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I. Epigenetics:

Essential Notions



inrecentyearsepigeneticalterationshavecome

toprominenceincancerresearchinparticularhy

permethylationofcpgislandslocatedintheprom

oterregionsoftumorsuppressorgenesisnowfirm

lyestablishedasanimportantmechanismforgene

inactivationincanceroneofthemostremarkable

achievementsinthefieldhasbeentheidentifica

tionofthemethylcpgbindingdomainfamilyofpro

teinswhichprovidemechanisticlinksbetweensp

ecificpatternsofdnamethylationandhistonemo

difications

Genetic= Cellular manual Epigenetic= how to read the manual

Notions of Epigenetics

Woman without her man is nothing

Woman, without her, man is nothing

Punctuation is important!!!



A NEW FRONTIER!

Genetic Code

4 letters/

nucleotides (ATGC)

(ADN)

GENETICS
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Dressing of our chromosomes/genes: by epigenetics
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5e letter/

nucleotide (5mC)

(chromosome)

EPIGENETICS

Dr. F. Fuks (Laboratory of Cancer 
Epigenetcs, ULB) 

Definitions of Epigenetics



Aristotle, 384-322 BC:

“… Epigenesis … development of individual organic form
from unformed”

Conrad Waddington, 1942:
“… is the branch of biology which studies the causal interactions 
between genes and their products, which bring the phenotype into 
being”

Arthur Riggs, 1996:

“…is the study of mitotically and/or meiotically heritable changes in 
gene function that cannot be explained by changes in DNA 
sequence”

Definitions of Epigenetics



More recently, Denise Barlow (Vienna):

“… Epigenetics has always been all the weird and wonderful 
things that cannot be explained by genetics”

✓ Not DNA Sequence 
(„epi“)

✓ Influence Gene 
Function

✓ Heritable

Definitions of Epigenetics



Environment

Epigenetics

Genetics

Influence of our environment/life style



Influence of our environment/life style



Lamarckism’s revival…

Influence of our environment/life style



Why identical twins are not the same?

Influence of our environment/life style



Influence of our environment/life style



Exercise

Influence of our environment/life style

Diet

Cigaret

Drug

Disease 

exposure

Epigenetics

…



Early-life environmental conditions can cause epigenetic changes in humans 
that persist throughout life!  

Influence of our environment/life style



Central roles in biology and medicine



~15 000 genes ~20 000 genes~80 000 genes

Central roles in biology and medicine

« We are more than the sum of our genes! »

While the average human-chimpanzee divergence is ~1% across the genome,

at CpG sites it increases to ~15%
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Central roles in biology and medicine

unique repertoire of 

gene expression

Our body=more than 250 cell types with the same genome



Cell differentiation

Development

Genome stability

CANCER

Neurodevelopmental

disorders

Aging

Diabetes

Immunology

Stem cells 

(e.g. IPS cells)

Central roles in biology and medicine

Epigenetics

In Health In Disaese



Epigenetic Actors

I. Chromatin

III. Non coding RNAs

II. DNA modifications

IV. Other?
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Chromatin



Fig. 3

DNA

Nucleosome: fundamental unit of 

chromatin (DNA + histones)

In nucleus, chromatin compacts genome



Active genes transcribed

2.1 Chromatin

Euchromatin

Heterochromatin

Silenced Genes, repressed



- Several degrees of chromatin 

compaction 

- This compaction is DYNAMIC & 

influences gene expression:

OPEN chromatin genes ON

CLOSED chromatin            genes OFF

Chromatin

regulated by epigenetic modifications

“chromatin modifying enzymes”

Chromatin



OFF

a. b. c.

3. Interconnections/Interdependancies

ON

b. c.

4. COMBINATIONS determine

gene expression

(1996)

1. First layer/modification 2. Multitude of modifications

Increasing epigenetics complexity

Chromatin



5. Mono,di,tri-methylation (2003)

OFF

ON

6. New modifications (2004-2008,…)

GENE EXPRESSION / EXTEND INFORMATION

HISTONE CODE

HOW TO PREDICT HISTONE COMBINATION AND GENE EXPRESSION

OUTPUT/BIOLOGICAL CONSEQUENCES?

