
Escape from X inactivation is directly modulated 
by levels of Xist non-coding RNA  
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In placental females, one of the two X chromosomes is silenced during a narrow developmental time window, in a process mediated by the non-coding RNA Xist. Here, we demonstrate 
that Xist can initiate X-chromosome inactivation (XCI) well beyond early embryogenesis. By modifying its endogenous level, we show that Xist has the capacity to actively silence genes 
that escape XCI both in neuronal progenitor cells (NPCs) and in vivo, in mouse embryos. We also show that Xist plays a direct role in eliminating TAD-like structures associated with clus-
ters of escapees on the inactive X chromosome, and that this is dependent on Xist’s XCI initiation partner, SPEN. We further demonstrate that Xist’s function in suppressing gene expres-
sion of escapees and topological domains is reversible for up to seven days post-induction, but that sustained Xist up-regulation leads to irreversible silencing. Thus, the distinctive tran-
scriptional and regulatory topologies of the silenced X chromosome is actively, directly and reversibly controlled by Xist RNA throughout life.
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Increased levels of Xist RNA silence Xi escapees in NPCs
a

Dox (21d)

Dox (14d)

Dox (7d)

Dox (3d)

Control

0.00 0.25 0.50 0.75
Allelic ratio 

(Xi / (Xi + Xa))

X X

TX NPC 

pTET-Xist

X X
Cast B6
a i

Xistptet

B6 X Chr.

pTET-Xist

X X
Cast B6
a i+Dox

Dox (21d)
Dox (14d)

