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Basic facts about neuroblastoma

NB accounts for 
8–10% of 
pediatric 
cancers

15% of the 
children deaths 

due to 
neoplasms

may occur in 
various 

contexts, being 
mostly sporadic

can occur in 
familial context

can occur in  
syndromic 

patients

Long-term survival rates still lower than 40%
for patients with a high-risk clinical phenotype



‘Few tumors have engendered as much fascination and frustration 
for clinical and laboratory investigators as NB, the most common 

and deadly solid tumor of childhood.’ Garrett Brodeur

Neuroblastomas (NB)

Disease: embryonal tumor derived from lineage of the neural crest 
(sympaticoadrenal)

Median age at diagnosis ~18 months

broad spectrum of clinical behaviors, ranging from spontaneous regression 
to fatal outcome, despite aggressive therapies



Brodeur, 2003; Maris et al., 2007

Basic facts about
neuroblastoma

• May develop at various sites along the sympathetic nervous system

•Most primary tumors: abdomen (65%), often in the adrenal medulla

•Paraspinal sympathic ganglia, at various sites including neck (5%), 
chest (20%) and pelvis (5%)

occurrence



Basic facts about neuroblastoma
progression and prognosis

• Signs and symptoms: extremely variable
age, primary tumor site, presence of    

metastasis and occasionally on associated 
paraneoplastic syndromes

• Typically spread to regional lymph nodes, 
bone and bone marrow

• Older children: frequently metastatic disease, 
but they have a much worse prognosis

Nature Reviews Cancer 12(5):323-34 · April 2012
DOI: 10.1038/nrc3261



Treatment and prognosis of NB patients by risk group and staging
International neuroblastoma staging system (INSS)

Salazar et al. Int. J. Mol. Sci. 2017, 18, 37
Oncogene (2010) 29, 1566–1579



new staging system

clinical criteria
image-defined risk factors

Treatment and prognosis of NB patients by risk group and staging
International neuroblastoma risk group staging system (INRGSS)



NB heterogeneity

Janoueix-Lerosey et al. Oncogene (2010) 29, 1566–1579; doi:10.1038/onc.2009.518
Janoueix-Lerosey et al., 2009

• Heterogeneity characterizes the clinical course 
and outcome of NB patients

• A subset of tumors: spontaneous regression

• Others: relentless progression in spite of 
multimodal treatment

• Outcome: extremely different according to the 
INSS stage (4) and age at diagnosis (<18months)



Neuroblastoma survivors are at increased risk for second 
malignancies (SMN)

Applebaum et al. / European Journal of Cancer 72 (2017) 177e185 A report from the International Neuroblastoma Risk Group Project



Genetic factors
Etiology

Hereditary predisposition to neuroblastoma – germline mutation
very rare variants with high effect size - highy penetrant germline mutations
high allele frequency with a lower effect size

Genetic changes in NB genomes – somatic mutation
Whole chromosome aberrations - tumor cell ploidy
Segmental copy number alterations
Genomic amplification – MYCN and others
Chromothripsis
Recurrent mutations in bona fide genes



Basic facts about neuroblastoma
etiology

• Unlikely that environment exposure has a significant role

• No major risk factor associated with parental occupation/environmental factors in 
pre-perinatal periods 

• Role of birth characteristics: congenital malformations 
very significant association with congenital malformation in patients < 1 year

Heck et al., 2009; Munzer et al., 2008



Hereditary predisposition to neuroblastoma

• Familial history of NB - about 1% of patients

• Dominant autosomal pattern of inheritance with incomplete penetrance (~at 10%)

• Remarkable clinical heterogeneity in families (age, histology and aggressiveness)

Bentires-Alj et al., 2006; Denayer et al., 2008; Tolbert et al. Current Opinion in Genetics & Development 2017, 42:81–90

• Two neural-crest-derived conditions with increased NB risk (syndromic):
•Hirschsprung's disease

