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e Le diagnostic: tumeurs de

blasteme

tumeur a (petites) cellules rondes
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Ewing EWS / FLI-1 ou
ERG ou ETV1 ou
E1AF ou FEV
Rhabdomyosarcome PAX3 ou PAX7 /
alvéolaire FKHR

Groupes diagnostiques selon I'ICCC -

l. Leucémies, syndromes
myéloprolifératifs
et myélodysplasiques

Il. ymphomes et néoplasmes
réticulo-endothéliaux

[Il. Tumeurs du systéme nerveux
central et diverses tumeurs
intracraniennes et spinales

IV. Tumeurs du systéme nerveux
sympathique

V. Rétinoblastomes

VI. Tumeurs rénales

VII. Tumeurs hépatiques

VIII. Tumeurs malignes osseuses

IX. Sarcomes des tissus mous et
extraosseux

X. Tumeurs germinales,
trophoblastiques et gonadiques

X1. Mélanomes malins et autres
tumeurs malignes épithéliales

XII. Autres tumeurs malignes
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Sous-groupes de Sarcomes indifférenciés a petites
cellules rondes
transcriptome
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0-14 ans

[ Tableau 5] Incidence des cancers de I'enfant en France métropolitaine, par tranche d’age et répartition en
frequence (2007-2011)

i Incidence [par million
Effectif moyen En% (p )

— m

Groupes diaannctinues selon I'ICCC

28,3% 39,0 70,6 273 43,2
et myélodysplasiques
Il Lympns _ I = 0- 12 e 4,7 8,7 155 200 2 o
endothéliaux
24.9% 393 45,8 38 32 38,1
8,1% @ 22,5 4.1 12,4
.. 2,8% = 8,5 0,3 4,2
VI. Tumeurs rénales 102 58% | 198 | 202 s7 | 09 | 89
VII. Tumeurs hépatiques 18 1,.0% 5,2 29 0,4 0.8 1,5
VIIl. Tumeurs malignes osseuses | 81 46% | 03 | 16 63 | 136 | 711
IX. Sarcomes des tissus mous et extraosseux 113 6,5% 15,1 19,1, 9.1 8,6 99
X. Tumeurs germinales, trophoblastiques et . 63 3,6% - 19,5 ' 3.7 2,5 . 6,9 5:5
gonadiques _ _ _ _ _ :
XI. Mélanomes malins et autres tumeurs 53 3.0% 1,0 1.8 2.7 9.4 4,6
malignes épithéliales
XIl. Autres tumeurs malignes 0,2%

Source: Registre national des hémopathies malignes de I'enfant et Registre national des tumeurs solides de I'enfant, 2007-2011.
ICCC: International classification of childhood cancer.



15-18 ans

[ Tableau 8 ] Distribution des différents types de cancers chez I'adolescent [15-17 ans]
en France métropolitaine [2011)

I. Leucémies, syndromes myéloprolifératifs e 15,8%

et myélodysplasiques

B¥TcUlo-endothéliaux 103 27,2%
Il Tumeurs du central et diverses tumeurs 65 17.2%
gy lennes et spinales
@ 1,3%
s 0,0%
VI. Tumeurs rénales ' 2 | 0,5%
VII. Tumeurs hépatigues 4 1.1%
VIII. Tumeurs malignes osseuses 36 9,5%
IX. Sarcomes des tissus mous et extraosseux 28 7,4%
X. Tumeurs germinales, trophoblastiques et gonadigues 38 | 8,7 %
XI. Mélanomes malins et autres tumeurs malignes épithéliales 42 11,1%
XIl. Autres tumeurs malignes | 1 | 0,3%

379 1000%

Source: Registre national des hémopathies malignes de I'enfant et Registre national des tumeurs solides de I'enfant, 2011 [France métropolitaine).
ICCC: International classification of childhood cancer.
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tumeurs de blasteme

préfixe: nom de I'organe

suffixe: -blastome
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| Hépital Universitaire
mdre-pnfant

g md enfant
| Robert-Debré

Author,

Year
(Reference)
Molenaar et al
2012 (45)

Sausen et al
2012 (47)

Cheung et al
2012 (46)
Pugh et al
2013 (48)

Boeva V et al
2013 (49)

Techni
que

WGS

WGS
WGS
WES

WGS

WES
WGS

WGS

neuroblastome

:DIDEROT
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Recurrent
mutations/ structural

D23 (5.7°/)
PTPRD (5.7%) ] ] . i
TIAMY (3.4%) Somatic genetic alterations in

FANCM/FANT Neuroblastoma determined by NGS

Rac/Rho regulators

ALK (9%)
ARID1B , ARID1A

V \

ALK (9.2% m
ATRX (2.5% m/7.1%
N11 (2.9%) e .

