










X inactivation enables Dosage Compensation in mammals 

X chromosome : 1300 genes 
Y chromosome : ~200 genes 

 
X inactivation compensates 

for the gene dosage 
imbalance between XX 
females and XY males 

 
XCI is an essential process 

(early lethality) 

Open Questions: 
For which genes did X inactivation evolve? 

How important is dosage compensation at different developmental 
stages, or in different tissues? !

H. J. Muller first proposed the concept of dosage compensation as a result of his studies on the 
expression of X-linked genes in Drosophila. 
Muller, et al. (1931) Effects of dosage changes of sex-linked genes, and the compensatory effects of the gene differences 
between male and female. Anat. Rec. (Abst.) 5 1 : 1 1 0. 

E. Heard, February 18th, 2013 



Anhidrotic ectodermal dysplasia (EDA) 
 
• X-linked disorder in which males are severely 
affected, have no sweat glands whatsoever, few 
teeth, little hair, and other malformations 
 
 

In 1875, Darwin described a disorder that appeared in each generation of one 
family's male members, affecting some but sparing others: "...small and weak incisor 
teeth ... very little hair on the body ... excessive dryness of the skin .... Though the 
daughters in the ... family were never affected, they transmit the tendency to their 
sons; and no case has occurred of a son transmitting it to his sons." 

Implications of X inactivation for X-linked Diseases 

E. Heard, February 18th, 2013 

Anhidrotic ectodermal dysplasia (EDA) 
 
• X-linked disorder in which males are severely 
affected, have no sweat glands whatsoever, few 
teeth, little hair, and other malformations 
 
• Females can also be affected, but the effects are 
much milder: for example, they have patches of skin 
with or without sweat glands, owing to random X 
inactivation and cellular mosaicism. 
 
• The EDA gene encodes the Ectodysplasin-A(EDA-
A) protein which regulates ectodermal appendage 
formation. It’s murine homolog is the Tabby locus. 
 

Cambiaghi et al, 2000 

The Jackson Lab 



 
Severe phenotypes or lethality in males 

Variable and sometimes no phenotypes in females 
Eg Haemophilia, muscular dystrophy, autism, Rett syndrome … 

Incontinentia pigmenti 
Incontinentia pigmenti is a 
rare disease caused by 
mutations of the Xlinked 
NEMO gene. In female 
patients patches of defective 
cells can 
be observed in characteristic 
patterns in skin pigmentation 
as a result 
of X inactivation. 

Implications of X inactivation for X-linked Diseases 

E. Heard, February 18th, 2013 
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From Gendrel and Heard, 2011 
!

Effects of skewed XCI? 
No phenotype whatsoever (mutation on Xi) 
Severe phenotype, as in mutant male (mutation on Xa) 
 
Causes? 
Skewing in the initial choice of X to inactivate –  either by chance, or due to genetic differences 
Selection against cells expressing mutant allele 
Selection for cells that happen to express the mutant allele (eg against cells expressing another upstream mutant allele) 

)!ABC,DAECDAFB!!AG!BFD!CHICJG!"CBKF'!

 against cells expressing another upstream mutant allele) 

E. Heard, February 18th, 2013 



Some genes escape from X inactivation 

Carrel and Willard, 2005!

15% of X-linked genes escape inactivation to some degree 
An additional 10% of X-linked genes show variable patterns of inactivation 
between individuals 
This suggests a remarkable and previously unsuspected degree of expression 
heterogeneity among females. 

R0+;#&'@!>'0+-4+1@!d%#11!+-4!U')%'@!R*#%-*%@!ST_@!QSS_7QSSG!!

E. Heard, February 18th, 2013 



E. Heard, February 18th, 2013 

Mouse X 

Expression of a double dose in females is 
important for some genes  

(XO : Turner s syndrome) 

Some genes escape from X inactivation 
Expression of a double dose in females is 
not essential in mice (no XO phenotype) 

Human X 

Carrel and Willard, 2005!

