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 SUMMARY of COURS 2

E. Heard, May 26th,  2025

• Notion that the Xic not only has to trigger XCI in cis, but also enable XX cells to:
Sense their X-chromosome number  and trigger XCI if there is >1 X 
Count the number of X’s relative to autosomes to ensure one X stays active per diploid autosome set
Choose which X wil stay active (and/or which X will be silenced)

• Quest for the the X-inactivation centre (Xic): the region on the X that is both necessary and 
sufficient for initiation of X inactivation.

• Serendipitous discovery of Xist non-coding RNA within candidate XIC region in humans and 
mice (and other eutherians) and demonstration that its deletion prevents XCI in cis in mice.

• Discovery that multicopy Xist transgenes can trigger XCI in cis in mice and ESCs.
      However single copy Transgenes even up to 460kb in length cannot recapitulate full    
      Xic function during random XCI in ESCs or in mice => search for missing sequences

• Discovery of Topologically Associating Domains (TADs) and implications for Xist’s 
developmental and monoallelic regulation, as well as for gene regulation in general.

• Demonstration that Xist RNA can induce gene silencing during defined differentiation time 
windows and definition of the essential regions for its different functions (cis-silencing, 
chromosome coating, recruitment of chromatin factors etc). More next week

• Current understanding of the Xic and Xist regulation.



E. Heard, May 26th,  2025

The genomic and topological landscape of the Xic in mouse and human. (a) Genomic organization of the mouse and human Xic. The
centromeric ( green) and telomeric (blue) positions of loci are shown relative to the TAD boundary at the Xist/XIST locus.
(b) Topological data of the mouse and human Xic, visualized with HiGlass at 8-kb resolution (100). Mouse Hi-C data from mESCs (18)
and human Hi-C data from GM12878 cell line (158). Green and blue boxes overlap the genes in panel a and correspond in the mouse
to the Tsix and Xist TADs, respectively. Tracks with CTCF peaks are from mESCs ChIP-seq (137) or GM12878 ChIP-seq (GEO:
GSM733752) (63, 181). Some CTCF peaks within the mouse Tsix TAD and at the Tsix/Xist boundary overlap with SINEs; these are
magnified. (c) Sequence conservation comparison of the Xic across several placental mammals (15). The reference Xic shown is that of

The Organisation of the X-inactivation Centre into TADs may help to ensure 
accurate monoallelic Xist Regulation via the Tsix TAD in the mouse?

Nora et al (2012) Spatial partitioning of the regulatory landscape of the 
X-inactivation center. Nature 485, 381-385.  

UP-regulatedDOWN-regulated

Adapted from Galupa and Heard, 
Annu. Rev. Genet. 2018. 52:535–66

Predictive Polymer Modelling Reveals 
Coupled Fluctuations in Chromosome 
Conformation and Transcription.  
Giorgetti et al, Cell 2014

Luca Giorgetti



Further definition of specific cis and trans regulators: the 5’ Xist TAD

E. Heard, May 26th,  2025

Adapted from Galupa and Heard, Annu. Rev. Genet. 2018. 52:535–66

Xert

•In the mouse Xic, promoter-proximal elements control female-specific Xist expression in a binary fashion
•Some long-range repressors control Xist even across the TAD boundary eg Linx promoter(Galupa et al, 2020) 
•Long-range enhancer elements regulate developmental timing of Xist upregulation
•Several distal enhancers are associated with a previously unannotated lncRNA, Xert
•Xert is upregulated concomitantly with Xist and activates Xist in cis
•Xert lncRNA does not seem to be conserved in humans but an enhancer similarly bound by SMAD2/3 may be present 

Edda Schulz
MPI for Molecular 
Genetics, Berlin



E. Heard, May 26th,  2025

Loda and Heard 2019
PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008333 September 19, 2019 3 / 17

UP-regulatedDOWN-regulated

Nora et al “Spatial partitioning of the regulatory landscape of the X-inactivation centre”. Nature, 2012 

Chromatin Folding into TADs Partitions the Xic and Xist’s regulatory landscape

Elphege Nora

Job Dekker
(UMass, USA)

Molecular Cell 2019 741110-1122DOI: (10.1016/j.molcel.2019.05.032) 

In general, TADs may help Define the Operational 
Limits of Regulatory Landscapes

The Xic is partitioned into 2 TADs spanning ˜800kb
Containing  Xist’s complex regulatory landscape

Tg53 (460kb)

