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Summary of Xi status in Somatic Cells of 
Mice, Humans and Marsupials	
  

E. Heard, February 12th,  2018 

Bisulfite	
  sequencing	
  analysis	
  revealed	
  that	
  for	
  all	
  but	
  one	
  
X-­‐linked	
  gene	
  examined	
  (Rsx),	
  promoter	
  DNA	
  methylaDon	
  was	
  
absent	
  and,	
  thus,	
  not	
  correlated	
  with	
  parent-­‐of-­‐origin	
  differenDal	
  
allelic	
  expression.	
  This	
  is	
  consistent	
  with	
  previous	
  single-­‐gene	
  
analyses	
  in	
  marsupials	
  (Kaslow	
  and	
  Migeon	
  1987;	
  Loebel	
  and	
  
Johnston	
  1996;	
  Hornecker	
  et	
  al.	
  2007),	
  but	
  contrary	
  to	
  the	
  differenDal	
  
methylaDon	
  detected	
  by	
  two	
  differentmethodologies	
  at	
  
the	
  whole-­‐chromosome	
  level	
  (Loebel	
  and	
  Johnston	
  1993;	
  Rens	
  
et	
  al.	
  2010).	
  This	
  discrepancy	
  suggests	
  that	
  while	
  differenDal	
  DNA	
  
methylaDon	
  of	
  marsupial	
  X	
  chromosomes	
  can	
  occur,	
  it	
  is	
  not	
  
characterisDc	
  of	
  the	
  promoter	
  regions	
  of	
  the	
  majority	
  of	
  X-­‐linked	
  
genes	
  (at	
  least	
  in	
  opossum),	
  and	
  therefore	
  must	
  occur	
  in	
  other	
  
regions	
  of	
  the	
  chromosome.	
  

Marsupial Afrotherian 
Eutherian 

Xi CEN Xi CEN 

H3K9me2 ! ? ! 
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H4K20me1 ! 
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Diversity in heterochromatin marks: facultative heterochromatin is a 
means to an end: to compensate for X-linked gene dose



Scaffold for repressor recruitment?

Nuclear 
compartmentalisation ? Chromatin changes ?

How is Facultative Heterochromatin established?
How does XIST work?

 (X-Inactive-Specific-Transcript)

RNA-DNA binding?

E. Heard, February 12th,  2018 
E. Heard, February 12th,  2018 

Chromosome 
3D organisation

Transcriptional interference?

Post-transcriptional
interference?



Claes	
  Wahlestedt,	
  2013	
  

Adapted	
  from:	
  Wang,	
  KC	
  and	
  Chang	
  HY,	
  Molecular	
  
Mechanisms	
  of	
  Long	
  Noncoding	
  RNAs.	
  Mol	
  Cell.	
  2011	
  Sep	
  

16;43(6):904-­‐14.	
  	
  

Long non-coding RNAs: 
from spurious transcription to functional entities

E. Heard, February 12th,  2018 



A	
   F	
   B	
   C	
   D	
   E	
  

•	
  17	
  000	
  -­‐	
  19	
  000	
  nt,	
  spliced,	
  untranslated,	
  nuclear	
  transcript	
  

•	
  Xist	
  is	
  essen+al	
  for	
  X	
  inacDvaDon	
  in	
  cis	
  (KOs,	
  transgenes	
  in	
  mouse	
  embryos,	
  ES	
  cells)	
  

•	
  RNA	
  expressed	
  from	
  and	
  “coats”	
  the	
  inacDve	
  X	
  chromosome	
  in	
  cis	
  (not	
  trans)	
  

•	
  Poor	
  sequence	
  conservaDon	
  between	
  mammals	
  -­‐	
  except	
  for	
  repeats	
  A-­‐F	
  

•	
  Xist	
  binds	
  broadly	
  across	
  the	
  X	
  chromosome,	
  exploiDng	
  3D	
  structure	
  for	
  iniDal	
  binding	
  

•	
  EsDmated	
  ~2000	
  molecules	
  of	
  Xist	
  RNA	
  per	
  nucleus	
  
•	
  Conserved	
  “A”	
  repeats	
  ensure	
  silencing	
  funcDon	
  

•	
  MulDple	
  Xist	
  domains	
  required	
  for	
  coaDng	
  including	
  C	
  repeats	
  