•Congenital central hypoventilation syndrome

•Most cases are linked to mutation of the PHOX2B gene

• Association with constitutive activation of the RAS–MAPK pathway:
•Neuroblastic tumors and various ‘neuro-cardio-facial-cutaneous’ syndromes (pe Noonan)

•Neurofibromatosis type 1 (NF1 gene)



PHOX2B and neuroblastoma predisposition

• PHOX2B - 4p13: transcription factor - main regulator of the development of the 
autonomous system

• Genotype–phenotype correlations in congenital central hypoventilation syndrome: NB 
predisposition linked to missense and frameshift mutations

• Various PHOX2B mutations lead to stable mutant proteins but the underlying molecular 
mechanisms remain unclear – probably inactivating mutations - loss of function

•Contribution to the development of sporadic NB is much less obvious as somatic 
mutations are extremely rare

Trochet et al., 2005b; Raabe et al., 2007; Brodeur. Nature reviews. Cancer · 2003, DOI: 10.1038/nrc1014 ; 
Janoueix-Lerosey et al. Oncogene (2010) 29, 1566–1579; doi:10.1038/onc.2009.518 GERMLINE MUTATIONS



ALK and neuroblastoma predisposition

• ALK - 2p23.1: receptor tyrosine kinase - important role in brain development 

• Three types of germline mutations in NB families: R1275Q mutation

•Penetrance incomplete and variable aggressiveness

•Germline ALK mutations are activating mutations – gain of function

Rearranged, mutated, or amplified in NB and a series of tumors

Mosse et al., 2008; Janoueix-Lerosey et al., 2008; Brodeur. Nature reviews. Cancer · 2003, DOI: 10.1038/nrc1014; 
Janoueix-Lerosey et al. Oncogene (2010) 29, 1566–1579; doi:10.1038/onc.2009.518 GERMLINE MUTATIONS



Germline PHOX2B and ALK mutations in NB families

Janoueix-Lerosey et al. Oncogene (2010) 29, 1566–1579; doi:10.1038/onc.2009.518

PHOX2B:
missense and frameshift mutations (LoF)

ALK: 
activating mutations
(GoF) 

Mutations are indicated by arrows
number of mutations at each position indicated beneath arrows

GERMLINE MUTATIONS



ALK and neuroblastoma

• > 90% of all cancer predisposing mutations cause a loss of protein function

BUT germline ALK mutations are activating (gain of function)

• ALK - not clear the second hit in tumor

rare childhood cancer syndromes paved the way for the 
discovery of the most frequently altered cancer genes



Other clues to neuroblastoma susceptibility

• Germline mutations of NF1, ALK and PHOX2B increase NB susceptibility (three genes 
implicated in nervous system development)

• However, they do not account for all familial NB cases

•Several cases of constitutional chromosome abnormalities in NB - no consistent pattern 
has emerged

Diskin et al., 2009 GERMLINE MUTATIONS



Graphical 
representation of 

genetic predisposition 
to neuroblastoma

familial and sporadic predisposition 

compilation multiple studies

allele frequency and effect size 

Tolbert et al. Current Opinion in Genetics & Development 2017, 42:81–90

GWAS-discovered variations 

2017

Familial mutations

< 10% NB cases

GERMLINE MUTATIONS



Genetic susceptibility to sporadic neuroblastoma
GWAS: higher allele frequency with a lower effect size

Tolbert et al. Current Opinion in Genetics & Development 2017, 42:81–90

2017

GERMLINE MUTATIONS



Tolbert et al. Current Opinion in Genetics & Development 2017, 42:81–90

2017
Genetic susceptibility to sporadic neuroblastoma

high-risk neuroblastoma GWAS results across multiple studies

GERMLINE MUTATIONS

Oldridge et al.  Nature. 2015 
rs2168101 - polymorphism within 
a super-enhancer element in the 
first intron of LMO1



Somatic genetic changes in sporadic NB
Although NBs may occur in familial and syndromic contexts, most cases occur sporadically 

