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SUMMARY of LAST WEEK

E. Heard, March 27th 2023

• Sex- biased gene expression is a fundamental characteristic that is common across species. 
• In humans, genes demonstrate sex- biased expression within and between tissues, during development, in the 

context of disease and under different environmental conditions 
• This sex bias is both at the individual gene level and on a genome- wide scale
• Sex- biased gene expression is a common characteristic of genes encoded both on the sex chromosomes and on the 

autosomes, with the X being enriched for sex differentially expressed genes, largely due to escapees genes on the Xi

Dosage compensation has two consequences that imply the differences between females and males in prevalence and 
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• Random X-chromosome inactivation early in female development  leads to cellular mosaicism for proteins encoded 
by paternal or maternal X-chromosome genes

• Most X-linked genes are characterized by monoallelic expression but many genes can escape XCI and this can be 
constitutive or facultative and variable

• X-linked mutations lead to more severe phenotypes in males than females owing to the presence in XX individuals of 
a second X and mosaicism due to X inactivation, as well as the presence of escapees

• X inactivation contributes to a variety of differences between females in prevalence and severity of X-linked 
disorders

Dosage compensation has two consequences that imply the differences between females and males in prevalence and 

Deng et al, 2014
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Xi Escapees in Twin Studies: Genetic and Stochastic/Environmental 

E. Heard, March 20th 2023

XCI escape analysed using paired bulk RNAseq and DNAseq data 
in a multi-tissue dataset sampled from 248 skewed female twins 
of the TwinsUK bioresource. 

Adipose and skin tissue, lymphoblastoid cell lines and purified 
immune cells (monocytes, B-cells, T-CD4+, T-CD8+ and NK cells), 
across individuals. 

Identify novel genes exhibiting tissue- and immune cell type-
specific escape, and genes escaping XCI with high variability 
across tissues and individuals. 

Escape varies across tissues and immune cells within an 
individual and across individuals. 
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XCI escape analysed using paired bulk RNAseq and DNAseq data 
in a multi-tissue dataset sampled from 248 skewed female twins 
of the TwinsUK bioresource. 
Examine adipose and skin tissue, lymphoblastoid cell lines and 
purified immune cells (monocytes, B-cells, T-CD4+, T-CD8+ and 
NK cells), across individuals. 
Identify novel genes exhibiting tissue- and immune cell type-
specific escape, and genes escaping XCI with high variability 
across tissues and individuals. We observe that escape varies 
across tissues and immune cells within an individual and across 
individuals, a phenomenon with high biomedical relevance. 
Using twins, we demonstrate that regulation of XCI escape has 
both heritable and environmental components, implying a 
complex interplay between genetic and non-genetic factors.

Escape from X-inactivation exhibits intra- and inter-individual variability

And may be influenced by both heritable and environmental factors

Twin studies can assess contribution of genetic factors to complex traits
Using 27 complete twin pairs (17 monozygotic (MZ or identical); 10 dizygotic (DZ or fraternal)), 
we quantified the concordance in the escape in LCLs between co-twins and compared such 
concordance between MZ and DZ twins.

MZ twins share significantly more similar escape genes than DZ twins
ÞThere is a significant genetic component of escape

Nevertheless, MZ twin discordance suggests non-genetic influences.
=> both genetic and environmental factors – or stochastic variation -
interplay to influence XCI escape. 

Variability between immune cell types may also suggest an immune cell 
type-specific response to environmental influences.

Escape may influence disease risk and phenotype differences between the 
sexes, and within females.



Xi escape in Humans and Mice

E. Heard, March 20th 2023

Deng and Disteche, NRG 2014

The human and mouse X chromosomes, showing the locations 
of 62 human escapee genes (green lines, intensity reflects 
escape gene density), 16 variable escapee genes (purple), and 
17 mouse escape genes (genes shown were observed in two or 
more studies/tissues)

Mechanisms of Escape? 

Genes subject (blue) or escaping (green) XCI



Aberrant X-linked gene dosage can have 
deleterious consequences

A single X in females leads to Turner’s syndrome 
XXX trisomy females have TWO inactive Xs and one active X
Some genes are expressed from both Xs: They “escape” X inactivation

E. Heard, March 27th 2023

• Humans are sensitive to chromosomal dosage and most aneuploidies are lethal
• Only trisomies 13, 18, and 21 (respectively the Patau, Edwards, and Down syndromes). 
• Aneuploidies of the X are common viable chromosomal abnormalities, and affected individuals w moderate phenotypes. 
• The best known are Turner syndrome (XO females) and Klinefelter syndrome (XXY males). 
• The reason that X chromosome aneuploidies are better tolerated than autosomal ones is due to X inactivation (XCI), in which all 

X chromosomes are transcriptionally silenced except for one. 
• XO, XX, XXX, or XXXX, or XXY will each have only one active X chromosome with all supernumerary X’s being inactivated. 
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Aberrant X-linked gene dosage can influence multiple functions
including intellectual capacity and somatic functions

E. Heard, March 27th 2023

% CASES OF AUTISM SPECTRUM DISORDER AND ATTENTION-DEFICIT/ HYPERACTIVITY DISORDER



Multiple X chromosomes lead to intellectual deficiencies 
and somatic abnormalities

E. Heard, March 27th 2023

The X chromosome of eutherian mammals exists in two distinct epigenetic states that are referred to as ‘‘active’’ (Xa) and 
‘‘inactive’’ (Xi).

The ‘‘n-1’’ rule (where n is the number of X chromosomes per cell) states that all diploid human somatic cells possess one 
X chromosome in the active state (Xa), while all other (i.e., n-1) copies of chromosome (Chr) X4 are transcriptionally
repressed through X-chromosome inactivation (XCI).



E. Heard, March 27th 2023

• Multiple Barr bodies and XIST RNA domains in individuals with more than two X chromosomes
• All X chromosomes but one are inactive
• Mental deficiency and somatic abnormalities in individual with supernumerary Xs implies that not 

all genes are silenced

Multiple X chromosomes lead to intellectual deficiencies 
and somatic abnormalities
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Using Aneuploidies to show that the Human Inactive X 
modulates expression of the Active X   

E. Heard, March 27th 2023



The Human Inactive X modulates expression of the Active X   

The human inactive X chromosome modulates expression of the active X chromosome

Quantified Xi and Xa gene expression in individuals with one active X and zero to three inactive X chroms. 