15% of X-linked genes escape inactivation to some degree 
An additional 10% of X-linked genes show variable patterns of inactivation 
between individuals 
This suggests a remarkable and previously unsuspected degree of expression 
heterogeneity among females. 

• Some genes apparently have to escape, others may escape due to ‘leaky’ or inefficient silencing 
• Different tissues/ lineages in the mouse show different degrees of escape (eg Corbel et al, 2013)  
• Some genes show lineage-specific escape from X inactivation (eg Atrx, Patrat et al, 2009) 



E. Heard, February 18th, 2013 
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Up to 25% of X-linked genes may escape from X 
inactivation in humans 

Carrel and Willard (2005) Nature 434, 400-404  

• 15% of  human X-linked genes escape inactivation  
   to some degree 
• An additional 10% genes show variable patterns of  
  inactivation between individuals 
 
This suggests a remarkable and previously 
unsuspected degree of expression 
heterogeneity among females. 
Eg female twins usually differ far more than male twins – presumably due to their mosaicism 
and the variable expression of their X-linked genes . 

Huntington Willard: "genetically speaking, if you've met one man, you've met them all. We 
are, I hate to say it, predictable. You can't say that about women. Men and women are 
farther apart than we ever knew. It's not Mars or Venus. It's Mars or Venus, Pluto, Jupiter 
and who knows what other planets." 
 



Allelic variation : Polymorphic regulatory sequences Epiallele : epigenetically marked regulatory sequence 

Genetic Epigenetic 

The two X chromosome can be genetically identical 
 

And yet one of them will be shut down and this state will be 
maintained through hundreds of mitotic cell divisions 

 
X inactivation is therefore a classic example of epigenetic 

regulation, monoallelic gene expression and heterochromatin 
formation on a chromosome-wide scale 

Mechanisms underlying X inactivation? 

E. Heard, February 18th, 2013 



Epiallele : epigenetically marked regulatory sequence 

Epigenetic 

Mechanisms underlying X inactivation? 

TEM 

Rego et al, 2008 

The two X chromosome can be genetically identical 
 

And yet one of them will be shut down and this state will be 
maintained through hundreds of mitotic cell divisions 

 
X inactivation is therefore a classic example of epigenetic 

regulation, monoallelic gene expression and heterochromatin 
formation on a chromosome-wide scale 

E. Heard, February 18th, 2013 
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Mechanisms underlying X inactivation? 

Gartler and Riggs (1983) Ann. Rev. Genet. 
1983. 17:155-90 
 
Models for X-chromosome inactivation. Two 
steps are shown for each model. The models 
differ mainly with respect to step A, which is 
the initiation step.  
Step B is the event that follows the initial 
event and results in the observable spreading 
of condensation and genetic inactivity to 
cover most genes on the X chromosome. 

Early models for Initiation, Spreading and Maintenance 

Inactivation of one X chromosome is also 
accompanied by a switch from early to late 
replication (Grumbach et al., 1963; Taylor, 
1960; Yoshida et al., 1993). 
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A role for DNA Methylation in X inactivation 

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

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

E. Heard, February 18th, 2013 

Pfeifer et al (1990) Genes Dev. 4, 1277-1287 
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A role for DNA Methylation in X inactivation 

E. Heard, February 18th, 2013 
Mohandas, T., 

th
Mohandas, T., 

th
Sparkes

, 2013 
Sparkes

, 2013 
, R. S., and Shapiro, L. J. (1981) Science 211, 393–396 

“Our studies indicate that human gene loci on the inactive X chromosome can be 
reactivated, by  treatment with 5- azaC.  

 
Our interpretation of these results is the following. We will consider the 

sequence ...CCGG . . as an example of a typical methylation site, and assume that the 
internal cytosine residues of this palindrome are methylated. We will further assume that 
during a DNA replication cycle 5-azaC replaces cytosine at random at one of these two 

critical sites in a daughter molecule. When this DNA molecule undergoes another round of 
replication in the absence of 5-azaC, one of the two resulting molecules will be half-

methylated and the other will be completely unmethylated but will have a 5-azacytosine 
residue in one strand.” 