OR5T1 (1.25%) om0t - S
PDE6G (0.8%) o) 33 i Ed[BT@ WY | [T as s
MYCN (1.7%)

NRAS (0.8%)

FHIT

oDZ4 Pubmed: 40 000 publications

Peuchmaur M. APHP / Université
= Diderot Paris 7 - SPC
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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.

PARIS

:DIDEROT



IHop: ILI

Pl Y Genes involved in cell cycle, proliferation

e 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 1n a distinct subset of high risk
neuroblastoma cases

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

9%%‘ ‘?}é,? (:,,)9
. : 2, 9. % 4 . £ ' $,
Children 4%‘9@ %, %, 4’6?»% 8, %, lc%:"?o@) %, o @ “, %, %, . Adult
% oé.@ %0 A B % <, % % A Fa. o, S 9 %, Yo, W, & ‘bfc-. %o T
o, 4. %, % % Dy 06, 0) Bn S %, S0 % % O Bp 0 4 % N % D, % ey, Ve S, %,
%X % R % R % % % B % Y e % e Y % s % Y% %9 % Q"«:‘-‘ .
Low 1,000 : High

(number mutations per megabase)
e

Somatic mutation prevalence

0.01 |4

0.001 L.

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

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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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).

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 Peripheral
Cycle. 2016;15:311-2 neuroblastic
tumors
. | Highrisk Low
".‘_ .../ NB risk NB
MYCN amplification TERT rearrangement No MYCN amplification No MYCN amplification,
TERT overexpression TERT overexpression No TERT rearrangement No TERT rearrangement,
ATRX loss No ATRX loss,
ALT No telomere maintenance
activation of telomere lengthening mechanisms : proliferation regression

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC

PARIS"

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

1.
MAM domalns Low-density lipoprotein domaln 2 ®
1M Transmembrane U 3‘
! ! || || |]| | !| domaln

F1174 (30%)

Mutation
Shoe—] F1245 (12%)
R1275 (43%)

Kinase
domain 1
S
\ s
T-as
RAS, Q
MQFK, g
PI3K, Akt, —
mTor ‘;‘
=
Proliferation, survival >
w
Carpenter EL et al. Targeting ALK in
neuroblastoma—preclinical and clinical
advancements. Nat Rev Clin Oncol.
2012 May 15; 9(7): 391-399.

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC

00
90
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10

Sporadic NB : activating mutations in
8 — 10%, amplification

Familial NB: activating mutations
(mutation R1275)

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

ANR 2018

D
OS nstitutCurie
ALK subclonal mutation
Non mutated ALK
ALK clonal mutation |_o7

- P <0,0001

Time (Years) 10
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Gene involved in Cell lineage
Bourdeaut F., et al. J Pathol. 2009;219:463-472.
ASCL1 | I I
. I |
I | |
roce
%—4 TH
GATA3/GATA2 | |
TFAP2B
DBH
TRKA | I I
. ' ' VACHT
o conmmVEE -
I I |
| I I
I | ‘ VIP
I
L L ] L ]
Undifferentiated Poorly differentiated Differentiating Differentiating/VIP
<< pre-adrenergic >> << adrenergic >> << dual phenotype >> secreling
<< cholinergic >>

Figure 5. Neuroblastoma subcategories according to their molecular pattern of differentiation

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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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

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

These gene control normal sympathetic neuron overlappe with those of neural crest cells.
differentiation

o @e— HAND?2 240.000 <@
o Group | 2 '
2 160.000 - P § o Group i
e j o
200,000 -
@ No overlap witt
- 120,000 c; 0 Ovrisp it 2 |
P g~ o
5 - TCH4 a
g fzu 160.“)0 -
£ 80,000 - E
c -
E - ALK - HANDT HYZTQ\:i 2
- g ™ < \ 423
'-g 40.000 ee / ' {F 1A % 120,000 ;
= ' "l CiC, ERF NFIB—" = iu..fr:'lc;: ERF CE
T T T T T T T ] T T T T
0 20 L0 60 80 100 0 20 40 60 80 100
SE rank SE rank
Peuchmaur M. APHP / Université Boeva et al, Nat Genet 2017