Linear modeling revealed modular Xi and Xa transcriptomes and significant Xi-driven expression changes for 
38% (162/423) of expressed X-chromosome genes. 

This model confirmed the “n-1” rule (ie only one Xa per diploid cell. All other Xs are inactivated)

By integrating allele-specific analyses, the Xi modulates Xa transcript levels  (³ 121 genes). 

10 X-chromosome genes identified that may drive sex differences in common disease and sex chromosome 
aneuploidy syndromes. 

By comparing samples that vary in Xi copy number with and without a Y chromosome, expression from Xa
was found to be quantitatively indistinguishable in phenotypic males and females—as is expression from Xi.

=> Human X chromosomes are regulated both in cis, through Xi-wide transcriptional attenuation, and in 
trans, through positive or negative modulation of individual Xa genes by Xi. The sum of cis and trans effects 
differs widely among genes.

E. Heard, March 27th 2023



The Human Inactive X modulates expression of the Active X   

• Quantification de l'expression des gènes Xi et Xa chez des individus possédant un X actif - et de 0 à 3 
chromosomes X inactifs. 

• La modélisation linéaire a révélé des transcriptomes Xi et Xa modulaires et des changements
d'expression significatifs induits par le Xi pour 38 % (162/423) des gènes exprimés du chromosome X. Ce 
modèle a confirmé le caractère "n-1" de l'expression des gènes du chromosome X actif. 

• Ce modèle a confirmé la règle "n-1" (c'est-à-dire un seul Xa par cellule diploïde, tous les autres X étant
inactivés).

• En intégrant les analyses allele-spécifiques, le Xi module les niveaux de transcription du Xa (³ 121 gènes). 
• 10 gènes sur le chromosome X susceptibles d'être à l'origine de différences entre les sexes dans les 

maladies courantes et les syndromes d'aneuploïdie des chromosomes sexuels. 
• En comparant des échantillons dont le nombre de copies de Xi varie avec et sans chromosome Y, il a été

constaté que l'expression du Xa était quantitativement indiscernable chez les hommes et les femmes, 
tout comme l'est l'expression de Xi.

• => Les chromosomes X humains sont régulés à la fois en cis, par l'atténuation transcriptionnelle à
l'échelle du Xi, et en trans, par la modulation positive ou négative des gènes Xa individuels par le Xi. 

• La somme des effets cis et trans diffère largement d'un gène à l'autre.

E. Heard, March 27th 2023



Escapees on the Human Inactive X modulate expression of the Active X   

E. Heard, March 27th 2023

Expression from the inactive X can offer protection against de novo and inherited X-linked mutations, and 
has also been proposed to contribute to the over-representation of females for some complex traits, such 

as the autoimmune disorders



Impact of the inactive X chromosome on human disease

E. Heard, March 20th 2023

X-Chromosome Inactivation and Escape
• Random XCI leads to cellular mosaicism within and 

between individuals. 
• Every female is a unique mosaic for X-linked gene 

expression: outcome will depend on interplay of all 
alleles between the two (active) Xs, as well as the 
inherent variation in primary “random” XCI, also in 
cell mixing and migration.

• As XCI is complete after the blastocyst stage, the 
manifestation of X-linked phenotypes depends 
largely on the way in which these cells subsequently 
divide, mingle, and migrate to form the organs of 
the body.

• Escape from XCI in some genes leads to a greater 
degree of variability and can have an impact  on sex 
differences in physiology and disease

• 5–25% of X-linked genes are  known to escape X-inactivation (escapees). 
• The expression levels of these genes are attributed to sex-dependent phenotypic variability.
• Mutations in escape genes are an especially common cause of XLID (and are often lethal in males eg MECP2)
• Autoimmune diseases, common in women, are likely caused by abnormal expression of escape genes. 
• Abnormal escape gene dosage due to X aneuploidy contributes to a milieu of deleterious phenotypes 

including infertility, intellectual disability, immune diseases and cancer.



How, when, and where
does escape from X inactivation occur?
How do escapees contribute to disease?

E. Heard, March 27th 2023



Wu et al, Neuron 2014

XGFPXTOMATO-FP

Females are cell mosaics 
for X-linked gene expression

Gene silencing and escape during X inactivation

E. Heard, March 27th 2023

Random X-inactivation
(XCI)



X X X Xi

Wu et al, Neuron 2014

XGFPXTOMATO-FP

Random XCI
Females are mosaics for X-linked gene expression

Maintenance 
Chromatin (Polycomb, DNA methylation)

Nuclear organisation, Asynchronous replication
Chromosome structure

Xist RNA triggers the differential treatment of the 
two X chromosomes in same nucleoplasm 

Initiation: the Xic
Xist - a multitasking lncRNA

Xist lies in the Xic

Gene silencing and escape during X inactivation

E. Heard, March 27th 2023

Bertram et Barr, 1949 
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Bertram et Barr, 1949 

Biallelic Xist/Tsix RNA
Biallelic X-linked gene RNA

Monoallelic Xist RNA
Biallelic X-linked gene RNA

Monoallelic Xist RNA
Monoallelic X-linked gene RNA

Xist RNA triggers the differential treatment of the 
two X chromosomes in same nucleoplasm 



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 and it protein partners initiate XCI

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. 

E. Heard, March 27th 2023



SPEN is a key regulator of gene silencing during 
initiation of X inactivation

XXX

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

repressorinter acting with corepressors such as 
SMRT/NCoR.

Dossin et al, Nature (2020) E. Heard, March 27th 2023

XXX

The SPOC domain acts as a platform 
for multiple complexes that silence 

transcriptionally active genes.