Tg80 (210kb)
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The genomic and topological landscape of the Xic in mouse and human. (a) Genomic organization of the mouse and human Xic. The
centromeric ( green) and telomeric (blue) positions of loci are shown relative to the TAD boundary at the Xist/XIST locus.
(b) Topological data of the mouse and human Xic, visualized with HiGlass at 8-kb resolution (100). Mouse Hi-C data from mESCs (18)
and human Hi-C data from GM12878 cell line (158). Green and blue boxes overlap the genes in panel a and correspond in the mouse
to the Tsix and Xist TADs, respectively. Tracks with CTCF peaks are from mESCs ChIP-seq (137) or GM12878 ChIP-seq (GEO:
GSM733752) (63, 181). Some CTCF peaks within the mouse Tsix TAD and at the Tsix/Xist boundary overlap with SINEs; these are
magnified. (c) Sequence conservation comparison of the Xic across several placental mammals (15). The reference Xic shown is that of

Galupa and Heard, Annu. Rev. Genet. 
2018. 52:535–66

In the murine Xic region, the Xist promoter and the Tsix promoter are organised into two separate TADs
within which direct regulators of Xist, and Tsix are located, respectively.

In the human XIC region, the XIST promoter is also within a TAD spanning similar loci as the mouse, but TSIX
is not well conserved and the extent or role of a corresponding TAD, downstream of XIST, is not so clear.

How conserved is the X-inactivation Centre and Xist Regulation?



Current understanding of the mouse Xic and Xist Regulation during random XCI 

E. Heard, May 26th,  2025

Adapted from Galupa and Heard, Annu. Rev. Genet. 2018. 52:535–66

Xert



 What is the Evolutionary Conservation of the Xic region across 
Eutherian mammals?

E. Heard, May 26th,  2025

The genomic and topological landscape of the Xic in mouse and human. (a) Genomic organization of the mouse and human Xic. The
centromeric ( green) and telomeric (blue) positions of loci are shown relative to the TAD boundary at the Xist/XIST locus.
(b) Topological data of the mouse and human Xic, visualized with HiGlass at 8-kb resolution (100). Mouse Hi-C data from mESCs (18)
and human Hi-C data from GM12878 cell line (158). Green and blue boxes overlap the genes in panel a and correspond in the mouse
to the Tsix and Xist TADs, respectively. Tracks with CTCF peaks are from mESCs ChIP-seq (137) or GM12878 ChIP-seq (GEO:
GSM733752) (63, 181). Some CTCF peaks within the mouse Tsix TAD and at the Tsix/Xist boundary overlap with SINEs; these are
magnified. (c) Sequence conservation comparison of the Xic across several placental mammals (15). The reference Xic shown is that of

Galupa and Heard, Annu. Rev. Genet. 
2018. 52:535–66



Slc16a2Cnbp2FtxJpxXistTsxChic1Cdx4
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(XicHR = 1087 kb)
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Tsix?

?

Conservation of the Xic and evolution of Xist ?

• Xist evolved only in eutherians (pseudogenisation of the protein coding Lnx gene)
• Two exons of Lnx3 are homologous to Xist (probability of this happening by chance is very low (5 x 10-5)
• In marsupials : there is no Xist gene, and the Xic region is broken up (in particular the Xist upstream region) 

How is marsupial XCI controlled? Another locus? 
Carry over of meiotic sex chromosome inactivation (SEE LATER)

   Chureau et al, 2002; Duret et al, 2006; Hore et al, 2007; Davidow et al, 2007 ; Zakharova et al, 2007; Elisaphenko et al., 2008

Phil Avner
Pasteur Institute

Paris, France

Laurent Duret
LBBE, Lyon, France

1.Pseudogenization of Lnx3: The ancestral Lnx3 gene likely accumulated mutations that disrupted its open reading frame, turning
2.Insertion of transposable elements: Over evolutionary time, repetitive elements and transposons were inserted into the gene l
3.These sequences created the repeat domains (like the A-repeat) that are essential for XIST’s silencing function.
4.Contributed to the modular structure of XIST.
5.Gain of regulatory features:
6.Promoters, enhancers, and RNA-binding motifs evolved to allow XIST transcription and function.



E. Heard, February 18th, 2013

Grant et al (2012) Nature 487, 254-258

• Non-coding RNAs such as Xist, Rsx (and their antisense RNAs) may be easier to evolve 
for rapidly needed “dosage compensation strategies) than proteins 

• Such ncRNAs are often driven by retransposon – see COURS 2016)
• Easy to regulate dynamically in development
• Could be useful “triggers” or modulators for epigenetic processes

Conservation of the Xic and evolution of alternative strategies

• Rsx is a non-coding RNA with no homology to Xist but 
potentially similar role

• The origin of Rsx is unknown
• The syntenic region in eutheria is flanked by HPRT and 

FAM122B and contains the placenta-specific gene PLAC1
• An antisense to Rsx – Xsr – has also been identified and may 

play a role in its monoalleic control.

