
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



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

 Année 2024-2025 : 
Nouvelles conaissances sur les mécanismes épigénétiques :

l’inactivation du chromosome X et d’autres exemples 
d’expression monoallélique

 CHAIRE ÉPIGÉNÉTIQUE ET MÉMOIRE CELLULAIRE

E. Heard, May 12th,  2025

Mary Lyon (1925-2014)
née le 15 mai 1925
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The Silencing of one of the two X Chromosomes in Mammals 

• The two X chromosomes in mammalian females function very differently.
• The human X contains over 1,000 genes, while the Y chromosome is relatively gene poor. 
• This presents a challenge to placental mammals, who need to (roughly) equalize expression from the X 

chromosome in male (XY) and female (XX) cells. 
• The mammalian solution is therefore to INACTIVATE ONE X CHROMOSOME in females during early 

development by assembling a distinctive form of chromatin that largely silences gene expression. 
Chromatin is the physiological template of the genome – and it is largely thanks to chromatin that two 

The discovery of X Inactivation started with cytology (early 20th century), to genetics and 
cytogenetics in the 1960’s-80’s, to molecular genetics and cellular biology from the 1990’s, and 
now to precision genetics, single cell biology and advanced -omics and imaging....
A time of acceleration in our understanding of XCI: its mechanisms and its implications 
(How? How much? and Why?)
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How a single species develops two strikingly different forms had fascinated 
early naturalists, like Charles Darwin, but it was not until the early 1900s 
that the genetic basis of sex started to be unravelled.

Xiphophorus Hellerii. Upper figure, male; lower figure, female.

Piecostomus barbatus. Upper figure, head of male; lower figure, female.

The Evolutionary Biology of Sex (B. Charlesworth) – 2006 – Current Biology

Why evolve X inactivation, why evolve sex chromosomes, 
why evolve sexual reproduction...?

COURS 2018



Sexual Dimorphism and Sex Chromosomes

Environment

Genetics

XXXY

Sexual dimorphism can be striking or subtle
It can be manifested at the molecular, cellular and organism levels

Sex determination is “genetic” but development of diRerent sexes can be triggered by the environment 
in some organisms and/or by sex chromosome diRerences

male

female

Epigene/cs

Four models for genetic determination of sex:
XY male dominant gene on Y like human
XY dosage sensitive gene on X (eg drosophila)
ZW female specific gene on W (eg Xenopus)
ZW dosage sensitive gene on Z (eg birds)

E. Heard, May 12th,  2025

Epigenetics



X YXX X YXX

Z ZWZZ ZWZ

Male
heterogamety

Female
heterogamety

Male dominant gene on Y
e.g. SRY, human

Dosage-sensitive female-determining 
gene on X, e.g. SLX, Drosophila

Female dominant gene on W
e.g. Xenopus laevis

Dosage-sensitive male determining 
gene on Z, e.g. birds

F            M               F                        M   
   

SRY

Sex chromosome systems



(Deakin, Chaumeil, Hore, Graves,  Chrom Res 2009)E. Heard, January 29th, 2018

Ancestral dosage compensation 
may be “gene by gene” 

with the more recent superposition 
of chromosome-wide strategies 

eg by long non-coding RNAs

COURS 2018

Mammalian Sex Chromosome Evolution 

Monotremes Marsupials



• Humans normally have 46 chromosomes: 23 pairs, one set from each parent
• 22 Autosomes and one pair of Sex Chromosomes, X and Y
• Normally (46, XX) is female ; (46, XY) is male
• Rare individuals(45, XO) is female; (47 XXY) is male; (47 XXX) is female

• The evolution of  mammalian sex chromosomes has led to dramatic differences in gene 
content and expression

• Need for dosage compensation strategies – X relative to A and XX relative to XY
• X-chromosome inactivation was the chromosome-wide strategy between XX and XY 

discovered in eutherian mammals (mice, humans...) for dosage compensation of X genes

Mammalian Sex Chromosomes

E. Heard, May 12th,  2025
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Henking H. 1891 Uber spermatogenese und deren 
beziehung zur entwicklung bei Pyrrhocoris apterus L. Z. 
Wiss. Zool. 51, 685–736.

Discovery of Sex Chromosomes 
Hermann Paul August Otto Henking 
(German cytologist 1858-1942) 
• Discovered the “X” element in ~1891. 
• Light microscopy: testicles of the firebug 

(Pyrrhocoris) Henking noted that one 
chromosome did not take part in meiosis. 

• Named  the X element because its strange 
behavior made him unsure whether it was 
genuinely a chromosome.

• He speculated it might play a role in sex 
determination

The pivotal study that provided this evidence was Studies in spermatogenesis (1905) by Dr Nettie M. Stevens. 
In this two-part piece, Stevens showed, through careful cytological examination, that the inheritance of a 
small “accessory” chromosome is correlated with male development in dozens of insect species. E.B Wilson 
made similar observations in 1905.
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• Henking realized that the X element (later called 
the X chromosome) of Pyrrhocoris is the largest 
chromosome in the cell and is easy to follow in 
meiotic divisions. 

• Henking described his observations of the X 
element  - and his work was later critical to 
explaining sex determination 

Hermann Henking’s original drawings of spermatocyte 
divisions in the firebug Pyrrhocoris apterus. He identified a 
lagging ‘Element x’ in meiosis II (‘Spermatocyten II. Ordnung’; 
Henking, 1891).

Clarence E McClung 
(US geneticist 1870- 1946) 
• Renamed the X element the "accessory 
chromosome," because it appeared to have a 
separate purpose compared to the other 
chromosomes. 
• He also noted two types of sperm cells (50/50) 
with or without the Accessory chromosome
• In 1901/1902- he proposed that this could 
influence sex determination of the zygote
McClung, C. E. (1901). Notes on the accessory chromosome. Anat. Anz. 20, 220-226.
McClung, C. E. (1902). The accessory chromosome—Sex determinant? Biol. Bull.
3, 43-84. doi:10.2307/1535527

NB precisely why the X element (or X chromosome) lags 
during meiosis in some species is still unclear...(see 
Paliulis  et al, JCS, 2023)
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Discovery of Sex Chromosomes 
Hermann Paul August Otto Henking 
(German cytologist 1858-1942) 
• Discovered the “X” element in ~1891. 
• Light microscopy: testicles of the firebug 

(Pyrrhocoris) Henking noted that one 
chromosome did not take part in meiosis. 

• Named  the X element because its strange 
behavior made him unsure whether it was 
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• He speculated it might play a role in sex 
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Walter Sutton (1877-1916) and 
Theodor Boveri (1862-1915)
In 1902-1904, the chromosome theory of inheritance 
was proposed independently by Sutton and Boveri who 
showed that the behaviour of chromosomes during 
meiosis could be the basis for Mendelian inheritance ; ie 
chromosomes bear hereditary factors, in accordance 
with Mendelian laws.