Chromatin

Increasing epigenetics complexity



- Associated with gene activation and/or repression

- INTERPLAY between these chromatin associated modifications 

R

Me

CG

DNA 

methyltransferases

DNA

Acetyltransferases
(HAT) K

Ac

histone tail

Deacetylases 
(HDAC)

K

Me

Me

K-methyltransferases

(KMT)/ K- demethylases (KDM)

R-Methyltransferases

(RDM)

Enzymes modifying chromatine

Chromatin

Other modifications: phosphorylation, ubiquitination, sumoylation, ….

S/T

P

kinases



Chromatin

H3K4me3

H4K16ac

H4K9ac

H3K9me3

H3K27me3

Activation

Repression



DNA modifications



Major features:

• CG dinucleotides

Cytosine 5-Methylcytosine

• only DNA modification known untill 2009 (hmC, fC, CaC,…)

DNA methylation



• Not random

- CpGs under represented (prediction)

- mCpG high mutagenic potential (thymine)

DNA methylation

• CpG island

- CG rich (>50% C+G), 500 to 2000 bp, in promoters

- NOT METHYLATED 

CG

me

CG

me

gene B

ON

CGCG CG

(CpG island)

OFF

gene A



• Gene silencing

CG

me

CG

me

gene B

ON

CGCG CG

(CpG island)

OFF

Gene bodies: Role in activation and elongation

gene A

Promoters

DNA methylation



Proteins implicated in DNA methylation

DNA methylation

Writers

Readers

Erasers

DNMT

DNA methyltransferases

MBD

TETs

Methylated Binding 

Domain



DNA Methyltransferase of Maintenance: Dnmt1

“copy” of DNA methylation during DNA replication

de novo DNA Methyltransferase: Dnmt3a/3b

Establisment of new methylation profile

Unmethylated DNA Methylated DNA

Dnmt3a/b

Hemi-methylated 

DNA

Dnmt1Replication

DNA methylation

Writers DNA methyltransferases (DNMTs)

Fully-methylated 

DNA



Normal cell

Low High High

Cancer cell
LowLowHigh

Targeting of DNA methylation

Non random

How are these ESTABLISHED?



e.g. PML/RAR in leukemia (Di Croce et al., Science)

Myc in various cancers (Brenner et al., EMBO J.)

Targeting of DNA methylation

By Interaction with transcriptional factors



Gene silencing

DNA methylation

DNMTs / MBDs

Histone

modifications

HDACs / KMTs

Repression by DNA methylation

By connection with other repressive machineries



chromatin

GENE 

locked

(double security, double locking)

The DNMT KMT connection



II. Epigenetics

& Cancer



Healthy

Healthy Epigenetics

genes 1

2

3

4

5

6

Cancer

Altered Epigenetics

genes 1

2

3

4

5

6

AberrantNormal

(Knudson hypothesis)

Inactivation of TSG

Cancers: Genetics AND Epigenetics



Normal cell

Low High High

Cancer cell
LowLowHigh

Epigenetics in cancer



•Hypermethylation of tumor suppressor genes

Repression of  « control » genes

Chromosomic instability

Activation of forbiden genes

In ALL cancers: aberrant DNA methylation profiles

•Hypomethylation of silencing genes (repetitive sequences, pluripotent 

genes,…)

Control of cell cycle: p21,…

Control of apoptosis: p53…

Control of DNA repair: MGMT…

Transcription factors

Growth factors

Epigenetics in cancer



• Silencing of tumor suppressor genes: e.g. Rb, p16, RARb, MGMT

• Some specific of one cancer, others in many cancers

All Cancers:

Epigenetics in cancer



tumor 

suppressor

OFF

CGCG CG

(hypermethylation)

me me me

CANCER

DIAGNOSTIC

• tumors at early stage

• molecular classification of tumors

• likely reaction to treatment

Epigenetics in cancer:

Increasing clinical implications



Cancers: Detection in fluids

Epigenetics in cancer:



Epigenetics in cancer:

Commercially-available DNA methylation test kits 

for cancer



Fig.5

DNA

OFF
me

Methyl.

OFF

me

me
tumor supp. 

gene

CANCERHypermethylation: tumor suppressor gene abnormal OFF

DNMT + HDAC + KMT inhibitors

Strategy: DNA methylation-histone modifications

HDAC/KMTDNMT

ONDNMT

Demethylation: tumor suppressor gene reactivated ANTI-CANCER

tumor supp. 

gene

Demeth.             