 
 
 
 
 

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

maintenance 



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, February 18th, 2013 



E. Heard, February 18th, 2013 
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A role for DNA Methylation in X inactivation 

DNA methylation clearly involved in maintenance of X inactivation 
  
 - but no obvious mechanism of action on the Xi  
   (DNA binding proteins? Chromatin accessibility?) 
 
-! CpG island DNA methylation does not seem to be conserved in 

marsupials 

-! DNA methylation on the Xi appears to be a relatively late event 
during mouse development (although this can vary we now know, 
see Gendrel et al, 2012) 

 
see Gendrel et al, 2012) 



A role for Histone Modifications on the Xi? 

E. Heard, February 18th, 2013 



A role for Histone Modifications on the Xi? 

fluorescent staining with Hoechst 33258 (a) and immunofluorescent labeling (FITC) of 
acetylated histone H4 (Lys-12) using antiserum R5/12 (b). The Xi chromosome (arrows) 
shows three bands of acetylation (b). 

E. Heard, February 18th, 2013 



A role for Histone Modifications on the Xi? 

Boggs et al. (2002) Nat. Genet.30, 73-78. 

The inactive X is depleted in H4 Acetylation and H3K4 methylation, enriched for H3K9me2 
(Boggs et al, 2002; Heard et al, 2002) and H3K27me3 (Silva et al, 2003; Plath et al, 2003) (Boggs et al, 2002; Heard et al, 2002) and H3K27me3 (Silva et al, 2003; Plath et al, 2003) 

E. Heard, February 18th, 2013 

Immunofluorescence staining of metaphase spreads 

Chromatin Immunoprecipitation (ChIP) 
at promoters of X-linked genes 
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A role for Polycomb Group proteins on the Xi? 
Imprinted X inactivation maintained by a mouse Polycomb group gene 

Wang et al (2001) Nat. Genet. 28: 371-375. 
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E. Heard, February 18th, 2013 

Female embryos carrying a GFP transgene on their paternal X normally show silencing of the GFP in 
the extraembryonic tissues. In Polycomb (Eed) mutant embryos, GFP reactivation is observed in 

some extraembryonic cells – but only at later stages of development. 
"! Polycomb is involved in maintaining the inactive state of the paternal X chromosome in these 

tissues but not initiation. 
 

Note that nevertheless, there is substantial escape from X inactivation for 
some X-linked genes in trophoblast giant cells even in the presence of 

Polycomb (Corbel et al, 2013)  
and that DNA Methylation is generally thought to be lacking from  

X-linked promoters in extraembryonic tissues 



Dissecting the Mechanisms underlying X inactivation 

E. Heard, February 18th, 2013 



Female embryo

In vitro differentiation

Both X chromosomes active
Embryonic stem (ES) cells

Inactive X chromosome

6!#-+*2C+2'-!/&#..%&%4!

F=SV#1!GWS8XS#Y! ';1S4!,;:#77XS! ';162!+V;2Y!

Initial studies in EK cells : Liz Robertson and 
Sohaila Rastan in the 1980’s 

Embryonic Stem Cells : 
a system for studying X inactivation 

Dissecting the Mechanisms underlying X inactivation 



No XCI 

Mechanisms underlying the initiation of X inactivation? 

XCI 

X-autosome translocation data showed that inactivation can spread into 
autosomal regions physically contiguous with an X fragment carrying an Xce  
NB (a) spreading into autosomal sequences does occur 
       (b) the spreading is limited and probably less stable. 

E. Heard, February 18th, 2013 



• Two or more Xics required for X inactivation to be triggered 
• A counting mechanism proposed, whereby one X stays active per diploid cell 
• The Xce locus which overlaps with the Xic, affects choice of Xp or Xm 
• Cis-inactivation must require a cis-limited trigger and self-templating process? 

