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Neuroblastoma is an embryonal tumor of the autonomic ner-
vous system, meaning that the cell of origin is thought to be a developing 
and incompletely committed precursor cell derived from neural-crest tis-

sues.1 As may be expected with a disease of developing tissues, neuroblastomas 
generally occur in very young children; the median age at diagnosis is 17 months.2 
The tumors arise in tissues of the sympathetic nervous system, typically in the adre-
nal medulla or paraspinal ganglia, and thus can present as mass lesions in the neck, 
chest, abdomen, or pelvis. The clinical presentation is highly variable, ranging from 
a mass that causes no symptoms to a primary tumor that causes critical illness as 
a result of local invasion, widely disseminated disease, or both. The incidence of neu-
roblastoma is 10.2 cases per million children under 15 years of age; it is the most 
common cancer diagnosed during the first year of life.3

For over a century, researchers have noted that neuroblastomas exhibit diverse 
and often dramatic clinical behaviors (Fig. 1). (For a timeline of the major advances 
in neuroblastoma research, see the Supplementary Appendix, available with the full 
text of this article at NEJM.org.) On the one hand, neuroblastoma accounts for dis-
proportionate morbidity and mortality among the cancers of childhood; on the 
other hand, it is associated with one of the highest proportions of spontaneous 
and complete regression of all human cancers.4-6 Outcomes in patients with neu-
roblastoma have improved, with 5-year survival rates increasing from 52% during 
the period from 1975 through 1977 to 74% during the period from 1999 through 
2005, according to the Surveillance, Epidemiology, and End Results databases (www 
.seer.cancer.gov). This improvement, however, is attributable mainly to increased cure 
rates among patients with the more benign form of the disease; the rates among 
children with high-risk neuroblastoma have shown only modest improvement, de-
spite dramatic escalations in the intensity of therapy provided.7

Gene tic C auses

Neuroblastoma may be considered a malignant manifestation of aberrant sympa-
thetic nervous system development. Until recently, however, little was known about 
the genetic basis of this disease. As has been shown for many human cancers, a sub-
group of cases display autosomal dominant inheritance.8 Mossé and colleagues re-
cently reported that activating mutations in the tyrosine kinase domain of the ana-
plastic lymphoma kinase (ALK) oncogene account for most cases of hereditary 
neuroblastoma.9 These germ-line mutations encode for single-base substitutions in 
key regions of the kinase domain and result in constitutive activation of the kinase 
and a premalignant state. Mutations resulting in oncogene activation are also so-
matically acquired in 5 to 15% of neuroblastomas.9-12 Children with either sporadic 
or familial neuroblastoma in conjunction with congenital central hypoventilation 
syndrome, Hirschsprung’s disease, or both usually have loss-of-function mutations 
in the homeobox gene PHOX2B.13,14 Thus, genetic testing for mutations in ALK and 
PHOX2B should be considered whenever a patient has a family history of neuroblas-
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toma or has other clinical conditions that are 
strongly suggestive of a highly penetrant trans-
missible mutation, such as bilateral primary tumors 
of the adrenal glands. Such testing is currently 
available to practitioners (www.ncbi.nlm.nih.gov/ 
sites/GeneTests). Although ALK and PHOX2B mu-
tations account for the majority of familial cases 
of neuroblastoma, additional familial genes may 
still be discovered.

In sporadic neuroblastoma cases, malignant 

transformation probably arises from the interac-
tion of common DNA variants in which each 
individual variation has a relatively modest effect 
on susceptibility. A genomewide association study 
of neuroblastoma is currently under way, under 
the auspices of the Children’s Oncology Group 
(COG). To date, the study has shown that alleles 
with common single-nucleotide-polymorphism 
variations within the putative genes FLJ22536 at 
chromosome band 6p22.3 and BARD1 (BRCA1-
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Figure 1. Clinical Presentations of Neuroblastoma.