Prior to Henking’s, McClung’s, and Sutton's reports, 
sex determination was attributed to factors other 
than gametes, such as the environment in which egg 
cells existed. 
The pivotal study that provided this evidence was 
Studies in spermatogenesis (1905) by Dr Nettie M. 
Stevens. She showed, through careful cytological 
examination, that the inheritance of a small 
“accessory” chromosome correlates with male 
development in dozens of insect species. E.B Wilson 
made similar observations in 1905.
Stevens NM. 1905 Studies in spermatogenesis. Washington, DC: 
Carnegie Institution of Washington.



Nettie M. Stevens 1861-1912
American cytogeneticist

Nettie Stevens : The Discovery of Sex Chromosomes
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Nettie Stevens and E.B. Wilson: Discovery of Sex Chromosomes
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Nettie M. Stevens 1861-1912
American cytogeneticist

Wilson EB 1905 “The Chromosomes in Relation to the 
Determination of Sex in Insects” 

• E.B. Wilson independently studied sex determination and 
made similar observations. 

• He noted that in some insects, males had one fewer 
chromosome than females, 

“The odd chromosome, so far as it has been studied, behaves 
precisely like the larger member of the unequal pair without its 
smaller mate. In the growth stage it remains condensed and 
either spherical or sometimes flattened against the nuclear 
membrane. In the first maturation mitosis it is attached to one 
pole of the spindle, does not divide, but goes to one of the two 
second spermatocytes. In the second spermatocyte it divides 
with the other chromosomes, giving two equal classes of 
spermatids differing by the presence or absence of this odd 
chromosome. ” 

 

Stevens NM 1905 “Studies in spermatogenesis”. 
Washington, DC: Carnegie Institution of Washington.

• Studied mealworm chromosomes 
• Found females had 20 large chromosomes
• Males had 19 large and one small chromosome (Y)
• The small (Y) chromosome pairs with large (X) at meiosis 1
• Concluded the small chromosome determines male sex
• First strong evidence that sex is genetically determined, not 

environmental

“In both somatic and germ cells of the two sexes there is a 
difference not in the number of chromatin elements, but in the 
size of one, which is very small in the male (170-s) and of the 
same size as the other 19 in the female (207).”

In 1905 E. B. Wilson also published a study on the sex chromosomes in Hemiptera. 
Building on the work of McClung, he showed that males possess an unequal pair of 
chromosomes, the smaller of which he called the ‘idiochromosomes’.

«Le chromosome impair, d'après les études réalisées jusqu'à 
présent, se comporte exactement comme le membre le plus 
grand d'une paire inégale sans son compagnon plus petit. Au 
stade de croissance, il reste condensé et soit sphérique, soit 
parfois aplati contre la membrane nucléaire. Lors de la 
première mitose de maturation, il est attaché à un pôle du 
fuseau, ne se divise pas, mais se dirige vers l'un des deux 
seconds spermatocytes. Dans le second spermatocyte, il se 
divise avec les autres chromosomes, donnant deux classes 
égales de spermatides qui diffèrent par la présence ou 
l'absence de ce chromosome impair. »

« Dans les cellules somatiques et germinales des deux sexes, il 
existe une diDérence non pas dans le nombre d'éléments de 
chromatine, mais dans la taille de l'un d'entre eux, qui est très 
petite chez le mâle (170-s) et de même taille que les 19 autres 
chez la femelle (207). »
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Nettie Stevens and E.B. Wilson: Discovery of Sex Chromosomes
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Edmund B. Wilson (1856 –1939)
American Zoologist and Geneticist

Stevens NM 1905 “Studies in spermatogenesis”. 
Washington, DC: Carnegie Institution of Washington.

• Studied mealworm chromosomes
• Found females had two large chromosomes
• Males had one large and one small chromosome
• Concluded the small chromosome determines male sex
• First strong evidence that sex is genetically determined, 

not environmental
Wilson EB 1905 “The Chromosomes in Relation to the 
Determination of Sex in Insects” 

• E.B. Wilson independently studied sex determination and 
made similar observations. 

• He noted that in a different insect (Protenor), males have one 
fewer chromosome than females (five and six).

• Also sperm with a “sex chromosome” will form females, while 
those without it form males.

• He interpreted this as a mechanism for sex determination. 
• However, he did not initially recognize the presence of a 

distinct “small chromosome” (now known as the Y 
chromosome) in males. 

Wilson’s paper was published just before Stevens’ – though he 
referred to her results in his paper. Her work was more definitive as 
she clearly identified the small chromosome in males and also 
showed that it paired with a larger chromosome in females, 
providing solid cytological evidence that the presence or absence 
of this small (Y) chromosome determines sex.

Nettie M. Stevens 1861-1912
American cytogeneticist
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Nettie Stevens and E.B. Wilson: Discovery of Sex Chromosomes
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Edmund B. Wilson (1856 –1939)
American Zoologist and Geneticist

Nettie M. Stevens 1861-1912
American cytogeneticist

Thus Stevens and Wilson demonstrated that in some insects 
the cells of females have 2 X chromosomes and the cells of 
makes have a single X and a smaller Y chromosomes. 
Stevens provided evidence that the presence or absence of 
this small (Y) chromosome determines sex.

In 1906, Wilson first used the term ‘sex chromosome’ 
Wilson EB. 1909. Recent researches on the determination and 
heredity of sex. Science 29, 53-70. 

1909 the X and Y (elements) were used to delineate the 
heteromorphic pair
Wilson EB. 1909. Recent researches on the determination 
and heredity of sex. Science 29, 53-70

However Wilson maintained that the X-element is the sex 
determinant  and the Y element is a synaptic mate to the X-
element in certain organisms.

Even if the  Y-element is characteristic of the male sex when 
it is present.  In males, the chromosome combination is 
typically X + Y, while females have X + X. 

Stevens studied continued her studies across 
many more insect species and found many 
that contained what she expected to find after 
their first discovery in mealworms: a 
heteromorphic XY pair and she also found 
many that did not. Wilson also continued to 
explore the diversity of sex chromosome 
systems.

In Stevens’ 1911 she wrote, ‘At present, the 
all-important questions seem to me to be: 
What is the meaning of the differentiation of 
heterochromosomes in one form and not in 
others closely related? 
What has been the history of such 
differentiation where we have an unpaired 
heterochromosome or an unequal pair of 
heterochromosomes?’ . 
She adds ‘… But in no case are we able to say 
when or how or why certain spermatogonial 
chromosomes became specially 
differentiated as heterochromosomes.’.

The findings of the many independent and 
complementary studies during these years laid the 
foundations of the modern diversity of sex chromosome 
systems, including XX/XO (dosage) systems where 
chromosome number changes between males and 
females, XX/XY systems where the heterogametic sex 
chromosome pair is found during spermatogenesis in 
males, and ZZ/ZW systems where the heterogametic 
pair is found in females during oogenesis. Wilson EB. 1909. Recent researches on the determination and 

heredity of sex. Science 29, 53-70
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Timeline of the Discovery of Human Sex Chromosomes

Stevens and Wilson, working independently, discovered that sex determination in insects was linked to specific 
chromosomes. Stevens showed that males had XY chromosomes and females had XX. This established the 
chromosomal basis of sex.