Rastan, 1983 
Rastan and Robertson, 1985 
Work of Russell, Lyon, Cattanach, Rastan, Willard and others  

The X-inactivation center (Xic) 



Avner 
Brockdorff 
Gribnau 
Heard 
Jaenisch 
Lee 
Rougeulle 
Sado 
Wutz  

See Augui et al, Nat. Rev. Genet. 2011  

for review 
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The X-inactivation center (Xic) 

Brown et al, (1991) A gene from the region of the human X inactivation 
centre is expressed exclusively from the inactive X chromosome. 
Nature 349, 38-44 
 
Brown et al (1992) The human XIST gene: analysis of a 17kn inactive 
X-specific RNA that contains conserved repeats and is highly localised 
within the nucleus. Cell, 71, 527-542. 
 

RNA 
Fluorescence in situ hybridisation 

 (FISH) 

Image - E. Heard 
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Antisense Tsix transcription represses Xist expression during early differentiation 
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Avner 
Brockdorff 
Gribnau 
Heard 
Jaenisch 
Lee 
Rougeulle 
Sado 
Wutz  

See Augui et al, Nat. Rev. Genet. 2011  

for review 
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The X-inactivation center (Xic) 
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Positive and negative Xist regulators (cis and 
trans!) lie in separate neighbourhoods,  
enabling developmental coordination of 
expression and reciprocal regulation? 
 
 

 
 

S()N%

f!

The Xic : a complex Regulatory Landscape 
spanning several hundred kilobases spanning

Nora et al (2012) Spatial partitioning of the regulatory landscape of the X-inactivation center. Nature 485, 381-385.   
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From Augui et al, NRG, 2011 

Recent Models for the Initiation of X inactivation  



The Role(s) of XIST? 
Non-coding, ~19000 nt spliced, capped nuclear RNA 
Xist RNA is necessary and sufficient to trigger XCI 
Coats chromosome in cis and triggers gene silencing 
Induces chromatin changes (directly or indirectly?) 

Creates a silent nuclear compartment 
 

For recent review  
see Wutz, NRG, 2011 

E. Heard, February 18th, 2013 



Chaumeil et al., 2006 
Clemson et al,, 2006 
Chow et al, 2010 

The Role(s) of XIST? 
Non-coding, ~19000 nt spliced, capped nuclear RNA 
Xist RNA is necessary and sufficient to trigger XCI 
Coats chromosome in cis and triggers gene silencing 
Induces chromatin changes (directly or indirectly?) 

Creates a silent nuclear compartment 
-! Made up of repetitive elements 

-! Into which genes become recruited as silencing 
proceeds 

 Xist RNA 
!RNA Pol II 

For recent review  
see Wutz, NRG, 2011 

E. Heard, February 18th, 2013 



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

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 fNW#Ng-P!

* 

 changes on the X

E. Heard, February 18th, 2013 



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

zoom fNW#Ng-P!

* 

 changes on the X

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)  
that can be “read” by others  

(eg Cbx7 in PRC1) 
 



H4K20 
me1 

RNA Pol II 

Ac H3K4 
me2 

Ac Ac Ac 

H3K4 
me3 

Pc?  H2A  
Ub 

H3K27 
me3 

H3K9 
me2 

H3K9 
me2 

Histone variant 
MacroH2A 

Dnmt SmcHD1 

day 1 day 2 day 3 day 4 day 5 > day 7 

late replication timing 

Progressive gene silencing 

Spatial reorganisation of the chromosome 

DNA methylation 

Exploring Heterochromatin Formation during  
X inactivation in differentiating ES cells X inactivation in differentiating ES cells 

? 

Removal of euchromatic marks: 
Histone exchange? 
Histone “erasers”? 
Chromatin remodelling? 
Histone degradation? 
 

