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The Discovery of X-Chromosome Inactivation

The hypothesis formulated by Mary Lyon in 1961 was that:

(1) the heteropyknotic X chromosome was genetically inactivated
(2) that it could be either paternal or maternal in origin in different cells of the same animal,

(3) that the inactivation occurred early in embryonic development, and once established was
stably maintained

: : XO mice are normal fertile females => female mice needs only one X chromosome to develop normally
Mary Lyon (Welshons and Russell, 1959)

XXMo r—_(_jn / Sex-chromatin in female mammals is seen in the
_ / . mouse, rat, opossum, and man. Ohno et al, 1959, 1960,
1961.
Fertilized egg \1/

( - From Klinger and Schwarzacher, 1960
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Adapted from Mary Lyon,
Henry Stewart Talks

Barr and Bertram, 1949, Nature.
Adult Ohno et al, 1959, Exp Cell Res.
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The Discovery of X-Chromosome Inactivation

The hypothesis formulated by Mary Lyon in 1961 was that:

(1) the heteropyknotic X chromosome was genetically inactivated
(2) that it could be either paternal or maternal in origin in different cells of the same animal,

(3) that the inactivation occurred early in embryonic development, and once established was
stably maintained

XO mice are normal fertile females => female mice needs only one X chromosome to develop normally
Mary Lyon (Welshons and Russell, 1959)

Evidence for X inactivation found in other mammals (humans, cats...)

Two active Xs :
Xa Xi
Xa Xa Xa Xi

oo S

Initiation ¥ dF :88 Propagatlon

Random X inactivation (ep/genetlcs)
i ' | X C X ) | X
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Cambiaghi et al, 2000

Lyon (1962) Am. J. Hum. Genet 14:135-148.
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X-linked coat colour genetics and X-Chromosome 1nactivation
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characterization of sex-linked
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A deletion at the X-linked ARHGAP36
gene locus is associated with the
orange coloration of tortoiseshell and
calico cats
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1. Summary of LAST WEEK (COURS I)

Discovery of the Barr body (Barr 1949), identified as the inactive X chromosome (Ohno 1959)

Discovery of X inactivation (Lyon 1961) — also Ohno (1959) and Russell (1961)

Evidence that XCl is present across several mammals including humans (Lyon 1962)

Proposal that a single X chromosome remains active per diploid cell based on cells with more than two X chromosomes (Lyon 1962),

with or without a Y.

Proposal that there must be a part of the X chromosome that is hon-inactivated (ie both alleles express) with a homologous region on the Y —
thus does not require dosage compensation (accounts for XO severity in humans, (Lyon 1962): ESCAPEES

Discovery that XCl can spread into autosomal regions (Russell, Cattanach 1960’s and 70’s) (when X portion contains the Xic)

Mapping of the region that is required to trigger X inactivation (Rastan and Robertson 1985); Brown et al 1990) - the X-inactivation centre.
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1. Summary of LAST WEEK (COURS I)

Discovery of the Barr body (Barr 1949), identified as the inactive X chromosome (Ohno 1959)

Discovery of X inactivation (Lyon 1961) — also Ohno (1959) and Russell (1961)

Evidence that XCl is present across several mammals including humans (Lyon 1962)

Proposal that a single X chromosome remains active per diploid cell based on cells with more than two X chromosomes (Lyon 1962),

with or without a Y.

Proposal that there must be a part of the X chromosome that is hon-inactivated (ie both alleles express) with a homologous region on the Y —
thus does not require dosage compensation (accounts for XO severity in humans, (Lyon 1962): ESCAPEES

Discovery that XCl can spread into autosomal regions (Russell, Cattanach 1960°s and 70’s) (when X portion contains the Xic)

Mapping of the region that is required to trigger X inactivation (Rastan and Robertson 1985); Brown et al 1990) - the X-inactivation centre.

Pseudoautosomal regions (PARs) and Escapees:

PARs contain and express the “same” genes from both X and Y, other non-
PAR genes also escape XClI

Now know that >25% genes expressed from the human inactive X (escapees)
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1. Summary of LAST WEEK (COURS I)

Discovery of the Barr body (Barr 1949), identified as the inactive X chromosome (Ohno 1959)

Discovery of X inactivation (Lyon 1961) — also Ohno (1959) and Russell (1961)

Evidence that XCl is present across several mammals including humans (Lyon 1962)

Proposal that a single X chromosome remains active per diploid cell based on cells with more than two X chromosomes (Lyon 1962),

with or without a Y.

Proposal that there must be a part of the X chromosome that is hon-inactivated (ie both alleles express) with a homologous region on the Y —
thus does not require dosage compensation (accounts for XO severity in humans, (Lyon 1962): ESCAPEES

Discovery that XCl can spread into autosomal regions (Russell, Cattanach 1960’s and 70’s) (when X portion contains the Xic)

Mapping of the region that is required to trigger X inactivation (Rastan and Robertson 1985); Brown et al 1990) - the X-inactivation centre.

Pseudoautosomal regions (PARs) and Escapees:
PARs contain and express the “same” genes from both X and Y, other non- 13 der(13) X der(X)
PAR genes also escape XClI

Now know that >25% genes expressed from the human inactive X (escapees)
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2. Summary of LAST WEEK (COURS I)

Major limitations to studying the onset of XCl in the decades following the discovery of XClI:
- The small size of the embryo and the limited amount of material available at the peri-
implantation stages when X-inactivation occurs: IN VITRO SYSTEMS

Timeline | Landmarks in our understanding of the initiation of random XCI

Discovery of adense Based on phenotypic variegation in Identification of an | Discovery of the Demonstration that large (2000-2010) Discovery of
structure in female the coat colours of heterozygous X-controlling element Xist/XIST gene as single-copy Xist transgenes numerous Xist molecular
somatic nuclei called female mice, Lyon proposed that one (Xce), which induces a a candidate for are insufficient for full Xic regulators (see main text)
the Barr body™" of the two X chromosomes is stably skew in choice of the Xi* | the Xic*™® . functions during random XCI*' |~ '

142

inactivated in female cells

1983

The Barr body is proposed (1963-1964) Lyon, Russell and (1983-1985) Definition of (1996-1997) Demonstration that Identification Demonstration
to be an inactive Grumbach propose that inactivation the Xic and its functions'” Xist is essential for initiation of of the Xist that Xist RNA is
X chromosome (Xi)**! | spreads from a unique locus (the | XClinmice'*** and that multicopy antisense unit, sufficient to initiate
E X-inactivation centre, (Xic)) located Xist transgenes can induce XClI Tsix6145.146 | | cis-inactivation'
on the X chromosome!?# 131143 to some extent’?> 17711 | o
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2. Summary of LAST WEEK (COURS I)

Major limitations to studying the onset of XCl in the decades following the discovery of XClI:
- The small size of the embryo and the limited amount of material available at the peri-

implantation stages when X-inactivation occurs: IN VITRO SYSTEMS

1978 - first use of teratocarcinoma stem cells & in 1985 of XX embryonic stem cells
to study X inactivation upon in vitro differentiation

In ES and some EC cell lines with two intact
X chromosomes, both X chromosomes are
active while the cells are maintained in a
pluripotent state, but if the cells are allowed

to differentiate, X-inactivation occurs.

Such cell lines have facilitated investigation
of the different steps in X-inactivation and
reactivation and have been particularly useful
in the genetic dissection of the Xic.
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2. Summary of LAST WEEK (COURS I)

Major limitations to studying the onset of XCl in the decades following the discovery of XClI:
- The small size of the embryo and the limited amount of material available at the peri-
implantation stages when X-inactivation occurs: IN VITRO SYSTEMS

1978 - first use of teratocarcinoma stem cells & in 1985 of XX embryonic stem cells
to study X inactivation upon in vitro differentiation

X-chromosome inactivation during differentiation

of female teratocarcinoma stem cells in vitro
Gail R. Martin

Department of Anatomy and Cancer Research [nstitute, University of California, San Francisco, California 94143
Charles J. Epstein, Bruce Travns Georglmmc Tucker & Shaul Yatﬂv*
Departments of Pediatrics and of B 3 ity of California, San

David W. Martm ]r thrley Chft & Sara Cohen

Departments of Medici h i University of California, San Fra

Evidence is presented that both X chromosomes are
genetically active in clonal cultures of undifferentiated
Semale mouse teratocarcinoma stem cells derived from a
spontancous ovarian tumour. As the cells differentiate
in vitro one of the X chromosomes becomes inactivated.