1910s–1920s - Researchers attempted to extend these discoveries to mammalian cells, but due to the limits of 
microscope technology, chromosome counts and identification were still inaccurate.

1921 – Theophilus S. Painter (1889-1969 – American zoologist)
Painter studied human spermatocytes and identified the Y chromosome as distinct from the X. 
He incorrectly estimated that humans had 48 chromosomes, but his work was crucial in recognizing the X and Y 
chromosomes as the basis for human sex determination.

1956 – Joe Hin Tjio (1919-2001 American cytogeneticist) and Albert Levan (1905-1998 Swedish cytogeneticist) 
Using improved techniques, Tjio and Levan correctly determined that humans have 46 chromosomes (23 pairs). 
This was a major breakthrough in human cytogenetics and confirmed the presence of the XX (female) and XY (male) 
chromosome pairs.



The testing  of the chromosomal theory of sex determination led 
to  the basis for Morgan's proof that the genetic factors were 
physically located on the individual chromosomes.

Using Drosophila melanogaster – he identified a white eyed 
male and demonstrated that this trait could in fact be passed on 
in the same manner predicted by the inheritance of sex 
chromosomes.

Nobel Prize in 1933
for “discoveries elucidating 

the role that the chromosome 
plays in heredity”

E. Heard, May 12th,  2025

Thomas Hunt Morgan
(1866-1945)

American evolutionary 
biologist, geneticist

 TH Morgan: Sex Chromosomes & the Gene Theory for Hereditary Material



Morgan concluded that the inheritance of white eye color 
parallels the normal meiotic segregation of the sex 
chromosomes in this fly. He thus definitively linked “trait” 
inheritance to a specific chromosome

This represented the first concrete evidence that 
chromosomes have a role in inheritance as had been 
suggested nearly a decade earlier by Sutton and Boveri.
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Thomas Hunt Morgan
(1866-1945)

American evolutionary 
biologist, geneticist

 TH Morgan: Sex Chromosomes & the Gene Theory for Hereditary Material

His student – Muller -  later discovered dosage 
compensation based on the the same trait (eye color).

Nobel Prize in 1933
for “discoveries elucidating 

the role that the chromosome 
plays in heredity”



“Effects of dosage changes of sex-linked genes,  
and the compensatory effects of the gene differences 
between male and female”  (Muller et al. 1932)  
“Dosage Compensation” (Muller, 1947)

Sex Chromosome Dosage Compensation

for most of them their phenotypic manifestation 

linked gene there is 

Dosage compensation: In Drosophila, there is little
observable difference in phenotype between females

linked mutant gene and males
Muller (1932) coined the term

‘‘dosage compensation’’ to describe this situation of
equalized expression for different gene dosages between
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Hermann Joseph Muller 
(1890-1967) 

American Geneticist

1946 Nobel Prize in 
Physiology or Medicine, 
”For the discovery that 

mutations can be 
induced by X-rays".

Muller saw the two dose female as being "brought 
down" to the level of the one dose male, rather than the 
one dose male being brought up to the level of the two 
dose female. Thus, he implied his X-linked "modifying 
genes", or "dosage compensators", are inhibitory, so 
that their "presence in double dose, when the rest of 
the genetic composition is held constant, causes the 

The wa mutant is a partial loss-of-function allele that 
allows the deposition of some eye pigments in the eye. 
The greater the number of wa alleles in the genotype of 
either females (top row) or males (bottom row) the 
greater the amount of pigmentation. Surprisingly, 
females with two doses and males with a single dose 
of the allele have the same eye color. 
From Muller 1948; fThe Harvey Society.

https://pmc.ncbi.nlm.nih.gov/articles/PMC5068838/


“Effects of dosage changes of sex-linked genes,  
and the compensatory effects of the gene differences 
between male and female”  (Muller et al. 1932)  
“Dosage Compensation” (Muller, 1947)

Sex Chromosome Dosage Compensation

for most of them their phenotypic manifestation 

and later Muller et al.3 by use of mutations such 
as bobbed and apricot in various doses showed 

linked gene there is 

Dosage compensation: In Drosophila, there is little
observable difference in phenotype between females

linked mutant gene and males
Muller (1932) coined the term

‘‘dosage compensation’’ to describe this situation of
equalized expression for different gene dosages between
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Hermann Joseph Muller 
(1890-1967) 

American Geneticist

1946 Nobel Prize in 
Physiology or Medicine, 
”For the discovery that 

mutations can be 
induced by X-rays".

• Observing apricot mutation of the white gene:  two X 
chromosomes in a female produce the  same eye 
color as one X chromosome in a male. 

• A male achieves with one gene dose what requires 
two gene doses in the female. 

• This constitutes the basic observation of 
"dosage compensation”: mechanisms must exist 
to ensure that genes on the X chromosome 
produce similar effects in males (one dose) and 
females (two doses). 

• Is this due to single X hyperexression in males or to 
XX depression in females... 

Muller saw the two dose female as being "brought 
down" to the level of the one dose male, rather than the 
one dose male being brought up to the level of the two 
dose female. Thus, he implied his X-linked "modifying 
genes", or "dosage compensators", are inhibitory, so 
that their "presence in double dose, when the rest of 
the genetic composition is held constant, causes the 

The wa mutant is a partial loss-of-function allele that 
allows the deposition of some eye pigments in the eye. 
The greater the number of wa alleles in the genotype of 
either females (top row) or males (bottom row) the 
greater the amount of pigmentation. Surprisingly, 
females with two doses and males with a single dose 
of the allele have the same eye color. 
From Muller 1948; fThe Harvey Society.

https://pmc.ncbi.nlm.nih.gov/articles/PMC5068838/


Evolution of dosage compensation in flies, mammals & worms

Susumu Ohno
(1928-2000)

Japanese-American 
Geneticist, 

evolutionary biologist

E. Heard, January 29th, 2018
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Discovery of the “Nucleolar Satellite” in Female Cat Neurons

Female Male Female

Murray Llewellyn Barr 1908-1995
Canadian physician and researcher

Staining of cat neurons with cresyl violet stain revealed a “nucleolar” satellite in 
females but not in males: Barr and Bertram, 1949

Barr and Bertram, Nature 1949;163:676. doi:10.1038/163676a0
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Discovery of the “Nucleolar Satellite” in Female Cat Neurons

Female Male Female

Murray Llewellyn Barr 1908-1995
Canadian physician and researcher

Staining of cat neurons with cresyl violet stain revealed a “nucleolar” satellite in 
females but not in males: Barr and Bertram, 1949

Barr and Bertram, Nature 1949;163:676. doi:10.1038/163676a0

"The sex of a somatic cell as highly differentiated as a neurone may be detected with no more elaborate 
equipment than a compound microscope following staining of the tissue by the routine Nissl method... The 
difference in nuclear structure between neurones of adult male and female cats rests on the degree of 
development of a second body, which is much smaller than the nucleolus." 