James Turner
The Francis Crick Institute

London, UK

E. Heard, May 26th,  2025

Mahadevaiah et al (2020) Nature 586, 612-634

(More about Marsupials later)



The Epigenetics of X-Chromosome 
Inactivation

E. Heard, May 26th,  2025



The Epigenetics of X-Chromosome Inactivation

Epiallele : epigenetically marked regulatory sequence

o The two X chromosome can be genetically identical

o Yet one of them will have its genes “turned off” and this 
state will be maintained through tens to hundreds of 
mitotic cell divisions

o X inactivation is therefore a classic example of epigenetic 
regulation, monoallelic gene expression and 
heterochromatin formation on a chromosome-wide scale.

What are the epigenetic mechanisms that ensure the 
propragation of  inactivity through cell divisions 

as well as in non-dividing cells?

E. Heard, May 26th,  2025

DNA Methylation was the first ”EPIGENETIC MARK” proposed 
to account for spreading and maintenance of XCI

Riggs, A. D. 1975. X inactivation, differentiation and DNA methylation. Cytogellet. Cell Gellet. 14:9-25



DNA Methylation: its discovery, its proposed role in epigenetic memory and XCI

E. Heard, May 26th,  2025

Tomkins, Discovering DNA Methylation the History and Future of the Writing on DNA
Journal of the History of Biology (2022) 55:865–887; doi.org/10.1007/s10739-022-09691-8



Promoter DNA Methylation is Important for 
Long Term Silencing:

X-Chromosome inactivation
Imprinting

Some developmental and germ line genes
Cancer testis antigens (cell surface antigens)

Retrotransposons (double stranded RNA)

The study of mitotically and/or meiotically 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. 
Cold Spring Harbor Laboratory Press. Cold Spring Harbor, NY. p. 1.

(Re-)Définition de l’épigénétique (Holliday – Riggs)

Robin Holliday
(1935-2014)

Art Riggs
(born 1939)

Epigénétique et Mémoire Cellulaire

L’étude des changements d’expression des gènes transmissibles au travers des divisions 
cellulaires (voire des générations), sans changement de la séquence de l’ADN

Transmissible mais réversible 

DNMT1

E. Heard, 2016

De novo 
methyltransferase

DNMT3A/3B

Faithful transmission of DNA methylation patterns from one cell to its daughters…
May be less faithful than DNA sequence replication …

Russo, V.E.A., R.A. Martienssen & A.D. Riggs Eds. 1996. 
Cold Spring Harbor Laboratory Press. 

TETs o



Date of Download:  5/16/2025 Copyright © 2025 Karger Publishers. All rights reserved.

Arthur D. Riggs 
1939–2022

ART RIGGS – one of the fathers of modern Epigenetics

E. Heard, May 26th,  2025

THE ORIGINS OF THE MODERN DEFINITION OF EPIGENETICS

The maintenance 
methylase model 
1975

The “way station” 
model for the spread 
of X inactivation
1983 
(in Gartler and Riggs, ARG 
1983)

Cytogenetics and Cell Genetics. 2003;99(1-4):17-24. doi:10.1159/000071569



Date of Download:  5/16/2025 Copyright © 2025 Karger Publishers. All rights reserved.

Arthur D. Riggs 
1939–2022

ART RIGGS – one of the fathers of modern Epigenetics

THE ORIGINS OF THE MODERN DEFINITION OF EPIGENETICS

• In the 1970s, Riggs played a key role in launching the field of modern 
epigenetics. Inspired by his earlier studies on the Lac

• repressor in bacteria, Riggs had become fascinated with DNA 
modifications, recognizing that these modifications may interfere with 
protein–DNA interactions, perhaps best exemplified by the bacterial 
restriction and modification systems. In a landmark conceptual paper 
published in 1975.

• Riggs proposed that in mammals, patterns of DNA methylation, which 
exist chiefly in the form of 5-methylcytosines at CpG dinucleotide 
sequences, can be faithfully copied during DNA replication by a DNA 
methyltransferase (DNMT1). This enzyme maintains fully methylated CpG 
sites by acting preferentially on hemi-methylated intermediates arising 
shortly after DNA replication. 

• He also proposed that DNA methylation sites could control gene 
expression by interfering with the binding of regulatory proteins and could 
be involved in X-chromosome inactivation. 

• Therefore, the heritability of DNA methylation provides a mechanism for 
maintaining epigenetic states during cell divisions. 

• All these predictions turned out to be correct. 
• A conceptually similar proposal for DNA methylation maintenance during 

replication was developed independently by Holliday and Pugh and 
published in that same year.

The maintenance 
methylase model 
1975

The “way station” 
model for the spread 
of X inactivation
1983 
(in Gartler and Riggs, ARG 
1983)



Pfeifer et al (1990) Genes Dev. 4, 1277-1287

A role for DNA Methylation in X inactivation

First proposed by Riggs, 1975, Cytogenet. Cell Genet. 14, 9-25

Active X

Inactive X ! CmepG

CpG islands of X-linked genes are hypermethylated on the inactive X chromosome
Unlike their counterparts on the active X

E. Heard, May 26th,  2025



During DNA synthesis, 
azacytosine can substitute for 
cytosine – the DNA 
Methylatransferase enzyme 
recognizes the nucleotide and 
initiates the methylation process 
but remains covalently bound to 
DNA and its DNA 
methyltransferase function is 
blocked.