ON

HDAC/KMTDNMT

Epigenetic Cancer Therapy



Epigenetic Cancer Therapy
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Zebularine, a new DNA demethylating agent effective against murine lymphoma

Epigenetic Cancer Therapy



Leukemia: Myelodysplasie (MDS)

Already a reality!

Rather in « older » men (60-70 years)

Treatment with azacytidine

DNMT inhibitor

Epigenetic Cancer Therapy



Use of combined epigenetic drugs

Application in anti-cancer therapy of DNMT-HDAC connexion

Epigenetic Cancer Therapy



III. Epigenomics is

coming of age



“Is that all?”

Sequencing the human genome:

Why of interest?



Epigenomics



Epigenetics: study of epigenetic modifications of a specific gene

Epigenomics: study of epigenetic modifications of all the genome

Not ONE 

but 

MANY 

EPIGENOMES

Inter- and 

intra-

individual 

differences

Epigenomics



When Genetics meets Epigenetics

Cancer mutations: increasing number in epigenetic genes

NGS & Cancer Epigenomics: A « BIG SURPRISE »



Data Before GA

Genbank 2005 – 50 Gb

72

Epigenomics notions



Epigenomics notions



Epigenomics notions



DNA methylome: various technologies
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Epigenomic technologies



1. 

2. 

3. 

DNA methylome: various technologies

Epigenomic technologies



9

DNA Methylation – Multiple Applications in Molecular Diagnostics

Screening Therapy Follow up

specialized niche marketsmass markets

cancer patientsasymptomatic population

e.g. monitoring of cancer

recurrence

cancer prognosis,

response prediction

screening of average risk  

population

blood / urineroutine tumor tissueblood / urine

Cancer SurveillanceCancer classificationCancer early detection

Epigenomics‘

key value driver
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DNA Methylation – Multiple Applications in Molecular Diagnostics

Screening Therapy Follow up

specialized niche marketsmass markets

cancer patientsasymptomatic population

e.g. monitoring of cancer

recurrence

cancer prognosis,

response prediction

screening of average risk  

population

blood / urineroutine tumor tissueblood / urine

Cancer SurveillanceCancer classificationCancer early detection

Epigenomics‘

key value driver

- Many clinical samples: 

- Fast

- Reproducible

- Moderate cost

- Low amount of genomic DNA

- DNA methylation and gene expression

Infinium technologies



(HiScanReader/SQ)

Home  |  Career  |  Contact  |  Site Map

Overview Overview

Chromatin immunoprecipitation (ChIP) is a powerful tool for

evaluating the association of protein-specific regions of the genome.

The ChIP assay determines whether a certain protein-DNA

interaction is present at a given location, condition, and time point.

Genpathway's novel assays, software, tools, and services are based

on proprietary Whole-Genome Chromatin and Methylated DNA ChIP

Sequencing Technology developed by Genpathway to advance

understanding of gene regulation and genetic pathways through

genome-wide study of transcription factor binding, gene transcription,

and epigenetic events such as DNA methylation and histone

modifications. Our ChIP technology generates precise and

comprehensive information that reveals causal pathways of disease

or predictive pharmacological action of experimental drugs and is

widely applicable in targeted drug discovery, drug research and

development, and gene and protein diagnostic biomarker discovery

and development.

Genpathway ChIP-Seq Technology

Chromatin immunoprecipitation (ChIP) identifies and monitors

regions of the genome associated with specific proteins that are

crucial for vital cellular functions. The technique involves crosslinking

of proteins with DNA, fragmentation and preparation of soluble

chromatin, followed by immunoprecipitation with an antibody

recognizing the protein of interest. Genpathway then identifies the

segment of the genome associated with the protein using highly

optimized protocols and procedures for sequencing (ChIP-Seq),

microarray tiling (ChIP-on-chip), or qPCR amplification of the DNA in

the immunoprecipitate.

© 2010 Genpathway,  Inc.

Chromatin and Methylated DNA Immunoprecipitation

"ChIP" Products & Services

Epigenomic notions

Epigenomic technologies

Histone marks profiling: ChIP-Seq



ULB Epigenomics core 

facility/EPICS

(Boumahdi, …, Fuks & Blanpain, Nature, 2014)

(e.g. DNA methylome, ChIP-Seq, 

RNA-Seq)

(Head: F. Fuks)



Illumina BeadChip Technology
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IV. Applications / 

Translational

Cancer Epigenomics



Epigenomic and breast Cancers

What is the contribution of the 

DNA methylome to the 

complexity of the breast cancer?