Walther 
Flemming

(1843-1905)

Emil Heitz
(1892-1965)

Two types of chromatin were noted in interphase nuclei of higher eukaryotic cells by light microscopy: a highly condensed 
form “heterochromatin” and less condensed remaining form termed  “euchromatin”. 
Heterochromatin remains  unusually compact during interphase; later found to be transcriptionally inactive – although more 
recent work show this is not entirely true…

Identifying Chromatin and Chromosomes - defining Heterochromatin and Euchromatin

Rego et al, 2008Bertram et Barr, 1949 

Walther Flemming (1843-1905) staining cells with aniline dyes he described chromatin 
(coloured material) as thread-like structures in the nucleus that takes up basophilic dyes 
HW Waldeyer coined the term chromosome (coloured bodies) in 1888 to describe Flemming’s 
nuclear threads
Emil Heitz (1892-1965) developed new techniques to obtain direct chromosome preparations 
from moss and many other species and in 1928 he defined heterochromatin and euchromatin: 
“…heterochromatin refers to a part of a chromosome that remains heteropyknotic after 
telophase and thus behaves opposite to euchromatin”

E. Heard, 9 mars, 2020

E. Heard, May 12th,  2025

Early Depictions of Chromatin (A-C) Walther Flemming's drawing of an interphase cell 
(A), a cell in metaphase (B), and a cell in telophase (C). Images are from Flemming's 1882 
book Cell Substance, Nucleus, and Cell Division. (D) Emil Heitz's drawing of condensed 
heterochromatin domains (black). Image is from his 1929 book Heterochromatin, 
Chromocentern, Chromomeren.



Emile Heitz
(1892-1965)

Two types of chromatin were noted in interphase nuclei of higher eukaryotic cells by light microscopy: a highly condensed 
form “heterochromatin” and less condensed remaining form termed  “euchromatin”. 
Heterochromatin remains  unusually compact during interphase; later found to be transcriptionally inactive – although more 
recent work show this is not entirely true…

Heterochromatin and Euchromatin

http://medcell.med.yale.edu/histology/

HeterochromatinEuchromatin

TEM

Rego et al, 2008

XY

XX

Bertram et Barr, 1949 

E. Heard, 9 mars, 2020
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Emil Heitz (1892-1965) developed new techniques to obtain direct chromosome preparations from 
moss and many other species and defined heterochromatin and euchromatin: “…heterochromatin 
refers to a part of a chromosome that remains heteropyknotic after telophase and thus 
behaves opposite to euchromatin”
Constitutive heterochromatin tends to be non-coding and repetitive (Pontecorvo, 1944)
Facultative heterochromatin (protein-coding chromatin) can be either active or inactive (Barr, 1949) 

In 1929, Heitz proposed that heterochromatin should be enriched in those parts of chromosomes 
that carry no genes or are associated with genetically “passive” regions; this is still the basis of 
today's definition of heterochromatin.
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The Sex Chromatin in Human Cells
The same body – which they now referred to as “sex chromatin” -  could be seen in 

human female cells : Moore and Barr, 1953 

Murray Llewellyn Barr 1908-1995
Canadian physician and researcher

Moore KL, Barr ML. Morphology of the nerve cell nucleus in mammals, with special reference to the sex chromatin. J Comp Neurol 
1953;98:213–31. doi:10.1002/cne.900980203
Barr ML. Sex chromatin and phenotype in man. Science 1959;130:679–85. doi:10.1126/science .130.3377.679

Brinkmann V & Zychlinsky A (2012) J. Cell Biol. 
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The Sex Chromatin (Barr body) as a method of detection of 
chromosomeal sex in humans

In 1955, Barr, in collaboration with KL Moore, 
developed the buccal smear test, a non-invasive 
method for collecting epithelial cells from the 
inner lining of the mouth. This technique allowed 
the detection of Barr bodies in somatic cells and 
provided a simple tool for identifying 
chromosomal abnormalities, such as those seen 
in Turner syndrome and Klinefelter syndrome.

The test became widely used in the mid-20th 
century and was among the earliest tools for 
determining chromosomal sex in clinical and 
research contexts

Barr Body Analysis in Genetic Disorder Diagnosis
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In 1955, Barr, in collaboration with KL Moore, 
developed the buccal smear test, a non-invasive 
method for collecting epithelial cells from the 
inner lining of the mouth. This technique allowed 
the detection of Barr bodies in somatic cells and 
provided a simple tool for identifying 
chromosomal abnormalities, such as those seen 
in Turner syndrome and Klinefelter syndrome.

The test became widely used in the mid-20th 
century and was among the earliest tools for 
determining chromosomal sex in clinical and 
research contexts (complemented with 
karyotype analysis), for example:
Turner Syndrome (45,X) – no Barr body
Klinefelter Syndrome (47,XXY) – one Barr body
Triple X Syndrome (47,XXX) – two Barr bodies

Barr Body Analysis in Genetic Disorder Diagnosis

The Sex Chromatin (Barr body) as a method of detection of 
chromosomeal sex in humans



Haematoloxin+eosin stain 
(also Feulgen and Giemsa)

Carcinoma of cervix

Chromatin and nuclear organisation appear massively 
disrupted in cancer cells

The Barr body as a biomarker in the context of Cancer

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

Abnormal chromatin organisation, nuclear architecture and loss of 
the Barr body are as of cancer



Loss of the Barr body in Breast cancer 
“The inactive X chromosome is epigenetically unstable and transcriptionally labile in breast cancer”

(Chaligné et al, Genome Res. 2015)

Chromatin and nuclear organisation appear massively 
disrupted in cancer cells

The Barr body as a biomarker in the context of Cancer

E. Heard, May 12th,  2025

Chaligné and Heard (2014)  
FEBS Letters 588, 2514-22

DAPI 
staining
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Barr body corresponds to one X chromosome, not two paired X chromosomes

Murray Llewellyn Barr 1908-1995
Canadian physician and researcher

Barr ML. Sex chromatin and phenotype in man. Science 
1959;130:679–85. doi:10.1126/science .130.3377.679

• Barr and others (eg J. Reitalu 1957) initially believed that the sex 
chromatin represented the heterochromatic portion of the two X 
chromosomes that were somatically paired, and that the XY was too 
small to create such an effect. This explanation was not found to be true.

• In a letter to the journal Science Barr realized that other data did not 
support his concept of somatically paired X chromosomes representing 
the sex chromatin.
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Barr body corresponds to one X chromosome, not two paired X chromosomes

Murray Llewellyn Barr 1908-1995
Canadian physician and researcher

• Barr and others (eg J. Reitalu 1957) initially believed that the sex 
chromatin represented the heterochromatic portion of the two X 
chromosomes that were somatically paired, and that the XY was too 
small to create such an eIect. This explanation was not found to be true:

• In a letter to the journal Science Barr realized that other data did not 
support his concept of somatically paired X chromosomes representing 
the sex chromatin.
On sex chromatin: 
“...it is formed from heterochromatic 
regions of a pair of homologous 
chromosomes (Reitalu, 1957; Klinger and 
Schwarzacher, 1958; Serr et al 1958). 
Although an alternative interpretations has 
been suggested (Segal and Nelson, 1957), 
the weight of evidence favors the view that 
the bipartite sex chromatin  of females is 
formed by heterochromatic regios of the 
2 X chromosomes and that a definite 
chromocenter is not formed by the non-
homologous sex chromosomes of the 
heterogametic sex (Graham and Barr 
1952). This interpretation implies somatic 
pairing of the X chromosomes at any 
rate(Barr and Moore, 1957).”