The Epigenetics of X-Chromosome Inactivation

E. Heard, May 26th,  2025

5-azacytidine treatment on cultured human/hamster 
hybrid cells with an inactive X chromosome  revealed 
that X-linked genes (Hprt) could be reactivated by 
inhibiting DNA methylation maintenance.

Likewise, in vitro methylation of various promoter constructs 

• DNA methylation is clearly involved in maintenance of X 
inactivation but there was no clear mechanism of action on the 
Xi: DNA binding proteins? Chromatin accessibility? 

• Replication timing?

• Furthermore CpG island DNA methylation does not seem to 
be conserved in marsupials!

• And DNA methylation on the Xi appears to be a relatively late 
event during mouse development...



The Epigenetics of X-Chromosome Inactivation

E. Heard, May 26th,  2025

Likewise, in vitro methylation of various promoter constructs 

• DNA methylation is clearly involved in maintenance of X 
inactivation but there was no clear mechanism of action on the 
Xi: DNA binding proteins? Chromatin accessibility? 

• Replication timing?

• Furthermore CpG island DNA methylation does not seem to 
be conserved in marsupials!

• And DNA methylation on the Xi appears to be a relatively late 
event during mouse development...



X inactivation results in highly variable changes in 
methylation of CpG islands that correlate with the 

location of genes escaping X inactivation. 

Sharp A J et al. Genome Res. 2011;21:1592-1600

X-Chromosome wide DNA methylation status

E. Heard, May 26th,  2025

How exactly 5mC can regulate gene expression when 
present at promoters remains unclear, but classically it is 
thought to recruit methyl-binding domain-containing 
factors, which would execute its repressive function.

Alternatively, CpG methylation within binding motifs seems 
to change the binding affinity of multiple TFs.

A whole range of other chromatin marks are also
associated with transcriptional silencing. 
These include not only repressive histone modifications 
(e.g. H4K20me1, H3K9me3, H3K27me3) but also histone 
variants that replace canonical histones (e.g. macroH2A).



Synergy of Multiple Epigenetic Mechanisms to maintain the Xi

Csankovski et al, 2001
Zhang et al, 2007E. Heard, May 26th,  2025



Xist RNA coating is followed by numerous chromatin
changes on the X during ES cell differentiation

Exclusion of euchromatic marks from the 
Xist RNA-coated chromosome

Enrichment for H3K27me3, H3K9me2,  
H4K20me1, macroH2A
Polycomb complexes PRC2, PRC1

Heard 2001, Chaumeil et al, 2002
Plath et al 2003, Silva et al 2003

Chromatin modifications on the X(i)
are Xist RNA dependent initially
– some become Xist-independent eg H4Ac zoom

H3me3K27

*
E. Heard, May 26th,  2025

COURS 2013, 2015



Xist RNA coating is followed by numerous chromatin
changes on the X

zoom
H3me3K27

*

E. Heard, February 18th, 2013

Histone ‘readers’ and ‘writers’ of the Xi ?

So far, PRC2/H3K27me3/PRC1/H2Aub
Polycomb group complexes can write certain marks
(eg H3K27me3 by PRC2) (eg H2AK119ub by PRC1)

that can be “read” by others 
(Cbx7 in PRC1 can bind H3K27me3) 

Jarid2 in PRC2 can bind H2AK119Ub)

E. Heard, May 26th,  2025

COURS 2013, 2015



Bertram et Barr, 1949 

1. How is facultative heterochromatin 
established?

2. How does chromosome organisation 
influence gene activity on the X?

MacroH2A

H2AK119Ub H3K27me3

H3K9me2H4 K20me1

DNA me
Xist

X inactivation: a classic example of facultative 
heterochromatin and a paradigm for epigenetic control

• Transcriptionally inert 
• Compact chromatin
• Unusual 3D organisation
• Particular nuclear localisation
• Silent nuclear compartment
• Depletion of active chromatin marks 
       (H3K4me3, H3K9ac, H4ac, H3K27ac)
• Enriched for repressive histone marks 

(H3K9me2, H3K27me3, H2AK119Ub)

From Galupa and Heard, ARG 2018E. Heard, May 26th,  2025

Boggs et al, 2001 Heard et al, 2001

Chameil et al, 2002
Chow et al, 2010

Giorgetti et al, 2001

Also see COURS 2013, 2015, 2018



X X

Differential treatment of the two X chromosomes in the same nucleus
 

This means that technologies that can distinguish the two X chromosomes have to be used!