Different genes may be sensitive to 
different components of the SPEN 

platform 

SPEN is recruited by Xist RNA.
Tethered to chromatin by its SPOC 

domain via RNA PolII CTD?
SPEN is a key regulator of gene 

silencing in X inactivation: 
interacting with 

transcriptionally active 
promoters and enhancers and 
disengaging from chromatin as 
soon as gene silencing occurs 



X X X Xi

Wu et al, Neuron 2014

XGFPXTOMATO-FP

Random XCI
Females are mosaics for X-linked gene expression

Maintenance 
Chromatin (Polycomb, DNA methylation)

Nuclear organisation, Asynchronous replication
Chromosome structure

Stability of the inactive state
(rate of reactivation of most X-linked genes

<10-9 in somatic cells)

Initiation: the Xic
Xist - a multitasking lncRNA

Xist lies in the Xic

Gene silencing and escape during X inactivation

E. Heard, March 27th 2023

Bertram et Barr, 1949 

Differential treatment of the two X chromosomes is 
stably mitotically inherited
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Gene silencing and escape during X inactivation

MacroH2A

H2AK119Ub H3K27me3

H3K9me2H4 K20me1

DNA me

Maintenance of silencing
Xist

Differential treatment of the two X chromosomes is 
stably mitotically inherited



Germ line

Sperm Xp

Placenta
(Xp remains inactive)

Oocyte 
Xm

Blastocyst

X Reactivation

Embryo
(Xp or Xm inactive)

XmaXpa

XmaXpi

Inner Cell Mass (ICM)

ES Cells

Xp Reactivation
in ICM

Meiotic sex chromosome
inactivation

Paternal Xist only 

Imprinted X Inactivation 
of the paternal X (Xp)

Random 
X Inactivation

Random X inactivation :
Xp or Xm

Primitive
Endoderm

XmaXpi

In vivo Dynamics of murine X inactivation

Takagi and Sasaki, 1975
Kay et al, 1994
Huyhn and Lee, 2003
Okamoto et al, 2004 
Mak et al, 2004
Patrat et al, 2009

E. Heard, 27th March, 2023

Maternal Imprint
Transient 3D Polycomb domain



Inter-species crosses
=> F1 embryos

19 Millions SNPs; 1 SNP/100bp
1 SNP/650bp for the X

(Frazer et al, Nature, 2007)

RNA FISH:
Gene by gene  analysis

Okamoto et al, Science 2004
Okamoto et al,  Nature 2005
Patrat et al, PNAS 2009

Single cell allelic profiling of X-chromosome inactivation and reactivation
in mouse embryos

M. Borensztein

Single cell RNA-seq analysis

Borensztein et al. Xist-dependent imprinted X inactivation 
and the early developmental consequences of its failure. 
Nature Structural & Molecular Biology 24:226-233 (2017)

Borensztein, Okamoto et al . Contribution of epigenetic landscapes and 
transcription factors to X-chromosome reactivation in the inner cell mass. 
Nature Communications 8:1297 (2017)

Ikuhiro
Okamoto

E. Heard, March 27th 2023



How does a lack of paternal Xist impact XCI and early female development?

Xist - / Y

XpDXist Xm
embryos 

• No initiation of paternal X gene silencing
• No maternal Xist up-regulation
• Significant mis-regulation of X-linked and 

autosomal genes by 32-cell stage
• No dosage compensation
• Early post implantation lethality

X inactivation is essential for early 
female development to proceed 

Borensztein et al, Nature Struct. Mol. Biol, 2017

CEN

TEL

Kinetics of XCI in WT embryos



What about Human XCI?

Very different modes of XIST Regulation and XCI kinetics 
in mice, rabbits and humans!

Pre-implantation is morphologically similar in eutherians
Yet developmental timing, gene expression and signalling

requirements for pluripotency and lineage segregation are very 
different…

Okamoto et al, 2011, Nature 472 : 370-374



What about Human XCI?

No Barr body

Y

Female

Male

• No imprinted XIST regulation in human or rabbit embryos
• XIST up-regulation from both Xs then resolution to one X
• In humans, XIST RNA accumulates in male and female embryos in TE and ICM cells but genes are 

biallelically expressed (based on nascent RNA FISH)
• No signs of H3K27me3 or Barr body up to day 7 (Teklenburg et al, 2012)
• No inactivation and reactivation of the Xi in the ICM…relationship with pluripotency factor network must 

be quite different in humans and rabbits

Okamoto et al, 2011, Nature 472 : 370-374

Y

• Primate-specific XACT lncRNA prevents efficient XIST coating? (Vallot et al, 2016)
• X-chromosome « dampening »: partial gene repression of both Xs early on?(Petropoulos et al, 2016)



Dampening of both Xs prior to monoallelix XCI in Humans?

E. Heard, March 27th 2023



Complete XCI dynamics during in vivo embryogenesis
in Macaque 

Both Xs have XIST coating, H3K27me3 and 
H2AK119u1 enrichment, and a compacted structure  
for up to 17 days 

An active intermediate persists after implantation in 
the cynomolgus epiblast

Very divergent from mice in timing, and order of 
events. Also not identical to humans!

Different mechanism(s) for triggering chromosome-
wide XCI in primates? 

X chromosome “”dampening” of both Xs may not be 
a major mechanism for dosage compensation

Okamoto et al (2021) The X chromosome dosage compensation program during the development of cynomolgus monkeys. Science 374(6570)



Very diverse dosage compensation strategies even between mammals

Monotremes Marsupials
Eutherians

Stochastic – partial
Monoallelic

Imprinted - leaky
Rsx RNA?

Imprinted & Random
Xist RNA

Random
Xist RNA

Random
XIST RNA

Mary Lyon

Gene Action in the X-
chromosome of the Mouse 
(1961)

Lyon, M. F. (1961), Gene Action in the X-chromosome of the Mouse (Mus musculus L.) Nature 190: 372-3.