X- llnked enzymes - HPRT, G6PD, alpha-gal O undifferentiated
M differentiated
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J. Embryol. exp. Morph. 90, 379388 (1985) 379
Printed in Greai Britain © The Company of Biologists Limited 1985

X-chromosome deletions in embryo-derived (EK) cell
lines associated with lack of X-chromosome
mactivation

SOHAILA RASTAN

Division of Comparative Medicine, Clinical Research Centre, Watford Road,
Harrow, Middlesex, HAl 3UJ, U.K.

AND ELIZABETH J. ROBERTSON
Department of Genetics, University of Cambridge, Downing Street, Cambridge,
UK.

Cytological Xi assay (Kanda staining)
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2. Summary of LAST WEEK (COURS I)

Major limitations to studying the onset of XCl in the decades following the discovery of XClI:

- The small size of the embryo and the limited amount of material available at the peri-
implantation stages when X-inactivation occurs.

- The large size of the candidate Xic region (10-20 Mbp) - TODAY’s Lecture

- The lack of markers that enable identification of the inactive X from the active homolog in the

same nucleoplasm (X-linked proteins, cytological gssays.hgterochromatin, replication timing)

Analysis of Deoxyribonucleic Acid Replication in Human X
Chr by Fluor Mi Py
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X ™ A' ' 5 early-replicating female X, middle row; and late-replicating female X from the same cells,
B Vi D rh.'f bottom row. Note that the former two are indistinguishable.
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Introduction to Course 11

Genetic control of an epigenetic process: the Xic, the ncXist RNA, Xist’s
regulatory landscape

Mapping and dissection of the Xic and its role in initiation of XCI

Concepts of Counting, Choice and Sensing

(Serendipitous) discovery of the Xist gene and its unique features as the
potential Xic

Through deletion and transgenesis defining that Xist is necessary but not
sufficient for full initiation of random XCI => Xic and Xist’s regulatory landscape
(Developmental dynamics, imprinted XCI, evolutionary conservation in cours lll)

A new era of modern epigenetics — and the epigenetic memory of the Xi

E. Heard, May 19t%, 2025

DNA Methylation and other chromatin marks
Spatio-temporal organisation of the inactive X chromosome
Other examples of monoallelic expression

Reuvisiting the roles of Xist RNA beyond early development

MM, COLLEGE
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Identification and Mapping of the Human and Mouse X-Inactivation Centers

A
a b c d =
DHDZ
H_Xic -1 T16H ﬁ HD3
C Dmd
7 7 X X1e 16  16* X X16 16 16 o
: \/
Ti6H —¥ Zfx \/ I—----------:
XCl XCl [ amer I o wew |
Tazsu[Tfm Ar
Ta L] L] .o L]
gt Key concepts in X-chromosome inactivation
"“| ® e Before the discovery of the many molecular actors in X inactivation, some key
! §§%’? xc concepts relating to the steps necessary for inactivation to occur were already
Mo proposed in the 1960’s and 70’s. Although theoretical, these notions became, to an
HD3 —» Pgk-1

extent, dogmatic over the years: -
B X inactivation is a 3-step process involving
(1) Initiation (counting, choice, competence/sensing) — Xic and Xce
(2) Spreading (in cis; relay elements / way stations)
(3) Maintenance (epigenetic memory)
COLLEGE
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The X-Inactivation Center (Xic)

Studies of mouse embryos with altered X chromosomes revealed the X-inactivation center (Xic) is
essential for initiating inactivation.

o Random XCI only occurs in cells with two Xic-bearing X chromosomes, suggesting mutual sensing
between them.

This mutual interaction is linked to the process of competence or sensing.

In XX cells, either X can be randomly inactivated — this is known as choice.

Counting refers to the influence of autosome number on how many X chromosomes are inactivated.
These processes — competence, choice, and counting — are genetically and molecularly
interconnected. -

O O O O

Counting:
* Cells measure the X-to-autosome (X/A) ratio.
* Ensures only one active X per diploid autosome set.
* Based on studies of individuals with abnormal humbers of X chromosomes

Choice:
* Refers to random selection of which X chromosome is inactivated.
. . Fig. 2 A possible model for activation of one X chromosome
* Usually equal chance for maternal or paternal X unless Xic mutations are present. by autosomes. A molecule from the autosomal pair initiates

gene activity by the activation centre, Ac, which in turn activates
the non-histonq protein genes (projections) and also a re-

* Onceone Xis chosen, the other is protected from inactivation. pressor (Rp) which represses the autosomal genes. For meanings

of A, B and C see Fig. 1.
Sensing / Competence:
* A state allowing XCl only when more than one X chromosome is present.
* Involves recognition of multiple Xs and the X/A ratio.
* Now considered distinct from counting due to mutant studies.

Egg Embryo
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Early models for X inactivation: Initiation, Spreading and Maintenance

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 and the
subsequent maintenance of the
inactive state.

Gartler and Riggs (1983) Ann. Rew.
Genet. 1983. 17:155-90

COURS 2013

E. Heard, May 19t%, 2025
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The hunt for the X-Inactivation Center (human and murine)

Human Mouse
Cen Cen B
XIC = i
Xqg13.1 "
. ) < T16H .
—
‘ -+ AR ArE i .
' ! Ta®
. =+ EDA Ta 4 - deletion
-“-CCG’ ch_’——
X
Xce locus

PS4X,PHKA  Rps4, Phka
(Cattanach, 1967, 1969, 1981 etc)

XIC Maps to the Xic region and

800-1200kb region causes primary skweing (non-
random XCI)

t(X;14) =

idic (Xp) —
GK1 Pgk-1
-— HD3

Tel Tel
Human XIC locus maps to an 800-1200 kb region lying within the PHA-PGK1 region in band

Xqg13 (Brown et al., 1991 ; Leppig et al., 1993 ; Lafreniere & Willard, 1993).
The corresponding syntenic region in the mouse, which appears to have been subject to
several chromosomalinversions, is somewhat smaller (Debrand et al., 1998).



Discovery of human XIST

(when luck favours prepared minds...!)

A gene from the region of the human X Foman Mouse
inactivation centre is expressed
exclusively from the inactive X chromosome cen 7l
Carolyn J. Brown, Andrea Ballabio®, James L. Rupert, Ronald G. Lafreni
Markus Grompe’, Rossana Tonlorenzi’ & Huntington F. Willard' e <= Ti6H
Depiriment of Germtics, Stanford University School of Medicine, Starford. Cafifornia 943065, LSA
* batitute for Moocular Geretics, Bayior Coliege of Madicie, Houston, Tesas 77030, USA 1 AR Al’ N _‘—: .
s— 46, XX Northern blot Carolyn Brown : Ta%’
4BXY Stanford Univ., USA 4 oA Tat, deletion
47 XXY
; s + ccai Ceg-1+
- 49.XXXY 2000 -+ RPS4X,PHKA  Rps4, Phka ¥
A:LY( Smp l(X;M) — XIC
— 46, . -
- Xihybrid 3 -H xisT region
- X nwﬂu Hunt Willard idic (Xp) =
- :’ ":::d Stanford Univ., USA 1 PGK1 Pgk-1 ¢
a - HD3
Xa hyvrid
mouse e Tel Tel
46,XY B
- 46XX

“We have searched for additional genes expressed from the X, particularly

FIG. 1 Expression of the XIST gene in males, fernales, and somatic cell

Eod s o ot e SO0 6ol ekl g b the s among those that map near the interval of the X inactivation centre (X/C)
or inactive human X ch hybridized with the 14A XIST cDNA probe.

fi h in an “ it
b eirgb s s s st bl on the human X chromosome. We report here the isolation and
hybridized with the 14A ¢DNA probe. The probe detects a large.
heterogeneous message only In cell lines which contain an X,. Apparent
bands below the position of 28S and 18S rRNA are created by the huge
abundance of rRNA present. ¢, Ethidium bromide-stained RNA before northern
transfer for the filter in b. d Northern blot of poly{A) " RNA from human/mouse
hybrids retaining either the X, or the X, and a mouse cell ine control. The

characterization of a novel gene, XIST, expressed from X; but not from Xa
chromosomes, which by virtue of its localization on the X to the same

X chaoouomn. & Tha ¥ rtre fm of & Moo ! rpriced with interval as XIC, represents a candidate for a gene either involved in or
control cDNAprobe(Sl,B) identifying a 9. and a 6-kb mRNA (ref. 17) to . . . . &

MR G RN A strongly influenced by X inactivation.