Xist RNA triggers X inactivation
A multitasking RNA: gene silencing, chromatin changes, 

chromosome reorganisation

X Xi

Maintenance (Epigenetics)
Chromatin status , chromosome structure

nuclear organisation, asynchronous replication

XGFPXTOMATO-FP

Barr 
body

E. Heard, May 26th,  2025

Xist RNA is the trigger for X-Chromosome Inactivation in cis



H3Ac

H3K4me2

H4Ac

RNA 
Pol II

H3K36
me3

H3K4me3

Active gene

TF
Pc? 

MacroH2A

H2AK116Ub H3K27me3

H3K9me2H4
K20me1

DNA 
methylation

Maintenance 

Xist RNA

H3AcH4Ac

RNA 
Pol II

Xist RNA coating
Initiation of gene silencing

TF

H3K4me2 H3K36
me3

H3K4me3

PRC2, 
PRC1 (Cbx7),  PRC1-like  (Rybp)

macroH2A, ATRX, SMCHD1
CDYL, BAHD…  SAF-A…

             PRC1
SPEN

RBM15

Chu et al, Cell 2015
McHugh et al, Nature 2015 
Chen et al Science 2016
Minajigi  et al, Science 2015
Moindrot et al, Cell Rep. 2015
Monfort  et al, Cell Rep. 2015

Xist RNA is the trigger for gene silencing and epigenetic marking of the Xi
(Last week COURS 2)

E. Heard, May 26th,  2025

Xist RNA recruits key factors 
involved in gene silencing and 
induces chromatin changes 

that stably propagate the 
inactive state



E. Heard, May 26th,  2025

Xist is a multi-tasking RNA that recruits gene silencing & maintenance factors

?

Ciz1
SAF-A

Chu et al, Cell 2015
McHugh et al, Nature 2015 
Chen et al Science 2016
Minajigi  et al, Science 2015
Moindrot et al, Cell Rep. 2015
Monfort  et al, Cell Rep. 2015

SPEN / SHARP : 3,664 a.a. protein Implicated in RNA-directed 
transcriptional regulation in the context of hormone responsive 
nuclear receptor pathways

Spen´s SPOC domain interacts with the ubiquitous 
transcriptional co-repressors, SMRT/NCOR2 and NCOR1 and 
recruits histone deacetylases, including HDAC3. 



SPEN is Recruited by Xist RNA and brings with it Transcriptional and Epigenetic Regulators 

The SPOC domain is essential for
SPEN to function as a transcriptional

repressorinter acting with corepressors such as 
SMRT/NCoR.

SPEN is an essential regulator of gene silencing in X inactivation
Xist RNA recruits SPEN through its RNA binding motifs

Through its SPOC domain, SPEN interacts with transcriptionally active promoters and enhancers 
SPEN disengages from chromatin as soon as gene silencing occurs

SPEN remains associated with Xist RNA even after XCI is established

Dossin et al, Nature (2020)

Dossin et al, Nature (2020) « SPEN integrates transcriptional and epigenetic control of X-inactivation »

Francois Dossin



SPEN integrates transcriptional and epigenetic control of XCI

The SPOC domain is essential for
SPEN to function as a transcriptional

repressorinter acting with corepressors such as 
SMRT/NCoR.

SPEN is an essential regulator of gene silencing in X inactivation
Xist RNA recruits SPEN through its RNA binding motifs

Through its SPOC domain, SPEN interacts with transcriptionally active promoters and enhancers 
SPEN disengages from chromatin as soon as gene silencing occurs

SPEN remains associated with Xist RNA even after XCI is established

Dossin et al, Nature (2020)

Dossin et al, Nature (2020) « SPEN integrates transcriptional and epigenetic control of X-inactivation »

The SPOC domain of SPEN acts as a platform for recruitment of multiple protein complexes 
including SMRT/NCoR/HDAC3  (cf Oswald et al, 2016; Zylicz et al, 2019) 

the NuRD complex, the m6A machinery and RNA PolII machinery 

Francois Dossin



MacroH2A

H2AK119Ub H3K27me3

H3K9me2H4 K20me1

DNA me

Xist

X inactivation: a classic example of facultative 
heterochromatin and a paradigm for epigenetic control

E. Heard, May 26th,  2025

NEW GENOMICS METHODS

1. How is facultative heterochromatin 
established?

2. How does chromosome organisation 
influence gene activity on the X?

• Transcriptionally inert 
• Compact chromatin
• Unusual 3D organisation
• Particular nuclear localisation
• Silent nuclear compartment
• Depletion of active chromatin marks 
       (H3K4me3, H3K9ac, H4ac, H3K27ac)
• Enriched for repressive histone marks 

(H3K9me2, H3K27me3, H2AK119Ub)



+Dox

B6 Cas B6 Cas

XiB6XaCasXaB6XaCas

Female ESC with highly 
polymorphic X chromosomes 

carrying a Tet-inducible Xist gene 
on the XB6

Kinetics of Epigenetic marks during X inactivation in vitro
Mouse embryonic stem cells (mESCs) with inducible, non-random

