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Medulloblastoma (MB)

cerebellum

Pediatric tumor of the cerebellum (Median age 7 yrs)



Pediatric Cancers

In general rare cancers

® Represent 1 to 2% of the cancers in total
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Pediatric Cancers

In general rare cancers

® Represent 1 to 2% of the cancers in total

00
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~2000 new cases
Each year for children
under 14 years old

In industrialized countries, represents 2nd cause of mortality betwen 1 to
15y

(Less than 1% of death between 0 and 1 year but 20 % between 1 and 14 years)



Pediatric Cancers

In general rare cancers

® 75-80% Cured
- Better than for adult cancers. But some cancer are of
high risk



Pediatric Cancers

In general rare cancers
® 75-80% Cured

Better than for adult cancers.

- BUT very important side effects affecting adult life
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4 kids cured out 5

but suffer from important
long term side effects.




Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects
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Molecular cancer types in paediatric pan-cancer cohort Adult cancer types (TCGA)
[ Hepatoblastoma (HB) (n = 16) I ETMR (ETMR) (n = 11) Acute myeloid leukaemia (LAML)
M Pilocytic astrocytoma (PA) (n = 105) I Medulloblastoma Group 3 (MBg,) (n = 60) M Breast adenocarcinoma (BRCA)
I Retinoblastoma (RB) (n = 36) Il Medulloblastoma WNT (MByy) (n = 21) [l Ovarian serous carcinoma (OV)
I Ependymoma supratentorial (EPDgy) (n = 15) -T.ceu acute lymphoblastic leukaemia M Kidney renal clear cell carcinoma (KIRC)
I Acute myeloid leukaemia (AML) (n = 30) (T-ALL) (n = 19) M Glicblastoma (GBM)
u B-cell acute lymphoblastic leukaemia, I Neuroblastoma (NB) (n = 59) [l Uterine corpus endometrial carcinoma (UCEC)
non-hypodiploid (B-ALL ) (n = 61) Il Medulloblastoma SHH (MBy,,,) (n = 42) I Colon/rectal carcinoma (COAD/READ)
I Wilms tumour (WT) (n = 51) M Adrenocortical carcinoma (ACC) (n = 8) ¥ Head and neck squamous carcinoma (HNSC)
I Ependymoma infratentorial (EPD;) (n = 55) [ | Rha.bdomyos;‘ncoma (RMS) (n = 21) Bladder urothelial carcinoma (BLCA)
Il ATRT (0 = 19) _ _ [ High-grade glioma K27wt (HGGy,) (n = 67) I Lung adenocarcinoma (LUAD)
B-cell acute lymphoblastic leukaemia, [l Osteosarcoma (0S) (n = 42) Lung squamous cell carcinoma (LUSC)
hypodiploid (B-ALLy,yo0) (7 = 20) [l High-grade glioma K27M (HGG,,) (7 = 57)

| | Meldulloblasloma Group 4 (MBgg,) (n = 107) . Burkitt's lymphoma (BL) (n = 15)
Il Ewing's sarcoma (EWS) (n = 24)



Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects

- Much less mutations
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Molecular cancer types in paediatric pan-cancer cohort

™ Hepatoblastoma (HB) (n = 16)

M Pilocytic astrocytoma (PA) (n = 105)

I Retinoblastoma (RB) (n = 36)

I Ependymoma supratentorial (EPDgy) (n = 15)

- Acute myeloid leukaemia (AML) (n = 30)

= B-cell acute lymphoblastic leukaemia,
non-hypodiploid (B-ALL ..} (n = 61)

I Wilms tumour (WT) (n = 51)

- Ependymoma infratentorial (EPD,) (n = 55)

Il ATRT (n = 19)
B-cell acute lymphoblastic leukaemia,
hypodiploid (B-ALL, o) (n = 20)

Il Medulloblastoma Group 4 (MBgg,) (n = 107)

Il Ewing's sarcoma (EWS) (n = 24)

I ETMR (ETMR) (0 = 11)

I Medulloblastoma Group 3 (MBg,) (n = 60)

Il Medulloblastoma WNT (MB,,;) (n = 21)
T-cell acute lymphoblastic leukaemia
(T-ALL) (n = 19)

I Neuroblastoma (NB) (n = 59)

[l Medulloblastoma SHH (MB,,,) (n = 42)

. Adrenocortical carcinoma (ACC) (n = 8)

[l Rhabdomyosarcoma (RMS) (n = 21)

[l High-grade glioma K27wt (HGGqy,,) (n = 67)

Il Osteosarcoma (0S) (n = 42)

M High-grade glioma K27M (HGG, ) (n = 57)

[l Burkitt's lymphoma (BL) (n = 15)

Adult (n = 3,281)
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Adult cancer types (TCGA)
Acute myeloid leukaemia (LAML)
M Breast adenocarcinoma (BRCA)
[l Ovarian serous carcinoma (OV)
M Kidney renal clear cell carcinoma (KIRC)
M Glicblastoma (GBM)
W Uterine corpus endometrial carcinoma (UCEC)
M Colon/rectal carcinoma (COAD/READ)
I Head and neck squamous carcinoma (HNSC)
Bladder urothelial carcinoma (BLCA)
M Lung adenocarcinoma (LUAD)
Lung squamous cell carcinoma (LUSC)



Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects

- Much less mutations
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Molecular cancer types in paediatric pan-cancer cohort