E. Heard, May 19t%, 2025

Brown CJ, Ballabio A, Rupert JL, et al. “A gene from the region of the human X inactivation centre is expressed exclusively from the inactive X chromosome.” Nature. 1991;349(6304):38-44.



Discovery of human XIST

TABLE 1 Summary of XIST expression

A gene from the region of the human X

> - 4 i Expression

inactivation centre is expressed Cell-line Karyotype RT-PCR  Slot blot  Northern

exclusively from the inactive X chromosome C”‘;";gmgy norma) — QB i

Carolyn J. Brown, Andrea Ballabio’, James L. Rupert, Ronald G. Lafreniere, 10 males 46, XY —(10) —{6) -(6)

Markus Grompe’, Rossana Tonlorenzi’ & Huntington F. Willard' ¢

Depiriment of Germtics, Stanford University School of Medicine, Starford. Cafifornia 943065, LSA momsmly

* atitute for Moteculiy Genetics, Bayior Colege of Mediciw, Houston Texss 77030, USA aberrant
4BXY Stanford Univ., USA 106 45: X0 . kY B

— 47, XXY 107 69, XXY - - -

- 49.XXXXX 064.0 47, XXY + + +
e - GM10074 (ref. 19) 47,Y,t(X;14)

Rl : +der(14) + ND ND
48,XY soop AG. (ref. 19) 45 X/48, X,

- 46,XX ) idic(Xp) + ND ND

- Xi hybrid N , Somatic cell hybrids

- Xi hybrid 160-12 Active X - - -

Hunt Willard A

= xihyd Stanford Univ., USA okt asniisdel® T = i

Xa hybrid
N t48-1a-1Dazda Inactive X + + +

Xa hybrid A t81-az1D Inactive X + - R
mouse 4 t86-Bimazib-3a  Inactive X + + ND
46.XY = LT23-IE2BuvBCI26  Inactive X + ND ND

p— 46, XX

FIG. 1 Expression of the XIST gene in males, fermnales, and somatic cell
hybrids. & Slot blot of total cellular RNA isolated from human lymphoblastoid
cell lines or mouse-human ic cell hybrids ining either the active

“We have searched for additional genes expressed from the X, particularly
among those that map near the interval of the X inactivation centre (X/C)

or inactive human X ch hybridized with the 14A XlSTcDNAp(obe, : .

b eirgb s s s st bl on the human X chromosome. We report here the isolation and

hybridized with the 14A ¢DNA probe. The probe detects a large. . .

hetetogenecus message oy In cell ines which conain sn X., Apparrt characterization of a novel gene, XIST, expressed from X; but not from Xa
s below position of 28S and 18S rRNA are created by the huge

abundance of rRNA present. ¢, Ethidium bromide-stained RNA before northern . . . . .

transfer for thefite in . A Northern o1 f poy(A)” RNA fromhuman/ mouse chromosomes, which by virtue of its localization on the X to the same

X chiomosome. &, The X. hyorid lane of g tripped and reprobed with a interval as XIC, represents a candidate for a gene either involved in or

control cDNA probe (SB1.8) identifying a 9- and a 6-kb mRNA (ref. 17) to

hybrids retaining either the X, or the X, and a mouse cell ine control. The
14A XIST probe hybridizes to transcripts only in the hybrid with an inactive
o el e whA et strongly influenced by X inactivation.”
E. Heard, May 19t%, 2025

Brown CJ, Ballabio A, Rupert JL, et al. “A gene from the region of the human X inactivation centre is expressed exclusively from the inactive X chromosome.” Nature. 1991;349(6304):38-44.



Discovery of human XIST

A gene from the region of the human X
inactivation centre is expressed
exclusively from the inactive X chromosome

Carolyn J. Brown, Andrea Ballabio’, James L. Rupert, Ronald G. Lafreniere, 11
Markus Grompe’, Rossana Tonlorenzi’ & Huntington F. Willard'

Depiriment of Germtics, Stanford University School of Medicine, Starford. Cafifornia 94306, LSA
* ratitute for Motoculi Genetics, Bayior Coliege of Madiciwe, Houston, Texss 77030, USA

i)
XE
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XE XE

otein coding RNA

R Northern blot RT-PCR -:-/\-

—_ 47 XXY . — e

- 49.xxxxx Xist RNA :: &.\

49 XXXXY o u- iv _/\_
46, XY “onh

— 46,XX 14- " I:/\A"‘)

- Xi hybrid .

e AL , 380 bp 2 . A

- Xihybrid - 4 T T T 3 B P e | T
Xa hybrid . . 240 bp s B H X s§, X H B B S x
Xa hybid ' v 8 e Multiple alternatively spliced forms of a long,
mouse .
46 XY - poly-Adenylated, non-

—_— 46,XX

FIG. 1 Expression of the XIST gene in males, females, and somatic cell
hybrids. & Slot blot of total cellular RNA isolated from human lymphoblastoid
cell lines or mouse-human somatic cell hybrids retaining either the active
or inactive human X ch hybridized with the 14A XIST cDNA probe.
The probe hybridizes only to RNA samples from cell lines which contain an
X,. b, Northern biot of total celiular RNA from male and female cell lines,
hybridized with the 14A ¢DNA probe. The probe detects a large.
heterogeneous message only In cell lines which contain an X,. Apparent
bands below the position of 28S and 18S rRNA are created by the huge
abundance of rRNA present. ¢, Ethidium bromide-stained RNA before northern
transfer for the filter in b. d Northern blot of poly{A) " RNA from human/mouse
hybrids retaining either the X, or the X, and a mouse cell ine control. The
14A XIST probe hybridizes to transcripts only in the hybrid with an inactive
X chromosome. 6, The X, hybrid lane of d stripped and reprobed with a
control ¢cDNA probe (SB1.8) identifying a 9- and a 6-kb mRNA (ref. 17) to
show that the mRNA is intact,

E. Heard, May 19t%, 2025
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Brown CJ, Ballabio A, Rupert JL, et al. “A gene from the region of the human X inactivation centre is expressed exclusively from the inactive X chromosome.” Nature. 1991;349(6304):38-44.
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IN mammals, equal dosage of gene products encoded by the X
chromosome in male and female cells is achieved by X inactivation.
Although X-chromosome inactivation represents the most extensive
example known of long range cis gene regulation, the mechanism
by which thousands of genes on only one of a pair of identical
chromosomes are turned off is poorly understood. We have recently
identified a human gene (XIST) exclusively expressed from the
inactive X chromosome'. Here we report the isolation and charac-
terization of its murine homologue (Xist) which localizes to the
mouse X inactivation centre region and is the first murine gene
found to be expressed from the inactive X chromosome. Nucleotide
sequence analysis indicates that Xisr may be associated with a
protein product. The similar map positions and expression patterns
for Xist in mouse and man suggest that this gene may have a role
in X imactivation.

To isolate the murine Xist homologue, we hybridized the
human XIST ¢cDNA clone 14A to a ¢cDNA library in AZAPII
from thymus RNA of female mice (Stratagene). The longest of
the isolated cDNA clones, MR20 (3.1 kilobases (kb)), gave
results on the backcross panel indistinguishable from those
found for the X-linked sequences detected with the human probe
14A (Fig. 1b and c¢) and consequently mapped it between the
Ccg-1/Phka and Pgk-1 loci. Independent confirmation of the

E. Heard, May 19™, 2025 '
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X-CHROMOSOME inactivation in mammals is a regulatory
phenomenon whereby one of the two X chromosomes in female
cells is genetically inactivated, resulting in dosage compensation
for X-linked geaes between males and females'. Tn both man and
mouse, X-chromosome inactivation is thought to proceed from a
single cis-acting switch region or inactivation centre (XIC/Xic)™*,
In the human, XIC has been mapped to band Xq13 (ref. 6) and
in the mouse to band XD (ref. 7), and comparative mapping has
shown that the XIC regions in the two species are syntenic®. The
recently described human XFST gene maps to the XIC region®
and seems to be expressed only from the inactive X chromosome”.
We report here that the mouse Xisz gene maps to the Xic region
of the mouse X chromosome and, using an imterspecific Muy
spretus/ Mus musculus domesticus F, hybrid mouse carrying the
T(X; 16)16H translocation, show that Xis? is exclusively expressed
from the inactive X chromosome. Conservation between man and
mouse of chromosomal position and unique expression excinsively
from the inactive X chromosome lends support to the hypothesis
that XIST and its mouse homologue are involved in X-chromosome
inactivation.