Rnf12 / Xist

Nascent transcript RNA FISH

Okamoto et al, Science 2004, Nature 2005
Patrat et al, PNAS, 2009

Borensztein et al, Nat. Comm, 2017, NSMB, 2017

• Different genes show very different kinetics of XCI – rapid or very slow silencing
• Some genes show escape from the outset (eg Utx, Jarid1c) 
• Others are inactivated and then reactivated in specific lineages (eg Atrx)
• Global Xi reactivation happens in the inner cell mass of the murine blastocyst

Gene Silencing and escape from XCI during mouse development

E. Heard, March 27th 2023



Corbel et al, Development, 2013

Atrx escape from XCI may be required for imprinted XCI

Atrx Xist DAPI                  Merge

Chorion

TGC

Atrx marks the inactive X in Trophoblast Stem cells. 
Baumann and De La Fuente, 2009

Loss of Atrx causes Trophoblast failure and is 
associated with escape from imprinted XCI. 
Garrick et al, 2010

Atrx protein is highly expressed in Trophoblast 
Giant Cells, where the gene escapes from XCI. 
Corbel et al, Development 2013

E. Heard, March 27th 2023



Germ line

Sperm Xp

Placenta
(Xp remains inactive)

Oocyte 
Xm

Blastocyst

X Reactivation

Embryo
(Xp or Xm inactive)

XmaXpa

XmaXpi

Inner Cell Mass (ICM)

ES Cells

Xp Reactivation
in ICM

Meiotic sex chromosome
inactivation

Paternal Xist only 

Imprinted X Inactivation 
of the paternal X (Xp)

Random 
X Inactivation

Random X inactivation :
Xp or Xm

PRC2 and PRC1 are required for 
maintenance (Masui, Corbel et al 2023)

(no DNA methylation) Primitive
Endoderm

XmaXpi

In vivo Dynamics of murine X inactivation

Takagi and Sasaki, 1975
Kay et al, 1994
Huyhn and Lee, 2003
Okamoto et al, 2004 
Mak et al, 2004
Patrat et al, 2009
Masui, Corbel et al, 2023

E. Heard, 27th March, 2023

Maternal Imprint
Transient 3D Polycomb domain



Epigenetic “memory” at some regions of 
the Xp?

xxxxxxxxxxxxxx

ChIP seq analysis for H3K27me3 and H3K4me3 in ICM of pre-
implantation embryos (pooled between E3.5-E4.0) reveals 
differently distributed repressive H3K27me3 and active 
H3K4me3 on the inactive X chromosomes
Zheng, H. et al. Resetting Epigenetic Memory by 
Reprogramming of Histone Modifications in Mammals. Mol. Cell 
63, 1066–1079 (2016).

Late-reactivated genes are significantly 
enriched in H3K27me3 on the paternal X

Different genes show very different kinetics of Xi reprogramming

E. Heard, March 27th 2023



xxxxxxxxxxxxxx
Different genes show very different kinetics of Xi reprogramming

ChIP seq analysis for H3K27me3 and H3K4me3 in ICM of pre-
implantation embryos (pooled between E3.5-E4.0) reveals 
differently distributed repressive H3K27me3 and active 
H3K4me3 on the inactive X chromosomes
Zheng, H. et al. Resetting Epigenetic Memory by 
Reprogramming of Histone Modifications in Mammals. Mol. Cell 
63, 1066–1079 (2016).

How is this repressive epigenetic memory 
removed from late-reactivated genes?

Is it lost passively (cell division) or 
is it actively erased 

(eg histone demethylase)?

Differences in epigenetic “memory” at 
different regions of the X?

E. Heard, March 27th 2023



The escapee Utx/Kdm6a facilitates loss of epigenetic silencing at some
loci during Xp reactivation in the ICM

In Utx mutant E4.5 female blastocysts:

• H3K27me3 remains aberrantly enriched on the Xp
• Only late-reactivated genes are affected by absence of Utx
• Observe even slower reactivation of X-linked genes that 

have an epigenetic memory associated with H3K27me3

Borensztein, Okamoto et al (2017) Nature Communications 8:1297E. Heard, March 27th 2023



Yoo et al, 2012

Kdm6a /Utx:

• H3K27 demethylase
• Ubiquitously expressed in embryos & somatic 

tissues
• Escapes X-chromosome inactivation
• Gender-specific tumor suppressor in T-cell 

acute lymphoblastic leukemia
• Sex-specific earlier lethality observed in UTX 

deleted mice (Jaenisch, Magnuson and Hanna labs)

embryos were detected after E12.5 (Fig. 1A). This finding indi-
cates that UTX deficiency in female, in contrast to male embryos
leads to fully penetrant embryonic lethality. Upon closer exam-
ination of the abnormal E10.5 embryos we detected heart

malformations (although some of these embryos had heart
muscle contractions) and neural tube closure defects. When
embryos were isolated at E9.5, mutant female embryos displayed
a delay in development as indicated by a reduced number of

Table 1. UTX-deficiency leads to embryonic lethality for female embryos

Age

Males (% of males) Females (% of females)

Reabsorbed (% of total) TotalUtxWt UtxKO Subtotal UtxKO/Wt UtxKO/KO Subtotal

E8.5 3 (60) 2 (40) 5 4 (57) 3 (43) 7 0 12
E9.5 4 (50) 4 (50) 8 6 (50) 6 (50) 12 0 20
E10.5 11 (42) 15 (58) 26 10 (50) 10 (50) 20 0 46
E11.5 9 (53) 8 (47) 17 8 (75) 4 (25) 12 2 (6) 41
E12.5 4 (57) 3 (43) 7 6 (100) 0 (0) 6 8 (38) 21
E13.5 13 (65) 7 (35) 20 5 (100) 0 (0) 5 8 (24) 33
3 wk 79 15 94 61 0 61 N/A 155
Observed ratios 1 0.2 0.8 0
Expected ratios 1 1 1 1

This table provides a summary of observed progeny at different developmental time points obtained from matings between UtxFlx males with a germ-line
Cre deleter (Ncre) and UtxKO/Wt females. Expected ratios and observed ratios are provided at the bottom with the latter calculated from the progeny
genotyped at 3 wk of age. The timing of gestation was determined based on the morning of the appearance of a plug as being E0.5.