Hepatoblastoma (HB) (n = 16)
M Pilocytic astrocytoma (PA) (n = 105)
M Retinoblastoma (RB) (n = 36)
I Ependymoma supratentorial (EPDgy) (n = 15)
B Acute myeloid leukaemia (AML) (n = 30)
O B-cell acute lymphoblastic leukaemia,
non-hypodiploid (B-ALL,,, ) (n = 61)
B Wilms tumour (WT) (n = 51)
[ ] Ependymoma infratentorial (EPD) (n = 55)
W ATRT (n = 19)
B-cell acute lymphoblastic leukaemia,
hypediploid (B-ALL,,p0) (0 = 20)
[l Medulloblastoma Group 4 (MBgg,) (n = 107)
Il Ewing's sarcoma (EWS) (n = 24)

B ETMR (ETMR) (n = 11)

B Medulloblastoma Group 3 (MBg,) (n = 60)

[l Medulloblastoma WNT (MB,,;) (7 = 21)
T-cell acute lymphoblastic leukaemia

ﬂ' ALL) (n = 19)
M Neuroblastoma (NB) (n = 59)

Il Medulloblastoma SHH (MBg,,,) (n = 42)

Wl Adrenocortical carcinoma (ACC) (n = 8)

Il Rhabdomyosarcoma (RMS) (n = 21)

Il High-grade glioma K27wt (HGG,y,.) (n = 67)
Il Osteosarcoma (OS) (n = 42)

Il High-grade glioma K27M (HGG,,,) (n = 57)
[l Burkitt's lymphoma (BL) (n = 15)
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Adult cancer types (TCGA)
Acute myeloid leukaemia (LAML)
Ml Breast adenocarcinoma (BRCA)
M Ovarian serous carcinoma (OV)
- Kidney renal clear cell carcinoma (KIRC)
M Glioblastoma (GBM)
W Uterine corpus endometrial carcinoma (UCEC)
B Colon/rectal carcinoma (COAD/READ)
I Head and neck squamous carcinoma (HNSC)
Bladder urothelial carcinoma (BLCA)
B Lung adenocarcinoma (LUAD)
Lung squamous cell carcinoma (LUSC)



Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects
- Much less mutations

Adults

Children
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Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects
- Much less mutations

® Different spectrum
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In general rare cancers
® 75-80% Cured

Pediatric Cancers

Better than for adult cancers.
Important side effects
Much less mutations

Different spectrum
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Pediatric Cancers

In general rare cancers
O 75 80% Cured

Better than for adult cancers.
- Important side effects
- Much less mutations
- Different spectrum

- In a defined window of time

==Hepatoblastoma

==Mephroblastoma

==Neurahlastoma and Ganglioneuroblastoma
Retinoblastoma
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Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers. But high-risk cancers
- Important side effects

- Much less mutations

- Different spectrum

® In a define window of time

—RRaeR

4 kids cured out 5

but suffer from impoant
long term side effects.

imm) Improve cure rate and decrease side effects



Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers. But high-risk cancers
- Important side effects

- Much less mutations

- Different spectrum

® In a define window of time

- How to explain these differences?



Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers. But high-risk cancers
- Important side effects

- Much less mutations

- Different spectrum

® In a define window of time

"- How to explain these differences?
(tissue context and cell of origin)



Cancers of different locations

bladder I BLCA
breast I BRCA
Colon " COADREAD
brain B GBM
Head and neck ' HNSC
Kidney B KIRC
Leukemia . LAML
Lung B LUAD
Lung sq I Lusc
Ovarian N ov
Uterine UCEC

12

: ‘ Tumor Type




Cancers of different locations

VWA v =
“Jj Tumor Type
(A A l|IlIIl|IlIII  -— Ill‘

bladder I BLCA
breast I BRCA
Colon COADREAD
brain B GBM
Head and neck ' HNSC
Kidney B KIRC
Leukemia . LAML
Lung B LUAD
Lung sq 0 Lusc
Ovarian B ov
Uterine UCEC

Cancers of a given location cluster together at their transcriptomic level
(express similar genes that are representative/specific of the tissue where the tumour develops

=) Specific lineage markers/cell identity define a tumor type



Cell of origin
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Identify in which cell the first genetic lesion arises and promotes

an pre-cancerous lesion.
-cell identity and lineage-



Cell of origin

Genetic alteration X
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Cell of origin

Genetic alteration X Genetic alteration X
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Cell of origin

Genetic alteration Y Genetic alteration Y
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Pediatric Cancers

Pediatric cancer:

Child VS Adult



Pediatric Cancers

Pediatric cancer:
Genetic alteration during development
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Pediatric Cancers

Pediatric cancer:
Genetic alteration during development
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Pediatric Cancers

Pediatric cancer:
Genetic alteration during development
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can explain some specificities of pediatric cancers, present in a
defined window of time — not present in adult (spectrum)



Pediatric Cancers

Pediatric cancer:
Genetic alteration during development
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can explain some specificities of pediatric cancers, present in a
defined window of time — not present in adult (spectrum)



Pediatric Cancers

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects

- Much less mutations ??7?7?
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Molecular cancer types in paediatric pan-cancer cohort

™ Hepatoblastoma (HB) (n = 16)

M Pilocytic astrocytoma (PA) (n = 105)

I Retinoblastoma (RB) (n = 36)

I Ependymoma supratentorial (EPDgy) (n = 15)

- Acute myeloid leukaemia (AML) (n = 30)