We have used a 1.3- kilobase (kb} human probe, generated
by the polymerase chain reaction from the published human
XIST sequence, to screen an oligo(dT)-primed complementary

Sohail Rastan
(MRC Clinical
Research Centre
London, UK)
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Discovery that Xist RNA 1s nuclear and associates with the inactive X
chromosome from which it is expressed
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The Human XIST Gene: Analysis of a 17 kb
Inactive X-Specific RNA That Contains Conserved
Repeats and Is Highly Localized within the Nucleus
Carolyn J. Brown,"! Brian D. Hendrich,"!

Jim L. Rupert,*t Ronald G. Lafreniére,*t

Yigong Xing,! Jeanne Lawrence,!
and Huntington F. Willard*t

The XIST gene is unique among X-linked genes in
being expressed exclusively from the Inactive X
chromosome.

Human XIST cDNAs containing at least eight exons
and totalling 17 kb have been isolated and
sequenced within the region on the X chromosome
known to contain the X inactivation center.

The XIST gene includes several tandem repeats,
the most 5' of which are evolutionarily conserved.

The gene does not contain any significant
conserved ORFs and thus does not appear to
encode a protein, suggesting that XIST may
function as a structural RNA within the nucleus.
Consistent with this, fluorescence in situ
hybridization experiments demonstrate
localization of XIST RNA within the nucleus to a

position indistinguishable from the X inactivation-
associated Barr body.

E. Heard, May 19t%, 2025
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No. SIZE SPLICE of 5' EXON 3' EXON
(bp)

1 11.364 12 TTAGAATACT gtaagtacta....\gtgttccag GATCCCATTG
2 64 23 GCTCCTCTTG giaatgacag...tcticttaag GACATTCTGA
3 137 /4 GGAGAAAAAG  glagittgqq....cllttigag ATCTTCCTCA
4 208 45 ACACGTCAAG  glgcgtaa.........ttttalag CTCTTCATTG
5 164 5/6 GCTGAATGAA  gtaagtigtt.....nd TGTGTATTTC
6 45434 5/6i GCTGAATGAA gaagtigtt..... talctaagg* TGTGTCTTAC
7 146 7/8° AAGCGAAAAG  gittgtctat..... cittcacag TTTCTGGCAT
8 377




Discovery that Xist RNA 1s nuclear and associates with the inactive X
chromosome from which it is expressed

Cel, Vol. 71, 527-542, October 30, 1992, Copyright © 1992 by Cell Press

The Human XIST Gene: Analysis of a 17 kb

. : : Evolutionary conservation of possible functional domains of
Inactive X-Specific RNA That Contains Conserved the human and murine XIST genes

Remts am 's nghw Loca"zed wm‘in the Nuc'eus Brian D.Hendrich'?, Carolyn J.Brown' and Huntington F.Willard'*
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encode a protein, suggesting that XIST may
function as a structural RNA within the nucleus.
Consistent with this, fluorescence in situ
hybridization experiments demonstrate
localization of XIST RNA within the nucleus to a
position indistinguishable from the X inactivation-

associated Barr body.
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Discovery that Xist RNA 1s nuclear and associates with the inactive X
chromosome from which it is expressed
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The Human XIST Gene: Analysis of a 17 kb
Inactive X-Specific RNA That Contains Conserved
Repeats and Is Highly Localized within the Nucleus

Carolyn J. Brown,"*! Brian D, Hendrich,"!
Jim L. Rupert,”t Ronald G. Lafreniére,*t
Yigong Xing,! Jeanne Lawrence,!

and Huntington F. Willard*t

The XIST gene is unique among X-linked genes in
being expressed exclusively from the Inactive X
chromosome.

Human XIST cDNAs containing at least eight exons
and totalling 17 kb have been isolated and
sequenced within the region on the X chromosome
known to contain the X inactivation center.

The XIST gene includes several tandem repeats,
the most 5' of which are evolutionarily conserved.
The gene does not contain any significant
conserved ORFs and thus does not appear to
encode a protein, suggesting that XIST may
function as a structural RNA within the nucleus.
Consistent with this, fluorescence in situ
hybridization experiments demonstrate
localization of XIST RNA within the nucleus to a
position indistinguishable from the X inactivation-
associated Barr body.

E. Heard, May 19, 2025

RNA fluorescence in situ hybridisation (FISH)
Fluorescently labelled single-stranded probe (DNA or RNA) is
hybridised to cells without denaturation (only detect ssRNA not
dsDNA

Jeanne Lawrence
UMass medical schoole
Mass., USA
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XIST (X-Inactive-Specific-Transcript)

Highly conserved A-repeat Brown et al, 1991, Borsani et al, 1991, Brockdorff et al, 1991

e r—— T

A F B C D E

e Xist maps in the Xic region in humans and mice

* Poor sequence conservation between mammals - except for some repeats A-F - only in
eutherians not marsupias (more next week)

e 17 000 - 19 000 nt, alternative spliced, 5’- capped, 3’ polyA tail, untranslated, nuclear transcript
* Xist RNA is expressed from and “coats” the inactive X chromosome in cis

e Xist is essential for X inactivation in cis, based on Xist KOs (Brockdorff and Jaenisch labs)
e |s Xist is sufficient for X inactivation in cis ? (Transgenesis experiments...)

e When is Xist is expressed during development ?
e How is Xist regulated ? (expressed only in XX cells or cells with >1 X; only from one X)?

e How does Xist RNA exerts its X-inactivation functions? (how does it coat the X? how does

it silence genes?
RNA FISH in female mouse cell (image E. Heard 2001)




Expression of Xist during development and ESC differentiation suggested a
role in Initiation of X inactivation

Xist RNA is up-regulated upon differentiation of ES cells and only in XX not XY (or XO) cells

A B c

PGK12.2 (XX)

LF2 (XX)

A3 (XX/XO)

MESC21 (XY)
3K12972 (XY)
El4 (XY)

ES EB ES EB ES EB ES EB ES EB ES EB H,0

C

Xistis expressed
from the 2-4 cell

Xist (B64bp)

embryos
(more next Week) glfuu:ro 6. Xist Expression Is Triggered by Differentiation in Female ES
Kay et al, Cell 1993 Panning and Jaenish, Genes and Dev 1995
Late differentiation &
Day 2-4 differentiation somatic cells

Undifferentiated XX ES Cells

2

Xa: nascent Xist transcripts Xa: Xist is silent

Xist nascent transcription loci
Future Xi: Xist mRNA coating Xi: Xist mRNA coating

Heard and Avner, Nature Reviews Genetics (2001)



Deletion of murine Xist demonstrates that it is essential for X inactivation

Requirement for Xist in X chromosome Xist-deficient mice are defective in
inactivation dosage compensation but not

-
Graeme D. Penny, Graham F. Kay*, Steven A. Sheardown, Sohaila Rastan® spermatogenesw
& Neil Brockdorff
Saction of Comparative Biology, MAC Clinical Sciences Centre, Royal Postgradi:ate Medical Schoot, Hammersmith Hospital, Du Cane Road, York Marahrens,' Barbara Panning," Jessica D. ! William Strauss,? and Rudolf Jaenisch'3*

Londork wL2:0nee. Uit "Whitehead Institute for Biomedical Research, Cambridge, Massachuserts 02142 USA; “Department of Medicine, Beth Isracl

Hospital, Harvard Medical School, Boston, Massachusetts 02215 USA; *Massachusetts Institute of Technology,