Barr’s letter to Science, 1959
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Identification of the Sex Chromatin as one heterochromatic X chromosome

In 1958-1959, Japanese geneticist Susumu Ohno 
demonstrated that the previously identified "nucleolar 
satellite" or sex chromatin, was in fact a single 
heteropycnotic X chromosome in female XX somatic cells. 

Susumu Ohno 
⼤野乾, おおのすすむ

1928 – 2000
Japanese American Geneticist

Male (2n) Female (2n) Female (4n)

Ohno disputed Barr‘s idea that the nuclear satellite was the reflection of the two X 
chromosomes in apposition. He felt this unlikely because heterochromatin is usually 
only evident on one X chromosome. Moreover, examination of interphase nuclei indi-
cated that the sex chromatin body was smaller than would be the case if it 
represented two heterochromatic X chromosomes, but was of similar size to one X 
chromosome.

By comparison of female and male liver cells at 
various points in the cell cycle, female cells were 
seen to contain a highly condensed chromosome, 
absent in chromosome spreads of male cells. 
They also noted that triploid cells had additional 
copies of this condensed structure. 
From the data, Ohno deduced that the sex 
chromatin, was likely a condensed X chromosome. 

Definitive proof of its identity would come later, after 
scientists developed molecular probes that could be 
used to identify specific chromosomes by in situ 
hybridisation.
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Identification of the Sex Chromatin as one heterochromatic X chromosome

In 1958-1959, Japanese geneticist Susumu Ohno 
demonstrated that the previously identified "nucleolar 
satellite" or sex chromatin, was in fact a single heteropycnotic 
X chromosome in female XX somatic cells. 

Looking in both human fetuses, as well as animals (rodents), 
he confirmed the identity of a silent X and termed it the "Barr 
body" in recognition of Barr's earlier discovery. 

Ohno's work clarified that the Barr body was not merely a 
structural feature  but represented the functional silencing 
of one whole X chromosome. Initially he suggested this was 
always the paternal X (ie the one unique to females).

Susumu Ohno 
⼤野乾, おおのすすむ

1928 – 2000
Japanese American Geneticist

Male Female

Ohno S. The Lancet 1961: 1 (7168)



Ohno’s deduction that there is one inactive X chromosome in females (1959-61)
1959

In parallel, Mary Lyon used 
mouse genetics to deduce the 
process of X Inactivation ...

Back to Ohno later!

He recognized that the chromatin body that was found in female cells was not, as had been previously thought, 
the two X chromosomes lying in apposition but rather that one X chromosome was heterochromatic. This 
discovery, which Ohno later singled out as being possibly the most important of his career, served to focus his 
attention upon chromosomal function, particularly with respect to sex determination, and it was in this area that 
he made additional highly original contributions. 
Since it was known that in insects heterochromatin was genetically inactive, this suggested independently to a 

Labelling  with ³H-
thymidine by incubating 
cells. Incorporation into 
DNA in the last hours 
before metaphase prep
Only the latest replicating 
chromosome will 
incorporate the radioactive 
nucleotide 
(autoradiograph from 
Miller et al, 1963L



Ohno’s deduction that there is one inactive X chromosome in females (1959-61)
By 1959, Ohno had concluded that:

(i) One X chromosome in normal mammalian female interphase cell is 
heterochromatic and the other X chromosome is similar to autosomes. 

(ii) The heterochromatic X chromosome accounts for the nuclear structure referred 
to as nuclear sex chromatin body, originally described by Barr.

(iii) The X chromosome is allocyclic (asynchronous in its replication relative to other 
chromosomes

Ohno and others speculated that the genes on the heterochromatic X could be largely 
silent, resulting in gene dosage regulation in female cells, given that genes in 
heterochromatic regions of chromosomes of other systems do not transcribe (cf Heitz). 

Therefore, only genes on the active X chromosome would encode proteins, thus providing 
both male and female cells with similar dosage effects of most X chromosome-linked 
genes.

1959

In parallel, Mary Lyon used 
mouse genetics to deduce the 
process of X Inactivation ...

Back to Ohno later!

It was in part his work on the sex 
chromatin that led to Ohno’s 
reflections on sex chromosome 
evolution and the requirements for 
dosage compensation strategies. 
These were elaborated a few years 
later, following the discovery of X-
inactivation by Mary Lyon. 

He recognized that the chromatin body that was found in female cells was not, as had been previously thought, 
the two X chromosomes lying in apposition but rather that one X chromosome was heterochromatic. This 
discovery, which Ohno later singled out as being possibly the most important of his career, served to focus his 
attention upon chromosomal function, particularly with respect to sex determination, and it was in this area that 
he made additional highly original contributions. 
Since it was known that in insects heterochromatin was genetically inactive, this suggested independently to a 
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Mary Lyon (1925-2014) 

Fisher and Rastan, 2024 “Mary Frances Lyon. 15 May 1925—25 December 2014”, 
Biogr. Mems Fell. R. Soc. 77, 241–259 (2024). DOI: (10.1098/rsbm.2024.0005) 

Mary Lyon: Pioneer of X-Inactivation and Mouse 
Genetics

o Born 1925 in rural Norfolk; keen on biology and math; educated during WWII
o Attended Girton College, Cambridge (1943); received ocicial degree in 1964
o Began PhD under R.A. Fisher, studying mouse mutants
o Moved to Edinburgh (1948) Institute of Animal Genetics headed by CH 

Waddington (who influenced her)
o Supervised by D.S. Falconer; PhD awarded in 1950
o Studied mutagenesis and radiation-induced mouse mutants post-WWII
o Moved to MRC Harwell in 1955 due to mouse breeding space constraints
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Mary Lyon (1925-2014) 

Fisher and Rastan, 2024 “Mary Frances Lyon. 15 May 1925—25 December 2014”, 
Biogr. Mems Fell. R. Soc. 77, 241–259 (2024). DOI: (10.1098/rsbm.2024.0005) 

Mary Lyon: Pioneer of X-Inactivation and Mouse 
Genetics

o Born 1925 in rural Norfolk; keen on biology and math; educated during WWII
o Attended Girton College, Cambridge (1943); received official degree in 1964
o Began PhD under R.A. Fisher, studying mouse mutants
o Moved to Edinburgh (1948) Institute of Animal Genetics headed by CH 

Waddington (who influenced her)
o Supervised by D.S. Falconer; PhD awarded in 1950
o Studied mutagenesis and radiation-induced mouse mutants post-WWII
o Moved to MRC Harwell in 1955 due to mouse breeding space constraints
o Took on the Genetics Section at Harwell from 1962–1990
o She continued research after retiring, into her 80s
o Discovered X-inactivation (“Lyonization”) in 1961
o Worked closely with many other mouse geneticists like Bruce Cattanach
o Developed insights into non-Mendelian inheritance via the t-complex
o Work established the mouse as a central model for human genetics and disease
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From Llanos et al, 2006