= B-cell acute lymphoblastic leukaemia,
non-hypodiploid (B-ALL ..} (n = 61)

I Wilms tumour (WT) (n = 51)

- Ependymoma infratentorial (EPD,) (n = 55)

Il ATRT (n = 19)
B-cell acute lymphoblastic leukaemia,
hypodiploid (B-ALL, o) (n = 20)

Il Medulloblastoma Group 4 (MBgg,) (n = 107)

Il Ewing's sarcoma (EWS) (n = 24)

I ETMR (ETMR) (0 = 11)

I Medulloblastoma Group 3 (MBg,) (n = 60)

Il Medulloblastoma WNT (MB,,;) (n = 21)
T-cell acute lymphoblastic leukaemia
(T-ALL) (n = 19)

I Neuroblastoma (NB) (n = 59)

[l Medulloblastoma SHH (MB,,,) (n = 42)

. Adrenocortical carcinoma (ACC) (n = 8)

[l Rhabdomyosarcoma (RMS) (n = 21)

[l High-grade glioma K27wt (HGGqy,,) (n = 67)

Il Osteosarcoma (0S) (n = 42)

M High-grade glioma K27M (HGG, ) (n = 57)

[l Burkitt's lymphoma (BL) (n = 15)

° Adult (n = 3,281)
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Adult cancer types (TCGA)
Acute myeloid leukaemia (LAML)
M Breast adenocarcinoma (BRCA)
[l Ovarian serous carcinoma (OV)
M Kidney renal clear cell carcinoma (KIRC)
M Glicblastoma (GBM)
W Uterine corpus endometrial carcinoma (UCEC)
M Colon/rectal carcinoma (COAD/READ)
I Head and neck squamous carcinoma (HNSC)
Bladder urothelial carcinoma (BLCA)
M Lung adenocarcinoma (LUAD)
Lung squamous cell carcinoma (LUSC)



Pediatric Cancers

o thym iaied sampias
N paed

In general rare cancers
® 75-80% Cured

- Better than for adult cancers. i
- Important side effects

Much less mutations 7?77?77

Coding mutations per Mb

S

A
Mutagen exposure
Cell division and aging Sourc_es of
Germline mutations
Adult
cancer
Mature differentiated cells . cell
B Fertilized .
egg progenitors Mature cells Aged cells
Development QG (1
— 900 . SBP
o0 Postnatal life (Y )

Differentiation block Oncogenesis with Childhood

maturation block cancer cell
Guidance for

c maturation
Cancer-to-normal- treatment?
cell matching

Readouts from normal
developing cells



Medulloblastoma
Pediatric tumor
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Medulloblastoma (MB)

cerebellum

Pediatric tumor of the cerebellum (Median age 7 yrs)

32



Cerebellum

The Cerebellum

Cerebellum

hemisphere vermis hemisphere

Controls:

Balance, posture
Mouvement coordination
Some learning functions




The Cerebellum

Foliated and Stratified structure:
Composed of lobules and different layers

PCL (Purkinje Cell Layer)

(Inner Granule Cell Layer)
Granule Neurons -

ML (Molecular Layer)

WM
(White Matter)

Parallel fibres

Molecular layer ~ [ N Basket cell
I

Purkinje cell
Climbing fibres
Granule cell
Golgi cell
Mossy fibres

White

matter

Purkinje cells

=== Contains 80% of all brain neurons (human)/ 60% in mice 4



The Cerebellum

Foliated and Stratified structure:
Composed of lobules and different layers

PCL (Purkinje Cell Layer)
IGL s

(Inner Granule Cell Layer)
Granule Neurons

ML (Molecular Layer)

WM
(White Matter)

_— Molecular layer

Purkinje cell layer
Internal granule cell layer CP

White matter (Choroid plexus)

Deep
nuclei

White-matter stem cells



The Cerebellum

Mature cerebellum

« Cell types

o Granule cells (GC)
o Purkinje cells (PC)

o 6 Interneurons

- Molecular layer

Purkinje cell layer
Internal granule cell layer
White matter

Deep
nuclei

White-matter stem cells

Adapted from Gilbertson and Ellison, 2008

Developping cerebellum

e Germinal zones

o Ventricular zone (VZ)
*  GABAergic neurons = PCs

o Rhombic Lip (RL)

» Glutamatergic neurons = GCs

GNP/GCP in the EGL

an VZ %
ventricle

Brainstem LRL

® GABAergic precursors (Purkinje cells and interneurons)

@ Precursors of the deep nuclei (glutamatergic)

@ Granule cell precursors (GCP or GNP) 36
NTZ: nuclear transitory zone



Cerebellar development

Focus on Granule neurons lineages

E11.5

P30

® rGs
e Outer EGL (E14.5-E18.5)
e InnerEGL



Cerebellar development

E11.5 P30
® PG
e Outer EGL (E14.5-E18.5)
@ InnerEGL Atoh1 is a master regulator of the GCP
A o . 'E,""\)\\ -
) . I \ /\ s Y ) /)“ A VT,
Atoh1 S\ G 4\ . @» v - B
) N ‘ Uy ¢ R ‘) - e . :

E11.5 E13.5 E15.5 E18.5 P4 P14 P28



Late post-natal Cerebellar development

P30

39



Postnatal cerebellar development

New Born

EGL (external granular layer)
Granule Neuron progenitors (GNP)/ IGL (inner granular layer)
Granule Cell progenitors (GCP) Differentiated Granule neurons

