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EPIGENETICS
‘over’ the genetic information
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Refers to functionally relevant modifications not involving the

nucleotide sequence. It is involved in controlling gene expression.
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EPIGENETICS
‘Dynamic’

methylation

Histone
modification
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EPIGENETICS

‘CpG mthylation’

e CpGislands are short stretches of DNA with high frequency of
the CG sequence

e DNA Methylation only occurs at CpG sites located in the
promoter regions of genes. Almost all housekeeping genes
are associated with at least one CpG island. About 40 % tissue
specific genes are associated with islands.
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EPIGENETICS

‘Chromatin remodelling’
Heterochromatin Euchromatin

o

Histone acetyltransferases
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Hypoacetylated, methylated H3KS histone tail

e tmier et
v" A tightly packed form of chromatin; v" A lightly packed form of chromatin;
v At centromeres and telomeres; v Gene-rich; low DNA methylation
v Contains repetitious sequences; v At chromosome arms;
v" Gene-poor; high DNA methylation; v" Associated with active transcription.

v Associated with repressed transcription.
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EPIGENETICS

‘Pathogenetic Mechanisms’

Improper epigenetic marks can result in gene
expression changes and lead to disease

(inherited and acquired)
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EPIGENETICS

‘Inherited Disorders’

Table 1. Examples of diseases of chromatin remnodelling

Disease

Chromatin defect

Clinical features

Rubinstein-Taybi syndrome
(62,70,109)

Fragile X syndrome
(62,105)

Coffin-Lowry syndrome
(70,106,107)

Rett syndrome (62,70-72)

Alpha-thalassemia/mental
retardation syndrome,
X-linked (ATR-X) (70)

Immunodeficiency-
centromeric instability-
facial anomalies

syndrome (ICF) (70)
Myotonic dystrophy (107)

Prader-Willi syndrome
(108)

Angelman syndrome (108)

CBP, CREB binding protein; CREB, cyclic AMP-response element binding protein; OMPK, DM1 protein kinase; Dnmt38, DNA methyltransierase 3B; FMR1
mental retardation protein 1; MeCP2, methyl-CpG-binding protein 2; RSK2, ribosomal S6 kinase 2; SWYSNF, mating switching and sucrose non-ferment

Heterozygous mutations in CBP

Hypermethylation of DNA at the FMR1 and
FMR2 promoters, caused by
trinucleotide repeat expansion

Mutation in ASK2, which can interact with
CREB and CBP and can phosphorylate
H3 in vitro (106)

Mutations in MeCP2

Mutations in the ATRX gene encoding
XH2—a member of SWI/SNF family of
proteins; defective chromatin
remodelling thought to downregulate
the «-globin locus

Mutations in Dnmt3B; hypomethylation at
centromeric regions of chromosomes 1,
9 and 16

Abnormal CTG repeat expansion at the 3’
UTR of the DMPK gene favours
chromatin condensation, affecting the
expression of many neighbouring genes

Rare forms caused by abnormal
imprinting (ONA methylation) of paternal
chromosomal region 15q11-13

Rare forms caused by abnormal
imprinting (ONA methylation) of maternal
chromosomal region 15q11-13

plex; UTR, untranslated region; XH2, X-linked helicase 2.

Autosomal dominant inheritance; mental
retardation, abnormal facial features, blunted
growth

X-linked inheritance; most common inherited form
of mental retardation, signs of autistic behaviour,
macrocephaly, long and narrow face with large
ears, macroorchidism, hypotonia

X-linked inheritance; psychomotor retardation,
craniofacial and skeletal abnormalities

X-linked, predominantly affecting girls; pervasive
developmental disorder associated with arrested
brain development, cognitive decline and
autistic-like behaviour

X-linked inheritance; mental retardation, haemolytic
anaemia, splenomegaly, facial, skeletal and
genital anomalies

Autosomal recessive; mild mental retardation,
marked immunodeficiency, facial anomalies

Autosomal dominant; mild mental retardation,
myotonia, abnormal cardiac conduction, insulin-
dependent diabetes, testicular atrophy,
premature balding

Mild mental retardation, endocrine abnormalities

Cortical atrophy, cerebellar dysmyelination,
cognitive abnormalities
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EPIGENETICS

‘Pathogenetic Mechanisms’

EPIGENETIC MECHANISMS
e affacted by 1hase taciors and procasses

= Development (m utern, chddhood)

