total cell population for all
the samples analyzed (Fig. 4A). The only case that showed 30% viability
was the post-treatment sample with a high percentage of tissue necrosis.
Cellular debris and red blood cell contamination were discarded from the
analysis by Ho342 DNA staining. Forward and side scatter (FSC_SSC) anal-
ysis also showed two different subpopulations, one bigger and more com-
plex, and another smaller and less complex. The small cell subpopulation
showed significant GD2 staining, suggesting the neuroblastic identity.

The percentage of GD2+ cells ranged from 15% to 89% of the totality of
nucleated cells, and thus are potentially tumor cells. On the other hand, 3–
53% of these cells were S100A6 positive. GD2+/S100A6+ double stained
cells represented percentages ranging from 11% to 53% of cells, distributed
both in the large and small identified subpopulations identified (Fig. 4). In
most of the tumors, the small size subpopulation showed the highest

number of GD2+/S100A6+ cells (Fig. 4C). The large cell subpopulation
was composed of cells expressing different patterns and intensities of
GD2 and S100A6 markers, suggesting that it may include heterogeneous
cell subpopulations like glial cells, endothelial cells as well as more differ-
entiated neuroblasts. (Fig. 4D).

As described above, the low risk tumors contained a higher propor-
tion of GD2+/S100A6+ cells. Confirming the immunostaining results, dif-
ferent subpopulations have been identified according to the GD2/
S100A6 staining.

To assess if the GD2+/S100A6+ cells could represent a potential cancer
stem cell subpopulation fraction, CD133 staining was performed in 4
samples in parallel with GD2/S100A6 staining. A small percentage of
CD133+ cells was identified; 0.1–0.7% of the total viable population
(Fig. 4E and F). The difference in the proportion of CD133+ cells and
GD2+/S100A6+, suggests that these 2 populations are not equivalent,
and that the GD2+/S100A6+ cell fraction is not enriched with tumor initi-
ating cells.

3.7. Common tumor cell origin

In our study, we have identified NB intratumoral cell clones with dif-
ferential GD2/S100A6 staining. We have thus investigated if these differ-
ent cell populations could derive from a potential common precursor cell.
NMYC amplification was used as a molecular marker amongst the sorted
cell subpopulation isolated from three NMYC amplified NB tumor.

As expected, the neuroblastic subpopulation, stained only against the
GD2 ganglioside (the whole neuroblastic subpopulation) showed NMYC
gene amplification levels comparable to the original tumor. Moreover, in
all the analyzed tumors, the Schwannian-like subpopulation, here
identified by S100A6 nuclear staining, displayed a similar level of NMYC

Fig. 1. Identification of the GD2+/S100A6+ neuroblasts in low and high risk neuroblastoma. The majority of tumor cells are GD2+/S100A6� neuroblastic
cells; a variable proportion of GD2+/S100A6+ neuroblasts and stromal regions were both GD2�/S100A6- and GD2+/S100A6+. (A–E) Stainings in low risk
neuroblastoma. (F–J) High risk neuroblastoma. (A and F) Control section of hematoxilin-eosin (HE) is shown (10�magnification). (B and G) S100A6 staining.
(C and H) GD2 staining (D and I) High magnification (63�) showing GD2+/S100A6+ neuroblasts. (E and J) Different amount of GD2+/S100A6+ can be
identified in the low risk versus the high risk tumor (20� magnification). White arrows show the blood vessels.
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amplification. Interestingly, the double stained GD2+/S100A6+ subpopula-
tion also showed NMYC amplification (Fig. 5). Taken together, these re-
sults suggest the existence of a common tumor precursor cell for all the
isolated subpopulations that composed the bulk of these primary tumors.

3.8. GD2+/S100A6+ neuroblasts in neuronal induced differentiation

In our previous study, we report the appearance in N- and I-type cell
cultures, exclusively GD2+/S100A6� cells, of a small percentage of mor-
phologically glial-like cells that acquire nuclear S100A6 staining upon
2-3 weeks of neuronal induced differentiation with ATRA [13].

