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LINEAGE RESTRICTION DURING DEVELOPMENT Erasme H UL
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EPIGENETICS: A LANSCAPE TAKES SHAPE Erasme F m

Epigenetics = events that could not be explained by genetic principles
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EPI-GENETICS = ON TOP OF THE GENOME Erasme F m

Chemical modifications of chromosomal DNA and/or structures that changes the
pattern of gene expression without altering the DNA sequence

Epigenetic modification alters
which genes are on or off
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EPIGENETICS MECHANISMS Erasme H uLs
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HISTONE MODIFICATIONS Erasme H uLs

Histones acétylases (HAT) Histones désacétylases (HDAC)
Histones méthyltranférases (HMT) Histones démeéthylases
Histone kinases Histones phosphatases
, il
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ACETYLATION AND METHYLATION OF HISTONES Erasme F‘ ULB

= DNA Accessible, Gene Active DNA Inaccessible, Gene Inactive
' o Histone Tail

Histone

Histone Tail

Acetylation Methylation
removes positive charges H3K4me2, H3K4me3,
OFF => Recuced affinity H3K79me3 ON OFF OFF
between histones and DNA
H3K9me2, H3K9me3,
UN H3K27me2, H3K27me3, ON ON

H4K20me3 OFF



https://en.wikipedia.org/w/index.php?title=H3K4me2&action=edit&redlink=1
https://en.wikipedia.org/wiki/H3K4me3
https://en.wikipedia.org/w/index.php?title=H3K79me3&action=edit&redlink=1
https://en.wikipedia.org/wiki/H3K9me2
https://en.wikipedia.org/wiki/H3K9me3
https://en.wikipedia.org/w/index.php?title=H3K27me2&action=edit&redlink=1
https://en.wikipedia.org/wiki/H3K27me3
https://en.wikipedia.org/wiki/H4K20me3

DIFFUSE MIDLINE GLIOMAS H3K27M MUTANTS Erasme F ULB

Neural Stem Cell

|

3 £ H3K27M mutation
Genetic Alterations (AAG > ATG)
v
Epigenetic Alterations Histone Modifications
v v ¥
Oncogene Amplification Mutation Deletion
Activation : ' .
PDGFRA (30%) TP53 (30%) CDKN2A/B
CDK4/6 or ACVR1 (30%) (<5%)
CCND1-3 (20%) PPM1D (15%)
MYC/PVT1 (15%) ATRX (15%) l

Tumor Clones 9
(Tumorigenesis) ‘

Midline glioma
Argersinger DP, et al., Cancers (Basel). 2021 Oct
21-12(21)- 5220



HISTONE H3-K27ME3 AND K27M AS DIAGNOSTIC
BIOMARKERS
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H3F3AK27M
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H3F3A wild type
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Lroe.22 Pediatric high grade gliomas

Detection of H3.3 K27M by IHC showed
100% sensitivity and specificty and is

superior to global reduction in
H3K27me3 as biomarker in diagnosing
H3F3A K27M mutations.
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Factor H3.3 K27M positive H3K27me3 low
Sensitivity 100 100
Specificity 100 08
PPV 100 20
NPV 100 100

Endothelial cells of blood vessels =
internal control
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Venneti S. et al., Acta Neuropathol, 2014.



DNA METHYLATION raome H vLB

CpG = regions of DNA where a cytosine is followed by a guanine along its 5' — 3'
direction

Methylation of cytosine only

CpG sites occur with high frequency in genomic regions called CpG

islands (or CG islands)

In mammals, 70% to 80% of CpG cytosines are methylated

About 70% of promoters located near the transcription start site of a gene contain
a CpG island

H' T CpG T A <)

S\QAGCAL AGAT 43
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DNA METHYLATION e I m

» Covalent modification (addition of a methyl group to the 5th carbon) of a CpG dinucleotide
* Robust biomarker that can be detected after fixation and tissue processing
* Binary nature : methylated/unmethylated makes it easier for computational analysis

A

S-Adenosyl- S-Adenosyl-
L- methionine  L- homocysteine
_H (SAM) (SAH)