•	
  Xist	
  RNA	
  reported	
  to	
  recruit	
  chromaDn	
  factors	
  eg	
  Polycomb	
  group	
  proteins,	
  macroH2A…	
  

	
  

	
  

	
  	
  

•	
  Xist	
  can	
  only	
  induce	
  silencing	
  during	
  an	
  early	
  developmental	
  Dme	
  window	
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E. Heard, February 12th,  2018 

XIST RNA: A Multi-Tasking Molecule



0 1 2 3 4 5 6 7 8 9
Xist RNA

coating begins in XX cells

Transcriptional silencing begins
(Northerns, allele-specific RT PCR, RNA FISH)

Days of in 
vitro

differentiation
(ES cells)

INITIATION

Xist-dependent

IRREVERSIBLE INACTIVATION

Xist-independent

Inducible Xist cDNA :
Xist

Tet

Cellular Memory?
Epigenetic Marks?

Wutz et al Cell 2001, Nat. Genet. 2002

When does Xist trigger chromosome-wide silencing?
Xist RNA as a trigger for XCI

E. Heard, February 12th,  2018



Inducible Xist cDNA :
(Wutz and Jaenisch, 2001) Xist

XY

TRE-Xist

Tet

XY

XY
  Gene activity

      Survival

Functional nullisomy for
the X chromosome

Cell death

What are the Functional Domains of Xist RNA?

E. Heard, February 12th,  2018



Wutz et al,  Nature Genetics 2002

silencing association in cis

E. Heard, February 12th,  2018

What are the Functional Domains of Xist RNA?



Gene	
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Regions	
  involved	
  in	
  
Xist	
  RNA	
  coaDng	
  :	
  

Xist	
  RNA:	
  

E. Heard, February 12th,  2018

What are the Functional Partners of Xist RNA?



What	
  are	
  the	
  func+onal	
  partners	
  of	
  Xist	
  RNA?	
  

Chu	
  et	
  al,	
  Cell	
  2015	
  E. Heard, February 12th,  2018



Gene	
  silencing	
  

Chromosome	
  
coaDng	
  

ChromaDn	
  
modificaDon	
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  nuclear	
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Gene	
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AAAA	
  E	
  D	
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  A	
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  RNA:	
  

Xist RNA Functional Partners

E. Heard, February 12th,  2018 Chu	
  et	
  al,	
  Cell	
  2015	
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Regions	
  involved	
  in	
  
Xist	
  RNA	
  coaDng	
  :	
  

Xist	
  RNA:	
  

•	
  HnrnpU	
  (SAF-­‐A)	
  is	
  required	
  for	
  Xist	
  localisaDon	
  (as	
  previously	
  
shown)	
  
	
  
•	
  Spen	
  (Drosophila	
  Split	
  ends	
  homolog	
  )	
  interacts	
  via	
  the	
  A-­‐repeat	
  
domain	
  of	
  Xist	
  and	
  is	
  required	
  for	
  gene	
  silencing	
  
	
  
•	
  Wtap	
  –	
  RNA	
  methylaDon	
  machinery	
  
	
  
•	
  Polycomb	
  PRC1	
  factors	
  Pcg5,	
  Rybp	
  –	
  but	
  no	
  PRC2	
  factors	
  
	
  
•	
  HnrnpK,	
  parDcipates	
  in	
  Xist-­‐mediated	
  gene	
  silencing	
  and	
  
recruitment	
  of	
  non-­‐canonical	
  polycomb	
  PRC1	
  complex	
  but	
  not	
  Xist	
  
localizaDon	
  
	
  
•	
  LBR	
  –	
  Lamin	
  B	
  receptor	
  –	
  nuclear	
  organisa+on?	
  
