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Human Genome Project:

˜20,000-25,000 genes 

3 billion chemical base pairs of DNA

The Genetic Code

The Genetic Code



Epigenesis

The Genome: one blueprint, multiple interpretations
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The Genome: one blueprint, multiple interpretations

Differential
Gene expression

Conrad H. Waddington (1957) 
The strategy of the genes

Different cell fates

Different cell fates are adopted and have to be 
memorized as the fertilized egg forms a complex 

organism

Waddington proposed that
networks of genes must be involved in

defining an epigenetic landscape

Genes
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Epigenetics

Heritable but reversible changes in 
gene function that cannot be
explained by changes in DNA 

sequence

Heritable changes in gene function
that cannot be explained by changes in DNA sequence.

Russo, V.E.A., R.A. Martienssen & A.D. Riggs Eds. (1996) "Epigenetic mechanisms of gene regulation.” CSHL Press.



Developmental epigenetics:
Development, sex chromosome dosage 
compensation…

Stochastic or age-dependent epigenetics:
Differences in twins, clones… 
Disease « epimutations »  

Exogenously or environmentally 
programmed epigenetics : 
Bees, ants - nutrition
Vernalisation in plants - climate

0                3               6
Weeks of vernalization ( 4oC )

Measure human aging from DNA Methylomes
Gender differences

Correlate with gene expression differences
Tumors show faster aging

Heritable changes in gene function
that cannot be explained by changes in DNA sequence.

Russo, V.E.A., R.A. Martienssen & A.D. Riggs Eds. (1996) "Epigenetic mechanisms of gene regulation.” CSHL Press.

Epigenetics

Same Genome different Epigenomes



https://www.nature.com/scitable/knowledge/library/the-
evolution-of-aging-23651151/

How to understand the basis of differences between and within 
individuals with the same genotype but different phenotypes

Symmons and Raj 2016
http://dx.doi.org/10.1016/j.molcel.2016.05.023

Different genotypes Same  genotypes

Genetic, stochastic and 
environmental factors give rise 

to variability between 
individuals

Armadillos
(Tatous)

Inactivation du chromosome X 
chez les femelles



How to understand the basis of differences between and within 
individuals with the same genotype but different phenotypes



Reared alone:

phase solitaria

Reared crowded:

phase gregaria

Behaviour is the first feature to change: 
• Switch from repulsion to attraction after 1 hour of crowding;
• Aggregate – then march!

Two animals packed within the same genome

Simpson, S.J., McCaffery, A.R., Hägele, B. (1999 Biological Reviews 74: 461-480. 

Courtesy of Stephen Simpson 

Epigenetic and Phenotypic Plasticity in Locusts

• Phase transition induces a broad range of differences in anatomy (size, colour), physiology
(lifespan, metabolism, immune responses, endocrinology and reproduction) & behaviour
(solitary vs gregarious with population density increase)

• Gregarious morphs exhibit a wider dietary range, display increased locomotory activity, and 
fly during daytime, in contrast to isolated locusts, which generally fly at night



Adapted from Ecker et al, Bioessays 2018

Can we decipher any logic by looking at chromatin 
and epigenetic marks?

Deciphering How Genotype x Environment leads to Phenotypes



Chromosomes during interphase are highly plastic structures.

The relationship between chromatin and the interchromatin space is highly variable 
depending upon RNA transcription, cell cycle phases

Resting lymphocyte Lymphocyte stimulated to proliferate and 
increase RNA PolII Activity 
24 h or 48 h phytohemagglutinin exposure 

Derenzini et al, 2014

Chromatin is the Physiological Template of the Genome

http://medcell.med.yale.edu/histology/

HeterochromatinEuchromatin

Heteorchromatin and Euchromatin
Emile Heintz, 1929

From Chromosomes to Heredity
Walther Flemming (1880s) , Boveri and Sutton

From M. Lyon, 1974



Ultrastructurally, nucleosomes are flat cylinders with a 
diameter of 11 nm &with a height of 5.5 nm.

