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• Le diagnostic: tumeurs de 

blastème

tumeur à (petites) cellules rondes

Ewing EWS / FLI-1 ou
ERG ou ETV1 ou
E1AF ou FEV

Rhabdomyosarcome
alvéolaire

PAX3 ou PAX7 / 
FKHR



Sous-groupes de Sarcomes indifférenciés à petites 
cellules rondes
transcriptome

• homogeneous groups:

– CIC-fused (DUX4, FOXO4, NUTM1)

– BCOR-rearranged (-CCNB3, MAML3, ZC3H7, BCOR internal duplication)

• heterogeneous group 

– VGLL2-fused

• Others

– EWSR1-PATZ1 (sarcome à cellules fusiformes)

– FUS-NFATC2 (tumeur osseuse)

– EWSR1-NFATC2 (idem CIC-fused)

– EWSR1- or FUS-TFCP2 (RMS épithélioide et à cellules fusiformes)

Watson S. et al. Transcriptomic definition of molecular subgroups

of small round cell sarcomas. J Pathol. 2018;245:29-40

– YWHAE-NUTM2B

Kao YC. Et al. Recurrent BCOR Internal Tandem Duplication and YWHAE-NUTM2B

Fusions in Soft Tissue Undifferentiated Round Cell Sarcoma of Infancy:

Overlapping Genetic Features With Clear Cell Sarcoma of Kidney. Am J Surg

Pathol. 2016;40:1009-20.

IHC: CD99+

RNASeq: YWHAE-NUTM2B
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tumeurs de blastème

préfixe: nom de l’organe

suffixe: -blastome

néphroblastome

neuroblastome

hépatoblastome

pneumoblastome

sialoblastome

fréquentes

exceptionnelles

Rares

(très…)

700 nouveaux cas par an



Author, 

Year

(Reference)

Techni

que

Recurrent

mutations/ structural 

rearragements

Molenaar et al

2012 (45)

WGS ALK (6% m, 2% sr)

ATRX (5.7%)

ODZ3 (5.7%)

PTPRD (5.7%)

TIAM1 (3.4%)

FANCM/FAN1

Rac/Rho regulators

Sausen et  al

2012 (47)

WGS

WGS

WES

ALK (9%)

ARID1B , ARID1A

VANGL

ZHX2

LIN28B

Cheung et al

2012 (46)

WGS ATRX

(enrichment in older children)

Pugh et al

2013 (48)

WES

WGS

ALK (9.2% m)

ATRX (2.5% m/7.1% sr)

PTPN11 (2.9%)

OR5T1 (1.25%)

PDE6G (0.8%)

MYCN (1.7%)

NRAS (0.8%)

Boeva V et al

2013 (49)

WGS FHIT

ODZ4

NBAS

ALK

PTPRD

Somatic genetic alterations in 
Neuroblastoma determined by NGS 
techniques

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

Pubmed: 40 000 publications

neuroblastome



Disruption of the normal program of neuroblast differentiation and 
growth control.

Neuroblastoma is a genetic disease with few somatic mutations.

1/Association of a peculiar germline genotype with somatic genomic aberrations:

amplifications: MYCN, others rare (ALK)

translocations : rare, more frequent in relapses (ALK, others)

mutations: rare compared to adult tumors, most commonly concern ALK, telomeres
(TERT), chromatin remodeling (ATRX, leading to the ALT, ARID 1A/1B), others.

Responsible for blocking the processes of differentiation and driving proliferation

2/Familial neuroblastoma (1% neuroblastomas): ALK mutation, PHOX2B mutation
(congenital central hypoventilation syndrom, Hirschsprung disease, neuroblastoma,
particularly if bilateral, could be associated).

3/Sporadic neuroblastoma predisposition: between 10 and 15 genomic loci found
associated with neuroblastoma predisposition;

Germline genotypes could dictate clinical and pathological phenotypes.
Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 



• MYCN amplification: heterodimers MYCN / MAX, activate 
the transcription of downstream target genes (proliferation 
genes)
– 20% of all cases and 40% of high risk neuroblastomas.