Neuroblastoma is a childhood cancer that is diagnosed at a median age of about 17 months. Tumors can arise anywhere along the sym-
pathetic nervous system, with the majority occurring in the adrenal medulla. Primary tumors in the neck or upper chest can cause 
Horner’s syndrome (ptosis, miosis, and anhidrosis). Tumors along the spinal column can expand through the intraforaminal spaces and 
cause cord compression, with resulting paralysis. Although many lower-stage neuroblastomas are encapsulated and can be surgically ex-
cised with little chance of complications, higher-stage tumors often infiltrate local organ structures, surround critical nerves and vessels 
such as the celiac axis, and are largely unresectable at the time of diagnosis. Neuroblastomas typically metastasize to regional lymph 
nodes and to the bone marrow by means of the hematopoietic system. Tumor cells metastatic to marrow can infiltrate cortical bone. 
Neuroblastomas also can metastasize to the liver, most notably in patients with stage 4S tumors, in whom involvement can be exten-
sive; however, transient and complete regression often occurs with no intervention other than supportive care.
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associated RING domain 1) at 2q35 are signi
ficantly enriched among patients in whom neu-
roblastoma has developed as compared with 
controls.15,16 In addition, the study has also shown 
that a relatively common copy-number variation 
at 1q21 is associated with the development of 
neuroblastoma.17 Taken together, these observa-
tions suggest that this developmental childhood 
cancer is influenced by common DNA variations, 
facilitating the development of a putative genetic 
model for this disease (Fig. 2).

Defining Patien t Subgroups

There have been substantial efforts to develop a 
risk-classification algorithm for patients with new-
ly diagnosed neuroblastoma. Most cooperative 
groups use a system that combines the assessment 
of easily measured clinical variables, such as the 
patient’s age and the tumor stage, with specific 

biologic variables. The age at diagnosis is consid-
ered a surrogate for underlying biologic charac-
teristics, in that younger patients are more likely 
to have tumors with biologic features that are as-
sociated with a benign clinical course. Although 
age is a continuous variable in terms of prognos-
tication, it has been customary for clinical pur-
poses to use a cutoff point of 12 or 18 months of 
age.2 The stage of the disease, as formulated in the 
International Neuroblastoma Staging System,18 
can also be considered a surrogate marker of the 
tumor burden and underlying tumor biology.

At the extreme ends of the spectrum with re-
spect to age and stage of disease, there is little 
controversy concerning risk classification. Older 
children with stage 4 (metastatic) disease are at 
high risk for death from refractory disease. In 
contrast, infants with localized tumors are almost 
always cured, often without cytotoxic therapy. For 
patients who fall between these extremes, how-
ever, it has been difficult to reach a consensus, 
owing to both the relative rarity of the condition 
and the evolving nature of molecular diagnostics. 
To address this issue of classification, Cohn and 
Pearson led a large international consortium that 
pooled data to develop a cohort of 8800 patients 
with neuroblastoma who were enrolled in research 
studies conducted between 1990 and 2002 in 
North America and Australia (COG), in Europe 
(International Society of Paediatric Oncology Neu-
roblastoma Research Network [SIOPEN-R-NET]), 
in Germany (Gesellschaft für Pädiatrische On
kologie und Hämatologie [GPOH]), and in Japan 
(Japan Advanced Neuroblastoma Study Group 
[JANB] and Japanese Infantile Neuroblastoma Co-
operative Study Group [JINCS]).19 Analyses of this 
unique data set led to the development of a new 
tumor staging system that divides localized tu-
mors into two groups on the basis of the pres-
ence or absence of rigorously defined surgical risk 
factors.20,21 An age cutoff point of 18 months was 
proposed on the basis of a review of outcomes 
in this extensive data set. A new International 
Neuroblastoma Risk Group (INRG) classification 
system with a total of 16 statistically distinct risk 
groups is based on the assessment of 13 poten-
tial prognostic factors. Four broad categories — 
very low risk, low risk, intermediate risk, and high 
risk — were proposed in terms of 5-year event-
free survival rates of >85%, >75 to ≤85%, ≥50 to 
≤75%, and <50%, respectively, on the basis of the 
analysis of age at diagnosis, INRG tumor stage, 
histologic category, grade of tumor differentia-
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Figure 2. Model of Genetic Susceptibility to Neuroblastoma.