(Feulgen-like osmium-ammine staining - only DNA is 
stained) (review Olins & Olins, 2003)

The Nucleosome: Basic Repeat Unit of Chromatin

DNA is wrapped around an octamer of Histones
Histones are small basic proteins consisting of a globular 
domain and a more flexible and charged NH2-terminus 

(histone “tail”) that protrudes from the nucleosome. 

Tim Richmond Carolyn Luger

Chromatin is the Physiological Template of the Genome



The 1990’s: New tools for detecting Histone Modifications

Highly specific antibodies raised - discriminating between chemically modified histones at specific 
amino acids, => histone modifications could be detected by immunofluorescence (IF) and chromatin 
immunoprecitipation (ChIP)

Anti-H4K12AcDNA
XiXi

Jeppesen and Turner, Cell, 1993 Chromosomal localization links the SIN3–RPD3 complex to the 
regulation of chromatin condensation, histone acetylation and 
gene expression  (Pile and Wassarman, 2000)

Rice et al, 2003Unique tools to explore the differential states of chromatin by 
immunofluorescence  and by chromatin immunoprecipitation



The Histone “Code” Hypothesis (2000-2001)

Bryan Turner C. David Allis

and others…

• Chromatin modifying activities, chromatin associated proteins, DNA methyl binding proteins can be 
targeted either via DNA or RNA signals during development, in response to signalling (eg hormonal, 
environmental factors

• Histone Modifications can be carriers of cellular memoryCan histone modifications function in combinations to recruit factors or 
facilitate / mediate their roles?



2002: The Histone “Code” Hypothesis...is still a Hypothesis

The histone code is a hypothesis that the transcription of 
genetic information encoded in DNA is in part regulated by 
chemical modifications (known as histone marks) to histone
proteins, primarily on their unstructured ends. Together with 
similar modifications such as DNA methylation it is part of the 

The molecular characterisitcs of heterochromatin and euchromatin

https://en.wikipedia.org/wiki/Hypothesis
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Histone


Gene expression
Regulatory DNA sequence elements of genes

Transcription Factor DNA binding sites
DNA methylation 

Chromatin accessibility
Chromatin modifications

3D organization

Technologies to understand Epigenomes and 3D Genome Folding

ATAC-seq



Filion et al., Cell (2010)

CS1
Expressed genes

CS2
PcG-mediated gene repression

CS3
Heterochromatin

CS4
Silent euchromatin

Arabidopsis Drosophila

Roudier et al., EMBO J (2011)

(H3K36me3)

Systematic Protein Location Mapping Reveals Principal Chromatin Types

Deciphering an Epigenetic logic using Epigenomics? 



Deciphering an Epigenetic logic using Epigenomics? 

Preissl et al, NRG 2022 Characterizing cis-regulatory elements using single-cell epigenomics

Cause or consequence?
Are chromatin changes laid down in a DNA sequence dependent fashion via TFs?

Or do chromatin states permit / prevent transcription and TF binding

Understanding the relationship between DNA sequence-specific binding of 
transcription factors, changes in chromatin modifications and 3D structure 

in gene rgulation and its variability

Time dimension… Genetic analyses…



Following Gene expression and Epigenomic changes over Time



Deciphering the Logic of Development

Porntaveetud et al, Int J Biol Sci 2018

Mutations in epigenetic factors disrupt
development



Deciphering how Genotype x Environment leads to Phenotypes

Adapted from Ecker et al, Bioessays 2018

Cross-talk between 
Metabolism and Epigenetics

Dai et al, NRG 2020

Campit et al, Bioessays 2020



Measuring Ageing through Epigenetic Changes?

The term ‘epigenetic clock’ is used to denote two 
distinct but related things:
- synonym of a highly accurate age estimator based on 

DNA methylation levels
- concept of an innate process in the body that

continues inexorably, resulting in ageing

Horvath and Raj, NRG 2018



Ageing and Epigenetic Changes
Evidence that epigenetic alterations may play a major 
part in the ageing process?

Epigenetic changes during ageing can contribute to 
changes in genomic instability and changes in gene 
expression profiles that are characterized by an 
increase in gene expression noise - associated with 
ageing process?