X-chromosome inactivation uncoupled from differentiation

Schulz et al, Cell Stem Cell 2014

• Gene silencing similar to in vivo kinetics
• Rapid loss of euchromatic marks after Xist coating
• Gain of early heterochromatin marks
 (but not later heterochromatic marks such as 
H3K9me2 and DNA methylation)

E. Heard, May 26th,  2025 Aurelie Bousard 

Jan Zylicz

• First high resolution analysis of X-chromosome chromatin changes during initiation of 
XCI 

• Histone deacetylation via HDAC3 is a very early event in XCI
• HDAC3 is required for efficient XCI at most X-linked genes (not all): A role for histone 

deacetylation in initiation of gene silencing
• Pre-marking by PRC1 may facilitate HDAC3-independent gene silencing? (Sousa et al, 

Genome Research in press)
• H2AK119Ub precedes H3K27me3 on the Xist RNA-coated X



+Dox

B6Cas B6 Cas

XiB6XaCasXaB6XaCas

Native ChIPseq
At 0, 4h, 8h, 12h and 24h

Active Promoters: 
H3K4me3, H3K27ac, 
H3K9ac, H4ac

Active Enhancers: H3K4me1 
and H3K27ac

Polycomb repressive marks: 
H2AK119Ub and H3K27me3

5 time-points x 8 samples 
x 2 biological replicates 

= 80 libraries

d-score

The Implication of Early Chromatin Changes in X Inactivation  

Zylicz, Bousard et al, Cell 2019



Zylicz, Bousard et al, Cell 2019
Bousard et all, EMBO Reports 2019

• Histone deacetylation via HDAC3 is a very early event in XCI
• HDAC3 is required for efficient XCI of most, but not all X-linked genes  
• PRC1-mediated H2AK119Ub precedes H3K27me3 (PRC2) on the Xist RNA-coated X
• Both Polycomb marks accumulate initially at intergenic regions, then spread to genic regions but only 

after gene silencing has occurred

0 h

4 h

8 h

12 h

Xist / X-linked gene
RNA FISH

+Dox

B6Cas B6Cas

XiB6XaCasXaB6XaCas

The Implication of Early Chromatin Changes in X Inactivation  



Zylicz, Bousard et al, Cell 2019
Bousard et al EMBO Reports 2019

• Histone deacetylation via HDAC3 is a very early event in XCI
• HDAC3 is required for efficient XCI of most, but not all X-linked genes 
• PRC1-mediated H2AK119Ub precedes H3K27me3 (PRC2) on the Xist RNA-coated X
• Both Polycomb marks accumulate initially at intergenic regions, then spread to genic regions but only 

after gene silencing has occurred
• During Initiation of XCI PRC1 precedes PRC2; during maintenance both PRC1 and PRC2 are required 
• Different genes may have different requirements for PRC1, PRC2 or both...

From Zylicz and Heard, 
Ann Rev Biochem 2020∂

The Implication of Polycomb Complexes in X Inactivation  



• Expression of Xist RNA promotes enrichment of multiple subtypes of Polycomb 
complexes on the inactive X chromosome. 

• This is mediated by the direct interaction between the Xist B/C-repeat region of the 
RNA and a nuclear matrix protein, hnRNPK, which specifically engages PCGF3/5- 
PRC1 complexes. 

• Downstream of initial PCGF3/5-PRC1 catalytic activity, self-reinforcing loops of 
recruitment acting through recognition mechanisms involving all non-canonical 
PRC1 complexes (via RYBP binding H2AK119ub1), PRC2 (via JARID2 binding 
H2AK119ub1) and canonical PRC1 (via CBX binding H3K27me3 deposited by 
PRC2)

• Once established – different genes on the inactive X have different Polycomb 
dependencies (for ex. in early extra-embryonic tissues) (Masui, Corbel et al, 2023 –next week)

Almeida et al (2020) Curr. Op. Gen.Dev
https://doi.org/10.1016/j.gde.2020.02.023

Multiple Polycomb Combinations at Different Stages of Life
May Contribute to the Silent State of the Inactive X Chromosome



Dissecting the roles of Polycomb complexes during 
X-chromosome inactivation (XCI)

Knock out of PRC1 or PRC2 in vivo (NEXT WEEK)
Polycomb complex degrons in F1 hybrid Xist-inducible mouse embryonic stem 

cells, neuronal progenitor cells + astrocytes (ongoing work in Heard lab):
• Dox-inducible upregulation of Xist in ESCs or random XCI by cellular differentiation
• Remove PRC1 and PRC2 acutely and reversibly via targeted proteasomal degradation

Neuronal progenitor
cells (NPCs)
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Mouse embryonic
stem cells (ESCs)
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Chromatin Characteristics of the inactive X Chromosome

Chromatin proteins and histone 
modifications: 

PRC1 and PRC2 complexes play roles 
in early maintainence of XCI

DNA methylation
Plays a role in maintenance of the 

stable inactive state

Asynchronous replication 
timing?