The y axis indicates the theoretical relative risk of neuroblastoma, and the  
x axis indicates the number of known and theoretical susceptibility alleles. 
A genetic threshold for the development of disease has been postulated, 
and malignant transformation is probably modified by interactions related 
to environmental exposure. A mutation in the ALK or PHOX2B gene results 
in a single, highly penetrant risk allele that allows developing neuroblastic 
tissue to meet or exceed this threshold for malignant transformation. These 
types of mutations are powerful enough to permit neuroblastoma to occur 
within families as a mendelian trait. On the other hand, there are multiple 
common DNA variations (polymorphisms) in a large number of genes that 
cooperate to reach this threshold in patients without ALK or PHOX2B mu-
tations. For these sporadic cases of neuroblastoma, an excessive inheri-
tance of “risk” variants has been postulated that increases susceptibility to 
the disease. Discovered susceptibility genes include FLJ22536, BARD1, and 
NBPF23. The total number of susceptibility loci is not currently known, nor 
is it known whether these polymorphisms act in an additive or synergistic 
(epistatic) fashion.
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tion, DNA ploidy, and copy-number status at the 
MYCN oncogene locus and at chromosome 11q. 
The prospective implementation of this system by 
cooperative pediatric clinical trial groups should 
help to validate the system and allow the results 
of ongoing and future clinical trials worldwide 
to be compared.

Despite the advances made by the INRG com-
mittee, there is broad awareness that the clinical 
and pathological factors used in the INRG system 
are simply surrogates for underlying tumor biol-
ogy. Thus, future risk-stratification efforts will 
probably rely more heavily on the assessment of 
tumor biology, which is becoming better under-
stood. Tumor-derived genomic information has 
been used since the 1980s to predict the course of 
newly diagnosed neuroblastomas, with the dis-
covery that the MYCN oncogene is the target of the 
extremely high-level amplifications at chromo-
some band 2p24 observed in about 20% of neu-
roblastoma cases. Because MYCN amplification has 
a profound effect on the clinical outcome, it is 
routinely used as a biomarker for treatment strati-
fication.22-24 Since the initial discovery of MYCN, 
many prognostic biomarkers have been proposed 
for neuroblastoma, the most intensely studied of 
which include histopathological classification, the 
tumor-cell DNA index (ploidy), and specific recur-
rent segmental chromosomal aberrations. More 
recently, microarray-based technologies have per-
mitted the detailed dissection of the neuroblas-
toma genome and transcriptome, and several 
outstanding studies indicate that patterns of DNA-
based or RNA-based aberrations have substantial 
predictive power.25-30

Taken together, the available data suggest that 
DNA copy-number aberrations fall into two broad 
prognostic categories: whole-chromosome gains 
that result in hyperdiploidy and are associated 
with a favorable prognosis and segmental chro-
mosomal aberrations, such as amplification of 
MYCN and regional loss or gain of chromosomal 
material, that tend to be associated with a worse 
outcome (Fig. 3).30 Although whole-chromosome 
duplication events with no segmental aberrations 
are strongly predictive of a favorable outcome, 
there is wide phenotypic variability among cases 
involving segmental aberrations. It is possible that 
yet-to-be-discovered mutations, RNA-based signa-
tures, epigenetic alterations, or a combination of 
these factors will provide a basis for subdividing 
the higher-risk group of patients. Current work is 
focused on defining and validating the optimal 

gene set for RNA copy-number analysis; keeping 
this set on the order of dozens to hundreds may 
allow approaches based on polymerase-chain-
reaction assays that can be carried out with the 
use of small amounts of RNA. This small scale is 
important because tumor-biopsy samples often 
contain only microgram-size quantities of tissue. 
In addition, current collaborative work may un-
cover mutations or epigenetic alterations that re-
sult in specific RNA-expression patterns, and 
these might be more precise in terms of risk pre-
diction. The ultimate goal is to more precisely 
assign patients to appropriate treatment with the 
use of an approach based on molecular genetics.