The Xist gene has been proposed as a candidate for the X inactivation centre, the master Cambridge, Massachusetts 02142 USA

regulatory switch locus that controls X chromosome inactivation. So far this hypothesis has

been supported solely by indirect evidence. Here we describe gene targeting of Xist, and

provide evid e for its absolute requirement in the pr. of X chri inactivation. The X-linked Xist gene des a large d RNA that has been implicated in mammalian dosage
compensation and in sper is. To investigate the function of the Xist gene product, we have generated

male and female mice that carry a deletion in the | gene but maintain a functional Xist promoter.
. / L4 L \ Mutant males were healthy and lertile. Females that inherited the ion from their mothers were also
4 129 PGK 129 PGK normal and had the wild-type paternal X chromosome inactive in every cell. In contrast to maternal
11 3 (Xee') (Xee') (Xee') (Xee') transmission, females that carry the ion on the I X ch were severely growth-retarded
- ' and died early in embryogenesis. The wild-type maternal X chromosome was inactive in every cell of the
i growth-retarded embryo proper, whereas both X ch were exy d in the female
Xic ‘ Xic tropho‘blast where X inactivation is imprinted. However, an XO mouse with a paternally inherited Xist
= '\,’_‘, . Xist mutation was healthy and appeared normal. The imprinted lethal phenotype of the mutant females is
s ‘ | > therefore due to the inability of extraembryonic tissue with two active X chromosomes to sustain the embryo.
| Our results indicate that the Xist RNA is required for female dosage compensation but plays no role in
B : Counti .
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re 2. Phenotypic comparison of wild-type
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Xist 1s necessary for initiation of X inactivation, but is it sufficient?

Phil Avner

Chromosome X =~ 130 million bp

X
' B
=13 2
timp 3.1
Syni 2332 A
EGFP ' a

MG-tse 2 |
Horit

E. Heard, May 19t%, 2025
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Transgenes at ectopic sites can define sequences not only necessary
but sufficient to induce X inactivation

Mapping and cloning the X-inactivation centre for transgenesis assays

A 10 Mbp candidate region

GENOMICS 15, 550560 (1991)

Physical Mapping and YAC Contig Analysis of the Region
Surrounding Xist on the Mouse X Chromosome
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Regulator of Xist Expression
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2.6 Mb YAC contig of the human X
inactivation center region in Xq13:
physical linkage of the RPS4X, PHKA1,
XIST and DXS128E genes
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Long-range mapping using rare cutting restriction enzymes (often methylation sensitive)

Heard et al, Genomics 1993

Establishment of a contig of YACs (yeast artificial chromosomes) spanning the Xic
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Long range comparative maps revealed an inversion of the Xpct gene
and that the candidate XIC region 1s smaller in mouse than human

Mapping and cloning the X-inactivation centre for transgenesis assays

‘ NC

RPSIX PHKAI BPX CDX4  BRX ;LS‘I APC ;
isxonncs 48, 206 303 {1956) L I l L L I
wrecen vo. CE9TS173 \_»4—
Cloning and Localization of the Murine Xpet Gene \
Evidence for Complex Rearrangements during the
Evolution of the Region around the Xist Gene
Emmanuel Debrand,” Edith Heard, and Philip Avner \
Rpsd Phkal
] !
Centromare Telomere
- —_—
[ T T . ]' T T T T ] T T T T ‘ T T T T I T T T T
0 500 1000 1500 2000 2500 (kb}
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Debrand et al , Genomics 1997

E. Heard, May 19t%, 2025



Xist 1s necessary for initiation of X inactivation, but is it sufficient?

Transgenes at ectopic sites can define sequences not only necessary
but sufficient to induce X inactivation

What is the minimal region required as a single copy at an ectopic site to

trigger normal XCI?
MOUSE Xic candidate region HUMAN XIC candidate region
Human Molecular Genetics, 1993, Vol. 2, No. § 1109
—_— . J— e, :
; = = e A : =
e L ] : =
'Y wan - we = - - -  — & —
R ;&3 b Toge s R
) _ . v = -,m§§d$ naB 33z g 38 . :ngg_gg;@
P L S " SR L.
(b) YACDNA T T T ;‘ ’: T T ”,,.‘t E‘E'l,r i ..J Ejl.;.( pray 11l o X \h\%
YAC PA-1 ~ - i - :5"‘ Craation of a delation series of mousa YACscov;nr;n } o prry m‘._
YAC PA-2 - - 500 kb region around Xist mﬁ;& n‘A;ama-__
g ; ; Ez : e o X c m;‘f"";‘f“‘“ h %T_
st Mouse Xic YAC fragmentation T =" ma——
o e N S— for serial transgenesis ‘ .
A ian g Human YACs spanning the XIC
: -
; Lh til ’g man  YAC PA-2 460kb ) e e e
= C— ey 0 500 1000 1500 2000 2500 kb

R
- S-S 1L 150%h
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Heard et al Genomics 1993, Heard et al, Nucleic Acids Research 1994

E. Heard, May 19t%, 2025



Candidate Xic transgenesis in mouse Embryonic Stem Cells

0y

Mario R. Capecchi, Sir Martin J. Evans, Oliver Smithies

Blastocyst 2007 Nobel Prize in Physiology or Medicine "for

their discoveries of principles for introducing
specific gene modifications in mice by the use
of embryonic stem cells’.

ES cells: a model system to study XCl

Sohaila Rastan and Liz Robertson1983, 1985

Embryonic Stem Cell: Two active X chromosomes

Random X-chromosome inactivation i

In vitro differentiation

LB Do G |

N

Inactive X chromosome
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E. Heard, May 19t%, 2025




Defining the minimal region necessary and sufficient to trigger X inactivation

Transgenes can help define the minimal region required to recapitulate Xic functions, as well as revealing how
Xist is regulated: during differentiation, only in female cells, monoallelically?

-HDDIIDD-ﬁ-IIIII

T16H HD3

Purified DNA of yeast artifical chromosomes from Xic region (mouse or human)
Used to make transgenes in mice and in ES cells

Lipofection into mouse ES cells

Microinjection into fertilised
mouse eggs \@ / \ (either XX or XY ES cells)

| |

Transgenic mice ‘ Transgenic ES Cell lines Chimeric mice

I \
Germ line 4/ Germ line

Ectopic Xic function?

Xist expression?
Random XCI? (Choice)
Cis-inactivation of autosomal genes?
Sensing and Counting (inactivation of endogenous X)?

transmission? transmission?




Defining the region necessary and sufficient to trigger X inactivation

Transgenes can help define the minimal region required to recapitulate Xic functions, as well as how Xist is
regulated: during differentiation , only in female cells, monoallelically?

(my post-doctoral years in the laboratory of Dr. Phil Avner, Institut Pasteur)

‘;J
! l’

Charles Babinet
(1940-2008)
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E. Heard, May 19t%, 2025



Mice produced by pronuclear injection:
Single Xist transgenes do not trigger XCI 1n cis or in trans (1€ of the X)

© 1996 Oxford University Press Human Molecular Genetics, 1996, Vol. 5, No.4 441450 a

Transgenic mice carrying an Xist-containing YAC

Edith Heard'!*, Chantal Kress2, Fabien Mongelard3, Béatrice Courtier!,

Claire Rougeulle!, Alan Ashworth?4, Claire Vourc’h3, Charles Babinet2 and
Philip Avner!

To test whether sequences spanning several hundred
kilobases and including Xist from the Xic region are
capable of initiating inactivation, we have created a
series of transgenic mice using a 460 kb yeast artificial
chromosome (YAC). Analysis in these mice of the
expression of Xist, of a LacZ reporter gene and of two
genes in the region that are normally silent on the
inactive X chromosome, suggests that essential
sequences for Xist expression and X-inactivation
may be absent in these transgenic animals.

Xist DXPas1§  Cdx4 Bpx
5 L] 3 Sk

N Right
YAC PA-2 YAC asm

TgsS3

=

Tgeo B ---

300 400 300
A 1 )

Microinjection into fertilised —

mouse eggs

Y

Transgenic mice

E. Heard, May 19%, 2025 Heard et al, Hum. Mol. Gen, 1996

Purified DNA of yeast artifical
chromosomes from Xic region
(mouse or human)

Used to make transgenes in mice
andin ES cells

Autosomal AteYAC
Only single copy YAC Tg mice

No sign of cis-inactivation
Or any abnormalities....