Chromosome architecture?

E. Heard, May 26th,  2025
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Chromatin and 3D Organisation of the Inactive X Chromosome

Long non-coding
Xist RNA

Chromatin proteins and histone 
modifications: 

PRC1 and PRC2 complexes play roles 
in early maintainence of XCI

DNA methylation
Plays a role in maintenance of the 

stable inactive state

Asynchronous replication 
timing?

Chromosome architecture?

Identical (or almost) DNA sequences
Opposite gene activity states

Heritable through cell divisions 



Allele-specific HiC:  3D chromosome topology of the active and inactive X chromosomes

Nora et al, Nature 2012;
Giorgetti et al. Nature 2016

Collaboration with
Job Dekker (UMass)

The conserved, CTCF-enriched DXZ4 
macrosatellite  locus partitions the 

inactive X into megadomains

Inactive X-Chromosome 3D Organisation

E. Heard, May 26th,  2025



Giorgetti et al. Nature 2016

Inactive X-Chromosome 3D Organisation

E. Heard, May 26th,  2025

• The inactive X is “unstructured” except for the formation of two 
megadomains, spearated by DXZ4 macrosatelllite

• Plus a few TAD-like domains that correspond to genes escaping 
XCI: are these a cause or consequence of escape?

• The CTCF-enriched  DXZ4 macrosatellite does NOT influence XCI 
but it does influence frequency of escape (NEXT WEEK)



Inactive X-Chromosome 3D Organisation

E. Heard, May 26th,  2025 Gdula et al, Nat. Comm (2019) doi.org/10.1038/s41467-018-07907-2

• Non-canonical SMC family protein, SMCHD1 is 
essential for the maintenance of XCI (Gendrel et al 
2012)

• It localizes to the Xi and may be involved in the 
hypermethylation of CpG islands, SMCHD1 
contributes to the formation of H3K9me3 blocks on 
the Xi, which may also stabilize gene repression

• SMCHD1 may collaborate with Polycomb Repressive 
Complex 1 (PRC1) to reorganize the 3D structure of 
the inactive X chromosome (Xi) – eliminating 
compartments?



Inactive X-Chromosome 3D Organisation

E. Heard, May 26th,  2025

• Non-canonical SMC family protein, SmcHD1 is a key 
factor in defining the unique chromosome architecture 
of the Xi.

• Specifically, allelic mapping of the transcriptome and 
epigenome in SmcHD1 mutant cells reveals the 
appearance of submegabase domains defined by gene 
activation, CpG hypermethylation and depletion of 
Polycomb-mediated H3K27me3. 

Transcriptional changes

DNA Methylomes

Gdula et al, Nat. Comm (2019) doi.org/10.1038/s41467-018-07907-2



Inactive X-Chromosome 3D Organisation

E. Heard, May 26th,  2025

• Non-canonical SMC family protein, SmcHD1 is a key 
factor in defining the unique chromosome architecture 
of the Xi.

• Specifically, allelic mapping of the transcriptome and 
epigenome in SmcHD1 mutant cells reveals the 
appearance of submegabase domains defined by gene 
activation, CpG hypermethylation and depletion of 
Polycomb-mediated H3K27me3. 

• These domains, which correlate with sites of SmcHD1 
enrichment on Xi in wild-type cells, additionally adopt 
features of active X chromosome higher-order 
chromosome architecture, including A/B 
compartments and partial restoration of TAD 
boundaries. 

• Xi chromosome architecture changes also occurred 
following SmcHD1 knockout in a somatic cell model, 
but in this case, independent of Xi gene derepression. 

Gdula et al, Nat. Comm (2019) doi.org/10.1038/s41467-018-07907-2



Inactive X-Chromosome DNA Replication

E. Heard, May 26th,  2025

• Chromosome-wide late replication is an enigmatic hallmark of the 
inactive X chromosome (Xi). How it is established and what it 
represents remains obscure. 

• By single-cell DNA replication sequencing, we show that the entire Xi 
is reorganized to replicate rapidly and uniformly in late S-phase 
during X-chromosome inactivation (XCI), reflecting its relatively 
uniform structure revealed by Chromosome Conformation Capture.

• Despite this uniformity, only a subset of the Xi became earlier 
replicating in SmcHD1-mutant cells. 

Poonperm et al, NSMB (2023) https://doi.org/10.1038/s41594-023-01052-1



Inactive X-Chromosome DNA Replication

E. Heard, May 26th,  2025

• Chromosome-wide late replication is an enigmatic hallmark of the 
inactive X chromosome (Xi). How it is established and what it 
represents remains obscure. 