Tr e atmen t

The biologic heterogeneity of neuroblastic tumors 
that occur during childhood has resulted in a di-
chotomization in therapeutic strategies. For tumors 
that have favorable biologic features, the clear 
trend has been to reduce therapeutic intensity. In 
contrast, the approach to tumors with adverse 
prognostic features has shifted over the past two 
decades toward intensifying chemoradiotherapy. 
Recently, research groups have been attempting 
to design therapies that will exploit the key onco-
genic features found in the tumor cells, in the tu-
mor microenvironment, or both. Table 1 outlines 
a general diagnostic and therapeutic approach to 
the major types of neuroblastoma; the remainder 
of this section focuses on the treatment of pa-
tients with high-risk disease.

Current treatment for high-risk neuroblastomas 
can be divided into three distinct phases: induc-
tion of remission, consolidation of the remission, 
and finally a maintenance phase focused on the 
eradication of minimal residual disease. Available 
data indicate that increasing the intensity of in-
duction chemotherapy is associated with improve-
ments in response rates and overall survival 
rates.34 One randomized, controlled trial showed 
that an increase in dose intensity improves the 
outcome.35 The backbone of the most commonly 
used induction chemotherapeutic regimen (devel-
oped at the Memorial Sloan-Kettering Cancer Cen-
ter) includes dose-intensive cycles of cisplatin and 
etoposide alternating with vincristine, doxorubi-
cin, and cyclophosphamide.36 Recently, COG in-
vestigators added topotecan to this induction 
regimen on the basis of data showing antineuro-
blastoma activity in cases of relapse.37-40 The level 
of response at the end of the induction phase is 
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highly correlated with the outcome41-43; current 
research is focusing on measures to induce remis-
sion at a molecular level with the use of neuro-
blastoma-specific gene transcripts that can reli-
ably identify rare residual cancer cells.44 A clear 
and critical goal is the development of a reliable 
method for quantifying the tumor burden in pa-
tients with neuroblastoma. Since the presence of 
residual cancer cells in the hematopoietic com-
partment is the most likely explanation for treat-
ment failure, methods to purify and isolate rare 
circulating tumor cells, or the nucleic acids from 
such cells, by means of a variety of immune-
based capture techniques and detection of unique 
transcripts or cell-surface markers may lead to a 
greater understanding of how to handle residual 
tumor cells.

Since most high-risk neuroblastomas initially 
respond to therapy but ultimately relapse, it is 

likely that acquired drug resistance, the selection 
of rare resistant clones from a heterogeneous tu-
mor environment, or both present major obstacles 
to cure. Neuroblastoma is unique among human 
solid tumors in that randomized clinical trials 
have shown an improvement in disease-free sur-
vival with myeloablative chemotherapy adminis-
tered after induction therapy and followed rapidly 
by rescue with autologous hematopoietic progeni-
tor cells.45-47 The optimal chemotherapeutic regi-
men for myeloablation is not known, although 
data indicate that rapid, sequential, tandem myelo-
ablative consolidation therapy may improve the 
outcome.48 Such an approach is currently being 
tested in a randomized phase 3 trial. Although 
most cooperative groups consider myeloablative 
consolidation part of the standard management 
of high-risk neuroblastoma, postremission con-
solidation approaches are needed that can more 
precisely circumvent the molecular mechanisms 
of acquired drug resistance.

Classic experiments from the 1980s have shown 
that neuroblastoma cell lines can often be induced 
to terminally differentiate on exposure to retinoid 
compounds.49,50 These observations led to a ran-
domized clinical trial in which isotretinoin (13-cis-
retinoic acid) was used after myeloablative con-
solidation therapy in patients with neuroblastoma; 
the risk of relapse was reduced among those who 
received isotretinoin.46 Although isotretinoin is 
now part of standard therapy during the first re-
mission in patients with high-risk neuroblastoma, 
there are still many unanswered questions about 
proper dosing, intraindividual and interindividu-
al variation in pharmacokinetic features, and the 
frequency of potential long-term toxicities.