XXMoXMoY

Female mice carrying X-linked mutations such as  
Mottled or Tabby show coat colour variegation 

Male mutant mice show severe phenotypes and  
no coat colour variegation

Mary Lyon
Harwell, 1963

Fisher and Rastan, 2024 “Mary Frances Lyon. 15 May 1925—25 December 2014”, 
Biogr. Mems Fell. R. Soc. 77, 241–259 (2024). DOI: (10.1098/rsbm.2024.0005) 

Mary Lyon and the Discovery of X Inactivation
o Studied X-linked coat mutations (e.g., Tabby, mottled) at Harwell from the 

Edinburgh mouse lines (these were not radiation-induced mutants)
o Observed coat variegation in heterozygous females; males often died or had 

uniform coat phenotypes
o Discovered a rare mottled male and traced inheritance to mosaicism – of an 

early embryonic mutation
o Deduced females inherit either mutant or normal X from mosaic male
o Also realized that female mice can survive with just one X (XO)
o Connected all this with the known Barr body (sex chromatin) and Ohno’s 

finding of a condensed X chromosome
o Proposed random X inactivation in females - each cell inactivates one X at 

random – both X’s are present, but one is always silent
o This explained survival of XO mice and female coat mosaicism
o Published theory in Nature (1961)
o Extended hypothesis to humans and other animals - showing it applies 

broadly to mammals – and could be the mechanism of mammalian dosage  
compensation

Mary Lyon (1925-2014) 
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From Llanos et al, 2006

XXMoXMoY

Female mice carrying X-linked mutations such as  
Mottled or Tabby show coat colour variegation 

Male mutant mice show severe phenotypes and  
no coat colour variegation

Mary Lyon
Harwell, 1963

Fisher and Rastan, 2024 “Mary Frances Lyon. 15 May 1925—25 December 2014”, 
Biogr. Mems Fell. R. Soc. 77, 241–259 (2024). DOI: (10.1098/rsbm.2024.0005) 

Mary Lyon and the Discovery of X Inactivation
o Studied X-linked coat mutations (e.g., Tabby, mottled) at Harwell from the 

Edinburgh mouse lines (these were not radiation-induced mutants)
o Observed coat variegation in heterozygous females; males often died or had 

uniform coat phenotypes
o Discovered a rare mottled male and traced inheritance to mosaicism – of an 

early embryonic mutation
o Deduced females inherit either mutant or normal X from mosaic male
o Also realized that female mice can survive with JUST one X (XO) 
o Connected all this with the known Barr body (sex chromatin) and Ohno’s 

finding of a condensed X chromosome (1949-1959)
o Proposed random X inactivation in females - each cell inactivates one X at 

random – both X’s are present, but one is always silent
o This explained survival of XO mice and female coat mosaicism
o Published theory in Nature (1961)
o Extended hypothesis to humans and other animals - showing it applies 

broadly to mammals – and could be the mechanism of mammalian dosage  
compensation

Mary Lyon (1925-2014) 



From Llanos et al, 2006

XXMoXMoY

Adapted from Mary Lyon,
Henry Stewart Talks

The Discovery of X-Chromosome Inactivation in Mice

XXMo

Lyon, M. F. (1961), Gene Action in the X-chromosome of the Mouse 
(Mus musculus L.) Nature. 190 (4773): 372-3.

“The (Mottled heterozygous) females were variegated…(but) I found one in which the original animal of this 
particular mutant was a mottled male, which was odd because males have got only one X chromosome. [] 
Then it occurred to me that he had a mutation that had occurred in him, when he was just an embryo, when he 
was just a few cells, and that gave rise to one progeny group of cells with a mutant X chromosome and another 
group of cells with the unmutated, normal X chromosome. So this original mutant male was a mosaic of two 
types of cells, some with the mutated X chromosome and others with the normal X chromosome.
So then, it occurred to me that if that explanation of him having two types of cells applied to his pattern, could 
it not also apply to the pattern of his daughters? His daughters could have two types of cells, one with the 
mutant gene active and one with the normal gene active.” 
Interview of M.Lyon by  J. Gitschier,  2010, PloS Genet.

The hypothesis formulated by Mary Lyon in her Nature paper in April, 1961 was that:

(1) the heteropycnotic X chromosome was genetically inactivated (wt gene could be silenced)
(2) that it could be either paternal or maternal in origin in diSerent cells of the same animal,
(3) that the inactivation occurred early in embryonic development, and once established was stably maintained

Genetic facts underlying this hypothesis were:
(i) that XO mice are normal fertile females => female mice needs only one X chromosome to develop normally 

(Welshons and Russell, 1959); 
(ii) the mosaic phenotype of female mice heterozygous for some sex-linked mutants.

Nature, April 22, 1961
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Expanding the X-Inactivation Hypothesis to Humans & other Mammals

Lyon (1962) Am. J. Hum. Genet 14:135-148.

Expanding and Defending the X Inactivation Hypothesis

o Within 4 months of her 1961 paper, Mary Lyon submitted a follow-up with 82 
references across mammalian species, including humans

o With evidence that  X inactivation equalizes X-linked gene expression in XX 
females and XY males—dosage compensation

o Cited human traits supporting her theory; key geneticists like Victor McKusick 
quickly recognized its significance

o Observations in XO, XXY, XXX individuals led Lyon to refine her model: one X 
remains active, not one becomes inactive

o Nevertheless, Mary Lyon faced resistance from Hans Grüneberg, an 
established geneticist and Royal Society Fellow, who felt that:

o She was too junior to propose such a major theory
o Patch patterns were too variable to support her model
o Mary countered with examples like Tabby, showing tissue mosaics explain 

intermediate phenotypes (e.g., in teeth)
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Liane Russell: Evidence for X Inactivation based on Variagation in female X-Autosome 
translocation mice 

Lee Russell’s 1961 Contribution to Discovering X Inactivation
o Published in June 1961, shortly after Lyon’s April paper
o Summarized advances in mammalian sex chromosome cytogenetics
o Described V-type (variegated) position effects in mice, adapted from Drosophila
o Studied female mice with X–chromosome 8 translocations showing patchy coat color
o Noted the X chromosome’s strong heterochromatic nature, unlike autosomes
o Credited Ohno for cytological evidence supporting this genetic conclusion
o She conclude that the presence of two X chromosomes is necessary for the 

expression of the V-type position effect.
o Importantly, she identified XO females in her mouse stocks—carriers of the 

translocation that were not non-variegated (ie X;A no variable silencing)
o Her work on X-Autosome translocations contributed to defining and mapping the X-

inactivation centre and to the concept of variable spread of autosomal cis-silencing

Liane Brauch Russell (1923 -2019) 
Austrian-born American Geneticist  

Similar ideas were put forward by Beutler et al (3) to account for the presence
of two types of red blood cells in human females heterozygous for X-linked
deficiency of glucose-6-phosphate dehydrogenase, and Russell (40) suggested
a similar, but rather less complete, explanation for variegation in female mice
carrying X-autosome translocations.