HEALTH ENDPOINTS
= Cancer
= Antoimmanns dseans

» Envirenmental chemicals P i » Mentsl disorders
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* Aging -
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EPIGENETICS

‘Cancer: genomic and epigenetic disorder’

Hypomethylation
v'Over-expression of oncogenes
v'Reactivation of transposons
v'"Chromosome instability

Hypermethylation

v'Silencing of tumor suppressors
v'Silencing DNA repair genes (es. MLH2, MGMT)
v'CIMP (CpG Island Methylator Phenotype) (glioma, ca colon)
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Epigenetic markers open new avenues for an early
detection, diagnosis, prognosis as well as

therapeutic targets in cancer.
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EPIGENETICS

‘Signatures of glioma’

v MGMT promoter methylation
v G-CIMP

Genetic markers

e 1p/19g codeletion in oligodendroglioma

e |IDH1/2 mutation in high grade glioma
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The New England
Journal of Medicine

© Copyright, 2000, by the Massachusetts Medical Society

VOLUME 343 NOVEMBER 9, 2000 NUMBER 19

INACTIVATION OF THE DNA-REPAIR GENE MGMT AND THE CLINICAL
RESPONSE OF GLIOMAS TO ALKYLATING AGENTS

MANEL ESTELLER, M.D., PH.D., Jesus GARclia-FonciLLAs, M.D., PH.D., ESTHER ANDION, B.Sc.,
STEVEN N. Goopman, M.D., PH.D., Oscar F. HIDALGO, M.D., VICENTE VANACLOCHA, M.D., STEPHEN B. BayLin, M.D.,

Conclusions Methylation of the MGMT promoter in
gliomas is a useful predictor of the responsiveness of
the tumors to alkylating agents. (N Engl J Med 2000;
343:1350-4.)

Unmethylated
40-] MGMT
promoter

Methylated
MGMT
promoter

Probability of Overall Survival (%)

| Pp<0.001
0 | T \ \ | | |
0 6 12 18 24 30 36 42
Months
No. at Risk $AP\ FONDAZIONE IRCCS CA’ GRANDA
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Table 3 | MGMT promoter methylation in various human gliomas

Reference MGMT methylation Clinical significance of MGMT promoter methylation

frequency*
Anaplastic astrocytoma
Wick et al. 50% (48/986) Prolonged PFS and overall survival in response to radiotherapy or chemotherapy
(2009)8 with temozolomide (5/28) or PCV; phase Il trial
Anaplastic oligoastrocytoma
Brandes et al. 69% (37/54) No prognostic significance in recurrent oligoastrocytoma or oligodendroglioma
(2006) treated with temozolomide (5/28)
Wick et al. 71% (53/75) Prolonged PFS and overall survival in response to radiotherapy or chemotherapy
(2009)6 with temozolomide (5/28) or PCV; phase Il trial
Anaplastic oligodendroglioma
Wick et al. 71%(22/31) Prolonged PFS and overall survival in response to radiotherapy or chemotherapy
(2009)® with temozolomide (5/28) or PCV; phase Il trial

Anaplastic oligodendroglioma and anaplastic oligoastrocytoma without necrosis

van den Bent et al.  84% (81/97)
(2009)+

Prolonged PFS and overall survival in response to radiotherapy alone
or radiotherapy plus chemotherapy with PCV; phase Il trial

Anaplastic oligoastrocytoma with necrosis (glioblastoma)

van den Bent et al.  73% (29/40)
(200947

Mo prolonged PFS and overall survival in response to radiotherapy alone
or radiotherapy plus chemotherapy with PCV; phase Il trial

Recurrent anaplastic astrocytoma or oligoastrocytoma and glioblastoma

Sadones et al. 26% (10/38)

(2009)5*

Grade Il astrocytoma

Komine et al. 43% (21/49)

(2003)%2

Grade Il oligodendroglioma and oligoastrocytoma
Everhard et al. 93% (63/68)

(2006)%

Kesari et al. 60% (12/20)

(2009)%

Prolonged overall survival in response to temozolomide (5/28 or 1 week—1 week
off) in anaplastic astrocytoma and oligoastrocytoma

Decreased PFS with no treatment or radiotherapy or interferon

Prolonged PFS in patients with oligodendroglioma (n=42), oligoastrocytoma
(n=18) or astrocytoma (n=8) treated with temozolomide

Prolonged PFS and 0S in patients treated with temozolomide (11 weeks
on-4 weeks off); phase |l trial

*MGMT promoter methylation analysis performed by gel-based methylation-specific PCR, except studies by Sadones et al. (quantitative methylation-specific PCR)™
and van den Bent et al. (methylation-specific multiplex ligation-dependent probe amplification.)'” Abbreviations: 5/28, 5 out of 28 days; PFS, progressiondree
survival; PCV, combination of procarbazine, CCNU (lomustine) and vincristine,

nature
REVIEWS NEUROLOGY

Weller, M. et al. (2009) MGMT promoter methylation in malignant gliomas: ready for personalized medicine?