Neuroblastoma cells almost uniformly express 
the disialoganglioside GD2 on their surfaces, pro-
viding a tractable target for passive immunothera-
peutic approaches.51-53 For example, the murine 
monoclonal antibody 3F8 has been shown to have 
activity against neuroblastoma, especially in clear-
ing the bone marrow of metastatic disease, but 
3F8 has never been tested in a randomized, con-
trolled trial.54,55 The chimeric anti-GD2 monoclo-
nal antibody ch14.18 has been shown to have some 
antitumor activity in preclinical models, and some 
evidence suggests that this activity may be en-
hanced by the coadministration of interleukin-2 
or granulocyte–macrophage colony-stimulating 
factor (GM-CSF) in alternating cycles through an-
tibody-dependent cellular cytotoxicity.56-58 Yu and 
colleagues in the COG recently completed a ran-
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Figure 3. Genomic Basis of Neuroblastoma Risk 
Groups.

Two broad neuroblastoma phenotypes — aggressive 
and benign — are seen clinically, with the latter show-
ing a high propensity for spontaneous regression or 
differentiation. These two groups are largely identifi-
able at a chromosomal level by the presence of seg-
mental aberrations (translocations, amplifications, and 
deletions) in the more aggressive cases and by whole-
chromosome gains in the more benign cases. Thus, 
the International Neuroblastoma Risk Group (INRG) 
classification is related to these chromosomal altera-
tions, but the current system is imprecise, since the in-
termediate group in particular remains poorly defined. 
Current investigation is focused on the identification of 
molecular predictors of outcome in the high-risk group 
(as well as in patients with aggressive neuroblastomas 
masquerading as more benign forms of the disease).
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domized phase 3 clinical trial of an intensive im-
munotherapeutic regimen using ch14.18 alternat-
ing with cycles of GM-CSF or interleukin-2 added 
to a regimen of isotretinoin.59 The results showed 
a dramatic improvement in 2-year event-free sur-
vival in the immunotherapy group (66%, vs. 46% 
for the subjects who received isotretinoin alone). 
The study by Yu et al. is unique in that it showed 
a survival advantage for an antibody that targets 
a glycolipid and also included therapy that pre-
sumably enhances antibody-dependent cellular 
cytotoxicity by means of combination therapy 
with cytokines. In contrast, an uncontrolled trial 
showed no benefit with ch14.18 alone,60 suggest-
ing that passive immunotherapy may require cy-
tokine-mediated activation of the effector arm of 
the immune system in patients with neuroblas-
toma, although other explanations for the dis-
crepant results are possible.

R efr ac t or y High-R isk 
Neurobl a s t om a

Despite recent advances, 50 to 60% of patients 
with high-risk neuroblastoma have a relapse, and 
to date there are no salvage treatment regimens 
known to be curative. Over the past decade, how-

ever, several highly active agents have been iden-
tified that may help such patients, and it appears 
likely that these treatments are increasing the 
number of patients whose survival is prolonged. 
In contrast to the approach at the time of the ini-
tial diagnosis, when the focus is to provide inten-
sive therapy within as short a time as feasible, the 
approach to relapse needs to focus on neuroblas-
toma as a chronic disease that can often be man-
aged for years. The issue of survival after relapse 
is a delicate one for clinicians who treat patients 
with neuroblastoma; it is necessary to offer hope 
for a cure but also to acknowledge that, at least 
until recently, long-term disease-free survival af-
ter a relapse was rarely seen, if ever. The hope lies 
in the possibility that recent advances in our un-
derstanding of the molecular basis of high-risk 
neuroblastoma have identified tractable therapeu-
tic targets that may respond to novel agents with 
unprecedented antitumor activity when studied in 
the clinical setting.

De v el opmen t of Ne w Drugs  
a nd Fu t ur e Dir ec tions

An extensive literature and efforts by many groups 
have been directed toward the development of new 

Table 1. Phenotypic and Genetic Features of Neuroblastoma, Treatment, and Survival According to Prognostic Category.