	
   Chu	
  et	
  al,	
  Cell	
  2015	
  

Xist RNA Functional Partners: a few examples

E. Heard, February 12th,  2018



Xist	
  RNA	
  partner	
  isola+on:	
  
Chu	
  et	
  al,	
  Cell	
  2015	
  
McHugh	
  et	
  al,	
  Nature	
  2015	
  	
  
Chen	
  et	
  al	
  Science	
  2016	
  
Minajigi	
  	
  et	
  al,	
  Science	
  2015	
  
	
  
Gene+c	
  screens	
  for	
  Xist	
  func+ons:	
  
Moindrot	
  et	
  al,	
  Cell	
  Rep.	
  2015	
  
Monfort	
  	
  et	
  al,	
  Cell	
  Rep.	
  2015	
  

E. Heard, February 12th,  2018

Identification of the Protein Partners of Xist RNA and the Factors that 
are implicated in Xist-mediated Silencing 

Holy Grail
Or Pandora’s box?



Molecular investigation of Xist RNA function 
A new era of X-inactivation research!

Xist	
  RNA	
  partner	
  isola+on:	
  
Chu	
  et	
  al,	
  Cell	
  2015	
  
McHugh	
  et	
  al,	
  Nature	
  2015	
  	
  
Chen	
  et	
  al	
  Science	
  2016	
  
Minajigi	
  	
  et	
  al,	
  Science	
  2015	
  
	
  
Gene+c	
  screens	
  for	
  Xist	
  func+ons:	
  
Moindrot	
  et	
  al,	
  Cell	
  Rep.	
  2015	
  
Monfort	
  	
  et	
  al,	
  Cell	
  Rep.	
  2015	
  

Simao	
  Teixeira	
  da	
  Rocha	
  E. Heard, February 12th,  2018 



• Xist non-coding RNA is a multi-tasking molecule essential for 
initiation of XCI

• It induces gene silencing, spatial reorganisation of the X 
chromosome and chromatin changes 

• Mass-spec analysis of proteins bound to Xist RNA provide the 
first molecular handle for exploring its functions

• The first regions Xist targets contain the first genes silenced

• Subsequent spreading due to « relay » elements, or chromatin 
proteins, or spatial dynamics? 

SUMMARY 
Xist RNA and the initiation of X inactivation

E. Heard, February 12th,  2018 



• Xist non-coding RNA is a multi-tasking molecule essential for 
initiation of XCI

• It induces gene silencing, spatial reorganisation of the X 
chromosome and chromatin changes 

• Mass-spec analysis of proteins bound to Xist RNA provide the 
first molecular handle for exploring its functions

• The first regions Xist targets contain the first genes silenced

• Subsequent spreading due to « relay » elements, or chromatin 
proteins, or spatial dynamics? 

SUMMARY 
Xist RNA and the initiation of X inactivation

E. Heard, February 12th,  2018 



Xist RNA exploits 3D genome architecture to spread 
across the X chromosome

Engreitz	
  et	
  al,	
  2013	
  
RNA	
  AnDsense	
  PurificaDon	
  (RAP):	
  

Mapping	
  of	
  Xist	
  lncRNA	
  	
  
interacDons	
  with	
  chromaDn	
  

From	
  Gendrel	
  and	
  Heard,	
  2014	
  

Lieberman-­‐Aiden	
  et	
  al,	
  2009	
  
Comprehensive	
  mapping	
  of	
  long-­‐range	
  
interacDons	
  reveals	
  folding	
  principles	
  

of	
  the	
  human	
  genome	
  

E. Heard, February 12th,  2018 

First	
  regions	
  of	
  the	
  X	
  chromosome	
  that	
  
associate	
  with	
  Xist	
  RNA	
  contain	
  some	
  of	
  the	
  

first	
  genes	
  silenced	
  during	
  XCI	
  



Transcrip+on	
  machinery	
  
	
  (RNA	
  PolII)	
   Xist	
  RNA	
  FISH	
  /	
  Gene	
  DNA	
  FISH	
  

Xist	
  RNA	
  DNA	
  

Xist RNA forms a silent nuclear compartment and triggers spatial 
reorganisation of the Xi during XCI

Xist RNA

Chaumeil	
  et	
  al,	
  Genes	
  Dev.	
  2006	
  

Xist	
  RNA	
  

RNA	
  Pol	
  II	
  IF/RNA	
  FISH	
  

X-­‐linked	
  gene	
  
1ary	
  transcript	
  

RNA	
  Pol	
  II	
  

Xa

Inside	
  Outer	
  edge	
  

Genes undergoing inactivation are internalised into the 
Xist RNA compartment, expressed genes (escapees) 

remain external

CTCF-driven looping out? 
Transcription-driven 

sequestration? 