P30

v

40



Postnatal cerebellar development

New Born Adult
B C v, D '
| {,H—a-.\ H 2 2\) = 0 : '-_-U
\ : rﬂ/ 1 .-) 5D
\&- , — o oy
~ 59 ‘\_\“/,‘-_,/K-) 5 %’a
(external granular layer)
Granule Neuron progenitors/GCP
DAPI ki67 Merge

PN10

PN21

(inner granular layer)
Differentiated Granule neurons



Postnatal cerebellar development

New Born Adulit
.Au}_ _,-L B (\"3 ) C N'a D 5’&"&
i "gﬂ ; S N - i |\ -‘%
Q ¥ é et 6“ v | ) - s A4 ;-:.’A
(external granular layer) N =— \\ = { ,Eé;:ffrga
Granule Neuron progenitors AT gt @ S 8

DAPI

PN10

GNP/GCP

/\ ................ 00 EGL cir+ and atonr+

L

> 0000 m« ooon cells

10 O | 0900000000000000 (G
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$00080800006060¢

adult

PO - P16
Granule Neurons /

(GN) 42



Postnatal cerebellar development

New Born Adult

v

¥ q*f\ e RN (XY

Q@i |F@l=2 A B e
(external granular layer) N ¢ D), —
Granule Neuron progenitors \3 - @& /g} a5} “*;?

DAPI

PN10

GNP/GCP
\

EGL| I

PL

IGL

Cancer Research Reviews A/ﬂ({
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Medulloblastoma (MB)

cerebellum

Pediatric tumor of the cerebellum (Median age 7 yrs)

Most frequent Malignant brain tumor of childhood (~150 cases/year in France)

44



Medulloblastoma (MB)

cerebellum

Pediatric tumor of the cerebellum (Median age 7 yrs)
Most frequent Malignant brain tumor of childhood (~150 cases/year in France)

Treatment : surgery, chemotherapy, radiotherapy

> 4 overall survival at 5 years
= Important

45



Medulloblastoma Treatment

Current treatment: surgery, radiotherapy and chemotherapy

Chemotherapy




TREATMENT TOXICITY

® ~80 % survivors after treatment

But
Very strong sequeala: TREATMENT TOXICITY

- Mutism

- Hearing deficit, Deafness

- Learning deficit (attention, memory deficit, mental retardation)
- Growth deficit, puberty

- Risk of secondary cancers

=P Strong decrease in quality of life in the adult life

(social dependency)

Decrease the secondary effects of therapy



Medulloblastoma (MB)

cerebellum

Pediatric tumor of the cerebellum (Median age 7 yrs)
Most frequent Malignant brain tumor of childhood (~150 cases/year in France)

Treatment : surgery, chemotherapy, radiotherapy

> 4 overall survival at 5 years
=» Important

48



Medulloblastoma (MB)

cerebellum

Pediatric tumor of the cerebellum (Median age 7 yrs) ’
Most frequent Malignant brain tumor of childhood
Treatment : surgery, chemotherapy, radiotherapy

-> overall survival at 5 years Sl

25%

=» Important

49



The different groups of MB

(prognostic)

wi WNT

80 4
2 SHH
5 60" it—t,
£ GROUP 4
3

20 7

o] a P < 0.001

0 50 100 150 200 250

months



The different groups of MB

(prognostic)

e WNT

80 -
e SHH
S
3 60 n rremarcr :
< GROUP 4
Z 401 GROUP 3
@

20 1

o{d P < 0.001

0 50 100 150 200 250
months

immmp G3 has the worse prognosis

51



Medulloblastoma (MB)

» Based on gene expression profile : 4 different molecular groups

Adapted from Northcott & al., 2012

a 10 __________________ - @ 10 __________________
Age distribution } : g k B
infant Childhood Adult |nfant Chlldhood Adult "Infant Childhood Adult I Infant ‘Childhood‘ Adult‘
S
-— . Classic > .
© histolo Classic desmoblastic/ cl ic>LCA Classic; rarely
o gy plastic assic
= (very rare LCA) nodular> LCA LCA
©
2 Metastasis at
= di . rare intermediate frequent frequent
%) 1agnosis 5-10% 15-20% 40-45% 35-40%
Overall survival . ! !
5 Very good Intermediate Bad intermediate
(Syears) 95% 75% 50% 75%
L. Lower rhombic
Cell of origin lip precursor ? Unknown
o Driver WNT/BCAT SHH MYC amplification | MYCN & CDK6
E 3 pathway/genes CTNNB1 mutation PTCH1 mutation OTX2 amplification amplification
|
O > :
qg, = Expression MYC & GABAergic & Neuronal &
() Q . WNT signaling SHH signaling photoreceptor glutamatergic
signature . ianat
signature signature
52



Cell of origin SHH medulloblastoma

New Born Adult
e ] G (H D 3 ) |
(external granular layer) N — -
Granule Neuron progenitors N B 4
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Are the GCP the cell of origin SHH medulloblastoma?