7

DNA
methyltransferase
(DNMT)

Cytosine 5-Methylcytosine

B W 1@ —> ACTIVE
- R —

e —
leG island CpG island,

Promoter region . Methylated CpG site
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MGMT O6-METHYLGUANINE-DNA METHYLTRANSFERASE Erasme F m

0%-methylguanine DNA methyltransferase (MGMT) is a key enzyme in the DNA repair
network

MGMT prevents the genotoxic effects of O®-methylguanine adducts produced by
exogenous and endogenous alkylating mutagens in human cells.

cross link

DNA fragmentation
prohibits strand separation Mismatch in b'ase pairing
required for DNA synthesis or (mutation)
transcription
17.06.22 .

Cabrini et al., Int. J. of Oncology, 2015.



MGMT O6-METHYLGUANINE-DNA METHYLTRANSFERASE Fraeme I-‘ uLB

« MGMT is a ubiquitously expressed nuclear enzyme which removes alkyl groups from
0b-position of Of-methylguanine.

Degradation

Cysteine Cysteine

\ cn.,

08-Methylguanine Guanine
5 7
{ 34 9‘\>H
54 g

N
BN H,N

Deoxyrlbose Deoxyribose

» « suicide inhibition »: inactivation of one molecule of MGMT for each alkyl group removed
from methylguanine.

« The number of O%-methylguanine adducts that can be removed from DNA in vivo is limited
by the number of MGMT molecules in cells and the rate of de novo synthesis of the

; 13
protel n. Cabrini et al., Int. J. of Oncology, 2015.
Silber et al., Biochimica et Biophysica Acta, 2012.
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MGMT GENE
MGMT mRNA 1265 nt
5
MGMT protein (aprox. 22 kDa) 238 aas
Gene Locus
10q26 A VA VY
I 4 11 v H v }—
< >
CpG Island 762 bp, 97 CpG dinucleotides
< >
MGMT Gene 15 kb
142 single nucleotide variants of MGMT gene
V: Described Polymorphisms of Unknown Significance
2P @
. —'5—"' } MGMT gene
MGMT gene expression regulated by: ., N A
S‘D‘ relaxed chromatin
« Transcription factors (Spl, AP-1, CEBP, NF-kB, HIF-1a S @
« Histone modifications o @
« MicroRNAs (miR-181d, miR-767-3p, miR-648...) -
« MGMT promoter methylation 1k MM cene
condensed chromatin

Cabrini et al., Int. J. of Oncology, 2015. 14

17.06.22
Esteller and Herman, Oncogene, 2004.



MGMT PROMOTER METHYLATION

Post-transcriptional mechanism reducing protein expression

Erasme F m

The extent of the methylation of CpG sites in the promoter affect the levels of expression of the protein
Methylation of MGMT promoter is found in 40% of cancer types such as glioma and colorectal cancer

and in 25% of NSCLC, lymphoma and head and neck carcinoma.
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MGMT EXPRESSION AS PREDICTIVE BIOMARKER Erasme F m

MGMT promoter methylation is a biomarker of the response to the alkylating chemotherapy
/ s Temozolomide
Nitrosourea derivatives
0%-meG

A. MGMT Repair
i Massive DNA alkylation: base mispairing

Unmethylated i —
High MGMT expression ¢ ' s e _
Resistance to therapy ’ % i
- _ B0
3% 60
= 50 <
€% 4
Ubiquitination “ g 2 ;: 3 Unmethylated P<0.001
-> ol
- - 0
<. 0 6 12 18 24 30 36
Months

Degradation
NO. OF SUBJECTS
Methylated 19 19 19 18 13
Unmethylated 28 28 26 19 5

Importance of evaluating
MGMT expression level

Cell Survival Esteller and Herman, Oncogene, 2004 16
Liu and Gerson, Clin. Cancer Res., 2006



Map of the CpG island region of the MGMT promoter il '. m

» MGMT promoter spans > 1000 bp

» Contains approximatively 100 potential methylation sites 100 bp
¥z Promoter with maximal activity 3 :
Minimal promoter Enhancer
- -
BamHI Pstl Fzpl] Smal ™1 bal Fspl Sstl Yhol
[T [ ] [