Diderot Paris 7 - SPC Van Groningen et al, 2017

PARIS -
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Neuroblastoma is the most common extracranial
solid tumor of childhood

90 -—Neuroblastomes
-=-Néphroblastomes

40 Rhabdomyosarcomes

70
60
50
40
30
20

10
' S
0 \t’:’Fﬂﬂ
0 5 10 15

Registre national des hémopathies de I'enfant (RNHE) et
des tumeurs solides de I'enfant (RNTSE) (Prs. J. Clavel et
B. Lacour)

Most common solid tumors of
children.

1 child / 10000 births.
Adrenal glands, paraspinal
ganglia
Mean age: 18 - 20 months old.
Clinical outcome variable:

— S-year survival rates 75%

— Y2 regression

— 12 metastasis, relapses, death.

— 15% of all cancer related
death in children

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC

PARIS

:DIDEROT
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INRG: International Neuroblastoma Risk Grouping

Cohn S et al. The International Neuroblastoma Risk Group (INRG) classification system: an INRG Task Force report.
JCO. 2009;27:289-97.

INRG Aga Histologic Grade of Tumor 11q Pretreatment
Stage (months) Category Differentiation MYCN  Aberration Ploidy Risk Group
L1/l2 GMN maturing; A Very low
GMNB intermixed
L1 Ay, except MA B Verylow
GM maturing or -
GMNE intermixed Amp K High
L2 Any, except Mo D Low
<18 GM maturing or MNA -
GNB intermixed Yag G Intermediate
Mo E Low
Differentiating MNA y
=18 GME nodular; &8 :
: : H Intermediate
”EUFDb|BSTDmﬂ| Poorly differentiated MNA
or undifferentiated
Amp N High
M < 18 MNA Hyperdiploid F Low
<12 NA Diploid I | Intermediate I
12to < 18 NA Diploid  J  Intermediate
< 18 Amp O High
=18 P High
Ma Mo C Very low
WA .
<18 Yes 2 High
Amp R_High

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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© Age: 18 months

Py
g
i
L .
Stage: Localized
vs Metastatic
i ? “-’:. . ‘.a'.--i. . "if,..
y, @ L 7 \‘
Qs oPr, o ome ] . Pathology:
= Ll i : [ - F -8
‘¢ .’ & . 5 Favorable vs
& -

. Unfavorable

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC

8
E e
MYCN: amplified or non amplified
NCA genomlc prOflleu i o NLAT 3G 401 T0_B35) ve. MUITILADE_40TTEN_ 53y [NbITI4A04_401T88_c00000be]
" 1
i —— nm"‘-"\rag T
whe
SCA genomlc proflle
!r::'_- PP o D OR— e e e muﬁq’h\u—qq " a
ul ' o

Neuroblastoma / Prognostic markers:

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

of outcome in neuroblastoma. J Clin Oncol 2009;27:1026-33
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INPC: international neuroblastoma pathology classification, Peripheral Neuroblastic Tumors

categories

neuroblastoma

ganglioneuroblastoma

ganglioneuroblastoma

ganglioneuroma

stroma grade MKI
stroma poor undifferentiated MKIL,i, H

poorly differentiated

differentiating

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

stroma rich, intermixed

stroma dominant

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.

PARIS

:DIDEROT
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Ganglioneuroma, stroma rich
Ganglioneuroblastoma, stroma rich, intermixed
Ganglioneuroblastoma, stroma mixed rich and poor, nodular

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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Neuroblastoma, stoma poor
a: poorly differentiated, b: undifferentiated, c: differentiating

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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histoprognosis

age : <1.5 year, [1.5-5], >5 years
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Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC

:DIDEROT

PARI gwrml



| Hépital Universitaire E..{".ﬂ;‘ o
1 mére-eofant W
i Robert-Dehré

-1
S

Undifferentiated _ Poorly Differentiating | Prognostic categorization of neuroblastomas
differentiated

and nodular ganglioneuroblastomas (classic and
variants, prognosis determined by the nodule)
U and red: unfavorable.