Nat. Rev. Neurol. doi:10.1038/nrneurol.2009.197



O®%-methylguanine-DNA methyltransferase (MGMT)

‘function’

e Maps at chromosome 10926

* 5exons

e CpGisland at the 5’ of the gene Synthesis Bersdiion
(containing 98 CpG sites)

The protein removes alkyl groups from | i

the O®-position of G by an irreversible MGMT

S : C\!stem >

transfer of the alkyl group to a Cystein at |

its active site. \ /«
G in the DNA is thereby restored and i

MGMT sentenced to proteasome- K; >— Ll ; %}H

: C'-,fsteln b

mediated degradation. d Ribose
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MGMT

‘Function’

Because of the stoichiometry of the reaction and the unavoidable fate of the
MGMT protein, the repair capacity of a cell depends on the amount of MGMT
molecules in the nucleus and the cell capability of re-synthesis.

Failure to repair the O6-alkylguanine (O%-AG) DNA adducts increases mutagenic
potential during replication:

1)06%-AG can be mistaken for adenine and mismatched with thymine, giving rise
to a G:C to A:T transition mutation.
2)The adducts show a cytotoxic potential by causing DNA double-strand breaks.

l

Apoptosis
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MGMT

‘CpGs structure’

CTrrC e T T AT ECACCCC T CCAN T T T CC A e T TC T O TA T AA A CACCACTCATAC TCCATEACCEEEZOCCACTA

AT AT T T T T AR T AT C T A A A T A AT TCACA TN T CEACC TACTCCCACTTACCAC TCCARACATACCTTCTCTCOTCCACARC AR

TR TCCTAATAACGCTCCACACAACCCCANM CACGECCTEECACCC T TGO T TC T CEACACCCECTCEACTCACCCTCTEECACTETC T A

COCATCCECTEACTECACCCOCCTEEACEECATCEDCCACCACACGSCCCTEEACCECTECOCCCCACCCCCCCCTEACACEETCTCTECTEETCOTOEEE

CTCCCTEACTACCCRACCCECACCACCACECcACACACTIcdodoTdodeccTeagbdracdodeccdbdhecacaadodeaarrorcacTaadde
[feededrooraEdacoccdodededorrreaceaccaciedeccabdreccaceicderrecicdodedodea cTATCCC TETAGACAGGAAAAGCT
@mmcrmmmmcm@amm@@cmamm@macﬁ

B-acaceccadbddbde redideaceaccaceedoddoaredoddigrocadodacearddoacacrecorcacecdoddedocddcde acace
k.3 k.3

.----------.---------l-.-..-.-.--.-.O-.----.----.-.--.----.-.

ccardgdrEdacdidenicdedcdecaacacoedcecceredideecrdidrcocaccrcEdrecdededidecdidecedEdecedidededeTe

.-.'..-.-..-.-..---..-I—-----.--.-.----..------.-.---.--.---.

TOTTECTTTTCTCAGETCCIEGEC Taodocdodo T racacododococclcddo docaToodEdirecoconie docodib e dodedoscodEdeaT
P oooooooooooooooooooooo.‘

Pl I GACLA G i dodeTiacad WWWT

-
cE@rcoraacccoccaceccarcddedcdacocrccacerdcd-cocancTe- 5

Methylation-specific primer for MS-PCR (Esteller)

[ ] mMemMTexon1 —
|:| Minimal promoter region | —

:l Owerlap exon 1 & enhancer region D DMNA sequence tested by pyrosequencing
|:| Enhancer region D DMA seguence tested by RT-MS-PCR
| —y

Methviation-specific primer for MS-PCR (WWick)

MNot-methylation-specific primer for MS-PCR (Estellaer)

MSMT promoter region
sesssess Upstream highly methylated region {1002 mathylation) Hhal cleaving sites used by MS-MLPA
Upstream highly methylated region (50% mathylation)