H3K9 
me2 

H4K20 
me1 

? ? 
HMTase Pr-Set7 

H3K27 
me3 

H2A Ub  

Ring1 
Mel18 

H3K27me3 

Ezh2 Eed 
Suz12 
PRC2 

Ring1 Cbx7 
Bmi1 

H2A Ub  

PRC1-like 
? 

? 

H3K9 
me2 

H3K27me3 

Recruitment of PcG complexes via: 
Xist RNA? 
Chromatin? 
Recruitment factor? 

Xist RNA 

? 

Exclusion of RNA Pol II 
Formation of  silent nuclear  
compartment!

For recent review see Escamilla et al, 2012 ES cell differentiation 

 
 

Once X inactivation has been established, Xist RNA is no longer 
required for the stable propagation of the inactive state 

(Wutz and Jaenisch (2000) Mol.  Cell, 5, 695–705) 
 
 
 
 
!



The Epigenetics of X inactivation 

RNA Pol II"

Ac" H3K4"
me2"

Ac" Ac" Ac"

H3K4"
me3"

Pc? ! H2A "
Ub"

H3K27"
me3"

H3K9"
me2"

H3K9"
me2"

6#1/!U\:!!

Identical DNA sequences 
Opposite gene activity states  

Active X chromosome Inactive X chromosome 

X]PJ)%S!X_:*!X]P_)%S!
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E. Heard, February 18th, 2013 

Synergy of epigenetic marks, nuclear compartmentalization and 
asynchronous replication timing, 

 provides extremely stable, heritable  
silencing over hundreds of cell divisions. 

 
The inactive state is fully reversible in the germ line,  

during early development  
and during induced pluripotency (iPS) (to be covered in future courses!) 

 

Csankovski et al, 2001 
Zhang et al, 2007 
Wutz, 2011 for review 



The Developmental Dynamics of X inactivation 

From Wutz, 2011 

E. Heard, February 18th, 2013 

 
 
 
 
 
 
 

 Takagi, N. , Sasaki, M. 1975. 
 Preferential inactivation of the 
 paternally derived X chromosome in
 the extraembryonic membranes of the 
 mouse. Nature 256, 640-642 

 
 
 
NB the paternal X chromosome is 
asynchronous but early replicating in 
the trophectoderm!

At least two waves of X 
inactivation in mice: 

 
First is Imprinted 
Second is Random 

Kay et al, 1994 
Huyhn and Lee, 2003 
Okamoto et al, 2004  
Mak et al, 2004 
Patrat et al, 2009 
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Primary  
Oocyte   

Secondary  
Oocyte   

Meiosis I 

GV  
Oocyte 

Spermatogonia 

Meiosis I Meiosis II 

     Primary 
Spermatocyte 

 Secondary 
Spermatocyte Spermatid 

Fertilization 

Maternal Imprint : 
Prevents maternal X chromosome inactivation  

(Rastan and Lyon, 1984,Tada et al, 2000)  
Repressive Xist imprint? 

  Meiotic Sex 
Chromosome 

  Inactivation 
(MSCI) 
 
XY body 

Imprint(s) underlying paternal X inactivation in Mice? 

Paternal Imprint : 
Xp Pre-inactivation (continuity of silencing)  

 (Huyhn and Lee,, 2003) 
Xp predisposition (chromatin imprint) 

(Monk and McLaren, 1983) 

ZGA 

NB Female embryos with two maternal X 
chromosomes die very early on due to 
incapacity to initiate XCI… 

Protamine-histone 
exchange 

Maternal pool of 
factors 

The Xp chromosome is genetically active in the zygote  
Xist transgenes on autosomes can trigger imprinted cis-inactivation without prior MSCI 
(Okamoto et al, 2005; Patrat et al, 2009; Namekawa et al, 2011) 

Paternal Xist 
expression only 

Rnf12 is essential for initiation of 
imprinted XCI  (Shin et al, 2010) 