Zhang... Izpisua Belmonte 2020 “The ageing epigenome and its rejuvenation”

DNA methylation-based biomarkers
and the epigenetic clock theory of ageing

Horvath and Raj, NRG 2018



Ageing and Epigenetic Changes

Evidence that epigenetic alterations may play a major 
part in the ageing process?

Epigenetic changes during ageing can contribute to 
changes in genomic instability and changes in gene 
expression profiles that are characterized by an 
increase in gene expression noise - associated with 
ageing process?

Zhang... Izpisua Belmonte 2020 “The ageing epigenome and its rejuvenation”

Ageing and Epigenetic Changes: Rejuvenation Potential?



Ageing and Epigenetic Changes: Rejuvenation Potential?

Zhang... Izpisua Belmonte 2020 “The ageing epigenome and its rejuvenation”

Evidence that epigenetic alterations may play a major 
part in the ageing process?

Epigenetic changes during ageing can contribute to 
changes in genomic instability and changes in gene 
expression profiles that are characterized by an 
increase in gene expression noise - associated with 
ageing process?



Where are we today in “decoding” the logic of life 
beyond the genome?



Defining Cell Type, Cell Identity and Variation at the Single-Cell Level

https://www.nature.com/scitable/knowledge/library/the-
evolution-of-aging-23651151/

https://www.humancellatlas.org/



https://www.nature.com/scitable/knowledge/library/the-
evolution-of-aging-23651151/

Deciphering phenotypic variation within individuals
at the single cell leve over space and time

Single-cell RNA sequencing (scRNA-seq)

Credit: Tobias Wüstefeld/BlueClay Studios 

Single-cell Multi-omics



https://www.nature.com/scitable/knowledge/library/the-
evolution-of-aging-23651151/

Camp et al. 2019 “Mapping human cell phenotypes to 
genotypes with single-cell genomics”. Science 365, 1401-1405

What defines Cell Type or Cell Identity?



High-resolution RNA capture from tissue by Slide-seq.

Rodriques et al. Science 2019;363:1463-1467

Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association 
for the Advancement of Science. No claim to original U.S. Government Works

Localization of cell types in the cerebellum and 
hippocampus using Slide-seq.

Spatial-omics atlases



Light-Seq: light-directed in situ barcoding of biomolecules in fixed cells and 
tissues for spatially indexed sequencing

Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association 
for the Advancement of Science. No claim to original U.S. Government Works

Spatial-omics atlases

Light-Seq enables selective barcoding of custom 
selected cells or tissue regions in situ for 
transcriptomic sequencing

It enables rare cells to be identified and 
transcriptomics to be performed Kishi et al, Mature Methods 2022



Light-Seq: light-directed in situ barcoding of biomolecules in fixed cells and 
tissues for spatially indexed sequencing

Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association 
for the Advancement of Science. No claim to original U.S. Government Works

Spatial-omics atlases

Light-Seq enables selective barcoding of custom 
selected cells or tissue regions in situ for 
transcriptomic sequencing

It enables rare cells to be identified and 
transcriptomics to be performed Kishi et al, Mature Methods 2022



Deciphering Tumor Heterogeneity

Casado-Pelaez et al, Trends in Cancer, 2022



Changes in gene expression with age were due to both 
changes in the numbers of cells in a population and 
changes in the gene expression levels in each cell...

• The identity of old dermal fibroblasts becomes 
undefined and noisy

• Loss of cell identity is a possible mechanism 
underlying aging

Salzer et al., 2018, Cell 175, 1575–1590

Aging and Epigenetic changes: importance of the environment 
Twin studies



• Life does not happen in Isolation
• Organisms are heterogeneous, due to the environment or to intrinsic biological processes 
• Deciphering phenotypic variation requires an understanding of the relationship between DNA 

sequence variation and epigenetic changes at the cellular and organismal levels over time
• We now have the tools!
• Although we do not yet know if there is a true epigenetic code, we are closer than ever to a 

molecular understanding of development, phenotypic plasticiy, ageing and pathology
• And to the hope of truly personalised medicine

Conclusion



Merci!