Dox (7d)
Dox (3d)
Control

10.0

Xist Expression 

0.0 5.0

Control

RN
A

-F
IS

H
 

Dox (3d)
XistXist

Fold Change

RNA-seq

10 μM 10 μM

R
P

23
−1

35
F2

2.
6

G
p
ko

w
W

dr
45

P
ra

f2
C

cd
c1

2
0

T
fe

3
G

ri
p
a
p
1

K
cn

d
1

O
tu

d5
P

im
2

S
lc

35
a2

P
q
b
p
1

T
im

m
1
7
b

P
cs

k1
n

H
da

c6
S

u
v3

9
h
1

W
d
r1

3
R

b
m

3
Tb

c1
d2

5
E

b
p

P
o
rc

n
Ft

sj
1

R
p
g
r

M
id

1i
p1

B
co

r
A

tp
6a

p2
1
8
1
0
0
3
0
O

0
7
R

ik
M

ed
14

G
m

14
63

4
57

30
40

5O
15

R
ik

U
sp

9
x

D
d
x3

x
Fu

nd
c1

K
dm

6a
G

m
14

53
9

N
d
u
fb

1
1

R
b
m

1
0

U
b
a
1

C
dk

16
U

sp
1
1

A
ra

f
C

fp
E

lk
1

U
xt

A
2
3
0
0
7
2
C

0
1
R

ik
A

ka
p
1
7
b

U
p
f3

b
N

ka
p

U
tp

1
4
a

Fi
rr

e
M

m
gt

1
S

lc
9a

6
H

ta
ts

f1
R

b
m

x
G

m
14

68
0

Fm
r1

S
lc

6a
8

B
ca

p
3
1

A
b
cd

1
P

lx
n
b
3

Id
h
3
g

S
sr

4
P

d
zd

4
A

rh
g
a
p
4

N
a
a
1
0

R
e
n
b
p

H
cf

c1
M

ec
p2

Fl
na

E
m

d
R

p
l1

0
D

n
a
se

1
l1

Ta
z

A
tp

6a
p1

G
d
i1

Fa
m

50
a

P
lx

n
a
3

L
a
g
e
3

U
bl

4
Ik

b
kg

G
6p

dx
V

b
p
1

G
m

8
8
2
2

E
if2

s3
x

Ig
b
p
1

E
rc

c6
l

R
p
s4

x
Jp

x
Ft

x
55

30
60

1H
04

R
ik

P
b
d
c1

M
ag

t1
C

ox
7
b

C
h
m

M
dm

4−
ps

C
st

f2
C

e
n
p
i

A
rm

cx
5

G
p
ra

sp
1

P
sm

d
1
0

A
lg

1
3

T
m

e
m

2
9

H
u
w

e
1

H
sd

1
7
b
1
0

R
ib

c1
S

m
c1

a
Iq

se
c2

K
dm

5c
K

a
n
tr

T
sp

yl
2

P
rd

x4
G

m
15

16
3

S
m

s
M

bt
ps

2
E

if1
a
x

A
8
3
0
0
8
0
D

0
1
R

ik
R

b
b
p
7

T
xl

n
g

S
ya

p
1

C
tp

s2
A

p
1
s2

Z
rs

r2
S

ia
h
1
b

P
ig

a
G

e
m

in
8

G
pm

6b
O

fd
1

Tr
a
p
p
c2

R
a
b
9

T
ce

a
n
c

T
m

sb
4
x

H
cc

s
B

C
02

29
60

Dox (21d)
Dox (14d)

Dox (7d)
Dox (3d)
Control

Chromosome X
Allelic ratio 

 (Xi/(Xi + Xa))

0.00
0.50
1.00

Dox (21d)
Dox (14d)

Dox (7d)
Dox (3d)
Control

Category

Silencing of escapees is SPEN dependent

b c

Facultative Constitutive NPC-speci�c

Facultative Constitutive NPC-speci�c

Figure 1. a, Experimental outline: single NPC clones carrying the inactivated B6 allele were picked and expanded and Xist RNA levels were increased by 
adding doxycycline to the culture media. b, FISH for Xist RNA (green) in NPC clone E6 in untreated conditions (Control) and after 3 days of doxycycline treat-
ment (Dox 3d). DNA is stained with DAPI. c, RNA-seq data showing the fold change in Xist expression (normalised CPM) compared to untreated cells across 
the time course of doxycycline treatment. d, Heatmap showing X-linked transcript allelic ratios in untreated clone E6 and after 3, 7, 14 and 21 days of doxy-
cycline treatment. Allelic ratio indicates the fraction of reads from the Xi (ratio=1: Xi monoallelic expression; ratio=0: Xa monoallelic expression; ratio=0.5: 
biallelic expression; ratio > 0.1: escape). e, Box plot showing the changes in allelic ratios for different escape categories across the time course of doxycy-
cline treatment. 
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Figure 2. a, Experimental outline: Xist RNA levels were increased in NPC 
clones carrying a SPEN-AID degron (Dossin at al. 2020). SPEN was deplet-
ed by adding auxin (aux) to the culture media for 2 days before inducing 
Xist upregulation with doxycycline (Dox) for 7 days in the presence of 
auxin. b, Box plot showing the changes in allelic ratios for different escape 
categories upon doxycyclin/auxin treatment. 
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Xist-mediated silencing of escapees leads to loss of TAD-like domains on the Xi   

Figure 3. a-c, Capture Hi-C interactions and insulation score at the Mecp2-Hcfc1 cluster prior to and upon doxy-
cycline treatment. Capture Hi-C interactions are shown for the active (Xa) and the inactive (Xi) X chromosomes in 
untreated conditions (a) and for the Xi upon doxycycline treatment for 7 days (b) and 21 days (c). Data is shown 
at 10-kb resolution. Heatmaps of allelic ratios for 29 X-linked genes included in the captured regions are shown. 
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Figure 4. a-c, Capture Hi-C interactions and insulation score at the Mecp2-Hcfc1 cluster for Xi in clone CL30.7. (a) untreat-
ed cells (control no Dox) (b) 21 days of doxycycline induction; (c) 23 days of auxin treatment in combination with 21 days 
of doxycycline induction. Capture Hi-C data is shown at 10-kb resolution. Heatmaps showing allelic ratios for 29 X-linked 
genes included in the captured region are shown. 

Xist levels modulate X-linked dosage in vivo
Xist

Whole embryo RNA-seq

Figure 5. a, experimental outline: B6/JF1 F1 embryos were 
collected at E3.5 and cultured for 24 hours while adding dox-
ycycline to the culture media. RNA-seq was performed at 
E4.5. b, FISH for Xist RNA (green) in E4.5 XX embryos ob-
tained by crossing males TX B6 mice (XptetY; R26rtTA/rtTA) 
with WT JF1 females. DNA is stained with DAPI. c, Box plots 
showing mean allelic ratios for treated and untreated embry-
os for the different escapee categories.
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