COLLEGE
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Single Xist transgenes do not trigger XCI 1n cis or in trans (1€ of the X)

Undifferentiated Differentiated
Transgenic male ES cells ES cells

7 independent single copy lines

Xist RNA

Single copy YAC Tg No counting
No cis-inactivation

Multicopy Xist transgenes CAN induce XCI 1n cis (and to a much lesser extent of the X)

\T

6 independent multicopy lines

Very rare Xi Transgenic

Multicopy YAC Tg accumulation Cis-inactivation
Heard et al, Hum. Mol. Gen, 1996

Heard et al, Mol. Cell Biol., 1999
E. Heard, May 19%, 2025 Heard et al, PNAS, 1999
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ES cells with autosomal multicopy hXIST YAC transgenes

can trigger XCI

Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 6841-6846, June 1999
Genetics

Human XIST yeast artificial chromosome transgenes show partial
X inactivation center function in mouse embryonic stem cells

EpitH HEARD*T, FABIEN MONGELARDY, DANIELLE ARNAUD*, CORINNE CHUREAU*, CLAIRE VOURC'HE,
AND PHILIP AVNER*

Both X chromosomes active

In vitro differentiation
480 kb YAC 2B @9
. transgene

mXi or inactive At YAC?

Table 1. XIST and Dhfr/Rep-3 expression patterns in transgenic

line hY21
Total no. of cells
, domains

Undifferentiated 44 20%) 72(32%) 53 (24%) 54 (24%)

224

Differentiated 33 (11%) 39 (13%) 131 (45%) 88 (W0%) 29

Heard et a l’ PNAS 1999 Key: @) XISTRNA domain * Dir-Rep3 RNApinpoint

NB Only cells with dense XIST RNA domains were considered.

hXIST RNA & mXist RNA
in undiff MESCs

Human
amniocyte

Human XIST RNA

Mouse Dhfr gene nascent RNA
(incisto Tg)

Mouse Chr 13 DNA Paint

h Mouse Xist RNA

Day 10



Chimeric mice produced from ES cells with autosomal multicopy hXIST YAC transgenes
show severe phenotypes and no germ-line transmission

Chromosome 13 multicopy hXIST YAC transgenes —> Polydactyly phenotype
Known semi-dominant autosomal disorder, due to Gli3 haploinsufficiency

Gli3

Ch13

—/

18

Gli3 - Transcription factor in the Hedgehog signaling pathway
*Location: Mouse Chromosome 13 (Chr13gA5)

Phenotypic Effects in Mice (Haploinsufficiency):
1.Polydactyly:

2.Mice with heterozygous mutations in Gli3 (e.g., Gli3Xt/+, also
known as extra toes) often show extra digits (usually preaxial or
postaxial polydactyly).

3. Gli3 mutations can lead to optic nerve hypoplasia, coloboma, and
other developmental eye abnormalities.

4.Craniofacial anomalies

5.Abnormal brain development (especially telencephalon)

e No multicopy mouse Xist YAC transgenic mice by pronuclear injection — only single copy Tgs
e Single-copy mXist YAC transgene (Tg53) on Chromosome 13 —> no apparent phenotype
e No transgenic Xist expression ; other genes on the YAC expressed normally

e Efficient germ-line transmission

Heard et al, HMG 1996
Heard et al, unpublished



Defining the minimal region necessary and sufficient to trigger X inactivation

Transgenes can help define the minimal region required to recapitulate Xic functions, as well as revealing how
Xist is regulated: during differentiation, only in female cells, monoallelically?

-HWHIII_II_I-E_-IIIII

T16H HD3

Clone and purify large fragments of DNA as yeast artifical chromosomes
Use these to make transgenes in mice and in ES cells

Only single copy Xist YAC Tg mice obtained, with no sign of Tg cis-silencing.
In ES cells, even the largest transgenes (500kb) did not function as single
copy Xics to induce random XClI in cis or of the X (in male and female ESCs)

WHY ?

Missing Sequences?
Enhancers? Nuclear localisation? Chromatin state?

Germ line 4/

transmission?

Single copy Xist Tg

No Xist accumulation from Tg &/or X

=> Does not behave like the Xic in X;A translocations
Multicopy Xist Tg

Xist expression from Tg; rarely from endogenous X
=> Does not behave like the Xic in X;A translocations

Single copy Xist Tgs during imprinted XClI

Okamoto et al, Nature 2005
(Next Week!)




Multicopy Xist transgenes express Xist in differentiating ESCs can trigger XCI in cis

Multicopy arrays are not proof that Xist alone is sufficient either in cis, or for Xic function
There must be missing sequences to enable full Xic function as single copies

Cell, Vol. 86, 83-94, July 12, 1996, Copyright ©1996 by Cell Press

Xist has properties of the

A 450 kb Transgene Displays Properties X-chromosome
of the Mammalian X-Inactivation Center inactivation centre

Nature 1997
Laura B. K. Herzing, Justyna T. Romer,
Jacqueline M. Horn & Alan Ashworth

Jeannie T. Lee,*T William M. Strauss,

Jessica A. Dausman,* and Rudolf Jaenisch* " e ® v g ‘orato'r e
- = — JB, UK
[ PHYSICAL MAP OF Y116 _| o = Sl e ="
Xist ori wmp’ LEU HMG 60
DX.P:A.&?I DXPux29 DXPas2? f S S
CEN - n o . .
< M S a wsw sy w x fisn TELO 40kb Xist cosmid
e i - L P )
oy < X Genamic Transfected into male ESCs
N osf ps?® ssr B E fmenee
oy Y116
N = Not Xist
5‘,:;;? DXPas3l DXPas29 . .
it Control XX Cells Xist transgenic XY Cells

Long-range cis effects of
ectopic X-inactivation
centres on a mouse autosome

Jeannie T. Lee*t & Rudolf Jaenisch* Nature 1997 Xist RNA FISH (green)

“

Xist RNA FISH (green)
X-probe DNA FISH (red) cosmid Tg DNA FISH (red)




3’ antisense transcription across the mouse Xist gene (7six)

- - . - - - - >4 !
Tsix, a gene antisense to Xist at the X-inactivation centre Functional Analysis of the DXPas34 Locus, a 3
Regulator of Xist Expression
Jeannie T. Lee, Lance S, Davidow & David Warshawsky E. DEBRAND, C. CHUREAU, D. ARNAUD, P. AVNER, anp E. HEARD*
C Telomere
0 5 10 15 20 25 30 35 40 45 50 55kb w“ —>
primer |l extension — Xist primer | extension — CpG island : . 5 o » ” iy - » - o
— 1L wl/ 1 1 ) 1 1 1 1 1 1
. I mx8 mx7
Jeannielee - €———————— - =TT SEETT s
(Harvard , USA) par 1 2 345 6 7 89 101112 1314 15 16 171819 - .- H e
primer pair . . - . . . . . .;l“h.f.l.L:l.:'l.-l
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 hES e N bz JE L L ¥
sense| (N - - - 4+ + + + + + + + - - - - - A - -
e
anti- | (N + + + + + 4+ + + + + + + + + + + -~ An e e
sense s cm——
oligonucieotide probe
b probe 1 c 5 :
8 8 8 g 8
S5 E 8 5 8 . -
38 15 wind Random primed RT-PCR analysis
§§ 1m -im =
§§ dsl-"' ds e @ 5" Xist Xist 3' Xist
«© & ¢ a
. vactr | i o |6 S X1 x2 x3 xa1 | 2 45 6 7 8 9 10111213 14 15
. . ndiffe tiated XX One - +|n %+ ot m om + L AN . ZHEE IR G SRR
Deletion of DXPas34 / Tsix promoter leads to p— e el B w2k vk & S 8% w0 g o oww
systematic Xist up-regulation on the deleted X (ie fully ey N R FETECEY K <oeom
ES cells Two | mt +| + + + + + | + + o+ o+ o+ 4+ o+
skewed, non-random XClI) i T e linssdses - LR
Isix is a cis-repressor of Xist P il o ol A B S R B

Tsix impacts choice (not counting) and is not the Xce

COLLEGE

DE FRANCE
1530

E. Heard, May 19t%, 2025 For references see Furlan and Galupa, Cells 2022 and Augui et al, NRG 2011




A 65 kb deletion 3’ to Xist disrupts counting

Role of the region 3" to Xist exon 6 in the counting

process of X-chromosome inactivation
a 129 bPa

Philippe Clerc & Philip Avner

Hprt Hprt~
The X inactivation centre (Xic) is initially Xced||  XceC||y> cre
‘sensed and ‘counted’: at least two copies of
Xic must 'be pr'ese.nt per diploid genome in b Xist Ty 3 Brx
order for inactivation to occur. m DxPaszd  © —
. Ve . . 1 (SR | 9? - |
65-kb cre/loxP deletion 3 “to Xist exon 6 which 4_—_:_‘2:,' _____ o A
includes DXPas34 and the Tsix promoter e o
In differentiating XX ES cells containing one
deleted X chromosome, X inactivation still
XxAGSkb

occurs but is never initiated from the intact X
chromosome.