F and green: favorable

Low MKI

Intermediate

MKI
Age < 18 months
High MKI
Undifferentiated Poorly Differentiating Age 18-60 months
differentiated
Low MKI

Intermediate

MKI
High MKI
Undifferentiated Poorly Differentiating Age > 18 months
differentiated
Low MKI

Intermediate

MKI
High MKI
_ Prognostic categorization of
ganglioneuroblastomas, intermixed and
ganglioneuromas.
Peuchmaur M. APHP / Université Any age
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inter-observer reliability of
agreement for histoprognosis

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

92%
(95% Cl: 78 — 98)

58%
Protocol NB02 (95% Cl: 43 — 70)

P < 0.001

Favourable (n=49) Unfavourable (n=55

10 20 30 40 50 60 70 80 90
Months from diagnosis
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Core needle biopsies
® o
28
PHRC IC200709 (prospective french protocol): CGHa- pathology correlation
Eve Lapouble et al, ANR2018
7 Genomic Profiles A strong correlation between INPC histoprognosis
classification and genomic profiles was documented
Classification X INPC
Classification PG
Cohort = 512 Patients INPC
PG F U
g2 —> [MNA] 1 [16_]  17(106%)
= - NC 7 6 13 (8,1%)
Median age = 23,15 months NCA 43 13 56 (34.8%)
2 2 \ —)> [ScA] 2% [ ]  75(46.6%)
LR YT 77 B4 161
R’y (47,8%) (52,2%)
<18 months (63%), <5 years (85%) —
NCA genomic profile
" Sogmantatien Tor NB11 J4A04_40170_i33g w. MBI ILADE_A0TTEN_$)7y (VDI 34AD4_10TTER_1000050p)
“ ;
g .
SCA genomic profile
Histopathological review was obtained for 358 cases a _ 1
(INPC favorable n=105, unfovorable n=103, non- T PN _ USRS S S NS A SRSy Gy ISR ! RN
evaluable n=150), with GP data available in 281 cases. T - Rikui '“'-'ll

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC



b el ™
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

mutation ALK: no mutation

ALK: nol

Ganglioneuroblastoma, Neuroblastoma, poorly Neuroblastoma, poorly
intermixed differentiated, MKI High differentiated, MKI High

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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Neuroblastoma, undifferentiated
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Anti-INI 1 + Anti-PHOX2B + Antl-PHOXZB + |

@primitive tumor immunohistochemistry @Metastasis

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

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 N
crest tumours and non-neural -crest h PHOX2B +

tumours in paediatric patients. E,
Histopathology. 2018;72:685-696. u®

i~
. Z‘ # b 2 S
Hung YP et al. PHOX2B reliably [ & i
distinguishes  neuroblastoma  among @% :

small round blue cell tumours. %" %5
Histopathology. 2017;71:786-794. F | g \ s o ﬁ

Burchill SA et al. Recommendations for a& ‘Qn’ ' £ *‘k &1'3
the standardization of bone marrow Oj % Q“‘ &

[
i

&P » ¥

disease assessment and reporting in | R b
children with neuroblastoma on behalf of & == ' VP N - ‘ s g‘
the International  Neuroblastoma Bone marrow biopsy, x80

Response Criteria Bone Marrow
Working Group. Cancer. 2017;123:
1095-1105.



| Hépital Universitaire W]
g mére-gnfant ﬁg
i Robert-Debré & i

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

Pathology and Gene products.
For histoprognosis purpose:

PARIS"

Peripheral
neuroblastic
tumors
High risk Low
NB risk NB
MYCN amplification TERT rearrangement No MYCN amplification No MYCN amplification,
TERT overexpression TERT overexpression No TERT rearrangement No TERT rearrangement,
ATRX loss No ATRX loss,
ALT No telomere maintenance

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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- Next revision of the INPC?

Nucleoli Composite neuroblastoma
TR WL B
R

AT L et TR (X
- .i%-?;'-ﬂs: %ﬁ B e '3
SRR i Sy D

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, ...)
e Cell cycle control: TERT, CDK4/6 inhibition

e Chromatin modification (ATRX, ARID1A/1B, ...)

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

Peuchmaur M. APHP / Université
Diderot Paris 7 - SPC
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Conclusion
Pathologie des tumeurs pédiatriques: réseaux et dialogue

» Rareté, localisation et age

#= 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/Progrés 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 I_olastéme o
(embryonnaires): classification
internationale
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