CpGisland | |

o ety R
1 ar

Visualization of CpGs interrogated by diverse methylation-specific assays:
b
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Everhard et al., 2009 Qian and Brent, 1997 Esteller et al. 1999
Shah et al., 2011 Watts et al., 1997 Esteller et al., 2012
Kanemoto et al., 2014 Evehard et al. 2009



Methods to determine the methylation status of MGMT promoter Erasme I' ﬂ

Quantitative methylation specific PCR

Pyrosequencing

Methylation-sensitive high resolution melting

NGS
Etc.

Genomic DNA

Quality check

Bisulphite conversion*

Allele 1 (methylated)

m
———ACTCCACGE——TCCATCGCT———
——TGAGGTGCC——AGGTAGCGA———

Deamination of unmethylated cytosine residues:

NH; HH

HS0O3 /\I

="

fL\H

tytosine 5 Eﬁnﬁs‘j 2 :te
MH,
”"JE/CHH :gs%
0”';L‘H OH

H

5-methylcytosine

Allele 2 {unmethylated)

——ACTCCACGE——TCCATCGCT———
——TGAGGTGCC——AGGTAGCGA———

Bisulphite treatment

@ Alkylation @

Spontaneous denaturation

———AUTUIAUGG——TUUATCGUT———

——TGAGGTGUI-—AGGTAGCGA———

———AUTUUAUGG———TUUATUGUT———

——TGAGGTGUI-—AGGTAGUGA———

HM DH HH

’A‘n sg,” HSO

uracil
sulphonate

H,0
NH;

uracil

o
o o

bisulfite Y .

\

PCR
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Quantitative Methylation Specific PCR (qMSP) Erasme I'|

(3 Methylation-specific primers

—> " <—ccAan——
~—GCAA———
: 1 }
—te m —
——-AUTUHUAUGG——-TUUATCGUT——— ———AUTUUACGG———TUUATUGUT———
~—GCAA——— ~—GCAA——
B Methylated CpG sites Unmethylated CpG sites
axC '..?t]:)r‘ EXCItauon
. “ “
primer ) (9 S (%)
—=
3 15 K 15
voe [¢'e’s)
S—
MethyLight PCR B
excitation amisson
Tumor 1 (U) Tumor 2 (M) L
BTl . LI | ﬁé. e
| couar / - S 5 0
o iy
| - [o'e0)
| MGMT

Cankovic et al., 2013



Pyrosequencing (PSQ) Erasme l‘ m

Genomic DNA Pyrosequencing
Quality checkt gmglzmgggd
Bisulphite conversion* 5
l e
@ rophosp a\ .
Generation of PCR amplicon A < &
of the region of Interest - ‘/
{
— L _ Dig'rtaltcamera@
Single strand template
preparation . Fyrogam
é Pyrogram N .
Comparison PSQ and qMSP: 3 ACT1 TGAA
PSQ qMSP z _A A T : :
3 Sequence of ~—— Sequence 0
LOD 5% 2% i t & = 2 synthesised DNA template DNA
Specificity 98% 93% Added ANTP
Hands-on time | 2 days 1 day
. : 20— —00 000
Costs high | medium fone 2
clone2 —@-0—0—80—080O
350 gliomas (WHO grade | to IV) clone 3 - @—0O—0-0—000
Analyzed by PSQ and qMSP: cone s — 90— —00O—000
Met. Unmet. Discordant clones —O-O—O—0OO0—CC0
182 (52%) | 152 (43%) 16 (5%) @ Methylated CpG site

Wang et al. Pathology 2017 O Unmethylated CpG site



Inconsistently methylated GBM cases are associated with poor OS  Erasme F m

MGMT testing results :

Méthylé NC/Mat retested total
Méthylé (WHO) | Non méth. | ins. Total 2017 |12% (18) | 100% (150)