• MYC focal amplification of distal enhancers or enhancer 
hijacking: potent oncogene in a distinct subset of high risk 
neuroblastoma cases

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

Genes involved in cell cycle, proliferation

Alexandrov  LB et al, Signatures of mutational processes in human cancer. Nature. 2013;500:415-21.

low frequency of recurrent mutations in neuroblastomas compared with high number disclosed in adult cancers.

Children

Low

Adult

High



Genes involved in cell cycle, proliferation
• Rearrangements of TERT (telomerase reverse transcriptase ) in cases with poor outcome (15% of 

high risk neuroblastoma), mutually exclusive of MYCN amplifications.
• Either MYCN amplification and TERT rearrangements lead to TERT overexpression.
• (Alpha-thalassemia/mental retardation syndrome-X linked) ATRX loss undergo telomerase-

independent telomere maintenance mechanism (ALT: alternative lengthening of telomeres).

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

activation of telomere lengthening mechanisms : proliferation regression

Peifer M et al. Telomerase activation by genomic rearrangements in high-risk 
neuroblastoma. Nature. 2015;526:700-4.
Hertwig F et al. Telomere maintenance is pivotal for high-risk neuroblastoma, Cell 
Cycle. 2016;15:311-2

Peripheral 
neuroblastic 
tumors

High risk
NB

MYCN amplification

TERT overexpression

TERT rearrangement

TERT overexpression

No MYCN amplification

No TERT rearrangement

ATRX loss

ALT

Low
risk NB

No MYCN amplification,

No TERT rearrangement,   

No ATRX loss, 

No telomere maintenance



Gene involved in cell cycle, proliferation / apoptosis
ALK (anaplastic lymphoma kinase)

1. Sporadic NB : activating mutations in  
8 – 10%, amplification

2. Familial NB: activating mutations 
(mutation R1275)

3. Therapeutic target: Crizotinib (phase 
1/2 (COG) (Mosse et al 2013)

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

Carpenter EL et al. Targeting ALK in

neuroblastoma—preclinical and clinical

advancements. Nat Rev Clin Oncol.

2012 May 15; 9(7): 391–399.

RAS, 

MAPK,

PI3K, Akt, 

mTor

Proliferation, survival

ALK clonal  mutation

Non mutated ALK
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Gene involved in Cell lineage

Bourdeaut F., et al. J Pathol. 2009;219:463-472.

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 



Adrenergic identity: super-enhancer comprise a set of 
TF loci including HAND2, PHOX2B, GATA2/3, and ALK. 

These gene control normal sympathetic neuron 
differentiation

NCC-like identity: super-enhancer of group II identity 
overlappe with those of neural crest cells.

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 
Boeva et al, Nat Genet 2017
Van Groningen et al, 2017

Gene involved in Cell lineage

two distinct cell types were identified by different core regulatory circuitries defined by
super-enhancers (SE) cell identities: noradrenergic and mesenchymal neural crest cell-like



Neuroblastoma is the most common extracranial 

solid tumor of childhood 

• Most common solid tumors of 
children. 

• 1 child / 10000 births.

• Adrenal glands, paraspinal 
ganglia

• Mean age: 18 - 20 months old.

• Clinical outcome variable:

– 5-year survival rates 75%

– ½ regression

– ½ metastasis, relapses, death.

– 15% of all cancer related 
death in children

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

Registre national des hémopathies de l’enfant (RNHE) et

des tumeurs solides de l’enfant (RNTSE) (Prs. J. Clavel et

B. Lacour)



INRG: International Neuroblastoma Risk Grouping

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

Cohn S et al. The International Neuroblastoma Risk Group (INRG) classification system: an INRG Task Force report. 

JCO. 2009;27:289-97.