Variable Prognostic Category*

Low Risk Intermediate Risk High Risk Tumor Stage 4S

Pattern of disease Localized tumor  Localized tumor with locore-
gional lymph-node exten-
sion; metastases to bone 
marrow and bone in infants

Metastases to bone marrow 
and bone (except in infants)

Metastases to liver and 
skin (with minimal 
bone marrow involve-
ment) in infants

Tumor genomics Whole-chromosome 
gains

Whole-chromosome gains Segmental chromosomal aber-
rations

Whole-chromosome 
gains

Treatment Surgery† Moderate-intensity chemo
therapy; surgery†

Dose-intensive chemotherapy, 
surgery, and external-beam 
radiotherapy to primary tu-
mor and resistant metastatic 
sites; myeloablative chemo-
therapy with autologous he-
matopoietic stem-cell rescue; 
isotretinoin with anti-GD2 
immunotherapy

Supportive care‡

Survival rate (%) >98 90 to 95 40 to 50 >90

*	Patients are categorized into prognostic groups according to risk, as described by the Children’s Oncology Group, with the level of risk de-
fining the likelihood of death from disease.7 Stage 4S disease is considered separately here because of the unique phenotype of favorable bi-
ologic features and relentless early progression but ultimately full and complete regression of disease.31,32

†	The goal of surgery is to safely debulk the tumor mass and avoid damage to surrounding normal structures while also obtaining sufficient 
material for molecular diagnostic studies. Some localized tumors may spontaneously regress without surgery.33

‡	Low-dose chemotherapy, radiation therapy, or both are used in patients with life-threatening hepatic involvement, especially in infants under 
2 months of age, who are at much higher risk for life-threatening complications from massive hepatomegaly.
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drugs to treat high-risk neuroblastoma. There has 
been a move away from the empirical testing of 
agents that may or may not have activity against 
adult human cancers to a more pragmatic ap-
proach, in which only those compounds for which 
there is a strong preclinical rationale are being test-
ed in patients. This section highlights some, but 
certainly not all, recent advances in therapies for 
patients with neuroblastoma.

The successful use of treatment with the anti-
GD2 monoclonal antibody to prevent relapse in 
patients with neuroblastoma is an example of an 
immunotherapeutic approach to the eradication 
of residual neuroblastoma cells at the completion 
of cytotoxic therapy.56 Future efforts will be fo-
cused on improving antibody-based approaches, 
as well as on developing synergistic combination 
therapies. There are plans to study the humanized 
anti-GD2 immunocytokine that is engineered to 
target the delivery of interleukin-2 (hu14.18–inter-
leukin-2) to the tumor microenvironment. This 
treatment appears to have substantial but man-
ageable toxicity,61 and in a recent phase 2 study, 
it showed antitumor activity in patients with a 
relatively small disease burden.62 In addition, the 
previously described regimen reported by Yu and 
colleagues also includes isotretinoin (13-cis retino
ic acid),59 and there is interest in the possibility 
of improving the retinoid component of therapy 
for patients with minimal residual disease. Fen-
retinide, a synthetic retinoid that exerts antitu-
mor activity in neuroblastoma models primarily 
through the induction of programmed cell death, 
has been proposed as an alternative or additional 
retinoid to be used to target rare residual neuro-
blastoma cells that survive after intensive chemo-
radiotherapy.63,64 Finally, since the immunothera-
peutic approaches currently used by the COG have 
significant immediate toxicity, efforts in Europe 
to combine anti-GD2 antibody therapy with lower 
doses of interleukin-2 could possibly lead to the 
development of safer methods for eradicating 
minimal residual disease.

Because neuroblastomas arise from the devel-
oping sympathetic nervous system, the majority of 
these tumors express the norepinephrine trans-
porter on their cell surface. This fact was exploit
ed decades ago when radiolabeling of the nor
epinephrine analogue metaiodobenzylguanidine 
(131I-labeled or 123I-labeled MIBG) was used to de-
velop a scintigraphic localization method for de-
tecting tumors that express these transporters, 
such as neuroblastomas. Investigators have subse-