Worldwide: 1.400.000 new cases / 500.000 deaths

EU-25: 350.000 new cases / 130.000 deaths

• 1/9 women

• Death of 1/3 women

with breast cancer 

Epigenomic and breast Cancers



Metastasis

lung

liver

bone

Women with similar

clinico-pathological 

characteristics 

can have very different 

clinical outcome

Breast cancers = « several diseases »

Epigenomic and breast Cancers



Which 

treatment is

the most 

efficient in a 

given patient? 

Who can be 

spared of 

treatment?

THERAPEUTIC DECISIONs:

Critical need of additional biomarkers



Grade 2

60%

Low Mortality

High

Intermediate

Mortality:

Histological 

Grade

How to classify breast cancers



4 «expression subtypes»

(Perou et al.,

Nature 2000)

Gene expression (microarray)

Basal-like

HER2 +

Luminal A

Luminal B

How to classify breast cancers



Epigenomic and breast Cancers

What is the contribution of the 

DNA methylome to the 

complexity of the breast cancer?

248 tissue samples Infinium Methylation 27



Six methylation groups of breast tumours

Similar data in independent validation set (125 samples)

- 3 known expression subtypes: 2 ≈ HER2 ; 3 ≈ Basal-like ; 6 ≈ Luminal A

- 3 NEW subtypes: 1, 4 and 5

Epigenomic and breast Cancers



Key contribution of DNA 

methylome to the 

complexity of breast 

cancer

Transcriptome
DNA methylome1. New subgroups

Refining tumor taxonomy

2. Immune component

Highlight cell type composition of the tumor

Lymphocyte infiltration

microenvironment

Therapeutic Pronostics

PERSPECTIVES

new

Biomarkers

New therapies 

(epigenetics)

Towards a personalized treatment of breast cancers

Epigenomic and breast Cancers



Perspectives on DNA methylation



1. DNA methylome: not just for cancers

Perspectives on DNA methylation

Type 2 Diabetes

Neurological disaese



Did we MISS many key methylation alterations?

Known Promoter changes

‘Outside’ Promoter changes 

Promoter Non-Promoter (Gene body/Intergenic)

2. Methylation changes also outside promoters

Perspectives on DNA methylation



More differential methylation

in non-promoter regions 

Promoter Non-Promoter (Gene body/Intergenic)

Differential Methylation:

999 2200 Non-promotersPromoters



DNA methylation: beyond CpG islands and repression )
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Figure 1  DNA methylation patterns. DNA methylation can occur in different regions of the genome. The alteration of these patterns leads to disease in the 

cells. The normal scenario is depicted in the left column and alterations of this pattern are shown on the right. (a) CpG islands at promoters of genes are 

normally unmethylated, allowing transcription. Aberrant hypermethylation leads to transcriptional inactivation. (b) The same pattern is observed when studying 

island shores, which are located up to 2 kb upstream of the CpG island. (c) However, when methylation occurs at the gene body, it facilitates transcription, 

preventing spurious transcription initiations. In disease, the gene body tends to demethylate, allowing transcription to be initiated at several incorrect sites. (d) 

Finally, repetitive sequences appear to be hypermethylated, preventing chromosomal instability, translocations and gene disruption through the reactivation of 

endoparasitic sequences. This pattern is also altered in disease.
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As part of Illumina 

Consortium: 

Infinium Methylation 2.0
(from 27K to 450K) 

Evaluation + New Bioinformatic Tool: 

Improved Infinium technology
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2 NEW BASAL

subtypes: 1 and 2

Better Breast Cancer Classification? 

DNA methylation outside promoters refine tumor classification)



3. « new » DNA modifications

Perspectives on DNA methylation

DNA

K

Achistone tail

K

Me

HDAC
KAT

KDM
KMT

mC

DNMT

ELUSIVE DNA 

DEMETHYLASE???



Methylated C (mC)Unmethylated C DNMTs

Demethylation  TETs

Hydroxymethylated C (hmC)

OH OH OH OH OH

TETs (TET1, TET2, TET3)

TETs and hydroxymethylation

Epigenetic mark per se



Development

Cell pluripotency

Neurogenesis

TETs functions: In Health



Melanoma

PERSPECTIVES: TETs in Cancers

Leukemia

TET2

wt

TET2

mut

Myeloid 

neoplasm
Normal

How do TETs work?