Neuroblastoma / Prognostic markers:

Age: 18 months

Stage: Localized 
vs Metastatic

Pathology: 
Favorable vs 
Unfavorable

MYCN: amplified or non amplified 

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

NCA genomic profile

SCA genomic profile

Janoueix-Lerosey I et al. Overall genomic pattern is a predictor 

of outcome in neuroblastoma. J Clin Oncol 2009;27:1026-33



INPC: international neuroblastoma pathology classification, Peripheral Neuroblastic Tumors

categories stroma grade MKI

neuroblastoma stroma poor undifferentiated MKI L, i, H

poorly differentiated

differentiating

ganglioneuroblastoma stroma mixed rich in nodule(s) in nodule(s) 
and poor, nodular

ganglioneuroblastoma stroma rich, intermixed 

ganglioneuroma stroma dominant

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

Shimada H, et al.  The International Neuroblastoma Pathology Classification. Cancer. 1999;86:364-72.

Shimada H, et al.  Terminology and morphologic criteria of neuroblastic tumors: recommendations by the International 

Neuroblastoma Pathology Committee. Cancer.1999;86:349-63.

Peuchmaur M, et al.  Revision of the International Neuroblastoma Pathology Classification: confirmation of favorable and 

unfavorable prognostic subsets in ganglioneuroblastoma, nodular. Cancer. 2003;98:2274-81.



Ganglioneuroma, stroma rich
Ganglioneuroblastoma, stroma rich, intermixed

Ganglioneuroblastoma, stroma mixed rich and poor, nodular 

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 



Neuroblastoma, stoma poor
a: poorly differentiated, b: undifferentiated, c: differentiating

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

b: undifferentiated (nucleoli +)

Polymorphic nucleic: differentiating

a: poorly differentiated



histoprognosis

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

low<2% high>4%

age : <1.5 year, [1.5-5], >5 years

grade: 

undifferentiated poorly differentiated differentiating

MKI: low(<2%), intermediate [2%-4%], high>4%



Prognostic categorization of neuroblastomas 

and nodular ganglioneuroblastomas (classic and 

variants,  prognosis determined by the nodule) 

U and red: unfavorable. 

F and green: favorable

Age < 18 months

Undifferentiated Poorly
differentiated

Differentiating

Low MKI U F F

Intermediate 
MKI

U F F

High MKI U U U

Undifferentiated Poorly
differentiated

Differentiating

Low MKI U U F

Intermediate 
MKI

U U U

High MKI U U U

Undifferentiated Poorly
differentiated

Differentiating

Low MKI U U U

Intermediate 
MKI

U U U

High MKI U U U

F

Age 18-60 months

Age > 18 months

Prognostic categorization of 

ganglioneuroblastomas, intermixed and 

ganglioneuromas.

Any agePeuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 
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P < 0.001

58% 
(95% CI: 43 – 70)

92% 
(95% CI: 78 – 98)

inter-observer reliability of 
agreement for histoprognosis

Protocol LNESG1

Protocol NB02

Navarro S, Peuchmaur M. Prognostic value of International Neuroblastoma Pathology 

Classification in localized resectable peripheral neuroblastic tumors: a histopathologic study of 

localized neuroblastoma European Study Group 94.01 Trial and Protocol.

J Clin Oncol. 2006;24:695-9



PHRC IC200709 (prospective french protocol): CGHa- pathology correlation

Eve Lapouble et al, ANR2018 

A strong correlation between INPC histoprognosis
classification and genomic profiles was documented

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 

NCA genomic profile

SCA genomic profile

Core needle biopsies
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Heterogeneity of  pNT : ALK somatic mutations at relapse
Schleiermacher G. Emergence of new ALK mutations at relapse of neuroblastoma. 