Astrocytome | 46% (12) | 40-50% | 54% (14) 1 27 2018)17% (18) | 100% (106)
GBM 41% (29) 35% 59% (41) 4 74
_ ] ] ) > 5to 37% of GBMs
Oligo 45% (5) | 60-80% | 55% (66) 2 12 difficult to categorize
Autre 33% (4) 67% (8) 0 37
Total 38% (54) 89 (62%) 7 150

465 GBM cases; 4 gMSP reactions per case:

____ 199 Methylated (43%)
____ 58 Inconsistently methylated (12%)
___ 208 Unmethylated (45%)

- No statistical difference between Un. and Incons.
- The Incons. forms an heterogenous group

0S (probability)

T T T T
0 20 40 60 80 100 120 140

Time (months) Xia et aI., 2016



Prognostic prediction of GBM using the entire MGMT promoter

Erasme F

» Bisulfite conversion followed by NGS (MiSeq, lllumina)

A Sample 29 (68 clones) (cluster 1)

29I 2. TTLZ.3T Cpissnice «3332 ¢
HERE L e LI
Hill & Tl 'mimz' saies
233222 ll l 2 22
22320 !! !! et vt
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o B R R R

.
!2 !} 2’1!
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18 5 fadiania
e32e233e
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- B 8.3 8 8-38« m
i 3 Peee x 3 ﬁ'ﬁﬁ =z y:
3 bt 23 33e3 12 o33 ---:::- g :;
gﬁi i;i! @giﬁ Fig ;g f i‘fgiﬂf 7
It
C Sample 10 (77 clones) (cluster 3) 5 .,__',
o

o

chr10:131,155,100

CpGsite 10

O

0=

(143

cluster p-value
1 vs2 0.892
Cluster 2 1 vs3 0.686
1 vs4d 0.0533
2 vs3 0.789
2 vs4 0.193
3 vs4 0.152
Cluster 1
n=10

Cluster 4 n=20

oA

‘)2
vk

Progression-free survival

1

0
Times(months)

T
&

Miseq sequencing
———

chr10:131,155,761.

97

|
|

cluster p-value
1 vs2 0.631
1vs3 0.276
1 vs4 0.00481
Cluster 2 2 ve3 0.276
n=9 2 vs4 0.0204
5 | 3 vs4 0.0961
" Cluster 1
n=10
1 Cluster 4 n=20
I 1 I
20 40 BO 80
Times(months)

Kanemoto et al., 2014

Shah et al., 2011

|PFS

OS



CNS TUMORS CLASSIFICATION Erasme

Virchow : —— 1863,
Cushing & Badley > 1925
. 1926 Broders 4 WHO classification
e 1940 s s of CNS tumors

Based O n m O r p h 0 I Ogy l=Ringertz ’ Breakthrough discovery

Central Nervous System

Tumours 1st edition WHO ——— 1979
Classification ® - Large cohort molecular
2nd edition WHO characterization
e Classification ¢
1p/19q codeletion -
discovered # —19’94 1pi18g codeletion .
- predictive of tfreatment Position paper
1998 — response®
2ed edition WHO MGMT predictive
classificaticn '* 2000 marker in gliomas *
“Phillips’ expression ——— 2006
*&* dassification of
glicblastomas ™ - 4th edition WHO
2007 —— dlassification ™

clasgsification '

IDH mutation reported (e
in gliomas * 2008 Glioblastoma molecular w

w 'Verhaak' expression |
dassification of 2010 IDH-mutant gliomas have
glicblastomas * ) a G-CIMP phenotype '™ Iﬁ&&
p CIC and FUBP1
% mutations reported in ——— 2011
oligodendrogliomas =

Histone H3.3 mulations

bt 4
"m‘ Pediatric glioblastoma 2012 reported in pediatric
methylation classification '® glioblastoma "'

a‘ Ghoblastoma molecular Zfﬁ
R Based on morphology AND
N 201
ower grade
wgiomamo&emler | mOIeCUIar
Shiicaten ™ 201
&‘{& Pan-glioma methylation Revised 4th editicn
classification "* 2016 WHO classification **
. Establishment of consortium to
17 . 06 . 22 < ‘«2611 "——4 Inform Molecular and Practical Appreaches to 23
4 CNSE Tumor Taxonomy (cIMPACT-NOW) 7




INTEGRATED DIAGNOSIS OF CNS TUMORS
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-~
Microscopy

6] [
il

3

Morphological patterns and

Y

Next Generation
Sequencing

Detection of key mutations,
CNVs and fusion genes in
selected gene sets.