Liane Russell et al, Science, 9 Jun 1961
DOI: 10.1126/science.133.3467.1795

https://doi.org/10.1126/science.133.3467.1795


E. Heard, May 12th,  2025

Liane Russell: Evidence for X Inactivation based on Variagation in female X-Autosome 
translocation mice 

Lee Russell’s 1961 Contribution to Discovering X Inactivation
o Published in June 1961, shortly after Lyon’s April paper
o Summarized advances in mammalian sex chromosome cytogenetics
o Described V-type (variegated) position effects in mice, adapted from Drosophila
o Studied female mice with X–chromosome 8 translocations showing patchy coat color
o Noted the X chromosome’s strong heterochromatic nature, unlike autosomes
o Credited Ohno for cytological evidence supporting this genetic conclusion
o She conclude that the presence of two X chromosomes is necessary for the 

expression of the V-type position effect.
o Importantly, she identified XO females in her mouse stocks—carriers of the 

translocation that were not non-variegated (ie X;A no variable silencing)
o Her work on X-Autosome translocations contributed to defining and mapping the X-

inactivation centre and to the concept of variable spread of autosomal cis-silencing

Liane Brauch Russell (1923 -2019) 
Austrian-born American Geneticist  

Similar ideas were put forward by Beutler et al (3) to account for the presence
of two types of red blood cells in human females heterozygous for X-linked
deficiency of glucose-6-phosphate dehydrogenase, and Russell (40) suggested
a similar, but rather less complete, explanation for variegation in female mice
carrying X-autosome translocations.

From Lyon, 1962Liane Russell et al, Science, 9 Jun 1961
DOI: 10.1126/science.133.3467.1795

https://doi.org/10.1126/science.133.3467.1795
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Evidence for X inactivation based on Humane Females with G6PD deficiency

Beutler, E., Yeh, M., Fairbanks, V. F. 1962. “The normal human female as a mosaic of X-chromosome activity:studies using the gene for G-6-PD-
deficiency as a marker”.  Proc. Nat. Acad. Sci. USA 48:9-16

In this study it is proposed that human females are genetic mosaics, with cells containing either an active 
maternal X-chromosome or an active paternal X-chromosome.  This hypothesis was tested using red cells of 
females heterozygous for glucose-6-phosphate dehydrogenase (G-6-PD) deficiency.  The studies 
demonstrated that heterozygous females have two distinct red cell populations: G-6-PD-deficient cells and 
normal cells, rather than a single population with intermediate enzyme activity.  This supports the idea that 
only one X-chromosome is active in each red cell precursor. 
Key findings:

Human Females are Mosaics for X-Chromosome 
Activity based on G6PD deficiency as a Marker
o Test for X-chromosome dosage compensation in humans 
o They hypothesise that human females are genetic mosaics 

with random inactivation of one X chromosome (maternal or 
paternal) in each cell during early embryonic development. 

o By studying G6PD heterozygote females, they find two 
distinct red cell populations (normal and deficient), 
supporting a process of X inactivation. 

o Variability in enzyme activity among heterozygous females is 
explained by early X-chromosome inactivation in a limited 
number of embryonic precursor cells. 

o The study point to a process of stable (clonal) silencing of 
one X in females ie X inactivation, aligning with Lyon's 
independently proposed hypothesis in 1961. 



Starch gel electrophoresis has demonstrated qualitative variants of erythrocyte and leucocyte 

-

C 

If the "Lyon Hypothesis" applies, the female who is heterozygous for the two electrophoretic variants should also be 
a mosaic: some of her cells producing A type G-6-PD, some the B type, but none producing both.

The appearance of two distinct populations of cells in the female heterozygous (for) G-6-PD variants is direct 
evidence in favor of the "Lyon Hypothesis." 

As far as the locus for G-6-PD is concerned, in each single cell only one X chromosome is functional.
However, these data do not imply that one entire X chromosome is inactivated.

Clones

A
B

Primary 
culture

Electropheoresis patterns of G-6-PD enzyme from sonicates of cultured cells
Primary skin culture of Mrs. De. and 9 clones derived from this culture

Davidson et al, 1963, PNAS.

Males can have a fast migrating G-6-PD band (A) 
or a slow one (B). 
Females can have A, B, or both A and B. 

Here, a primary skin culture and nine clones 
(derived from single cells) were examined.
The primary skin culture contains both A and B 
bands - and is a mixture of cells
Each clone presents either A or B
Thus showing that only one allele is expressed 
(active X) in each clone
The other is silent (inactive X)

E. Heard, February 18th, 2013

Clonal X inactivation states in Humane Females using G6PD as a marker
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The Era of Exploration: Control and Mechanism of X inactivation

From Augui et al, Nature Rev. Genetics, 2011

In the first decades after its discovery, there were very few markers for X inactivation: 
- Condensation of the Xi and its replication timing (staining techniques)
- G6PD and other X-linked enzyme isoforms  (human cells)
- Genetic coat colout markers such as Tabby and Mottled in mice
- Human and mouse genetics to look at deletions and translocations  to map the XIC
- Somatic cell hybrids to study isolated human X (or parts of it) on a mouse background 
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Ohno’s Law, 1967

Ohno S (1967) Sex 
Chromosomes and Sex-

Linked Genes. 

A milestone came with the formulation of what is now known as 
Ohno's Law. 
o Ohno put forward the idea that, because of the different dosage relationships of 

autosomal and X-linked genes, translocations between the X and autosomes that 
occurred during evolution would be detrimental and would be eliminated. 

o Hence, genes X-linked in one mammalian species would be X-linked in all. 
o This hypothesis opened up a way to find X-linked genes for study of X-inactivation in any 

species and hence enabled advances in the field. Ohno's Law is well established with no 
exceptions so far known among eutherian mammals.
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Ohno’s Law, 1967

Ohno S (1967) Sex 
Chromosomes and Sex-

Linked Genes. 

A milestone came with the formulation of what is now known as 
Ohno's Law. 
o Ohno put forward the idea that, because of the different dosage relationships of 

autosomal and X-linked genes, translocations between the X and autosomes that 
occurred during evolution would be detrimental and would be eliminated. 

o Hence, genes X-linked in one mammalian species would be X-linked in all. 
o This hypothesis opened up a way to find X-linked genes for study of X-inactivation in any 

species and hence enabled advances in the field. Ohno's Law is well established with no 
exceptions so far known among eutherian mammals.

o However, in marsupials and monotremes, genes on the long arm (Xq) of the present-day 
human X-chromosome are again X-linked in these groups, but genes on the human short 
arm (Xp) are autosomal both in marsupials and in the monotreme, the platypus, 
suggesting that these genes have been recruited from autosomes to the X-chromosome 
during the evolution of eutherian mammals.

o Genes on the human and mouse X-chromosomes have been rearranged relative to each 
other in evolution and genes from Xp are found in at least three separate segments of the 
mouse X-chromosome. Presumably, the arrangement on the human X is nearer to that on 
the primitive eutherian X-chromosome.