A B

Embryo # Genotype Sex Age Somite #
1 UtxKO/Wt F E9.5 23
2 UtxKO/KO F E9.5 ~7
3 UtxKO/Wt F E9.5 21 or 22
4 UtxWt M E9.5 21 or 22
5 UtxKO/Wt F E9.5 24 or 25
6 UtxKO/KO F E9.5 21 or 22
7 UtxKO M E9.5 23 or 24
8 UtxKO/KO F E9.5 ~10
9 UtxKO/KO F E9.5 23 small somites
10 UtxWt M E9.5 25

UtxKO/Wt

UtxKO/KO

UtxKO/Wt

UtxKO/KO

UtxKO/KO

UtxKO UtxKO/KO

UtxWt UtxKO/Wt

UtxWt

UtxKO UtxWt
Male Littermates

1 2 3 4 5

6 7 8 9 10

D

Male embryos Female embryos

0%

20%

40%

60%

80%

100%

120%

20 40 60 80 100 120 140 160 180 200

P
e

rc
e

n
t 

S
u

rv
iv

a
l

Age (Days)

Wt
KO

C

W
e

ig
h

t 
(g

ra
m

s)

0

10

20

30

40

50

60

Age (Days)

1
9

2
0

2
1

2
6

4
2

5
1

6
8

1
0

3
11

3
11

4
1

2
5

1
5

2
1

6
5

1
8

6
2

1
4

Wt
KO

E10.5

E12.5

E13.5

E9.5

E11.5

UtxKO/WtUtxKO xtU KO/KOUtxWt

Fig. 1. UTX is required for development in a sex-specific manner. (A) Utx is required for development of female embryos. Representative embryos
isolated at the respective time from a natural mating between a mutant male and heterozygote female (UtxKO/Wt) are shown. All images are taken at the
same magnification (8×) except for the E9.5 embryos, which were taken at a higher magnification (20×). (B) A representative litter from E9.5 that
demonstrates the variability in phenotypes of Utx-null female embryos. (C ) UTX-deficient males are smaller than wild-type males throughout their
lifespan. Error bars represent the SD of the weights taken at that age. A representative image of a Utx-null male and wild-type littermate is shown. (D)
UTX-deficient males die prematurely compared with wild-type littermates. The percent survival of wild-type (n = 42) and UtxKO males (n = 22) followed for
200 d after birth.
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The escapee Utx/Kdm6a H3K27me3 demethylase: 
A developmental role in Xi reactivation and multiple disease roles

Might UTX participate in removal of 
H3K27me3 from the Xi?

In Utx mutant E4.5 female blastocysts:

• H3K27me3 remains aberrantly enriched on the Xp
• Only late-reactivated genes are affected by absence of Utx
• Observe even slower reactivation of X-linked genes that 

have an epigenetic memory associated with H3K27me3

Borensztein, Okamoto et al (2017) “Contribution of epigenetic landscapes and transcription factors to 
X-chromosome reactivation in the inner cell mass”. Nature Communications 8:1297E. Heard, March 27th 2023



Kdm6a/UTX controls NK cell-intrinsic sex differences

E. Heard, March 27th 2023

Mice with NK cell-intrinsic UTX deficiency 
showed increased lethality to mouse 
cytomegalovirus. Integrative multi-omics
analysis revealed a role for UTX in 
regulating chromatin accessibility and 
gene expression critical for NK cell 
homeostasis and effector function



Role of Kdm6a/UTX an X-linked escapee and histone demethylase 
modulates autoimmunity in CD4+ T lymphocytes

E. Heard, March 27th 2023 Wu, JCI 2019 “X-tra X: An escape to autoimmunity”

HOW?

Role of Kdm6a dosage in female-biased Multiple Sclerosis?



Role of Kdm6a/UTX an X-linked escapee and histone demethylase 
is a tumor suppressor that protects females from B-cell lymphomas

E. Heard, March 27th 2023

The “EXITS hypothesis” of cancer sex bias

●Up to 25% of X-linked genes escape XCI “constitutively” or 
“facultatively”.

● Several constitutive escapees (e.g. KDM6A/UTX,
KDM5C/JARID1C,DDX3X) are known tumour suppressors.

● TSG XCI escape endows female cells with both higher 
expression and “buffering” against loss-of-function mutation, 
compared with male ones.

Escape from X inactivation Tumour Suppressor
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How do genes escape XCI?
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Eg Mecp2 escapes XCI in neural stem cells in the SVZ

E. Heard, March 27th 2023



Highly polymorphic F1 Hybrid ES cell line 
(129xCast or B6xCast => 1 SNP /~100bp)

Neural Progenitor cells

Differentiation (Conti et al, 2005)
X-chromosome inactivation

NPC clone isiolation
RNA Seq – allele-specific analysis of gene expression

Plate low density
Generation of clonal cell lines

129 Cas

Xa129XaCas

Xa129XiCas

Xi129 XaCas

or

E. Heard, March 27th 2023

• Assess X-inactivation status based on RNA-Seq in four independent female NPC clones

Global silencing of one X chromosome but escape from XCI  in multiple 

TelomereCentromere # of escapees ranging from 56 to 125 genes

Allele-specific 
RNA-Seq
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Constitutive escape is present throughout XCI
Facultative escape arises stochastically and is then stably propagated

Clonal variation in escape from XCI 
(Gendrel et al, 2014, Hauth et al in prep)

ESCs - NPCs
129 /Cast  



XGFPXTOMATO-FP

Epigenetic silencing of one allele

H3K2
7me3

H3K9me2

Facultative escape: 
Silencing then reactivation from the Xi

(eg Atrx in trophoblast;  Mecp2 in brain …)
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From Dossin and Heard, 2021

How do genes escape XCI?



Escapees remain external to the Xist RNA coated X chromosome

E. Heard, March 27th 2023

RNA FISH / Gene DNA FISH

Xist RNA

Chaumeil et al, Genes Dev. 2006

Chaumeil et al,  Genes Dev. 2006;
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Lieberman-Aiden et al. 2009

Whole genome map
Intrachromosomal
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Variable between tissues, 
Cell-type specific
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Nora et al, 2012
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Dixon et al, 2012

Job Dekker 

Molecular insight chromosome organsation using chromosome 
conformation capture technologies

Dogan and Liu, Nat. Plant 2018

E. Heard, March 27th 2023



ROLE of megadomain partitioning?
Mouse Kos… ongoinh
Cancer : Xi is eroded – what about structure –
Human cancer too complex (allele-specific) => mouse model

The inactive X Chromosome is partitioned into two megadomains and is
globally devoid of TADs except at clusters of expressed escapees

• Allele-specific HiC in clonal neural progenitor cells  (NPCs)
• The Xi is organised into two mega-domains with global absence of TADs
• Facultative escape occurs in clusters and correlates with local 3D-organisation (TAD-like domains)
• Facultative escape varies between clonal populations of NPCs
• (and in vivo between individual females)