Y

Methylation
Profiling

Match with established
profiles of over 80 CNS tumor
classes, as well as information

on CNVs and MGMT
promoter methylation status,

Integrated Diagnosis

[HC profiles.

A

A

4

\

/

Kristensen BW, et al., Ann Oncol. 2019 Aug 1;30(8):1265-1278.




DNA METHYLATION BASED CLASSIFICATION OF CNS TUMORS  Eraame I-‘

a Reference cohort (91 classes) b t-SNE damensionality reduction {2,801 samples} 82 CNS tumor Classes, 9
. 1 EDR EEE 1 CHGL
S 1 1B, WNT B 1 LCG, S Control classes
2 MB,G3 = mEm 2 LGG PAPF sHpnsg AD
S N 2 MB,G: E = 2 LGG, PAMID MB, WNT =
SEmGMESHOLAD | mmsANADA o SHOEARPRL iy (n=2801 samples)
w2 MB, . 5 _MN ’
£ BN 2 ATRT,MYC 'E | 5 Am- ODH
& w2 ATRT, SHH 5w e apenoerr ACTH = )
. BiEA - . (1) 29 equivalent to the WHO 2016
B 5 HENET, BooR B RETB  ADHHG (2) 29 subclasses of WHO entities
_ =1 MG K27 ME, G3 ' TPNT.PEA (3-4) 19 combined grades and
5 = PINT.PSB ' PINT,PPT ATRT. TYR e
HCHEE 0% = > entities
S = 2 GBM. RIKII 4. .
2 =2 GOM ATK M - pExAD N ATRT,SHH (5) 5 were not yet recognized by
C mEE 2 GBM MID , CPH.ADM PGG.rC ; »
= 2 GBM. MYCN ME.Gs % CPH, PAP ’ o F.'I:BLPEJA ATRT. MYC the WHO
—3 EWS cronou PYILA, SO0, 6CT e
T My b & PTPR A
Z =N 1 LGG,DIGDA M"‘Gf_:f w ~ SCHW  INFLAM PTFR.B
S 1 Loa Al B0 2wy % EPN.MPE
3 : #7794 1GG PAMID v
2 =;ENB.A MELCYT H:G' 10 ..‘ &
© mm 2 ENE.B DLASMA / iy P} L0 PAPF W EPN,SPAE
B 2 PGG, nC s PYA 8 5. b
m 4 LGG. GG 3 BLECPEDA MELAN ;t S EPN, RELA
PLEX. - % *° ¢ LGG, RGNT
1 CPH, ADM x DMG, K271 v =~ : ~
=N 1 CPH_PAP z 3 AIDH LYMPHO anapa 44 EPN, VAP oy EPN.PFE
—H L R 2 S
= 1 PITAD, PRL E GEM,MDR e GEM, MYCN i 3 SUBEPN, PF
W iPMADSTHSPA T CEM.RTKN, e g MES Control  SUBEPN. ST
I 2 PHIAD, SHONSA 5 —BEEny ' . A .
—¥ . = 3% 2
B 2 PITAD, STH DN_S'_B § Gg?w Y- HGNET, MN1 oN
=mm 4 PITULSCO.GCT & AEEHORT - g SN CEEM g s CHLAD
mmm 1 EPN RELA -V X LIPNe TV
E 2 EPN, YAP — 5y & M8 suu;#?
= EEE 2 EPN.PFA £ . T 1 LGG, DIGDIA .
S .2 EPN.PER B — L 2 SCHW, MEL HENET, SCOA
£ W 2 EPN, SPIE O
¢ WM £ EPN.NOE . PINEAL im‘sp"‘ .
£ W 4 SUBEPN, PF Em PONS LGG, MYB ﬁ"
B 4 SUBEPN, SPINE REACT 5 HG %
BN 4 SUBEPN, ST & LGG, PAGGST EPN.PFA
7 LGG,GE .
Retaton to WHO entities (category): 8 DLGNT
1 Eguivaent 3 Not equrvalent ([combining grades) 9 LGG, SEGA EMR
2 Subclass 4 Not equwvalent [combining enfites) 40 Control REACT
5 Not recognized by WHO