New Born Adult
A ' B ¥ R'e '
(external granular layer) N =— \\' e N\
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Medulloblastoma (MB)

» Based on gene expression profile : 4 different molecular groups

Adapted from Northcott & al., 2012

a 10 __________________ - @ 10 __________________
Age distribution } : t k R
infant Childhood Adult Infant Childhood Adult Infant Childhood Adult “Infant Childhood Adult
S
-— . Classic > .
© histolo Classic desmoblastic/ cl ic>LCA Classic; rarely
o gy plastic assic
= (very rare LCA) nodular> LCA LCA
©
2 Metastasis at
= di . rare intermediate frequent frequent
%) 1agnosis 5-10% 15-20% 40-45% 35-40%
Overall survival . ! !
5 Very good Intermediate Bad intermediate
(Syears) 95% 75% 50% 75%
L. Lower rhombic Granular cell
Cell of origin lip precursor progenitor Unknown
o Driver WNT/BCAT SHH MYC amplification | MYCN & CDK6
E 3 pathway/genes CTNNB1 mutation PTCH1 mutation OTX2 amplification amplification
|
(@ R .
qg, = Expression MYC & GABAergic & Neuronal &
() Q . WNT signaling SHH signaling photoreceptor glutamatergic
signature . ianat
signature signature
55



Medulloblastoma (MB)

Histological
classification
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(intermediate prognosis) (good prognosis) (bad prognosis)
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Medulloblastoma (MB)

Histological
classification
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Histological
classification

Transcriptomic
classification

Medulloblastoma (MB)

Hlstopatl'lology

. )’" ; ), \_ ré N ; F ' :
“'&e‘hg 4 ;
W . o i .ﬁ L AT
¥l 3 S0 'b at.-i‘.'.a‘b L 2
Classic medulloblastoma Desmoplastlc/nodular Large CeIIIAnapIastlc
Uniform sheets of poorly medulloblastoma medulloblastoma
differentiated cells Differentiated nodules surrounded by ~ Round cells with prominent nucleoli

more cellular internodular regions

(intermediate prognosis) (good prognosis) (bad prognosis)

- Group3

s+, GROUP4

GROUP 3

ol @ P < 0.001

L T

0 50 100 150 200 250




MB groups can be stratified in subtypes

Medulloblastoma
763 primary samples Subgroup

29%

!joc mv).

Expression

&

|
|
|
|
|
|
|
|
|
|
|
|
g :
|
|
|
|
|
|
|
|
|
|

19% | Group 3

Methylation

XL Group 4

SNF

16%

21%

34%

47%

26%

28%

30%

33%

37%

SHHy

SHH

Group 3a

G 3

£ |8
2| (&8

Group 48

Group 4y

Key clinical/cytogenic finding

Monosomy 6,
young age

Adults

TP53 mutation,
MYCN/GLI2 amplification

Infants, metastatic
poor outcome

Infants, MBEN,
good outcome

TERT promoter mutation,
adults

Metastatic infants,
better outcome

Less metastatic,
GFl activation

MYC amplification,
poor outcome

MYCN amplification

SNCAIP duplication

CDK6 amplification

OS probability

o
n
51

0.00

H
Fannnng
H

| S—

-‘I*I.III'I'IIII*

mnon-SHHa TP53WT
== non-SHH a TP53 mut
mm SHH a TP53WT
anSHH a TP53 mut

p = 0.000876

01 2 3

4 56 7 8 9 10

Overall Survival (years)

SHHa TP53mut 13 12 7 6
SHHa TP53WT 24 24 19 14
n-SHHaTPS3mut 7 6 6 5

n-SHHa TPS3WT 80 71 61 51

1.00 4

0.75 4

OS probability
o
3

o
)
wn

Group 3a
- Group 3

0.00 + Group 3y

5§ 6 6§ 2 1 1
121 8 5 3 2
4 4 4 4 4 3
43 39 31 25 18 13

0NN -

p = 0.0362

0 1

2 3 4 5

Overall Survival (years)

No. at risk

Group 3a 55 47
Group 3B 27 22
Group 3y 32 19

37 30 26 21
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Are the GCP the cell of origin SHH medulloblastoma®?

How to test that the GCP/GNP are the cell of origin of SHH medulloblastoma?

61



Are the GCP the cell of origin SHH medulloblastoma®?

How to test that the GCP are the cell of origin of SHH medulloblastoma?

-match the transcriptome of SHH medulloblastoma to that of
different normal cerebellar progenitors during development

-use mouse genetics

62



Cell of origin of SHH-MB

GCP/GNP is the cell of origin of SHH-MB
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Atoh1 expression across MB groups
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Cell of origin of SHH-MB

GCP/GNP is the cell of origin of SHH-MB

o !'/’—\; @ )
5 v )

Atoh1 expression across MB groups

Tumor Medulloblastoma ] Y1
Cavalli - 763 - rma_sketch - hugene 11t L\ \
NG _subgroup vs ATOH1 (B096461) 'A,-g'ﬁ"
p=0.00=+00 {(anova)
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ATOH1 expression is enriched in SHH- group
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Cell of origin SHH group

matching the transcriptome:

0- Excitatory cerebellar nuclei neurons
1- Embryonic and postnatal GCPs-1
2- Neural stem cells

3- Unipolar brush cell and GCP progenitor
4- Unipolar brush cells

5- GABA interneurons

6- Brainstem progenitors

7- Granule cells

8- VZ progenitors

9- Unipolar brush cell precursors

10- Differentiating Purkinje cells

11- Gliogenic progenitors-1

12- Upper rhombic lip progenitors

13- Mesenchymal stem cells-1

14- Purkinje cells

15- Postnatal GCPs-2

16- Post mitotic NTZ neurons

17- Roof plate-like stem cells

18- Proliferating VZ progenitors

19- Oligodendrocyte progenitor cells
20- Gliogenic progenitors-2

21- Astrocyte/Bergmann glia precursors
22- Endothelial cells

23-Postnatal excitatory cerebellar nuclei neurons
24- GABA interneuron precursors