• By single-cell DNA replication sequencing, we show that the entire Xi 
is reorganized to replicate rapidly and uniformly in late S-phase 
during X-chromosome inactivation (XCI), reflecting its relatively 
uniform structure revealed by Chromosome Conformation Capture.

• Despite this uniformity, only a subset of the Xi became earlier 
replicating in SmcHD1-mutant cells. 

• In the mutant, these domains protruded out of the Xi core, contacted 
each other and became transcriptionally reactivated. 4C-seq 
suggested that they constituted the outermost layer of the Xi even 
before XCI and were rich in escape genes. 

• This default positioning may form the basis for their inherent 
heterochromatin instability in cells lacking the Xi-binding protein 
SmcHD1 or exhibiting XCI escape. 

Poonperm et al, NSMB (2023) https://doi.org/10.1038/s41594-023-01052-1

• These observations underscore the importance of 3D genome 
organization for heterochromatin stability and gene regulation.



Xist RNA coats the chromosome it is expressed from in cis within hours

Xist RNA forms a Nuclear Compartment depleted of Transcription

Xist RNA compartment
RNA Pol II depleted compartment

Genes that are silenced are relocated 
within this compartment

Transcription machinery
(RNA PolII) Xist RNA FISH / Gene DNA FISHXist RNADNA

Okamoto et al, Science 2004
Chaumeil et al,  Genes Dev. 2006
Chow et al, Cell 2010

Xist RNA

RNA Pol II IF/RNA FISH

X-linked gene
1ary transcript

RNA Pol II

Xa

Xist RNA forms a silent “compartment” that is depleted for RNA PolII and transcription factors
Genes are positioned at the edge of the compartment but move into the Xist RNA domain as they are silenced. 

Genes that escape XCI remain external to the Xist domain...



Xist RNA forms a Nuclear Compartment depleted of Transcription

Xist RNA compartment
RNA Pol II depleted compartment

Genes that are silenced are relocated 
within this compartment

Transcription machinery
(RNA PolII) Xist RNA FISH / Gene DNA FISHXist RNADNA

Okamoto et al, Science 2004
Chaumeil et al,  Genes Dev. 2006
Chow et al, Cell 2010

Xist RNA

RNA Pol II IF/RNA FISH

X-linked gene
1ary transcript

RNA Pol II

Xa

Chaumeil et al, Genes Dev. 2006

Does this RNA polymerase II 
depletion from the inactive X 

chromosome territory 
represent a  physical 

compartmentalization? 

Xist RNA forms a silent “compartment” that is depleted for RNA PolII and transcription factors
Genes are positioned at the edge of the compartment but move into the Xist RNA domain as they are silenced. 

Genes that escape XCI remain external to the Xist domain...



“ RNA polymerase II depletion from the inactive X chromosome territory is not mediated by physical compartmentalization” 
Collombet et al, Biorxiv,; Nature Communications in press 

Does Xist RNA lead to RNA PolII physical exclusion/ phase separation?

Same number of RNA Pol2 molecules 
entering the Xi as a control region

No differences in diffusion coefficient

Inside and outside the Xi

Collaboration with 
Darzaq/Tjian lab

SPT-PALM: single 
particle tracking

Xist-BGL-GFP 
imaging and RNAPII 
RPB1 and RPB3 
single particle 
tracking

(5.477ms between 
frames, 1ms exposure, 3 
min tracking) in the same 
cell. 

Each trajectory is shown 
with a random color.

Samuel 
Collombet

Early “exclusion” of RNA PolII during initiation of XCI 
is presumably due to the factors that Xist RNA recruits to silence genes

No “barrier” effect on Xist-coated X chromosome 
preventing RNA PolII diffusion during initiation of XCI



X inactivation: a classic example of facultative 
heterochromatin and a paradigm for epigenetic control

E. Heard, May 26th,  2025 Review by Loda, Collombet and Heard, 2022

Kinetics of Random XCI in Embryonic Stem Cells
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Silencing and Escape from X-chromosome inactivation
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Silencing and Escape from X-chromosome inactivation



NEXT WEEK: Developmental and Evolutionary Dynamics of XCI

Different mammals have chosen different strategies of paternally imprinted X 
inactivation and/or random X inactivation 

From Okamoto and Heard, Chrom. Research 2009

E. Heard, May 26th,  2025

Random Monoallelic Expression?
(gene by gene)?

Rsx

and later random Xist expression and XCI  in embryo-proper

Random XCI

Random or

No “XCI”

Imprinted paternal XCI



COURS 2025

12 mai 2025
Découverte de l’inactivation du chromosome X
(lyonisation)

19 mai 2025
La génétique et l’épigénétique de l’inactivation du
chromosome X et d’autres exemples d’expression
monoallélique

26 mai 2025
Évolution de l’inactivation du chromosome X
et dynamique développementale

2 juin 2025
Implications de l’inactivation du chromosome X
pour la biologie féminine

10-11 juin 2025 Colloque