In order to recapitulate in vitro the differentiation process involved in
the development of GD2+/S100A6+ neuroblasts in vivo, we induced neuro-
nal differentiation with ATRA in 2 I- and 1N-type cell lines. In the repre-
sentative I-type cell line, SK-N-Be2C, during the first week of treatment,
few GD2+ neuroblasts, located in the surroundings of the neuroblastic
clusters, acquired positive nuclear membrane S100A6 staining (Fig. 6A).
After 2 weeks, the GD2+/S100A6+ round neuroblasts clearly changed their
morphology displaying flat and enlarged cytoplasms, increasing their
adherence to the flask surface, all of them distinctive features of the S-like
type cell phenotype (Fig. 6B). Similar results were observed in N-type
(LAN-55 N) and another I-type cell line (SK-N-LP), even though the
amount of GD2+/S100A6+ cells neuroblasts was smaller, as previously
documented in Acosta et al. [13].

These results suggest that upon induction of neuronal differentiation,
both I- and N-type NB cell lines give rise to GD2+/S100A6+ cells with
S-like phenotype, that could represent a subpopulation of cells commit-
ted towards a glial-like phenotype. These changes can be tracked by
GD2/S100A6 expression. These findings provide a model of differentiation
and acquisition of glial fates in the most undifferentiated NBTs.

4. Discussion

Neural crest cells (NCC) possess the competency to dif-
ferentiate into many different cell types: sympathetic neu-
rons, Schwannian cells and melanocytes, amongst others
[15]. Specifically, it has been described that NCC restrict
their multipotential capacity until they reach a bipotential
state which will give rise to the last two different cell sub-
types, glial and neuronal cells [15,25]. Physiologically, the
differentiation status at each stage can be tracked by the
pattern of protein expression and the concomitant expres-
sion of neuronal and glial proteins has been reported in
bipotential precursors of NCC [26].

Fig. 2. GD2+/S100A6+ neuroblasts distribution. (A) Chart showing the average proportion of GD2+/S100A6+ neuroblasts in all the tumors analyzed according
to risk groups: low risk (LR) and high risk (HR) pre (Pre-T) and post (post-T) treatment tumors were analyzed separately. ⁄ (t-test value p = 0.0081);
Proportion of GD2+/S100A6+ neuroblasts by categories: 0 = <1%; 1 = 1–10%; 2 = 10–25%; 3 = >25%. (B) Peristromal distribution of GD2+/S100A6+ neuroblasts
in a high risk tumor (20�magnification), HE staining in the inner panel shows the distribution of blood vessels in the tumor (10�magnification). (C) Chart
showing the proportion of GD2+/S100A6+ neuroblasts in relation to the cellular layers surrounding the blood vessels. The amount are calculated clustering
the 7–9: layers 7, 8, and 9 and >10 layers: layers 10–15.). The distribution of GD2+/S100A6+ neuroblasts was statistically significant in range 1–3 when
compared with all the other ranges (One-way ANOVA p < 0.01). (D) GD2/S100A6 co-staining of a neuroblastic aggregate from a BM metastasis (63�
magnification).
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Since NB is a tumor of the sympathetic nervous system
originating from NCC, the origin from a putative multipo-
tential NCC has been hypothesized [1,2]. In vitro, NB cells
have shown the capacity to differentiate into different cell
lineages; neurons, Schwannian glia and muscle [13,14,27].
Previous work from Ross and Spengler [19], have sug-
gested that a bipotential (glial/neuronal) stage could be
tracked in tumors by the concomitant expression of neuro-
filaments (NF68) and the glial marker S100A6. In our
hands, however, the expression of the neurofilament
NF68 was not restricted to the neuronal lineage since posi-
tive staining was documented in glial tumors like Schwan-
nomas (data not shown). According to our previous
screening for lineage-specific markers in neuroblastoma
in vitro, only the expression of the GD2 ganglioside was re-
stricted to the neuronal-lineage component of the tumor
[13].