ESCs - NPCs
129 /Cast  

E. Heard, March 27th 2023

Giorgetti L et al. “Structural organization of the inactive X chromosome in the mouse”. Nature 535:575-9 (2016) Collab Job Dekker
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Giorgetti L et al. “Structural organization of the inactive X chromosome in the mouse”. Nature 535:575-9 
(2016)

• The Xi is organised into two mega-domains with global absence of TADs
• Facultative escape correlates with local 3D-organisation (TAD-like domains)

Clusters of genes that escape XCI are organised as TADs on the Xi

E. Heard, March 27th 2023

Silenced genes Escapees



• The Xi is organised into two mega-domains with global absence of TADs
• Facultative escape correlates with local 3D-organisation (TAD-like domains)
• Different clonal populations show different  escapees and 3D structure

Clusters of genes that escape XCI are organised as TADs on the Xi

E. Heard, March 27th 2023

Antonia Hauth
Agnese Loda
Nicolas Servant



Giorgetti L et al. “Structural organization of the inactive X chromosome in the mouse”. Nature 535:575-9 
(2016)

• The Xi is organised into two mega-domains with global absence of TADs
• Facultative escape correlates with local 3D-organisation (TAD-like domains)
• DXZ4 macrosatellite:  a long range, CTCF-rich “super-enhancer” that can influence facultative escape?
• DXZ4 KO mice show decreased facultative escape in trophectoderm and brain (Attia et al, in preparation)
• Physiological impact of facultative escape?

E. Heard, March 27th 2023

Facultative escape may be influenced by the DXZ4 locus?



DXZ4 is shut down in 
differentiated cells and does not 

interact with escapee TADs. 
DXZ4 retains enhancer marks 

and CTCF bound on the Xi

Facultative escape may be influenced by the DXZ4 locus?

ESCs 

Differentiated
Cells

Xi

TAD

Active marks

CTCF

• Allele-specific ChIP-seq in ESCs and NPCs:
• DXZ4 is enriched in CTCF and is euchromatic with enhancer-like marks only on the inactive X
• DXZ4 is required for establishment but not the maintenance of facultative escapees 

Model: Transient long-range interactions of DXZ4 with some regions of the Xi during development 
contribute to creating local euchromatin, thus facilitating facultative escape?

XCI

Global loss
of TADs

DXZ4 may promote TAD/loop
formation and gene expression 

at some regions of the XI?

Attia, Corbel et al (unpublished)

Giorgetti L et al. “Structural organization of the inactive X chromosome in the mouse”. Nature 535:575-9 (2016)

E. Heard, March 27th 2023



How, when, and where
does escape from X inactivation occur?
How do escapees contribute to disease?

E. Heard, March 27th 2023



Xist RNA and SPEN coat the X 
chromosome in NPCs

Does SPEN play a role in the maintenance of X 
inactivation?

Depletion of SPEN in differentiated cells does not affect maintenance of 
XCI, but results in increased expression of escapees

Xist + SPEN can dampen transcription of escapees in somatic cells

Implications for dosage regulation in XX cells during development or in disease?



Yu et al. (2021) demonstrate that a subset of X-linked immune 
genes is repressed on the inactive X chromosome (Xi) in a 
manner dependent on XIST RNA in B cells, and derepression of 
these genes upon XIST depletion could bias differentiation of 
naive B cells and be involved in etiology of female-biased 
autoimmune diseases.

Xist RNA (and its partners) may be required in somatic tissues to maintain 
silencing on the inactive X chromosome



E. Heard, March 27th 2023

Many genes on the X chromosome 
are involved in immune response 
Several have been found to variably 
escape XCI 

The X-chromosome comprises only about 5% of the human genome 
It accounts for about 15% of the genes currently known to be associated with 
intellectual disability. 
X-linked intellectual disability (XLID)-associated genes 
In the 10 years, the number of genes associated with XLID has increased by 96% 
from 72 to 141 

X-linked genes implicated in Autoimmune Diseases

• X-linked genes involved in immune 
functions, may be responsible for 
overproduction of autoantibodies.

• Alternatively, overexpression of X-linked 
genes could disrupt the equilibrium in the 
mechanism of fine-tuning protein 
expression and generate protein 
aggregates that would trigger responses 
against self antigens.

A Tlr7 translocation accelerates 
systemic autoimmunity in murine 
lupus. BXSB-Yaa lupus model

Tlr7 translocation on Y-chr.

Subramanian et al PNAS 2006

• BXSB-Yaa mouse model for lupus.
• Male mice develop lupus like symptoms, 
• due to translocation of the X-linked TLR7 

gene region on the Y chr.
Þ double the dosage of TLR7 in males
Þ develop lupus like symptoms.



E. Heard, March 27th 2023

The X-chromosome comprises only about 5% of the human genome 
It accounts for about 15% of the genes currently known to be associated with 
intellectual disability. 
X-linked intellectual disability (XLID)-associated genes 
In the 10 years, the number of genes associated with XLID has increased by 96% 
from 72 to 141 

Altered XCI maintenance in the immune system



Increased expression of the X-linked TLR7 gene leads to SLE 

• TLR7 increased in women and XXY men, 
owing to consistent escape (expressed from 
Xi) in high % (>30%) primary B lymphocytes, 
monocytes, and plasmacytoid dendritic cells 
(pDCs)

• Biallelic B lymphocytes from women show 
greater TLR7 transcriptional expression than 
the monoallelic cells, correlated with higher 
TLR7 protein in female vs male leukocytes

• Variability in escape between individuals –
correlation with disease?

E. Heard, March 27th 2023



E. Heard, March 27th 2023

The X-chromosome comprises only about 5% of the human genome 
It accounts for about 15% of the genes currently known to be associated with 
intellectual disability. 
X-linked intellectual disability (XLID)-associated genes 
In the 10 years, the number of genes associated with XLID has increased by 96% 
from 72 to 141 

X-linked genes implicated in Autoimmune Diseases



E. Heard, March 27th 2023

The X-chromosome comprises only about 5% of the human genome 
It accounts for about 15% of the genes currently known to be associated with 
intellectual disability. 
X-linked intellectual disability (XLID)-associated genes 
In the 10 years, the number of genes associated with XLID has increased by 96% 
from 72 to 141 

X-linked genes implicated in Autoimmune Diseases



1 - Xi is eroded in breast cancer cells. Erosion involves
decreased XIST levels, loss of epigenetic modifications 
associated with transcriptional repression, and transcriptional
reactivation. We're interested in understanding the 
mechanisms and functional consequences of this reactivation.

