
The nature of the bond of correlation is very frequently quite obscure.
M. Is. Geoffroy St Hilaire has forcibly remarked, that certain 
malconformations very frequently, and that other rarely coexist, 
without our being able to assign any reason. What can be more 
singular than the relation between blue eyes and deafness in cats, 
and the tortoise-shell colour with the female sex; 
p.183

Darwin s’interrogeait : 
pourquoi le pelage tortoise-shell se voit seulement chez des femelles ?

Charles Darwin, vers 1849



Inactivation of 
X chromosome 

tortoiseshell
(≠ calico)



X-inactivation

The inactive X chromosome is compacted and methylated





Inactivation d’un chromosome X chez une souris femelle :

Régions foncées : X normal
Régions claires   : X muté



Lyon, M. F. 1962. 
Sex chromatin and gene action in the 
mammalian X-chromosome.
Am. J. Hum. Genet. 14:135-48 Mary LYON



L’article dans Nature se termine
par l’indication que l’hypothèse
de l’inactivation d’un X explique
la fourrure des chatte tortoiseshell.



Le choix

Un clone



For genes located on the X chromosome 
women (X X) should produce twice as much of a protein compare to men (only 1 X)

.

Glucose-6-Phosphate Dehydrogenase

X Y

X X

. .. .
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Theoretical expectation

R. B. C. 
from a man

R. B. C. from
a woman

~150

~300

hommes

femmes



Observations do not confirm the expectation.

G6PD gene is located 
on X chromosome.

Glucose-6-Phosphate Dehydrogenase

X Y

X X

. .. .

.....
...

Theoretical
expectation:Observation :

Identical amount of G6PD

R. B. C. 
from a man

R. B. C. from
a woman



Women and men have the same amount of G6PD
because women and men have only 1 active X chromosome.

INACTIVATION of 1 X

compact X
inactive

(compensatory mecanism)



Difference between calico and tortoiseshell

There is no melanocyte



Murray BARR
(1908-1995)

Ewart BERTRAM

X X X XX Y



In 1949, Murray Barr and Ewart Bertram identified 
a highly condensed structure in the interphase nuclei 
of somatic cells in female cats that was not found in 
male cats. 
This structure became known as the Barr body.

In 1960, Susumu Ohno correctly proposed that the Barr body 
is a highly condensed X chromosome.



Barr body
(inactivated X chromosome)



Barr body
drumstick

Blood sample



Modification of histone proteins affects chromatin structure and transcription

Inactivation du chromosome X



Acetylation catalyzed by an enzyme



Epigenetic Remodeling 
of Chromatin 
for Transcription



Methylation (-CH3)
does not interfere with 
base pairing.



DNA methylation 
affects transcription.

enzyme

In eukaryotes, only cytosine
is methylated.
The enzyme DNA methyltransferase
recognizes 5’-CG-3’ (not only C)
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DNA methylation is
conserved after 
replication

DNA polymerase accepts only
CTP, not methylated C
(actually mCTP does not exist)
The novel strand is initially
not methylated.

Hemimethylated DNA:
 • one strand methylated
• the complementary strand 
   not methylated

!
As of today, no demethylase
has been identified !!
Still a mystery.



DNA can be cut by restriction nucleases

- cut double-stranded DNA
- at particular sites: recognition sites
- highly specific sequences of
   4 nucleotides: frequent cutters
   6 nucleotides: medium cutters
   8 nucleotides: rare cutters
- from bacteria; defense mechanism
     against phages

blunt ends

sticky ends

rare cutter



Isoschizomeres

Hpa II recognizes 5’- C C G G – 3’
3’- G G C C – 5’

Msp I  recognizes 5’- C C G G – 3’
3’- G G C C – 5’

Hpa II and Msp I recognize the same restriction site : they are isoschizomeres.

However there is one important difference : 
 Hpa II is sensitive   to DNA methylation
   Msp I  is insensitive to DNA methylation

5’- C mC   G G – 3’
3’- G   G mC C – 5’

5’- C mC   G G – 3’
3’- G   G mC C – 5’

cut cut

cut no cut



avant la PCR

pas de produit

X inactif

X actif



CCGG CCGG (CAG)11

GGCC GGCC

CmC GG CmC GG (CAG)14

G  GmCC GGmCC

HUMARA test (PCR)

1
random

X inactivation

14

11

2
non random

X inactivation

The inactive X 
is methylated

The active X 
is not methylated

microsatellite

Only the DNA from the inactive X
can be amplified by PRC.



P C R
No amplification product

CCGG CCGG (CAG)n

HUMARA test



Un microsatellite localisé sur le chromosome X
(gène codant le récepteur pour les androgènes)

CCGG CCGG

Produit de la PCR 

microsatellite

Femme hétérozygote
pour le microsatellite

(C A G)n

Notez :
• 2 pics principaux
• des pics mineurs (glissade/bégaiement)