JCO 2014;32:2727-34

new tumoral tissue banking from surgical specimens obtained at relapse

ALK: no mutation
Neuroblastoma, poorly 
differentiated, MKI High

ALK: R1275Q mutation
Neuroblastoma, poorly 

differentiated, MKI High

ALK: no mutation
Ganglioneuroblastoma, 

intermixed



F. Bielle et al. PHOX2B Immunolabeling: A Novel Tool for the Diagnosis of 
Undifferentiated Neuroblastomas Among Childhood Small-, Round-, Blue-cell Tumors. 
Am J Surg Pathol 2012, 36:1141-9

Anti-PHOX2B +Anti-PHOX2B +

Anti-TH -HE

Anti-INI 1 +

1

43

2 5

1 primitive tumor 2,3,4 immunohistochemistry 5 Metastasis

Neuroblastoma, undifferentiated

Peuchmaur M. APHP / Université 

Diderot Paris 7 - SPC 



Anti-PHOX2B: the gold standard for the diagnosis of undifferentiated 

neuroblastoma and for the detection of neuroblastoma tumor cells in bone 

marrow biopsies

Warren M et al. Utility of PHOX2b
immunohistochemical stain in neural
crest tumours and non-neural crest
tumours in paediatric patients.
Histopathology. 2018;72:685-696.

Hung YP et al. PHOX2B reliably
distinguishes neuroblastoma among
small round blue cell tumours.
Histopathology. 2017;71:786-794.

Burchill SA et al. Recommendations for
the standardization of bone marrow
disease assessment and reporting in
children with neuroblastoma on behalf of
the International Neuroblastoma
Response Criteria Bone Marrow
Working Group. Cancer. 2017;123:
1095-1105.

PHOX2B +

Bone marrow biopsy, x80
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Pathology and Gene products. 
For histoprognosis purpose:

Genes involved in cell cycle/proliferation-apoptosis: MYCN, MYC, TERT, ATRX and ALT, ALK. 

TERT, ATRX and ALT, ?

Peifer M et al. Telomerase 

activation by genomic 

rearrangements in high-risk 

neuroblastoma. Nature. 

2015;526:700-4.

Pathologists are in the position to
conduct studies on tissue sections
to demonstrate the expression of
proteins of interest and to
compare these in situ techniques
with genetic ones in term of
efficiency for demonstrating
correlation between expression
and survival.

MYC familly-driven neuroblastoma
Niemas-Teshiba R, et al. Oncotarget. 2017;9:6416-6432.
Wang LL, et al. Br J Cancer. 2015;113:57-63.
Wang LL et al. Cancer. 2013;119:3718-26

MYCN protein + MYC protein + MYCN- / MYC -

Peripheral 
neuroblastic 
tumors

High risk
NB

MYCN amplification

TERT overexpression

TERT rearrangement

TERT overexpression

No MYCN amplification

No TERT rearrangement

ATRX loss

ALT

Low
risk NB

No MYCN amplification,

No TERT rearrangement,   

No ATRX loss, 

No telomere maintenance
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Next revision of the INPC?

Proteins of interest: MYCN/MYC, TERT, ATRX /ALT, ALK, …

Potentially actionable genomic alterations in Neuroblastoma:

• ALK: ALK inhibition

• RAS-MAPK pathway: MEK inhibition (PTPN11, RAS family, …)

• Cell cycle control: TERT, CDK4/6 inhibition

• Chromatin modification (ATRX, ARID1A/1B, … )

(Bosse KR and Marris JM. Cancer. 2016;122:20-33)

Nucleoli Composite neuroblastoma



Conclusion
Pathologie des tumeurs pédiatriques: réseaux et dialogue

Rareté, localisation et âge

Diagnostic, histopronostic et 
banque tissulaire

Réseaux et collaborations*

Pronostic bon mais varié

Adapter le traitement: groupes 
de différents risques

*Pinto NR et al. Advances in Risk

Classification and Treatment

Strategies for Neuroblastoma.

JCO, 2015, 33, 3008-3017.
Coopération internationale:

1/Progrès dans la biologie des tumeurs

2/Amélioration de la classification des risques

3/Amélioration des stratégies thérapeutiques

4/Majeure pour évaluer les traitements pour les

petites cohortes de patients avec des formes

rares

tumeurs de blastème 
(embryonnaires): classification 
internationale
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