25- Pericytes

26- Early proliferating VZ progenitors
27- Mesencgymal stem cells-2

28- Microglia

29- Meninges

30- Red blood cells

25

= ; s scRNAseq of cerebellar cells
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Cell of origin SHH group

matching the transcriptome
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Cell of origin SHH group
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SHH-MB has a transcriptome closed to that of GCP (Granule cell progenitors)



Mouse genetics:

Atoh1

Cell of origin SHH group
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Cell of origin SHH group

Mouse genetics:

) - .
Atoh1 . i ,J \ i N /: J%
/ A . ¢, NN ‘") 4
Genetic alteration SHH Genetic alteration SHH

R X

(GlololB)ele] yomcie (Sl olofole]e)

Lol o]oJcle @] ceioforigin L] ollolo]e]e)
| |

B oo (o]l o] o]ole]e]
] ConsequenceS[OIOIOAOIOIO]

O S
O] O

B Olo]o

Tumor formation No tumor
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Cell of origin SHH group

Mouse genetics:

Atoh1 . by a._) /\} ) \ &) ‘0%

External germinal .~ . o
cell layer (EGL) “~ osi8808% ooms ©) QQOO%Q
Purkinje cell layer (PL) — O™ e5sge

= Internal granule
#fimg,  oolllayer (1GL)

o % —_— S >

I

PL

IGL

Cancer Research Reviews AR




Cell of origin SHH group

Mouse genetics:

Atoh > i a._) ' i ' ﬁ-j‘l S
Mouse
Atoh1-cre::PTCHFF to generate the PTCHGCP/CCP mice
Atoh1 enhancer promoter CRE ] Transgenic/KI
ﬂ _f PTCHF/F
PTCH promoter = = PTCH ]: = (PTCH locus)
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Cell of origin SHH group

Atoh1Cre::PTCHFF:

WT
PTCHGCP/GCP
Atoh1 enhancer promoter CRE

7

PTCHGCP/GCP

PTCH promoter B}: >— PTCH ]= = 72

~




Cell of origin SHH group

Atoh1Cre::PTCHFF:

WT

PTCHGCP/GCP

6 weeks old animals

GABRAG differentiated GN marker

Atoh1 enhancer promoter CRE
- PTCHGCP/GCP

PTCH }Z = 73

PTCH promoter




Cell of origin SHH group

Atoh1Cre::PTCHFF:

WT

PTCHGCP/GCP

6 weeks old animals

PTCH inactivation (activation of SHH pathway) in GCP leads to MB
formation
GCP/GNP is the cell of origin of SHH-MB



Lineage addiction in cancer
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Lineage addiction in cancer

GCP/GNP is the cell of origin of SHH-MB

Atoh1 x Kot = S

Atoh1 is expresssed in granule cell progenitors (GCP)



Lineage addiction in cancer

GCP/GNP is the cell of origin of SHH-MB

o !'/’—\; @ )
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Atoh1 expression across MB groups

Tumor Medulloblastoma ] Y1
Cavalli - 763 - rma_sketch - hugene 11t L\ \
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ATOH1 expression is enriched in SHH- group
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Lineage addiction in cancer

GCP/GNP is the cell of origin of SHH-MB

Atoh1

Atoh1 expression across MB groups

2log of ATOH1

13 q

12 1

11 1

10 1

w £ w @ - =] ©w
L L L L L L

Tumor Medulloblastoma
Cavalli - 763 - rma_sketch - hugene11it
NG _subgroup vs ATOH1 (BO96461)
p=0.00e+00 {anova)
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Atoh1 and SHH-MB formation (PTCH-/-)

Non Injected

Tamoxifen Injected
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Lineage addiction in cancer

GCP/GNP is the cell of origin of SHH-MB

Atoh1

Atoh1 expression across MB groups

2log of ATOH1

13 q

12 1

11 1

10 1

w £ w @ - =] ©w
L L L L L L

Tumor Medulloblastoma
Cavalli - 763 - rma_sketch - hugene11it
NG _subgroup vs ATOH1 (BO96461)
p=0.00e+00 {anova)
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Atoh1 and MB formation

Non Injected

Tamoxifen Injected

WS, Deletion of Atoh1
Prevents MB formation
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Lineage addiction in cancer

GCP/GNP is the cell of origin of SHH-MB

Atoh1

Atoh1 is expressed in SHH-MB

2log of ATOH1

13 q

12 1

11 1

10 1

w £ w @ - =] ©w
L L L L L L

y

/ ‘ W - S |
Atoh1 is.@ specific marker of the GC_P liheage:

Tumor Medulloblastoma Y
Cavalli - 763 - rma_sketch - hugene11t
NG _subgroup vs ATOH1 (BO96461)
p=0.00e+00 {anova)
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Atoh1 is required for SHH-MB formation

Non Injected

s
Tamoxifen Injected
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CONCEPT OF LINEAGE ADDICTION
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Lineage addiction in cancer

cancer

LINEAGE ADDICTION IN CANCER:

= Cancer are classified by their localization (organ specificity)

= Close association between cell lineage and cancer phenotype
(Cancer cells expressed specific lineage markers representative of cell of origin)