Capper et al. Nature 2018

Capper et al. Acta Neuropathologica 2018 5



DNA METHYLATION BASED CLASSIFICATION OF CNS TUMORS  Erasme F m

lllumina 850k (EPIC) methylation array 850.000 ,' . :
individual CpG sites measured RPN
more than 99% of RefSeg-annotated genes covered : ';'"j {'.7. o
Little material (500 ngDNA form ~ 5 x 10pm FFPE : v
tissu e) Reference cohort Diagnostic sample
High tumor cell content required (70%) '
Probe selection

|
Random forest classifier
- Training study I

|
- Validation study MACHINE -
- Analytical sensitivity study LEARNING

\ / ! |
}

Calibrated scores

.

17.06.22 Methylation class / family prediction 26




DNA METHYLATION BASED CLASSIFICATION OF CNS TUMORS  Erasme F

Within circles: closely related methylation classes

sTHONSB PITAD
MB, WNT STHONSA & PRL ..
_“ TSH &I\ @ FSHLH
STHSPA . OIDH
2 Esthesio- AR 3 IDH-mutant glioma classes
ENB. 4
neuroblastoma classes - AIDH,
oD YT em A
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CNV AND MGMT PROMOTER METHYLATION Erasme

Copy number variation profile
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Depiction of chromosome 1 to 22 (and X/Y if automatic prediction was successful). Gains/amplifications represent positive, losses negative deviations from the
baseline. 29 brain tumor relevant gene regions are highlighted for easier assessment.

(see Hovestadt & Zapatka, hitp:/iwww.bioconduclor.org/packages/devel/bioc/himl/conumee. himi)
MGMT promotor methylation (MGMT-STP27)

MGMT promotor status prediction

Status Estimated Cl lower Cl upper
——r not determinable 0.18188 0.05985 0.43705
0.00 025 .50 075 1.00
Score (red line cutofi=0.3582)
17.06. 28

(see Bady et al, J Mol Diagn 2016; 18(3):350-61)
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» Capper et al. 2018 : Lead to the change of diagnosis for 12% (129 out of 1155 cases)
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« Karimi et al. 2019 : 15% of all those cases : change in the clinical decision-making for the patient
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In the 2021 WHO classification =» Essential criteria for the diagnosis of 3 entities !

Diagnostic criteria for high-grade
astrocytoma with piloid features

Essential diagnostic criteria

Astrocytic glioma
AND

DNA methylation profile of HG astrocytoma with piloid features : E

Desirable diagnostic criteria

MAPK gene alteration

CDKN2A/B homozygous gene deletion or mutation or CDK4 amplification

ATRX mutation/loss of nuclear ATRX expression

Anaplastic histologic features
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THE HISTOMOLECULAR WHO 2021 CLASSIFICATION OF Hapital LB
CNS TUMORS Erasme .

Integrated histo-molecular classification of diffuse gliomas- 2020 EANO (European Association of Neuro-
oncology) guidelines- Adult-type tumors.
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Weller et al. Nature Reviews 2020
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Epigenetics changes the pattern of gene expression
Epigenetics does not alter the DNA sequence
Three major mechanisms:

o Histone modifications
o DNA methylation
o MmicroRNAs

The analysis of epigenetic marks can help with diagnosis:

o Diffuse midline gliomas H3K27M mutants

o Methylome analysis for CNS tumors

o MLH1 promoter methylation: sporadic colorectal cancer versus Lynch
syndrome

The analysis of epigenetic marks can help to guide therapy:
o MGMT promoter methylation is a biomarker of the response to the
170622 alkylating chemotherapy 32