To assess the impact of XIST loss on MaSC1 in vivo

repopulating activity, we performed a functional assay

whereby HME-KRAB cells were injected into cleared

humanized mammary fat pads of NSG (NOD scid gamma)

Xist RNA (and its partners) may be required in mammary stem cells to 
maintain silencing on the inactive X chromosome



WT
sgCTRL XIST-KO

sgXISTDiff.Blocked1 - DISRUPTION OF MAMMARY STEM 
CELLS DIFFERENTIATION POTENTIAL
XIST KO  or silencing blocks cells in the stem 
compartment 

Xa Xi Xa Xi

WT XIST-KO

XIST disruption in  mammary epithelial cells:
impact on gene silencing and mammary cell differentiation?

1 - Xi is eroded in breast cancer cells. Erosion involves
decreased XIST levels, loss of epigenetic modifications 
associated with transcriptional repression, and transcriptional
reactivation. We're interested in understanding the 
mechanisms and functional consequences of this reactivation.

Laia Richart Ginés

To assess the impact of XIST loss on MaSC1 in vivo

repopulating activity, we performed a functional assay

whereby HME-KRAB cells were injected into cleared

humanized mammary fat pads of NSG (NOD scid gamma)

MaSC frequency is significantly higher in 
the sgXIST cells injected into humanised 
mammary fat pads of NSG mice

Collaboration with
Raphael Margueron (Institute Curie, Paris)
Christophe Ginestier (CRCM, Marseille)

Laia Richart Ginés et al, Cell 2022



WT
sgCTRL XIST-KO

sgXISTDiff.Blocked1 - DISRUPTION OF MAMMARY STEM 
CELLS DIFFERENTIATION POTENTIAL
• XIST KO  or silencing blocks cell in the stem 

compartment

2 - REACTIVATION OF A 
SUBSET OF GENES ON THE Xi

Xa Xi Xa Xi

WT XIST-KO

• Facultative  escapee  genes

• Clustering & proximity to escapees
• Overlap with H3K27me3 & H2AUb

• XIST and PRC1 mediate their 
repression

1 - Xi is eroded in breast cancer cells. Erosion involves
decreased XIST levels, loss of epigenetic modifications 
associated with transcriptional repression, and transcriptional
reactivation. We're interested in understanding the 
mechanisms and functional consequences of this reactivation.

Laia Richart Ginés et al, Cell 2022

XIST disruption in  mammary epithelial cells:
impact on gene silencing and mammary cell differentiation?



Loss of XIST triggers epigenetic erosion and partial transcriptional 
reactivation on the Xi
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Laia Richart Ginés et al, Cell 2022
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sgCTRL XIST-KO

sgXISTDiff.Blocked1 - DISRUPTION OF MAMMARY STEM 
CELLS DIFFERENTIATION POTENTIAL
• XIST KO  or silencing blocks cell in the stem 

compartment

Xa Xi Xa Xi

WT XIST-KO

Loss of XIST leads to up-regulation of some genes on the Xi 
with impact on mammary stem cell differentiation

eroded in breast cancer cells. Erosion involves
XIST levels, loss of epigenetic modifications 
with transcriptional repression, and transcriptional

reactivation. We're interested in understanding the 
mechanisms and functional consequences of this reactivation.

Re-activation of MED14 is accompanied by increased protein
levels of other Mediator subunits and a signature of increased
enhancer activity (higher levels of H3K27Ac and H3K4me1).

Laia Richart Ginés et al, Cell 2022

Loss of Polycomb (PRC1/2) at MED14 gene 



LuminalMaSC LuminalMaSC
WT XIST-KO

* Up-regulated > Down-regulated genes in MaSC and ML cells (RNA-Seq)

Protein stabilization > transcriptional regulation of Mediator subunits

Increased levels of MED14 result in increased 
Mediator complex levels in XIST-KO cells
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sgXISTDiff.Blocked1 - DISRUPTION OF MAMMARY STEM 
CELLS DIFFERENTIATION POTENTIAL
• XIST KO  or silencing blocks cell in the stem 

compartment

2 - REACTIVATION OF A 
SUBSET OF GENES ON THE Xi

Xa Xi Xa Xi

WT XIST-KO

3 - MECHANISTIC LINK WITH MED14 
• Critical structural and functional subunit of the Mediator complex. 

• Reactivation of MED14 leads to higher protein levels Mediator subunits 
• Global increase in enhancer activity (H3k27Ac and H3K4me1) at MaSC enhancers

• This may modulate tumor fate through enhancer landscape remodelling

Loss of XIST leads to up-regulation of some genes on the Xi 
with impact on mammary stem cell differentiation

eroded in breast cancer cells. Erosion involves
XIST levels, loss of epigenetic modifications 
with transcriptional repression, and transcriptional

reactivation. We're interested in understanding the 
mechanisms and functional consequences of this reactivation.

• Facultative  escapee  genes

• Clustering & proximity to escapees
• Overlap with H3K27me3 & H2AUb

• XIST and PRC1 mediate their 
repression

Re-activation of MED14 is accompanied by increased protein
levels of other Mediator subunits and a signature of increased
enhancer activity (higher levels of H3K27Ac and H3K4me1).

Laia Richart Ginés et al (under revision)

4

MED14



WT
sgCTRL XIST-KO

sgXISTDiff.Blocked1 - DISRUPTION OF MAMMARY STEM 
CELLS DIFFERENTIATION POTENTIAL
• XIST KO  or silencing blocks cell in the stem 

compartment

2 - REACTIVATION OF A 
SUBSET OF GENES ON THE Xi

Xa Xi Xa Xi

WT XIST-KO

3 - MECHANISTIC LINK WITH MED14 
• Critical structural and functional subunit of the Mediator complex. 