= Lineage markers are key for tumour progression
(Lineage dependency (ex: Atoh1in SHH-MB))

um==) CONCEPT OF LINEAGE ADDICTION 8l



Medulloblastoma (MB)

» Based on gene expression profile : 4 different molecular groups

Adapted from Northcott & al., 2012

a 10 __________________ - @ 10 __________________
Age distribution } : t k R
infant Childhood Adult Infant Childhood Adult Infant Childhood Adult “Infant Childhood Adult
S
-— . Classic > .
© histolo Classic desmoblastic/ cl ic>LCA Classic; rarely
o gy plastic assic
= (very rare LCA) nodular> LCA LCA
©
2 Metastasis at
= di . rare intermediate frequent frequent
%) 1agnosis 5-10% 15-20% 40-45% 35-40%
Overall survival . ! !
5 Very good Intermediate Bad intermediate
(Syears) 95% 75% 50% 75%
L. Lower rhombic Granular cell
Cell of origin lip precursor progenitor Unknown
o Driver WNT/BCAT SHH MYC amplification | MYCN & CDK6
E 3 pathway/genes CTNNB1 mutation PTCH1 mutation OTX2 amplification amplification
|
(@ R .
qg, = Expression MYC & GABAergic & Neuronal &
() Q . WNT signaling SHH signaling photoreceptor glutamatergic
signature . ianat
signature signature
82



Medulloblastoma (MB)

» Based on gene expression profil : 4 different molecular groups

MB subtype 3
incidence 25%
Overall survival Very good Intermediate Bad Intermediate
(meta+++) (meta++)
_ MYC amplification | MYCN & CDK6
Driver pathway WNT HH OTX2 amplification | amplification
Expression Photoreceptor Neuronal &
. WNT signaling SHH signaling K glutamatergic
signature R signature

A

[

positive reg. of
fibroblast migration

gl sodium ion
' transport

e |
GABAergic
Apey ;

\ eye photoreceptor ‘
cell development

Phototransduction




Group 3 Medulloblastoma (MB)

Group 3 Medulloblastoma

Group 3 MB displays an abnormal identity
(photoreceptors of the retina)

* Identity unrelated to the tissue of
origin : retina fate in a cerebellar tumor

LINEAGE ADDICTION IN CANCER:

= Cancer are classified by their localization (organ specificity)

= Close association between cell lineage and cancer phenotype
(Cancer cells expressed specific lineage markers representative of their localization)

= Lineage markers are key for tumour progression
(Lineage dependency can guide treatment (ex ER in breast Cancer))

*Challenge the concept of lineage addiction in cancer
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Group 3 Medulloblastoma (MB)

Group 3 Medulloblastoma

Group 3 MB displays an abnormal identity
(photoreceptors of the retina)

* Identity unrelated to the tissue of
origin : retina fate in a cerebellar tumor

Challenge the concept of lineage addiction in cancer

How this abnormal identity is established ?

Is there an addiction to this abnormal identity?

85



Identification of active enhancers in medulloblastoma

~-K27ac
ﬂ[ ChIP- seq for H3K27Ac

Peak calling
Identifying putative enhancers

Subgroup-specific Common Super-enhancer calling
— I
I
L .

(Target Gene ldentification )

Transcription factor networks

H3K27ac labelled active enhancers

Pathway analyms

" -
U &b
.
C"H rycle S|qnaqu
NKD2 SE PCNT SE SNCAIP SE
209wt 10kb 97 30wt 10kb © 25wt 10kb 7] YWt 10kb °]
EQO ey l €0 - E O _— E o =
ED = ED - ED - ES -
~3_Lu.A_.AL§ eely 1 SN =3 Sle 23 Slm
SHH & SHH o SHH e SHH g
2 o &
sl [l s | . fla L. flm
§ § 5 ﬂ &
[7] [} 7] [77]
[ 0 w 7]
@ (] [0}] @
;i L5 S — ;‘ J:L T —— ;% ;i .D_
Group 4 w Group 4 fn} Group 4 w :[oup 4 ] l
chr5:925,933 chr21:47,738,157 chr1:221,047,098 chr5:121,630,525

woe 8 pon HHIH-HHI v WH sNoAP —HHHH

In collaboration with Dr. P. Northcott (St Jude, USA) & C. Lin (Houston USA) 86



Group 3 are enriched in active enhancer/SE
controling photoreceptor genes

neuron development
and differentiation
Whnt signaling *
pathway, planar O
cell polarity pathway O
. O negative regulation

inner ear of transmembrane
development

receptor protein
ser/thr kinase signaling

pathway

In collaboration with Dr. P. Northcott (St Jude, USA) & C. Lin (Houston USA)
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Group 3 are enriched in active enhancer/SE
controling photoreceptor genes

inner ear of transmembrane
development I r prote

H3K27ac labelled active enhancers
(Identification of G3 enhancers)
Controlled genes involved in retina
development

88
In collaboration with Dr. P. Northcott (St Jude, USA) & C. Lin (Houston USA)



Group 3 are enriched in active enhancer/SE
controling photoreceptor genes

neuron development
and differentiation
Wnt signaling '
pathway, planar O
cell polarity pathway

inner ear of transm
development receptor protein
Ser/tnr K 1Se siql

H3K27ac labelled active enhancers
(Identification of G3 enhancers)
Controlled genes involved in retina
development

In collaboration with Dr. P. Northcott (St Jude, USA) & C. Lin (Houston USA)