In this study, we looked for the existence of cells in the
bipotential stage of differentiation in primary NBTs by
using the coexpression of the lineage-specific markers
GD2 and S100A6. Our results demonstrate that most NB
contain a neuroblastic subpopulation of cells, ranging from
1% to 25%, co-staining for both markers. Moreover, this
subpopulation seems to be widespread in the low risk cat-
egory of NBTs and increased in specimens after cytotoxic
therapy. These results suggest that, although morphologi-
cally unrecognized, the GD2+/S100A6+ neuroblastic sub-
population appears to be in a different state of

differentiation, likely towards glial commitment, which in
turn, might explain the relationship with the better prog-
nosis of the low-risk tumors. Our results are in line with re-
cent reports showing that neural progenitor cells are
intimately related to the glial lineage, which diverges from
the view of the separation of neuronal and glial lineages.
Classically, neurons were proposed to derive from neuro-
nal committed progenitors (neuroblasts), whereas spong-
ioblasts (radial glial cells) were thought to be precursors
of the astroglial cells. Recent studies, however, have shown
that cells considered part of the glial lineage are in fact the
neural stem cells that give rise to differentiated neurons
and glial cells [28]. The tumoral origin of the different NB
subpopulations identified using the co-staining with GD2
and S100A6 was in three NMYC amplified tumors and
in vitro. Notably, all the subpopulations having diverse
GD2 and S100A6 staining features, isolated from the tu-
mors showed the amplification of the NMYC proto-onco-
gene suggesting that all of them derived from a common
tumoral precursor cell. In vitro, we observed that neuronal
induced differentiation gave rise to a subpopulation of
GD2+/S100A6+ neuroblasts some of which subsequently
acquired a S-like morphology.

There is significant evidence that angiogenesis contrib-
utes to the aggressive behavior of NB tumors. In retrospec-
tive studies, high vascular density has been correlated with
poor clinical outcome [29,30]. Furthermore, high levels of
angiogenesis activators have been detected in clinically

Fig. 3. The GD2+/S100A6+ neuroblasts are not apoptotic. Left panels show PARP p85 staining in low (A) and high risk (B) tumors respectively. Right panels
show GD2/S100A6 staining in serial cryosections of the same tumors. The number and localization of the GD2+/S100A6+ neuroblasts do not correlate with
the staining of the PARP p85 apoptosis marker (10� magnification). Inner squares show a 63� magnification of the delimitated area.
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aggressive NB tumors [31]. Conversely, increased levels of
endogenous inhibitors of angiogenesis are present in Sch-
wannian stroma-rich tumors that are associated with
favorable outcome [32]. Besides, the presence of Schwann
cells has been associated to the secretion of angiogenesis

inhibitors like SPARC [5]. Most recent studies [33] have
shown the tumoral origin of approximately 30% of blood
vessels in NMYC amplified NB, showing that vascular
mimicry is another aberrant tumor-related phenomenon
occurring in high-risk NB. We observed GD2+/S100A6+

Fig. 4. GD2/S100A6 cell sorting. (A) FSC-SSC graph showing different subpopulations identified by FSC-SSC. (B–D) GD2/S100A6 staining in each
subpopulation identified by FSC-SSC. (B) Subpopulation of largest size: p2. (C) Subpopulation of smallest size: p13. (D) Subpopulation of an intermediate
size: P1. (E and F) Analysis with CD133 staining: (E) Negative control; (F) CD133 stained subpopulation (p4) representing 0.3% of the totalitly of cells
analyzed.
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neuroblasts close to the stromal areas, where the blood
vessels can be found. Here, the GD2+/S100A6+ neuroblasts
were found to be distributed mostly in the cell layers clos-
est to the blood vessels. These results suggest that GD2+/
S100A6+ neuroblasts are not distributed randomly, but
either arise from or tend to populate the perivascular
niche. The implication of the GD2+/S100A6+ neuroblasts
in the perivascular niche should be further analyzed.

Altogether, these results suggest the existence of a com-
mon tumor precursor cell for all the subpopulations iden-
tified using our neuronal and glial-lineage marker and
constitute the first set of data recapitulating the differenti-
ation process of the tumoral stroma in NB.
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