Dowwnstream highly methylated region (1002 methylation)
Cps sitae
Cp& site with best commelation methylation 8 expression
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MGMT

‘the methylation test’

Sequence analyzed is located within the contig GRCh37.p2, on chromosome 10
(gi|224514688:2268342-4574265).
NCBI Reference Sequence: NT_008818.16

10 CpGs analyzed

GCCCCGGATATGCTGGGACAGCCCGCGCCCCTAGAACGCTTTGEGTCCCGACGCCCGCAGGTCCTCGLCGGTGLGCACC
GTTTGCGACTTGGTGAGTGTCTGGGTCGCCTCGCTCCCGGAAGAGTGCGGAGCTCTCCCTCGGGACGGTGGCAGCCT
CGAGTGGTCCTGCAGGCGCCCTCACTTCGCCGTCGGGTGTGGGGCC

Pyrosequencing vs MS-PCR
Most of cases showing <20% of methyl. (pyrosequencing) resulted unmethyl (MS-
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MGMT

‘Pyrograms’

Normal brain (20 cases): 3+1.2 (%)

C3 YGTTTTGYGTTIYGAYGTTYGTAGGTTTTYGYGGTGYGTATYGTTTGYGA

2%] 2%| 2%| 1%| 3%| 4%| 0% 1% | 2% | 2%
oy Demevees . PUBWEIRS. WS . NUGN. . WSWGSWEE. . SOm . NSNS . WMt w9
T B W U R ISR o N RN W
T —— e . BN W BN MWW W Em e B
P oo,  EON ENRCUN| . SN . SSER . SN SSSSSGEY | JESH. . SSSSWED . SHESSLUER . S S S8

1 1 |
GTTCAGTCGTA
30 35
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MGMT

‘Pyrograms’

Glioma cell line (unmethylated)

Assay: MGMT METH seqgl
Sample ID: G6
MNote:

B9 : YGTTTTGYGTTTYGAYGTTYGTAGGTTTTYGYGGTGYGTATYGTTTGYGA
1% 2%| 2% 1% 2%]| 3% 2% 1% 3% 2%,
150_ ..................................................................
125_ ................... PR RO - =1 - AR 1 ", 77 CORNSRREy . ,11) ~ SRR - ') 1= W PP SR . - <oy o L SRR Rt . o R AL e - e R R .+, ., R
100
?‘5_................. i it i T TR o PR B ER . o o i AT, s o R A s - o St e e RO, s L SOOI, L o ol o MO e i R R =, e AR
SD_ .......... P R RSP R. !  SE R  y a B L SRR o et LR W] X e AR Uy e SRRV ) sy BARRRNERSRERE | 1k BRI SRR e o] Lot
25
ﬂ;_}._ e UL A LU
| S S O O Yy e s e I I [ (S e e v S I ISy A |
ES GTCGTTAGTCTGTTCGTATCAGTCGCTATGTTCAGTCGTAGTCGT
5 10 15 20 25 30 35 40 45
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MGMT

‘Pyrograms’

o normem e @lioma cell line (methylated)

Sample ID: G7

MNote:

B10 : YGTITIGYGTTTYGAYGTTYGTAGGTTITYGYGGTGYGTATYGTTTGYGA
100%| 70%|

150

100

91%

90% |

96%|  93%)| 94%|

66% |

100% 79%

30

35

40

45

50 55
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MGMT

‘Pyrograms’

Glioma sample (methylated)

Assay: MGMT METH seql
Sample ID: G9

;itze :: YGTTTTGYGTTTYGAYGTTYGTAGGTTTTYGYGGTGYGTATYGTTTGYGA

82% 49%| 87%| 55%)| 24%| 89%| 61% 65% 96% 70%
ST, OO CENRE MEER. . B R SRR o B RSB, . R -, JECEEE. . B
N W U W WER W W SR N o
OO s K 8 i .. S| | T RO L O

S.D PPV ... L.

L

| S S S Y e I I I v I [ Ay |
ATGTTCAGTCGTAGTCGTGATCGTAG
30 35 40

S | [ |
ESGTCGTTAGTCTGTT

L
TCG

':-J_

5 10 15
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Grade Il (n=15)

Grade lll (n=2

Grade IV (n=33)
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MGMT methyl is a frequent finding;

Unmethylated tumors are high grade;
Intermediate methyl is frequent.