Top scoring Group 3 fully CRX motif NRL motif
interconnected TF network TAATCC TGCTGA

PN\ V NV retinal gene
|ZNF574- PEG3 ; MAFK expression
IRF3 © OTX2 - FIZ1 HOXC10 \
11 -r? —— .-’--——-Y AN
SOX4 - SOX15: RXRA - POUZF1
11 20 3¢ orcmmct sads v, B,
ZIC3 * PAX6 “MEF2C' W

Look for enrichment of binding
sites for TFs on these enhancers
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Group 3 are enriched in active enhancer/SE
controling photoreceptor genes

neuron development
and differentiation

Wnt signali 19
athway, planar O
cell p arity ;L*H’K'.“"

inner ear
development

H3K27ac labelled active enhancers
(Identification of G3 enhancers)
Controlled genes involved in retina
development

Top scoring Group 3 fully CRX motif NRL motif
interconnected TF network TAATCC TGCTGA

P/ \VI\ VIV retinal gene

s {ZNF574- PEG3 ; MAFK expression

% IRF3 - OTX2 __ FiZ1 HoKC10 \ J/\
SOX4 * SOX15- RXRA?POUZH

\ R | QO

Look for enrichment of binding
sites for TFs on these enhancers

NRL and CRX binding sites are enriched in Group 3 enhancers

In collaboration with Dr. P. Northcott (St Jude, USA) & C. Lin (Houston USA)
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NRL in Medulloblastoma

NRL enr [Minan

Role of NRL in medulloblastoma

NRL expression is restricted to the photoreceptors of the retina

. ¢
Retina S,

(immunohistochemistry (IHC))
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NRL in Medulloblastoma

Role of NRL in medulloblastoma

NRL expression is restricted to the photoreceptors of the retina
(not expressed in the cerebellum)

Eye
(P21)

E13,5 E15 P4 P21

Anti-sens (+)

x4 x4 : x4 x1 x20

Sens (-)

x4 . i x4 x4 x1

x20

In situ hybridization (ISH) 92




NRL in Medulloblastoma

Role of NRL in medulloblastoma

NRL expression is restricted to the photoreceptors of the retina

(not expressed in the cerebellum)

:—,.__ 000

%ﬁ
Role in photoreceptor terminal differentiation %@
(KO NRL: lack of a subset of photoreceptors) ' "--'1::';” "?3,‘? >
Mutations of NRL in human (retinitis pigmentosa) | } | t“;
Retina ; ':‘",.f;‘.{ ‘%

Role of NRL in medulloblastoma?
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NRL overexpression in MB

Wnt HH 3 4
e demset wel]T FIMIIE 011 0
GSE12992
- 0 2.8
1.5
Wnt HH 3 4
[ ]
Kool dataset NRL
GSE10327 D — L —
- 0 2.4
1.5
Wnt
Northcott dataset #1 “ 3 4—
GSE21140 NRL
|
- 0 3.1
1.5
Northcott dataset & 3 *

D |

GSE37385

NRL is overexpressed in the metastatic MB group 3

Collaboration with Dr. F.Bourdeault & Dr. O. Delattre (Institut Curie)

NRL
expression

NRL
expression

NRL

expression

NRL
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MB PDX

D458
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Group 3 MB PDXs

PDX : Patient-derived xenograft




Group 3 MB PDXs

PDX : Patient-derived xenograft

Medulloblastoma
grafting
< T
——
. Tumour growth and serial passages
Necker Hospital
GFP
Tumour Culture
growth
i ] i -
\ Genetic manipulations :
s = €
/ ' LENTIVIRAL INFECTION
Tests in vitro | Gene extinction, overexpression
(proliferation...) neurospheres
| phase
96

In collaboration with Dr. O. Ayrault (Institut Curie)



NRL is required for MB growth in vivo

>»NRL knock-down in 2 PDX

RT-gPCR Western-blot NI : non infected
2 -

15 - PDX culture 1 PDX culture 2

1 shNRL shNRL
05 Ctl #1 #2 Ctl#1 #2

Relative NRL
expression

a~

shNRL shNRL B-actin M‘ ———
PDX culture 1 PDX culture 2

0 i
NI Ctl #1 #2 NI Ctl #1 #2 NRL = |_.

shNRL2  shNRLS

tumor
growth
= NRL is required for

— growth in vivo both in

-@shNRL2

cell lines and in PDXs
survival

Orthotopic Grafting
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Transcriptional Regulation

C CCND2 ) Photoreceptor ( BCL-xL )
\l, Program /\ J_
Cell Proliferation ABT-737 | TW37 Apoptosis

NRL and CRX are master regulators of
the Group 3 MB photoreceptor program

Photoreceptor transcriptional program
is a dependency in Group 3 MB

NRL control cell cycle by inducing
CCND2 expression

NRL protects MB from apoptosis by
inducing BCL-XL expression

BCL-XL as a potential therapeutic target
in Group 3 MB

G33-MB: Addiction to abnormal lineage
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Pediatric Cancers

Paadiatric pan-cancer cohort
Highly mutated samples
Median paediatric
Median acult

In general rare cancers
® 75-80% Cured

- Better than for adult cancers.
- Important side effects
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Mature cells

Somatic
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Development
Stem and
Fertilized egg progenitor cells/,
Adult

tumours

\Tumour cell

Maturation block
(differentiation) : paediatric
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. . . Paediatric and adult ~ Adult-specific
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