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• Denise Barlow : « L’épigénétique a toujours été l’ensemble de ces choses bizarres 
et merveilleuses que la génétique ne sait pas expliquer. »

• Littéralement : « au-dessus de la génétique »
• Consensuelle : « Tout changement dans l’expression des gènes, n’impliquant 

pas de modification de la séquence d’ADN »

Epigénétique

C. Relton, OUPblog
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• Créer à partir d’une unique séquence ADN, un organisme fait de différents 
types cellulaires

Intérêt de l’épigénétique ?

neurone

Cellule 
immunitaire

Cellule musculaire

Gamètes

Cellule pluripotente
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Ø la méthylation de l’ADN
Ø les modifications des histones
Ø les ARNs non codants



• Addition covalente d’un groupement méthyle sur le carbone 5 d’une cytosine
• Réaction catalysée par les  DNA methyltransferases (DNMTs)

• Mise en place durant le développement embryonnaire

• 2-8% des cytosines du génome sont méthylées
• Rôle différent suivant leur localisation 

La méthylation de l’ADN

Kohli and Zhang (2013) Nature



La méthylation de l’ADN

• Déméthylation passive ou active

Pfiefer et al. (2013) Epigenetics & Chromatin



• Mise en évidence en 2009 : dans les neurones + cellules embryonnaires

• Réactions catalysées par les TETs (Ten eleven translocation) :

• TET1 et 2 durant le développement embryonnaire

• TET3 dans les ovocytes

• Rôles

• Dans la déméthylation de l’ADN

• Dans l’activation des gènes

L’hydroxy-méthyl-cytosine

Kohli and Zhang (2013) Nature



Les histones
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Les histones

• Protéine avec un domaine globulaire et des extrémités C- et N-terminale

• 57 variants différents

• Se regroupent en octamère = nucléosome

• Nomenclature : H3K4me2
histone  acide aminé position modification
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Les modifications post-traductionnelles des histones

Adapté de Priestley et al. (2012) Toxicology Research
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Les modifications post-traductionnelles des histones

Burton et al (2014) Nature Reviews Molecular Cell Biology



Découverte des ARNs non codants : Les paradoxes

• 98% du matériel génétique codant est identique entre l’Homme et le chimpanzé

• Proportion de gènes codant pour des protéines : Homme proche du vers (~23 000 
vs 20 000, Ensembl database) : Proportion de Gènes codant est non liée à la 
complexité d’un organisme.

• Plus de 90% du génome humain est non codant

Ø Chercher au delà de la séquence codante

Hominidés.com

DIC Nomarski image, The Chin-Sang Lab

Alexander et al. (2010) Nature Reviews Genetics



Les petits ARNs non codants Exemples Rôles

ARN de transfert (tRNA)

ARN ribosomaux (rRNA) 5S ; 5,8S ; 18S ; 26S Ribonucléoprotéine (RNP)
Structurale et catalytique

ARN du splicéosome (snRNA) U1 ; U2 ; U4 ; U5 ; U6 RNP
Interaction ARN/ADN, catalytique (?)

ARN (petit) nucléolaire (snoRNA) C/D Box, H/ACA Box, scaRNA
(Cajal Body Specific RNA)

2’-O-ribose méthylation, pseudouridylation,
Modification des snRNA dans les Cajal body)

MicroRNA (miRNA) beaucoup… Inhibition de la transcription/traduction de 
gène spécifique

RNA piwi (piRNA) Inhibition de la transcription de rétrotranspon, 
rôle putatif épigénétique

Autres petits ARN non codant 
(Small RNA)

Small interfering RNA, repeat
associated siRNA…

Rôle épigénétique putatif, régulation
expression

Griffiths-Jones, Annual review of Genomics and human genetics, 2007 ; Costa, Bioessay, 2010

Les ARNs non codants

Les longs ARNs non codants Exemples Rôles

ARN long non codant (LncRNA) XIST Régulation expression génique

ARN antisens TSIX Régulation expression génique

ARN long non codant intergénique
(LincRNA)

HOTAIR, KCNQ1ot1 Régulation expression génique



Les ARNs non codants

Petits ARNs non codants : 
• Transcription proche des gènes codant des protéines 
• Transcription par l’ARN pol II
• Gène organisé pour beaucoup en cluster

Longs ARNs non codants : 
• Grande taille (plus de 200 nucléotides)
• Séquences peu conservées entre les espèces

ATCGGGTCATGCCGTCATCTGCCGTCGTA
CCCAGT

X

ATCGGGTCATGCCGTCATCTGCCGTCGTA

gène

protéines



• Exosomes : microvésicules de transport

• Modulation épigénétique à distance
• Biomarqueur

Transfert d’ARNs non codants

Vilella et al. (2015) The Company of Biologists



• Invalidation d’un chromosome X chez la femme

Epigénétique : cas particulier

X X Xactif Xinactif

Xactif Xinactif

Xactif Xinactif



• Empreinte parentale : les 2 génomes ne sont pas équivalents
• Théorie du « conflit génétique »

• L'empreinte parentale est un mécanisme de régulation de l'expression des
gènes qui repose sur des modifications épigénétiques de l’ADN, caractérisées
par
– une répression stable
– une réversibilité à chaque génération

Ane + Jument = Mulet  Cheval + Anesse = Bardot 

28/01/2011
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1- Croisements interspécifiques: Tigron versus Ligre  (ou Mule versus Bardot)
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Ligre = Tigresse x Lion Tigron = Lionne x Tigre