In differentiating XO cells, the mutated Xic is
capable of initiating X inactivation, even in the
absence of another Xic.

=> role for this region 3" to Xist exon 6 in
counting process (unlike Tsix)

Counting ensures that one X chromosome
remains active in diploid cells.

Counting is mediated by a repressive
mechanism which prevents inactivation of a

single X chromosome in diploid cells.
E. Heard, May 19t%, 2025

Deletion of 65 kb region 3’ to
Xist leads to systematic Xist
up-regulation on the deleted

X whether or not a second X
is present!

Region is important for
counting

S-m COLLEGE
¥ DE FRANCE
1530




The Xic 1s a complex locus including multiple regulators in addition to Xist

T16H 8 cM (10-20 Mb) HD3

Numerous deletions in the Nap1l2  Ppnx Cdx4 Chicl Tsx Xist Ftx  Cnbp2 Xpct Rnf12
region around Xist. ’

Almost all produce some ! )'E‘>_='$_= <tj_
effect on Xist expression v Jpx [ | 25kb

Tsix
e S e T A S Sy R S e e T e
D L

patterns. Sensingelements? ____________________1

See Furlan and Galupa 2022
Auguietal 2011

=== 460kb (Heard etal, 1996, 1999) _

450 kb (Lee et al, 1996)

80 kb (Lee et al, 1999)

35 kb (Herzing et al, 1997)

Xist cDNA (Wutz and Jaenisch 2000)

* Is Xist RNA the sole trigger of X inactivation in cis?
*  What are the missing elements that can recapitulate

(i) accurate Xist expression (ii) sensing, counting and choice

COLLEGE
DE FRANCE
1530

E. Heard, May 19t 2025



Inducible single-copy Xist cDNA Tgs: Xist RNA is sufficient to trigger for cis-inactivation

Molacslir Coll Vol. S, 895705, Apil, 2000, Copyright £2000 by Coll Press

A Shift from Reversible to Irreversible
X Inactivation Is Triggered
during ES Cell Differentiation

Anton Wutz and Rudolf Jaenisch* function of the Xi ci
A Inducible Expression of Xist ANA

RFLP : M. mus /M. sp

Chromosomal silencing and localization are
mediated by different domains of Xist RNA

Anton Wautz, Theodore P. Rasmussen & Rudolf Jaenisch

Inducible Xist cDNA on the single X
chromosome in male ES cells

(P e e i FEE P -— » T20:Xist
Buail Econl 7 ]
s T mreen o Anton Wutz Rudoph Jaenisch
SA nisiTA pA — —_— .
. o i 1 Whitehead Inst, USA '
W T T
ROSA 26 locus -—:—x;% i
Inducible Xist cDNA transgenes on autosomes in
transgenic ES cells male ES cells

T O N ~ . o
I 8% 326 Define the time
-- window during
o - - xic . i
which Xist RNA can
e -~ WP <TG

. silence in cis

3+ 4 F 423 2
TG copies
Table 1. Summary of Transgene Integrations
Repression

Chromosomal RNA Paints H4 Hypoacetylation Late Replication o' Reres Eell Death
ES Clone TG Copies Location Dif Dif Dif ES Dif ES Dif
24 1 X ND ND ND ND ND + i+
36 1 1 - + 4 + + = 2z
42 1 m - + ND + ND - +
45 1 18 + ND ND ND ND = =
53 2-3 12 + + + ND ND - —
57 2 1 + + ND ND ND = -
65 1 X + - ND + ND + +

E. Heard, May 19t%, 2025

Wutz et al Cell 2001, Nat. Genet. 2002

no dox

Define the —

functional domains

w0 , cell death in ES culture

of Xist RNA Y [ i
. . @ T20: Xist, + dox
using systematic %
deletion approach s

~0-T20: Xist, no dox

10

2 3 *
days in culture
fic, COLLEGE
L»J DE FRANCE
5 e, o 1530




Inducible single-copy Xist cDNA Tgs: Xist RNA is sufficient to trigger for cis-inactivation

(but NO sensing, counting, choice)

Inducible Xist cDNA transgenes on Ch11 :

Cellular Memory?

Epigenetic Marks?
Xist-dependent —— Xist-independent ’)
INITIATION IRREVERSIBLE INACTIVATION
Days of in vitro | | '>
—

differentiation
(ES cells) 0 1 2 3 4 5 6 7 8 9

XISt RINA  ceeeereemeeriseeseessseasessssasssessasansessasasnsessasannnessssannnessseannnssssan .
coating begins in XX cells

Transcriptional SileNCING DEEINS  ..iiceiiiieiirieirrrer s s s s res s rsms e rea s s rnnsssrnnssrnnns >
(Northerns, allele-specific RT PCR, RNA FISH)

E. Heard, May 19, 2025 COURS 2018

Wutz et al Cell 2001, Wutz Nat. Genet. 2002
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Functional Domains of Xist RNA

PN
S comNoO AN,

12

44
45

E. Heard, May 19%, 202547
48
45
50

B8 E XbXbEy

Ey Nc

ng
| if

Wutz et al, Nature Genetics 2002

; : construct survival % localization
| N 2y m— n clusters P MCB
'CnC:r\'g S S S S Xist 23% 8 12 4+ -
ASX 93¢ 4 3 4+ + 4
\SSa 92+ 8 2 -
\SPs 89 8 3 -
\EASX %6t 5 3 -~
AEVNASCASX 81z 2 2 =
\EVNABC \SX S0 1 2 -
co— ABNASX n.d. *
AEVNASX 88+ 1 2 sees o+
AEVNADX 103 8 3 ree
- AEVNASD 26211 3 teeee
\Ev 25214 2 ‘reee
\EVN 212 7 2 i
———— \EN 24 1 thets
— ABN 25 1 thees
AXN 392 5 2 et
o o AN 88z 6 2 -
- \XNABsC €6+ 5 2 ++
T 7 T— \BNABsC 26z 6 4 e
AEVNABsC 292 ‘e
\BsC 33+ 6 8 e+ 4L
\SaC M9 9 444 -
\EviSaC 44 1 et
AEVNASaC 37 1 >ree
AEvC 41z 1 ‘e .
———— — A\EvCAXD 39218 2 e
1kb \EC 64 210 g *
e p— ABC 76 8 15 -
Pr— \BNYHC 342 9 4 nd.
\BNAEC 0% 9 4 n.d.
——— ——— ' \BC.-H2.3 52214 4 nd.
ErwE— e — 2 \BC-EBs1.2 582 1 2 n.d.
— : ABC-H1.2 6% 0 2 n.d.
) \BC-E3.3 32214 4 n.d.
—_— —_— ABC-EBs2K 77213 2 n.d.
ABC-H3.3 63 1 n.d.
—— AB 50 7 9 nd,
e — \BC-ES3.7 Me 2 2 n.d.
R=TT— — \BC-H2.1 0% 8 & nd.
AR 85+12 11 e -
T — AEAMHC 60215 3 e
AP 27+ 68 & ‘e
APs 22 1 ‘e -
—— \SX-3-8§X 432 3 2 nd
12x b ‘ SEVNXCR 12 17210 2 nd
7.5x b . AEVN:XCR7.5 362134 | ++ees 4
s5xp More in COURS Ill and 1V2025 IEVNIXCRES 46+ 1¢ ] GOLLEGE
ax» \EVN:XCR4 80 'LJ DIESFRANCE
7.5x4 SEVN:XCR 7.5A8 96 £ 18 8 & 4%+ ©
Wutz Nat. Genet. 2002 control T20 cells 83 £ 77457 "Ra




What are the missing elements (and factors) that would enable full Xic function?