Unmethylated
[] Methylated (10-50%)

I Methylated (>50%)



MGMT
‘Methyaltion levels significance’

Intermediate MGMT methylation levels in glioma.
WHY?

Normal cell contamination?
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MGMT

‘Methyaltion levels significance’

Glioblastoma multiforme
MGMT methylation: 20%

L |

A WETTTTRY GTTTY A GT TY GTAGGT T T TY Y GRTGYGTATYGTTTGYGA

16%% 19% 47 % 16% &I 21% 14%% 11% 20%: 37 %

4ot

B0, O SN NUUURNORNS . USSR BWRNRN .. (VNN . TEeNeW . WS D W W
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MGMT
‘Methyaltion levels significance’

Intermediate MGMT methylation levels in glioma.
WHY?

Normal cell contamination?

No, or not always associated with normal cell contamination

Additional genetic/genomic events?
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MGMT
‘Methyaltion levels significance’

The methylation levels in a single cell....

Methylation: 0%

Methylation: 50%

Methylation: 100%
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MGMT

‘Methyaltion levels significance’

MGMT Gene in genomic location: bands according to Ensembl, locations according to CESUSNNSY (and/or Entrez Gene and:
Chr 10
— o AL =, - M
0 01 I I S S R R I S N A A e I e T T AL I TR B I N o
o T ' T~ Y = N o o N o R b T e T = = T S R s R T B S e S = S Y S Y
- = = - = = o e e B T e T e IO | =l L0 IR I ™ IR Y I Y IR | Lt I Y [ | L0 I Y I Y O | L0 I R Y
= I~ T~ N~ T~ N~ A oD oo o oD o 2o o 2o OO @O o oo o Fa S = =
[T I X I N -~ BN - N
R. Martinez, M. Esteller / Neurobiology of Disease 39 (2010) 40-46
Transformed astrocytes
/-—"""'__ __‘-'--_.__\
P53 mutation
PDGF-, PDGFRa-overexpression EGFR mutation/ amplification
IDH1 mutation PTEN mutation
Loss of chromosome 10q _
Astrocytoma grade |l PI3K-R1 mutation
NF1 mutation
Loss of chromosome 9p P16 inactivation
Loss of chromosome 19q MDM2 amplification/ overexpression
RB1 inactivation CTMP hypermethylation
NDRG2 hypermethylation

Astrocytoma grade |l

PTEN mutation

Loss of chromosome 10q -
DMBT1 mutation

DCC inactivation

EMP3 hypermethylation

<< N <LF N

Astrocytoma grade IV
Secondary GBM

Astrocytoma grade IV
Primary GBM
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MGMT
‘Methyaltion levels significance’

Intermediate MGMT methylation levels in glioma.
WHY?

Concurrent genomic events (chrl0q deletion, inactivation
MGMT point mutations) should be considered for a better

understanding of methylation levels.

The relationship between methyl level and
gene expression is not obvious!
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The next future...

‘The GlioMap’

R. Martinez, M. Esteller / Neurobiology of Disease 39 (2010) 40-46

Transformed astrocytes

= Ty
P53 mutation
PDGF-, PDGFRa-overexpression EGFR mutation/ amplification
IDH1 mutation PTEN mutation
Loss of chromosome 10gq
Astrocytoma grade Il PI3K-R1 mutation
NF1 mutation H
Loss of chromosome 9p P16 inactivation MG MT mEthylatIOrl,
Loss of chromosome 19q MDM2 amplification/ overexpression
RB1 inactivation CTMP hypermethylation -
NDRG2 hypermethylation G CI M P
Astrocytoma grade I
PTEN mutation Pharmacogenetics markers
Loss of chromosome 10q . .
DMBT? mutation (constitutive) of drugs
DCC inactivation
EMP3 hypermethylation response (CYTOCH ROME
P450 ENZYMES
Astrocytoma grade IV Astrocytoma grade IV )
Secondary GBM Primary GBM

A comprehensive screen of somatic genetic and epigenetic lesions and

constitutive polymorphisms: a useful clinical research tool for glioma patients.




MGMT
‘Conclusions’

v MGMT methyl is a common and early event in glioma;
v’ Pyrosequencing allows a higher detection rate respect to MS-PCR
v Unmethylated tumors tend to progress;
v'Methylation levels tend to increase;
v'The effect (drug response) of intermediate methylation should
be investigated considering other concurrent pathogenetic

events (10q deletions, point mutations).
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