Identification and Mapping of the X-Inactivation Center

o After Lyon’s theory, many studies confirmed X inactivation, but its 
control mechanisms remained unclear

o Cytogenetic analysis in mice and humans with X chromosome 
deletions revealed a key region: the X-inactivation center (XIC/Xic)

o Rastan & Robertson (1985) narrowed Xic in the mouse
o Use of rodent-human hybrid cell lines (from patients with X 

rearrangements) enabled fine mapping
o Brown et al. (1991) studied partial X chromosomes in hybrid cells to 

test inactivation
o Inactivated Xs identified by late replication (heterochromatic trait)
o Despite diverse rearrangements, a common region on Xq13 was 

always present in inactivated Xs
o In situ hybridization further defined this shared segment as the XIC
o Mouse models confirmed that this region is essential for X inactivation

E. Heard, May 12th,  2025

An early concept concerning the mechanism of X-
inactivation was that of an X-inactivation center on the 
X-chromosome from which inactivation was 
postulated to spread, take account of the effects seen 
in female mice with X-autosome translocations

Inactivation appeared to spread from the X into 
attached autosomal material, but only into one of the 
two segments of the translocation. 

Furthermore, the spread of inactivation into autosomal 
material appeared limited in comparison with that in 
the X itself. 

To understand the nature of the spreading signal it was 
appreciated that it would be necessary to find the 
causal relations among the properties of the inactive 
X: its condensation, late replication, and lack of 
transcription



Identification and Mapping of the X-Inactivation Center

o After Lyon’s theory, many studies confirmed X inactivation, but its 
control mechanisms remained unclear

o Cytogenetic analysis in mice and humans with X chromosome 
deletions revealed a key region: the X-inactivation center (XIC/Xic)

o Rastan & Robertson (1985) narrowed Xic in the mouse
o Use of rodent-human hybrid cell lines (from patients with X 

rearrangements) enabled fine mapping
o Brown et al. (1991) studied partial X chromosomes in hybrid cells to 

test inactivation
o Inactivated Xs identified by late replication (heterochromatic trait)
o Despite diverse rearrangements, a common region on Xq13 was 

always present in inactivated Xs
o In situ hybridization further defined this shared segment as the XIC
o Mouse models confirmed that this region is essential for X inactivation
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Identification and Mapping of the Human and Mouse X-Inactivation Centers

E. Heard, May 12th,  2025

Brown et al, Localization of the X inactivation centre on the human 
X chromosome in Xq13. Nature 349,  82–84 (1991)

Rastan and Robertson (1985) X-chromosome deletions in embryo-derived 
(EK) cell lines associated with lack of X-chromosome inactivation. 
J.Embryol. Exp. Morphol, 90: 379-388.



Identification and Mapping of the Human and Mouse X-Inactivation Centers
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Kanda Staining of the inactive X

Brown et al, Localization of the X inactivation centre on the human 
X chromosome in Xq13. Nature 349,  82–84 (1991)

Rastan and Robertson (1985) X-chromosome deletions in embryo-derived 
(EK) cell lines associated with lack of X-chromosome inactivation. 
J.Embryol. Exp. Morphol, 90: 379-388.

RT-PCR for X-linked gene activity Replication timing



Identification and Mapping of the Human and Mouse X-Inactivation Centers

E. Heard, May 12th,  2025

The X-inactivation centre : The Hunt Begins... 
Early studies of XCI patterns in mouse embryos or embryonic cells that carried translocated or truncated X chromosomes revealed the 
existence of a single X-linked locus, the Xic, that needs to be physically linked to a chromosome to trigger its inactivation. Random XCI is only 
triggered in cells with at least two Xic-bearing chromosomes2, suggesting that the two copies of the Xic are able to potentiate each other in 
trans, a phenomenon that has been referred to as competence, or sensing. In XX cells, either one of the two X chromosomes will be 
inactivated, a process known as choice. The autosomal ploidy of a cell (the number of sets of autosomes that is contains) also seems to 
affect the number of X chromosomes that will be inactivated, a phenomenon known as counting. The precise mechanisms underlying these 
processes are only now being unravelled and recent data suggest that they are highly interconnected, both genetically and molecularly.
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SUMMARY Timeline: Discovery of Sex Chromosomes
1891 – Hermann Henking
Hermann Henking, studying sperm cells in a bug species (Pyrrhocoris), observed the “X element.” 
He did not fully understand its role, but it was the first observation of what would later be known as a sex 
chromosome.

1905 – Nettie Stevens and Edmund B. Wilson
Stevens and Wilson, working independently, discovered that sex determination in insects was linked to specific 
chromosomes. Stevens showed that males had XY chromosomes and females had XX. This established the 
chromosomal basis of sex.

1910s–1920s - Researchers attempted to extend these discoveries to mammalian cells, but due to the limits of 
microscope technology, chromosome counts and identification were still inaccurate.

1921 – Theophilus S. Painter
Painter studied human spermatocytes and identified the Y chromosome as distinct from the X. He incorrectly 
estimated that humans had 48 chromosomes, but his work was crucial in recognizing the X and Y chromosomes as 
the basis for human sex determination.

1956 – Joe Hin Tjio and Albert Levan
Using improved techniques, Tjio and Levan correctly determined that humans have 46 chromosomes (23 pairs). 
This was a major breakthrough in human cytogenetics and confirmed the presence of the XX (female) and XY (male) 
chromosome pairs.

1959 – Patricia Jacobs and John Strong
They discovered the first chromosomal abnormality involving sex chromosomes: Klinefelter syndrome (XXY). This, 
along with later identification of Turner syndrome (XO), further confirmed the role of sex chromosomes in human 
development.
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SUMMARY Timeline: Discovery of X Chromosome Inactivation (XCI)

1949 – Murray Barr and Ewart Bertram
•Discovered a dense, dark-staining structure in the nuclei of female cat neurons — later named the Barr body.
•This structure was absent in males, suggesting a sex-linked dimerence.

1959 – Susumu Ohno
•Proposed that the Barr body represented a condensed, inactive X chromosome.
•Suggested that X inactivation was a way to equalize gene dosage between XX females and XY males

1961 – Mary Lyon  - X chromosome inactivation 
•Formulated the Lyon Hypothesis: in female mammals, one of the two X chromosomes is randomly inactivated in each 
cell during early embryonic development – explaining mosaicism in female mammals

1970s –Confirmation of XCI 
•Cytogenetic and biochemical evidence began confirming Lyon’s hypothesis.
•Studies showed that only one X chromosome is transcriptionally active in female cells.

1991 – Discovery of the XIST Gene (X-inactive specific transcript)
•Identified on the X chromosome by  Brown, Willard, Ballabio, Avner, Brockdorm, Rastan
•XIST was shown to produce a non-coding RNA that coats the X chromosome (Larwrence) and initiates its inactivation, 
marking the first molecular mechanism of XCI.

2000s–Present – Epigenetic Regulation, Developmental and Evolutionary Dynamics, Molecular Mechanisms
•XCI  in relation to chromatin marks such as DNA methylation, histone modifications, and chromosome organisation
•Escape from XCI 
•Variations such as skewed XCI, imprinted XCI, reactivation in stem cells have been studied extensively.
• Discovery of random monoallelic expression at some autosomal loci



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
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