quently taken advantage of this molecular target to 
deliver high levels of radiation to neuroblastoma 
cells, despite the fact that norepinephrine trans-
porters are not actively involved in the oncogenic 
process. 131I-labeled MIBG has been extensively 
investigated as a potential therapeutic agent65 and 
has the highest objective response rate of any drug 
studied in patients with relapse.66 Current efforts 
are focused on integrating targeted radiotherapy 
with 131I-labeled MIBG into the consolidation 
phase of therapy, an approach that appears to be 
feasible in light of the results of a phase 1 study in 
which this agent showed promising antitumor ac-
tivity in patients with primary refractory disease.67 
One of the potential theoretical problems with 131I-
based therapy is that the DNA damage occurs at a 
relatively long path length from the β-particle 
emission of the compound. Thus, a cell that takes 
up 131I-labeled MIBG is not killed; to achieve suf-
ficient overall cytotoxicity, the DNA-damaging en-
ergy must travel to adjacent cells. Since isolated 
residual tumor cells exist primarily in the marrow 
compartment, drugs radiolabeled with α-emitting 
radionuclides, which have much greater energy 
and shorter path lengths than do β-emitting 
radionuclides, might have superior efficacy.68

Two large collaborative research efforts are now 
focused on discovering additional therapeutic tar-
gets for neuroblastoma and other pediatric can-
cers. The Therapeutically Applicable Research to 
Generate Effective Treatments (TARGET) program 
(http://target.cancer.gov) is being conducted in 
close alignment with the Cancer Genome Atlas 
project. As the acronym suggests, the genomic 
profiling and resequencing efforts are focused not 
only on discovering the mechanisms that drive 
oncogenesis, but also on identifying compounds 
that will be likely to work specifically on the iden-
tified pathways. In addition, the Pediatric Preclini-
cal Testing Program (PPTP) is using murine mod-
els of pediatric cancers to screen drugs that are in 
the early stages of clinical development for use in 
the treatment of more common adult cancers for 
possible activity against pediatric diseases. So far 
this program has screened almost three dozen 
anticancer agents; for neuroblastoma, one of the 
most compelling results to date was the broad 
activity of an inhibitor against aurora kinase A, 
the key regulator of the cell-cycle G2–M check-
point.69 This drug was fast-tracked to a pediatric 
phase 1 trial on the basis of these results; if anti-
neuroblastoma activity is confirmed in the clini-
cal setting, the power of this screening approach 
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will be confirmed, since there were no a priori 
data recommending aurora kinase A as a poten-
tial molecular target. The TARGET and PPTP ap-
proaches are complementary, and both can inform 
and provide prioritization for the critical experi-
ments that are in the early phase of clinical test-
ing in patients with refractory neuroblastoma.

The discovery of ALK as the major neuroblas-
toma-predisposition gene was immediately ex-
tended to show that ALK somatic mutation or gene 
amplification occurs in up to 15% of newly di-
agnosed neuroblastomas.9-12 The fact that neuro-
blastoma-derived cell lines show a much higher 
frequency of mutation (30%) suggests that muta-
tions may be acquired or selected for, since the 
majority of cell lines are derived from patients at 
the time of relapse. Accumulating preclinical data 
show that targeted inhibition of ALK in cell mod-
els that harbor ALK mutation or amplification is 
highly effective, and these observations are pro-
viding the basis for early-phase clinical trials.70 
If ALK inhibition is restricted to tumors with aber-
rant ALK signaling, ethical methods of obtain-
ing access to tumor cells will need to be devel-
oped so that patients can be appropriately selected 
for ALK-inhibition–based therapies.

The future holds promise for making consid-
erable advances in our understanding and treat-
ment of neuroblastoma. From the basic-science 
perspective, it is likely that the majority of critical 
mutations that cause neuroblastoma or influence 
its natural history will be discovered. This work 
should identify the key molecular targets for ra-
tional drug development. The rich history of in-
ternational collaboration in studying this disease 
will afford the opportunity to test these new ap-
proaches in carefully controlled clinical trials that 
should result in more precise and effective thera-
peutic strategies. In the meantime, survivors of 
high-risk neuroblastoma require ongoing multi-
disciplinary follow-up to reduce the long-term 
morbidity that often accompanies cure with the 
therapy currently provided.
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