 
The maternal pool of Rnf12 and early 

ZGA in mice may have led to the 
requirement for an Xist imprint to regulate 

its monoallelic expression early on 
(see Okamoto et al 2005 for discussion) 



Imprinted Paternal XCI during Pre-implantation Mouse 
Development  

Imprinted inactivation of XP 

 
Gene silencing on Xp 
   H3 K9 hypoacetylation 
   H3K4 hypomethylation 
   

 
Eed/Ezh2 association 
H3K27 tri-methylation 
MacroH2A association 
       H3K9 dimethylation 

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

 
Xist is expressed from paternal X only (never biallelic) 

Xist RNA coating of Xp 

RNA Pol II exclusion 
Repeat silencing (Cot1 hole)  
 

Paternal Xist on 

Morula 

1-cell 4-cell 8-cell Blastocyst 2-cell Morula 

Zygotic 
Gene 

Activation 

Random XCI 

Trophectoderm 

Xp inactive 
 

Takagi and Sasaki,  
1975 

Inner cell mass  
Xp-reactivation 
Xist repression  
Xi reactivation   

 

8-cell stage   
Rnf12 / Xist 

  

E. Heard, February 18th, 2013 



The Developmental Dynamics of X inactivation 

From Wutz, 2011 

E. Heard, February 18th, 2013 

Two waves of X 
inactivation and 

reactivation 
 in mice 

 
WHY? 

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

 
 
 
 
 
 
 
 
 
 
Loss of Xist imprint 
 
Xp reactivation in the ICM  
(Okamoto et al, 2004; Mak et al, 2004) 
!

Imprinted Xist expression induces 
early paternal X inactivation 
 

Rapid reprogramming in 1-2 cell cycles: 
 

Pluripotency factors 
Loss of Xist RNA coating  

Gene reactivation 
 Loss of PRC2 and H3K27me3 

 
 

Progressive reactivation: 
 

Pluripotency factors? 
Loss of Xist RNA coating  

Loss of PRC2 and H3K27me3 
Loss of DNA methylation  

(passive? Active?) 
 

Gene reactivation 
 

(Abe, Brockdorff, 
Surani, Reik and others) 



Nothing in Biology Makes Sense Except in 
the Light of Evolution… 

 
 

Theodosius Dobzhansky 

E. Heard, February 18th, 2013 
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Mouse 
• ZGA: ~ 1-2 cell stage 
Imprinted and Random XCI 
 
Rabbits and Cows 
• Late ZGA: ~ 8 cell stage 
Imprinted ? and/or Random XCI? 
 
Humans 
• ZGA: ~ 4-8 cell stage 
Random XCI only? 
 

Evolutionary conservation of X inactivation during early 
development in eutherian mammals? 



XIST RNA and X-inactivation patterns in Human embryos 

No Barr body 

Y

Y

E. Heard, February 18th, 2013 

XIST is initially biallelically expressed in human and rabbit embryos –> no XIST imprint 
No signs of X inactivation or Barr body formation even at day 7 blastocyst stage in humans 
No reactivation of the Xi in the inner cell mass of the blastocyst in rabbits or humans 
Subsequent chromatin changes are quite similar between mammals 

 
"!Very different regulation of initiation of X inactivation:  

only one wave, no Xist imprint, post-XCI choice… 
 

Are mice the exception to the eutherian rule due to their very early ZGA and rapid 
development? 

Okamoto et al (2011) Evolutionary Diversity of X-chromosome Inactivation in 
Mammals.  Nature 472 : 370-374  
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From Okamoto and Heard, Chrom. Research 2009 

The Evolutionary Dynamics of X inactivation 
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The Evolutionary Dynamics of X inactivation 

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

Non-coding RNAs may be easy to evolve, 
 easy to regulate dynamically in development,  

and could be useful “triggers” for epigenetic processes… 
(next two lectures) 
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Prof. Joost Gribnau  
“X-Chromosome Inactivation Mechanisms” 