The fact that large single copy Tgs cannot function as an ectopic Xic
and that almost every deletion/mutation in the vicinity of Xist affects
initiation of XCl in some way, suggests that there are long range

elements several hundreds of kilobases away from Xist that are
important for correct Xist regulation and also for full Xic functions:
sensing, counting, choice

3) Membrane Attachment Fig. 2 A possible model for activation of one X chromosome

by autosomes. A molecule from the autosomal pair initiates

—\ gene activity by the activation centre, Ac, which in turn activates

PR b — the non-histone protein genes (projections) and also a re-
pressor (Rp) which represses the autosomal genes. For meanings

of A, B and C see Fig. 1.

4) Nonhistone Profein Comings, 1968

-
=
o

5) Z DNA

6) Methylation

7) Demethylation
E. Heard, May 19, 20 P P — [ S— OLLEG

FRANC
1530
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What are the missing loci that would enable full Xic function?

Nuclear positioning

Nuclear compartmentalisation

Transcription

Chromosome
organisation

Splicing

Chromatin states

a4 b () N
%"- .“ Peric-Hupks et al., 2010

Halletal., 2008

Replication timing

enhdncers

Hiratani & Gilbert, 2010

M, COLLEGE
Y% DE FRANCE

1530

Laster & Kosak 2010

Long range regulators E. Heard, May 19™, 2025




Regulation of counting and choice by nuclear localization?

Transient localization of the Xic to a Autosomal “blocking factor” (eg at nuclear
specific nuclear compartment, envelope?) produced in limiting quantity,
or colocalization of the 2 Xics blocks one Xic per diploid cell

Random
XX cell —_— —_— X inactivation
Sensing? Xist RNA
. . lat
Choice/symmetry breaking? aCCliJr:nCL:Sa es

Transient Xic pairing "

Nuclear positioning and pairing of X-chromosome
inactivation centers are not primary determinants
during initiation of random X-inactivation

TimPollex* and Edith Heard ©™*

Bacher et al (2006); Augui et al (2007)
Masui et al (2011) Live cell chromosome dynamics and outcome of X-
E. Heard, May 19t 2025 chromosome pairing events during ES cell differentiation. Cell 145: 447-458.

Tim Pollex
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For recent reviews see:

Loda et al, Nat Rev Mol Cell Bio 2022
Furlan and Galupa Cells 2022
Mutzel and Schulz Bioessays 2020

The Xic 1s a complex locus including multiple regulators in addition to Xist

T16H 8 cM (10-20 Mb) HD3

: ________ ’ O%OQ?

! Napll2 Ppnx Cdx4 Chicl Tsx [?Ki Ftx  Cnbp2 Rinf12

Pluripotency factors . ..
differentiation

Undifferentiated = = = = = = p Differentiated ES
ES cells cells

ES Cells
XX
. . .

How is Xist activated:
- upon differentiation?
-only in XX cells?

- only on one X?

@, COLLEGE
Y% DE FRANCE

1530

E. Heard, May 19t%, 2025



The Xic 1s a complex locus including multiple regulators in addition to Xist

8 ¢cM (10-20 Mb)

................ O%Og-s_‘~-‘-‘-§" N e s :
Ftx  Cnbp2 Dos€-de@endent Rhf12 : Job Dekker

activators (Rnf12/RLIM) : (UMass, USA)

The Xic is divided into two topological domains - containing positive and negative regulators of
Xist, in separate regulatory ‘neighbourhoods’

Clustering of genes and regulatory elements within TADs enables developmental coordination of
expression

None of the long, single copy YAC transgenes covered the full extent of these two TADs (800kb)

E. Heard, May 19t 2025



The Xic is organised into at least two Topologically Associating Domains (TADs)

Tsix Xist

Xic : 5-10 Mb

nml!lzppmlu:um duc,zsxxne L‘;

Spatial partitioning of the regulatory landscape of the

X-inactivation centre

Elphége P. Nora'**, Bryan R. Lajole’*, Edda G. Schulz'**, Luca Glorgetti***, Ikuhiro Okamoto'*?, Nicolas Servant'-,
Tristan Piolot'*?, Nynke L. van Berkum®, Johannes Meisig’, John Sedat®, Joost Gribnau”, Emmanued Barillot™*#, Nils Blithgen’,

Joh Dekker* & Edith Heard'**

Nora et al, Nature 2012

Giorgetti et al, Cell 2014

Galupa et al, Mol Cell 2020

Van Bemmel et al, Nat. Genet. 2019
Galupa et al, Development, 2022

Predictive Polymer Modeling Reveals Coupled Fluctuations
in Chromosome Conformation and Transcription.
Giorgetti et al, Cell 2014

Equivalent TAD compaction Differential TAD compaction
and Tsix transcription and Tsix transcription

/-"'f n--"\.\ . ,""/- o G ’ //"";-V - "\\.‘
| / ( * | ‘ |
\ J Vo1 / \ /
o £ R ) s
differentiation
Tsix TAD Xist upregulation

Linx nascent RNA

Tsix nascent RNA & 2\ ‘ /'1 2\
{ | f |

() (6%
N &3 7.{(_/ \\ ‘_,.-’""

{ o0 &

TAD D Xist TADE
Xist-negative &Z—/ Xist-positive
cis=regulators cis=regulators

Random monoallelic expression of Xist

could be due to fluctuations in 3D
chromatin organisation of the Tsix TAD




Today’s Models: Dosage Sensing, Threshold Responses, and Epigenetic Memory:
A Systems Biology Perspective on Random X-Chromosome Inactivation
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Next Week (May 26™)

Genetic control of an epigenetic process: Xist RNA functions and spreading

Developmental dynamics of XCI , imprinted XClI, evolutionary conservation

* Anew era of modern epigenetics — and the epigenetic memory of the Xi

Other examples of random monoallelic expression

Steve Quake: 2"9 Lecture — “Understanding the Mysteris of the Cell: How do
Mutations arise in our Bodies?
Lundi 26 mai, 17.00-18.00

E. Heard, May 19t%, 2025



COURS 2025

12 mai 2025
Découverte de 1’inactivation du chromosome X
(lyonisation)

19 mai 2025

La génétique et I’épigénétique de I’inactivation du
chromosome X et d’autres exemples d’expression
monoallélique

s LR

Edith HEARD
26 mai 2025 CHAIRE EPIGENETIQUE & MEMOIRE CELLULAIRE
Evolution de I’inactivation du chromosome X Nouvelles connaissances sur
et dynamique développementale les mécanismes épigénétiques :

I'inactivation du chromosome X

2 juin 2025 et d'autres exemples

L . o d’'expression monoallélique
Implications de I’inactivation du chromosome X P G

pour la biologie féminine 12 mai > 2 juin 2025

10-11 juin 2025 Colloque



CHAIRE D’EPIGENETIQUE ET MEMOIRE CELLULAIRE
Professeur Edith Heard, Année académique 2018-2019

Colloque/Symposium: “X-Chromosome Inactivation”
Organized by Edith Heard and Claire Rougeulle

June 10" - 110, 2025
Salle: Hallwachs
College de France,

11, Place Marcelin Berthelot,
75231 Paris Cedex 05

SPEAKERS

Charbel Alfeghaly (France)
Monserrat Anguera (USA) — Keynote
Marnie Blewitt (AUS)

Hegias Bontenbal (Netherlands)
Maud Borensztein (France)
Neil Brockdorff' (UK)- Keynote
Julie Chaumeil (France)

James Cleland (Germany)
Dounia Djeghloul (France)
Rafael Galupa (France)
Jean-Charles Guery (France)
Agnese Loda (Germany)
Osamu Masui (Japan)

Celine Morey (France)

Tku Okamoto (Japan)

Vincent Pasque (Germany)
Edda Schultz  (Germany)
James Turner (UK) — Keynote

Free entry, no registration required



