
L’inattivazione del cromosoma X



Female cells have double the number of X 
chromosomes as male cells. Therefore, female cells 
should express twice the amount of X chromosome 
genes  (n=1300!) than male cells. BUT ‐ they DON’T. 

XX XY

Male and female cells express X chromosome genes 
at the same level. 



Mechanisms of X chromosome dosage compensation
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lncRNA  long non-coding RNA







X Chromosome Inactivation

Nature Genetics 30, 77 – 80 (2002)Peters et al.



X Chromosome Inactivation

• X chromosome inactivation occurs early 
during development – around 24 cell

• Thus, females embryos have two active X 
chromosomes until one is inactivated



What Determines X-chromosome 
Inactivation?



• Mechanism of X Chromosome inactivation

• XIC – X chromosome Inactivation Center
• XIC controls expression of the XIST gene

• XIST: X-inactive-specific transcript 

• XIST produces a non-coding 17 kb RNA molecule

• “Coats” the entire local X-chromosome – cis-
acting

X Chromosome Inactivation



EMBO Rep. 2007 January; 8(1): 34–39. 
doi: 10.1038/sj.embor.7400871.



X Chromosome Inactivation

• Approaches for examining XIST biology

1) Knock it out!

Nature, January 1996



X Chromosome Inactivation

• Approaches for examining XIST biology

2) Knock it in!



Tet Repressor Model
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XIST inactivation is Reversible 
up to 48 hours

XIST



No Choice after 48 hrs

XIST

XIST
X



XIST acts Early During 
Development and is Irreversible



What Controls XIST Expression?



TSIX is the Anti-Sense Strand of 
the XIST gene



TSIX is the Anti-Sense Stand of the 
XIST gene



Knock-down of TSIX Causes Skewed 
X-Chromosome Inactivation

X



TSIX Asymmetry Governs Choice

• TSIX must be downregulated for XIST 
expression on the (future) inactivated X 
Chromosome

• TSIX expression must remain for XIST 
downregulation on the (future) activated X 
Chromosome







X Chromosome Inactivation

X chromosome inactivation 
requires:
• Initial XIST RNA expression 

and coating
• Association of chromatin 

modifying proteins

• DNA methylation 5’ of X-
chromosome genes

• Modification of histones 
by methyltransferases 
(HMTase)

• Other chromatin modifying 
proteins



The shape and chromatin organization 
of the Xi is distinct from that of the Xa



The Xist RNA cloud is composed of discrete RNA 
foci distributed throughout the Xi territory

DNA probes against the full length Xist RNA 



METODI



treatment with doxycycline if using cells 
harboring a tetracycline-inducible Xist 
transgene

biotinylated oligos antisense to the target RNA

oligos immunopurified using streptavidin



RNA-Seq Analysis Pipeline  RAP



High‐resolution view of Xist spreading during initiation of XCI

Xist RAP 
enrichments 

Xist FISH signals 



High‐resolution view of Xist spreading during initiation of XCI



Early Xist localization 
correlates with the 3‐D 
proximity contacts of the 
Xist transcription locus

Xist RNA localization (red) 
after one hour of Xist 
induction

contact frequencies (blue) 
between distal sites and the 
Xist genomic locus 



model for how Xist exploits and alters three‐dimensional 
genome architecture to spread across the X‐chromosome

Xist uses its A-
repeat domain to 
spread over 
active genes



Regolazione XIST vs TSIX



Xist induction and maturation
• Various RNA and protein factors are involved in 
coordinating the regulation of Xist mono‐allelic 
expression from the Xi. 

• + Several lncRNAs within the Xic have been identified 
(Tsix, Xite, DxPas34, Tsx, Jpx/Enox, Ftx and RepA) which 
act cooperatively together for the induction of 
monoallelic Xist expression from the future Xi in order 
to initiate XCI

• Nascent Xist RNA is processed to ~17 kb‐length RNA by 
splicing, and different polyadenylation sites and 
alternative splicing patterns contribute to the 
generation of multiple isoforms of Xist RNA





Random X Inactivation Mediated by Xic, Xist, and Tsix

Random X chromosome inactivation mediated by interaction of X inactivation
centers (Xics) on two X chromosomes of female cells.

Xic interaction first triggers transcription of Xist and Tsix RNAs from each 
X chromosome.  Xist and Tsix are large RNAs without coding sequences.

Xist binds to the chromosome from which it was transcribed, and Tsix
probably prevents accidental binding to other X chromosome.

Xist RNA eventually “paints” the entire X chromosome from which it is
transcribed, causing inactivation  ….  By  this point, the only gene

transcribed from the inactivated chromosome is Xist.

Meanwhile, Tsix paints the active X chromosome, preventing spread of
inactivation to the second chromosome.



+ Tsix, Xite, DxPas34, Tsx, Jpx, Ftx and RepA



The cis‐regulatory environment and its 
spatial separation



Trans‐regulation of the Xic in ES cells 



Progressione
• At the onset of random XCI, Tsix expression becomes monoallelic and 

designates the future Xa; 
• consequently, Xist expression is upregulated on the future Xi and 

repressed on the future Xa.
• Xist lncRNA initiates XCI in cis by covering the entire Xi and recruiting

multiple chromatin modifying enzymes for repressive epigenetic
modification, including polycomb repressive complex 2 (PRC2) for 
histone H3 trimethylation at lysine 27 (H3K27me3)

• unique repeat elements make Xist RNA is a hub for a variety of protein 
factors, which induce multiple layers of repressive modification on the 
Xi

• PRC2 binds to a limited number of sites (about 1500) frequently 
associated with H3K4me3/H3K27me3 bivalent domains and CpG
islands, which are followed by additional binding sites (about 4000) at 
intergenic regions and spreading across the Xi as differentiation 
progresses



Mechanism of Xist-Mediated X Inactivation Still Uncertain

Xist RNA recruits novel proteins to inactivating X chromosome, induces
methylation of histone tails, and bears a 5’ end essential for gene
silencing.

After induction of X-inactivation, Xist is no longer required for its maintenance.