• Whole Chromosome Aberrations - Tumor Cell Ploidy

• Segmental copy number alterations

• Genomic amplification – MYCN and others

• Chromothripsis

• Recurrent mutations in bona fide genes

SOMATIC CHANGES IN SPORADIC NB



Numerical Chromosome Aberrations – Tumor Cell Ploidy:
an “Old Prognostic Indicator” in Neuroblastoma

• Numerical chromosome alterations (whole chromosome gains or losses) – ploidy variation

• DNA content: near-diploidy versus near-triploidy (mitosis failure? unknown mechanism)

• Prognostic impact – two genetic subtypes based on differences in the ploidy levels, which are 
associated with age and prognosis as well

• Near-triploidy = good outcome  (type A tumors)

• Ploidy was quickly implemented into risk-grouping schemes 

SOMATIC CHANGES IN SPORADIC NBJanoueix-Lerosey et al., 2009; Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202



Whole-chromosome 
Aberrations 

Tumor Cell Ploidy

Near-triploid neuroblastoma

Circus plot (SNP-array data)

Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202

Blue dots in CN track
4 tracks for allele peaks

SOMATIC CHANGES IN SPORADIC NB



Segmental gains and losses 

• Gains or losses of larger chromosomal regions (3 Mb to chromosome-arm)

• 7 recurrent segmental gains and losses currently regarded as prognostically meaningful:

• DELETIONS: chromosome 1p (frequently associated with MYCN amp); 4p; 3p and 11q (no MYCN)

• GAIN: 1q, 2p and 17q

• Segmental chromosome alterations are hallmarks of most aggressive neuroblastomas - poor outcome

• Focal copy number alterations associated with unbalanced translocations 

Schleiermacher et al., 1994, 2004; Bown et al., 1999; Caron et al., 2001; Plantaz et al., 2001; Attiyeh et al., 2005; Janoueix-Lerosey et al., 2009 SOMATIC CHANGES IN SPORADIC NB



Segmental copy 
number alterations

11q deleted  neuroblastoma

occur predominantly 
without MYCN amplification

Circus plot (SNP-array data)

Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202

Blue dots in CN track – gains
Red dots - losses

2/4 tracks for allele peaks

typical 11q13.4qter deletion 

SOMATIC CHANGES IN SPORADIC NB



Genomic amplification
MYCN - restricted expression pattern critical in the development of 

the peripheral and central nervous system

• High-level amplification of MYCN oncogene detected in 20–25% of NBs

• Size of the MYCN amplicon: from <30 kb to several MBs

• MYCN amplification is associated with advanced-stage disease and 
rapid tumor progression in all ages

• MYCN status is routinely used in clinical practice to assign therapeutic 
intensity

Seeger et al., 1985; Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202 SOMATIC CHANGES IN SPORADIC NB



MYCN
amplification

occurrence of intratumor 
heterogeneity of MYCN

amplification

- homogenous “classical” 
tumors

- heterogeneous tumors

FISH and SNP-array data
Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202

Homogenous HeterogeneousHomogenous

SOMATIC CHANGES IN SPORADIC NB



Genomic amplification
ALK and 12q

• high-level ALK amplifications: reported in a subset of NB samples long before ALK gene emerged as a 
major actor of NB oncogenesis

• 12q genes: MDM2, CDK4, OS9, and GLI1, may indicate a subset of tumors with a unique clinical behavior

Lamant et al., 2000; Miyake et al., 2002; Osajima-Hakomori et al., 2005; George et al., 2007; Fix et al., 2008
Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202

copy number data
high number of 
amplicons  at the long 
arm of chromosome 12

SOMATIC CHANGES IN SPORADIC NB



Chromothripsis
Multiple Segmental Gains and/or Losses within Confined Regions of the Genome

• “chromothripsis”: shredding of single chromosomes or 
parts thereof; subsequent random reassembly of 
fragments

• Copy number changes typically oscillate between gains or 
losses of one/two copies