2- phénotype callipyge chez le mouton: hyperplasie musculaire

+/- +/+ +/- -/+
phénotype par transmission paternelle uniquement

Aphrodite Kallipygos
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Lion + Tigresse = Ligre Tigre + Lionne = Tigron 

Epigénétique : cas particulier

Quinn and Chang (2016) Nature Reviews Genetics



Epigénétique et sensibilité à l’environnement

www.landesbioscience.com Epigenetics 793

loci are more susceptible to loss of heterozygosity and increased 
methylation instability, respectively.55

In male mouse fetuses, PGCs differentiate into prospermato-
gonia, enter mitotic arrest and reestablish methylation starting at 
E15; this is the time point at which paternal sex-specific imprints 
are set.56,57 Consequently, this window is especially important for 
disruptions to loci that escape demethylation as well as resetting 
of global methylation in male offspring with any effects likely to 
be seen in the F2 generation.33,58 Non-mammalian animals, in 
general, do not have imprinted genes.53 Developmental exposures 
may affect the growth of the offspring by inheritance without 
necessarily having a lasting impact on the parent.

After sexual maturation in all male mammals, the prosper-
matogonia complete meiosis and differentiate into mature sperm 
and during this process, the chromosomes are almost entirely 
stripped of histones and repackaged with highly basic prot-
amines. Because the protamines do not contain any modifiable 
tails, any epigenetic information carried on histones is unable to 
be passed through the male germ line.59 A small number of his-
tones are retained in mammalian sperm; however, it is unknown 
whether they play a role in passing on any epigenetic information 
to the resulting zygote.57,60

In contrast to males, F1 female mammalian PGCs complete 
meiosis I while still in the developing embryo, followed by cell 
arrest until puberty.57 Thus, in human females, for example, the 
oocytes remain in a haploid demethylated state for years; there-
fore, the window of possible disruption to the establishment of 
methylation patterns in oocytes is much longer and repeatedly 
occurs during the maturation of each egg throughout fertility 
(Fig. 2).52

Zygotic methylation reprogramming. The second wave of 
global demethylation occurs shortly after fertilization and before 
implantation. The male pronucleus is stripped of the protamines 
while DNA is actively demethylated and repackaged with newly 
synthesized histones in the zygote.61,62 The female complement 
of chromosomes becomes demethylated via a passive mechanism 

and stable in their patterns within a mouse throughout its life, 
implying that the level of methylation is set early in develop-
ment and stable for life. The distribution of variable expressivity 
has been shifted at these metastable epialleles following mater-
nal exposure to nutritional and environmental factors.12,43-47 It is 
likely that the underlying stochastic distribution of methylation 
at metastable epialleles may be affected by as yet uncharacterized 
environmental factors.

The five early developmental influences described here, nutri-
tion, behavior, stress, toxins and stochasticity interact to influ-
ence methylation and other epigenetic marks that in turn affect 
life-stage phenotype and disease (Fig. 1). As indicated by the 
wide number of animal species discussed, it is likely that the 
capacity for epigenetic plasticity is evolutionarily selected and 
therefore likely that many more instances of environmental 
epigenetic influences remain to be elucidated.48 Of important 
note, however, not all animals use DNA methylation as a gene 
repression mechanism; for example the model organisms fruit 
fly (Drosophila melanogaster) and roundworm (Caenorhabditis 
elegans).
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In the context of early environmentally modifiable epigenetic 
marks, it is important to determine the windows of greatest sus-
ceptibility. For example, the epigenome is most vulnerable to 
environmental factors during embryogenesis because the DNA 
synthetic rate is high, and the elaborate DNA methylation pat-
terning required for normal tissue development is established 
during early development. The mammalian genome undergoes 
two waves of global DNA demethylation followed by de novo 
methylation, as illustrated in Figure 2 using the mouse as a repre-
sentative mammalian animal model.49 In mammals, the mother, 
G0, hosts the development of the F1 offspring from zygote stage 
to birth. During the development of the F1 offspring, a separate 
lineage of cells within the F1, called the primordial germ cells 
(PGCs), migrate and differentiate into gamete precursor cells 
that will eventually become the F2 generation. By convention, 
the “first wave” of methylation resetting refers to the reprogram-
ming of the epigenome within these PGCs, and the second wave 
refers to the reprogramming that happens shortly after zygote 
formation. Exposure of a pregnant mother can affect methylation 
status of both the first wave (in the F2 PGCs) and the second 
wave (in the post-fertilization F1 pluripotent somatic cells).

Germ cell methylation reprogramming. In mice, the first 
wave of reprogramming occurs in primordial germ cells (PGCs) 
during and after their migration to the genital ridge beginning 
at E7.25.50 This demethylation is largely complete in the mouse 
by E13.5 and allows resetting of imprinted genes in the PGCs to 
match the sex of the host in which they now find themselves.51,52 
Many repetitive elements are also protected from demethylation 
to varying extents during this wave.53 Interestingly, this demeth-
ylation event appears to involve a base excision repair pathway.54 
For humans, this wave of PGC reprogramming is especially 
important given our complement of imprinted genes and the 
high content of repetitive elements in our genomes. These genetic 

Figure 1. Environmental factors working individually and in concert. 
Five environmental influences that affect the developing embryo and 
its primordial germ cells (represented by the pink and blue dots). Each 
of these factors can act through a variety of mechanisms and result in 
an array of changes in epigenetic marks.

Fraga et al. (2005) PNAS

Jaune = méthylation identique entre les jumeaux 
Vert = moins méthylé sur le jumeau 1
Rouge = plus méthylé sur le jumeau 1



Conclusion

• Les facteurs épigénétique contrôlent l’expression des gènes. 

• L’épigénétique créé la différence. 
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