• First TET2/TET3 partners 

• OGT is the strongest TET2 and TET3 interactor

OGT

TET2/

TET3

by Proteomics:

Searching for TETs interactors



TET2/3 G

G
G

G

G

TET2/3 interact with OGT 

and increase its activity

OGT

• TET2/3 control GlcNAcylation through association with OGT

• A mechanism for TET-mediated transcriptional activation

In Tet2 KO: decreased 

GlcNAc and H3K4me3

TETs and hydroxymethylation

TET2/3 colocalize with OGT 

(influencing H3K4me3/

transcriptional activation)



HiScanSQ at Laboratoire d'Epigénétique du Cancer 

63

Our Illumina Plateforme :

New Epigenomic Technology

Hydroxymethylation – Next Gen Sequencing (hmC-Seq)



TSG

HYPER-METHYLATION

TETs functions: In Cancers

TSG

HYPO-HYDROXYMETHYLATION

Cancer Cell

HALLMARK 

OF 

CANCERS?

How, Why, When, Where?
92



DNA Hydroxymethylation/hmC: 

HALLMARK OF CANCERS

1. Mechanistic side 2. Translational side

Cancer Cell

6th base

Mechanisms & 

Clinical relevance:

current key challenge

hmC



V. A new epigenetics 

field



RNA modifications

A

Me

m6A

A

Ac

Ac6A

A

Aa

t6A

…

Growing catalogue of RNA modifications: over 100

G

Me

m7G

Pseudo

U

Ψ



YTH

m6A RNA methylation

FTO

A

A

Me

ALKBH5

Alternative splicing mRNA stability mRNA nuclear export

METTL3

METTL14

Functions

Post-transcriptional regulation!

Writers

Readers

Erasers



m6A RNA methylation

Development

Cell pluripotency

Cancer



hmC in RNA?

Role of TETs?



Drosophila

DNA

C

hMe

RNA

C

hMe

Mammals

TET1 TET2 TET3

More simple 

model System: RNA

C

hMe

TET

Which model system?
Function/

Biology 



- Adapted from MeRIP-Seq for m6A

- hMeRIP-Seq:HydroxyMEthylated RNA ImmunoPrecipitation

followed by Sequencing using hmC antibody

Transcriptome-wide distribution of hmC RNA:

hMeRIP-Seq in S2 cells



hMeRIP-Seq in S2 cells

hmC RNA is found within many transcripts

hmC enriched targets Example: hmC-Seq peaks

Top hmC-targets

Peaks Transcripts

hMeRIP-Seq 3,058 1,597

Gene Symbol Chr Enrichment

Score

ph-d chrX 323

CR43334 chr3L 322

gw chr4 322

SRm160 chr3L 321

nocte chrX 321

Bruce chr3R 317

Droj2 chr3R 316

Gene Symbol Chr Enrichment

Score

CR40572 chrU 314

kay chr3R 312

Caf1-180 chrX 312

Gug chr3L 312

spen chr2L 310

kis chr2L 310

chinmo chr2L 310

CG9641 chr2L 310

hMeRIP

Ctrl

gammaTub23C

hMeRIP

Ctrl



Localization of hmC RNA

Non random distribution

N
u
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19%

48%

17% 16%

3’ UTRCDS Intronic5’ UTR

1500

1125

750

375

0

UC-rich motif

Motif for hmC regionshmC enriched targets by category



Biology: dTet/hmC-RNA

in fruitfly
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wt dTetnull

0.2

0.4

0.6

0.8

1.2

1

0

RT-qPCR

dTet deficient flies: Phenotype? 

dTet essential for 

Drosophila development

(Ruth 

Steward)

Larva Pupa Adult

time

Lethal

Pupal

stage

Embryo

Genotype Survival

stage

% of 

escapers

dTetnull Pupa 0

Morphological abnormalities 

in brain:

-Smaller brain

-Accumulation of neuroblasts

-Optic lobe and central brain 

disorganized

Impaired brain 

development in dTetnull



CONCLUSIONS

• hMeRIP-Seq: 

First picture of hmC-RNA

• hmC-RNA 

enriched at polyA, by dTet

dTet null fliesS2 cells

C

Me

RNA

DNA

C

Me

C

hMe

C

hMe

TET

Role in mRNA translation:

• Impaired brain

development

• Lethality at 

pupal stage

• Accompanied 

with decreased

hmC-RNA



Epigenetics
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