• Reactivation of MED14 leads to higher protein levels Mediator subunits 
• Global increase in enhancer activity (H3k27Ac and H3K4me1) at MaSC enhancers

• This may modulate tumor fate through enhancer landscape remodelling

Loss of XIST leads to up-regulation of some genes on the Xi 
with impact on mammary stem cell differentiation

eroded in breast cancer cells. Erosion involves
XIST levels, loss of epigenetic modifications 
with transcriptional repression, and transcriptional

reactivation. We're interested in understanding the 
mechanisms and functional consequences of this reactivation.

• Facultative  escapee  genes

• Clustering & proximity to escapees
• Overlap with H3K27me3 & H2AUb

• XIST and PRC1 mediate their 
repression

Re-activation of MED14 is accompanied by increased protein
levels of other Mediator subunits and a signature of increased
enhancer activity (higher levels of H3K27Ac and H3K4me1).

! MED14 precise dosage regulates luminal differentiation
! Mammary stem cell enhancers display chromatin features of 

hyperactivity in the absence of XIST
Laia Richart Ginés et al (under revision)



X-linked escapees may PROTECT XX individuals from Cancer?
EXITS Hypothesis

Epigenetic instability and increased or aberrant escape from XCI may 
PROMOTE or FACILITATE Cancer in XX individuals (eg Breast cancer)?

X-chromosome inactivation Escapees and Cancer

The Sex Chromatin in Human Malignant Tissues
K. L. Moore and M. L. Barr, 1957



Women are less susceptible than men to many non-reproductive cancers

E. Heard, March 27th 2023

sex-bias mutation and expression of genes that escape from X-
inactivation may contribute to higher susceptibility to certain
cancers in males compared to females (47). US males carry an age-adjusted excess risk of 20.4% of developing any cancer 

≥2:1 male predominance for some individual

• Disparities between men and women occur across the world, even after
adjusting for differences in gross domestic product, geographical region,
and environmental risk factors, including tobacco exposure.

• In fact, changes in tobacco use among males and females over the past two
decades have resulted in a marked reduction in the male:female (M:F) ratio
of lung and bronchus cancer.

• But over the same time period, the M:F ratios for several cancers have
remained >2:1, including for those associated with tobacco use such as
kidney and renal pelvis, urinary bladder, and oral cavity and pharynx cancer



The EXITS Hypothesis

E. Heard, March 27th 2023

• Male predominance across many cancer types: genetic, horminal or environmental?
• Hypothesis: X-linked genes that can escape X-inactivation might protect females from 

complete functional loss by a single mutation. 
• Identify putative ‘escape from X-inactivation tumor-suppressor’ (EXITS) genes, 
• Look at somatic alterations in >4,100 cancers across 21 tumour types for sex bias. 
• 6 out of 783 non-pseudoautosomal region (PAR) X-chromosome genes (ATRX, CNKSR2, 

DDX3X, KDM5C, KDM6A, and MAGEC3) had loss-of-function mutations more frequently in 
males (false discovery rate < 0.1), compared to zero of 18,055 autosomal and PAR genes 
(Fisher’s exact P < 0.0001)

• Male-biased mutations in X-linked escapees were observed in combined analysis across 
many cancers and in several individual tumor types, suggesting a generalized phenomenon. 

• Thus biallelic expression of EXITS genes in females explains a portion of the reduced cancer 
incidence in females as compared to males across a variety of tumor types.

On the basis of SEER (Surveillance,
Epidemiology, and End Results Program) data
from 2008–2012, US males carry an age-adjusted
excess risk of 20.4% of developing any cancer
(516.6 versus 411.2 for females per 100,000
person-years) and there is ≥2:1 male
predominance for some individual cancer
types1
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Spatial disorganisation and Epigenetic disruption of the inactive X 
in Breast cancer cell lines and Primary Tumors
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• Loss of the inactive X (Barr body) in cancer: genetic or epigenetic instability?

• Aberrant XIST RNA coating (Pageau et al, 2007), global chromatin disorganisation and epigenetic
instability of the Xi are accompanied by significant gene reactivation (Chaligné et al, 2015)

• Chromosome-wide epigenetic changes  - as well as more local promoter/regulatory 
sequence perturbations accompany gene reactivation

• Aberrantly re-expressed Xi genes can result in increased/abnormal protein levels 
Þ impact on tumor growth and development? Chaligné et al. Genome Res., 2015E. Heard, March 27th 2023



Approx. 20% of informative X-linked genes display aberrant 
bi-allelic expression in breast tumors of all subtypes

<

X-linked cancer-specific escapees in primary breast tumors
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The perturbed epigenetic status of the Xi, is accompanied by significant reactivation of 
X-linked genes in tumor cells (>10% of genes are aberrantly reactivated)

- Xi reactivation lead to increase protein dosage which 
might give a selective advantage  in tumorigenesis

- Several cancer specific escapees are potentially 
involved in cancer (HDAC8, TBL1X…)

Consequence of X-linked gene reactivation on protein dosage ?
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CONCLUSIONS
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WHEN MENDEL’S LAWS OF HEREDITY were rediscovered, they were applied rapidly 
to the study of human traits (8, 9, 35, 56). 
Within a short time, it became apparent that a number of traits, although seemingly 
genetic, repre- sented deviations from Mendel’s rules. 

The first deviation from Mendelism, sex-linked inheritance, sought to explain why 

The involvement of genes that are variable in their 
escape from XCI, highlight the need to consider the 
inactive X chromosome as a potential contributor to 
disease, rather than a silent evolutionary oddity of sex 
determination.

X-linked dosage is critical for development and disease

X-linked escapees are directly involved in autoimmune 
and other diseases with sex bias

X-linked escapees can play critically roles in cancer : for 
XX protection or for promotion of cancer progression 

Loss of XIST and Xi transcriptional instability is common 
among human breast tumors of poor prognosis.

XIST is not just the key trigger for XCI during 
development but a gatekeeper of tissue homeostasis



Expression from the inactive X is important for normal 
development, disease, therapeutic treatmentd and cell engineering
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CHAIRE ÉPIGÉNÉTIQUE ET MÉMOIRE CELLULAIRE
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