Xist A-repeat proteins 
(Spen, WTAP) facilitate 

interbalisation? 

Chaumeil et al,  Genes Dev. 2006; Chow et al, Cell 2010E. Heard, February 12th,  2018 



Lieberman-­‐Aiden	
  et	
  al.	
  2009	
  

Whole	
  genome	
  map	
  
Intrachromosomal	
  

contact	
  maps	
  
Topologically	
  associa+ng	
  

domains	
  

…	
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HOX	
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Investigating the molecular architecture of the active and inactive X 
chromosomes using Hi-C 

Job	
  Dekker	
  

Compartments	
  with	
  disDncDve	
  
palerns	
  of	
  epigenomic	
  features	
  

Variable	
  between	
  Dssues,	
  	
  
Cell-­‐type	
  specific	
  

TADs	
  (100kb-­‐1Mb	
  scale)	
  
Invariant	
  (almost)	
  between	
  Dssues	
  

Nora	
  et	
  al,	
  2012	
  
Conserved	
  (man/mouse)	
  

Dixon	
  et	
  al,	
  2012	
  E. Heard, February 12th,  2018 



mRNAseq analysis of 8 independent 
NPC clones (4 XX and 4 XY)

Bioninformatic and 
statistical analysis

Autosomal genes showing random 
monoallelic expression in NPCs

In vitro and in vivo validation 
in non-polymorphic (inbred) 

cells 

• Mono vs biallelic expression: identification and in vivo validation of RME autosomal genes
• X-inactivation status based on RNA-Seq in four independent female NPC clones:

F1 Hybrid ES cell line 
(129xCast => 1 SNP /~100bp)

Neural Progenitor cells

Differentiation 
X-chromosome inactivation (XCI)

NPC clone isolation 
RNA Seq – allele-specific analysis of gene expression

Plate low density
Generation of clonal cell lines

Allele-specific RNA seq and Hi-C in clonal F1 129/Cast ESCs and NPCs

129 Cast

Chr
X

Xa129XaCast

Differentiation

Neural Progenitor cells (NPC)
Random X chromosome inactivation (XCI)

Isolate NPC clones
100% cells with 129 or cast Xi

Subcloning 

Xa129XiCast 

Xi129XaCast

(Gendrel et al, Dev. Cell 2014)

Dekker Lab:
Ye Zhan, Bryan Lajoie
Heard Lab:
Mikael Attia, Luca Giorgetti 

E. Heard, February 12th,  2018



mRNAseq	
  analysis	
  of	
  8	
  independent	
  
NPC	
  clones	
  (4	
  XX	
  and	
  4	
  XY)	
  

Bioninforma+c	
  and	
  
sta+s+cal	
  analysis	
  

Autosomal	
  genes	
  showing	
  random	
  
monoallelic	
  expression	
  in	
  NPCs	
  

In	
  vitro	
  and	
  in	
  vivo	
  valida+on	
  
in	
  non-­‐polymorphic	
  (inbred)	
  

cells	
  	
  

•	
  Mono	
  vs	
  biallelic	
  expression:	
  idenDficaDon	
  and	
  in	
  vivo	
  validaDon	
  of	
  RME	
  autosomal	
  genes	
  
•	
  X-­‐inacDvaDon	
  status	
  based	
  on	
  RNA-­‐Seq	
  in	
  four	
  independent	
  female	
  NPC	
  clones:	
  

F1 Hybrid ES cell line 
(129xCast => 1 SNP /~100bp)

Neural	
  Progenitor	
  cells	
  

DifferenDaDon	
  	
  
X-­‐chromosome	
  inac+va+on	
  (XCI)	
  

NPC	
  clone	
  isola+on	
  	
  
RNA	
  Seq	
  –	
  allele-­‐specific	
  analysis	
  of	
  gene	
  expression	
  

Plate	
  low	
  density	
  
GeneraDon	
  of	
  clonal	
  cell	
  lines	
  

129 Cast

Chr
X

Xa129XaCast

Differentiation

Neural Progenitor cells (NPC)
Random X chromosome inactivation (XCI)