SOMATIC CHANGES IN SPORADIC NBAmbros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202;
Brunner et al. PLOS ONE DOI:10.1371/journal.pone.0161369, 2016

~5% of neuroblastomas (all stages)

Molenaar and co-workers: significantly associated with NB 
unfavorable progn (18% of high-stage NBs)

Tubio and Stivill. Nature 470, 476–477 2011



Chromothripsis

SOMATIC CHANGES IN SPORADIC NBBrunner et al. PLOS ONE DOI:10.1371/journal.pone.0161369, 2016

chromothripsis affecting the 
whole chromosome 12

circus plot (SNP-array data)



Chromothripsis

SOMATIC CHANGES IN SPORADIC NB

chromothripsis affecting the 
whole chromosome 2

plus

MYCN amplification

Circus plot (SNP-array data)

Ambros et al. Front. Oncol., 2014 https://doi.org/10.3389/fonc.2014.00202



A putative model for NB development

• numerical chromosome abnormalities 
(near-triploidy) without SCAs

• high expression of the TrkA neurotrophin
receptor

• prone to undergo spontaneous regression 
(or differentiation) / NGF

• unfavorable clinically 

• characterized by SCAs

• 17q+

• two subtypes 



Recurrent somatic point mutations
not chromosomal alterations 

• Only a few mutations in bona fide cancer genes have been 
reported in NB primary tumors

• Somatic ALK activating mutations in sporadic HB

• ~10% of cases (in 680 sporadic NB cases)

SOMATIC CHANGES IN SPORADIC NBChen et al., 2008; George et al., 2008; Janoueix-Lerosey et al., 2008; Mosse et al., 2008
Janoueix-Lerosey et al. Oncogene (2010) 29, 1566–1579; doi:10.1038/onc.2009.518



Recurrent 
somatic mutations

SOMATIC CHANGES IN SPORADIC NB

a. ALK amplification – SNP-array

b. ALK amplification – FISH

c. immunoperoxidase labeling of 
paraffin-embedded section of an 
NB tumor presenting with a 
R1275Q mutation 

d. 54 ALK mutations (study of 680 
sporadic NB cases)

Somatic ALK activating mutations in sporadic NBs

Janoueix-Lerosey et al. Oncogene (2010) 29, 1566–1579 2010



Landscape of genetic variation in high-risk neuroblastoma

Pugh et al. Nature Genetics 45, 279–284 (2013) doi:10.1038/ng.2529

2013



High-risk neuroblastomas
relative paucity of recurrent somatic mutations challenges current 

therapeutic strategies that rely on frequently altered oncogenic drivers

immunotherapy biomarkers



Somatically acquired mutations and rearrangements
in neuroblastoma

SOMATIC CHANGES IN SPORADIC NBBrodeur, G. M. & Bagatell, R. (2014) Mechanisms of neuroblastoma regression
Nat. Rev. Clin. Oncol. doi:10.1038/nrclinonc.2014.168

Gain of function

2014



Neuroblastomas: a paradigm for personalized medicine
Genetic Markers Currently Used in Clinical Trials

Seminars inPediatricSurgery25(2016)257–264

MYCN status is used in all current NB clinical trials - one of the very first biomarkers in oncology to 
discriminate aggressive  from less aggressive neuroblastoma

Del 11q and ploidy information – numerical alterations (COG)

Occurrence of the seven typical SCAs (losses 1p, 3p, 4p, and 11q; gains 1q, 2p, and 17q) 
(Schleiermacher G. and the SIOPEN Biology Group)



Childhood cancer

Childhood cancers are associated with high level of treatment success 
(~90% developed countries) BUT progress in the field of pediatric oncology 
has lagged behind that of adult malignancies

Drug development is slow, and rarely examined in the pediatric population 
first-hand

Treating the child with cancer: a range of long-term effects: from dosing 
infants to performing surgery near growing structures

Cutting-edge research: treating arguably our most vulnerable patients

Nature issue
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