Isolate NPC clones
100% cells with 129 or cast Xi

Subcloning 

Xa129XiCast 

Xi129XaCast

(Gendrel	
  et	
  al,	
  Dev.	
  Cell	
  2014)	
  

RNA-­‐seq	
  (Gendrel	
  et	
  al,	
  2014)	
  
HiC-­‐seq	
  (collab.	
  Job	
  Dekker)	
  
ATAC-­‐seq	
  (collab.	
  H.	
  Chang)	
  

RNA	
  Seq	
  

Allele-specific analysis in clonal, polymorphic embryonic stem cells & 
neural progenitor cells

E. Heard, February 12th,  2018 

• Global silencing of one X chromosome but escape from XCI  in multiple regions of the X
• Clusters of facultative escapees in NPCs (Gendrel et al, 2014) – vary between different clones
• Also seen in Trophoblast Giant Cells at E8.0 (in vivo) (Catherine Corbel)



Unique Chromosome Organisation of the inactive X 

E. Heard, February 12th,  2018 

Nora et al, Nature 2012Giorgetti et al, 2016

Luca	
  GiorgeH	
  
(FMI,	
  Basel)	
  	
  	
  



	
  
•	
  Unique	
  3D	
  organisa+on	
  of	
  the	
  Xi:	
  globally	
  random	
  interac+ons,	
  loss	
  of	
  TADs,	
  par++oning	
  
into	
  two	
  large	
  megadomains	
  separated	
  by	
  the	
  conserved	
  DXZ4	
  macrosatellite	
  region	
  
	
  	
  	
  DXZ4	
  deleDon	
  leads	
  to	
  megadomain	
  disrupDon	
  
	
  –	
  role	
  in	
  InsulaDon?	
  Tethering?	
  
	
  
	
  
	
  
	
  
	
  
	
  

Does CTCF act as a border? Does CTCF act as a border? 

ROLE	
  of	
  megadomain	
  parDDoning?	
  
Mouse	
  Kos…	
  ongoinh	
  
Cancer	
  :	
  Xi	
  is	
  eroded	
  –	
  what	
  about	
  structure	
  –	
  
Human	
  cancer	
  too	
  complex	
  (allele-­‐specific)	
  =>	
  mouse	
  model	
  
TetMyc	
  

Giorges,	
  Laoie,	
  Carter,	
  Asa	
  et	
  al.	
  Nature,	
  2016	
  

Is	
  escape	
  from	
  XCI	
  an	
  occasional	
  epigene+c	
  “accident”	
  or	
  does	
  it	
  have	
  a	
  female-­‐
specific	
  advantage?	
  

Giorges	
  L	
  et	
  al.	
  “Structural	
  organizaDon	
  of	
  the	
  inacDve	
  X	
  chromosome	
  in	
  the	
  mouse”.	
  Nature	
  535:575-­‐9	
  
(2016)	
  

Two super-domains and global absence of topological domains
Facultative escape correlates with local 3D-organisation (TADs)
And is influenced by the unusual DXZ4 region…

Unique Chromosome Organisation of the inactive X 

E. Heard, February 12th,  2018 
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Cancer	
  :	
  Xi	
  is	
  eroded	
  –	
  what	
  about	
  structure	
  –	
  
Human	
  cancer	
  too	
  complex	
  (allele-­‐specific)	
  =>	
  mouse	
  model	
  
TetMyc	
  

Giorges,	
  Laoie,	
  Carter,	
  Asa	
  et	
  al.	
  Nature,	
  2016	
  

Is	
  escape	
  from	
  XCI	
  an	
  occasional	
  epigene+c	
  “accident”	
  or	
  does	
  it	
  have	
  a	
  female-­‐
specific	
  advantage?	
  

From	
  Rocha	
  and	
  Heard	
  2017	
  

Facultative escape correlates with local 3D-organisation of the 
chromatin fibre and is influenced by the DXZ4 macrosatellite?

Unique Chromosome Organisation of the inactive X 

E. Heard, February 12th,  2018 
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Reviewed	
  in:	
  
Gendrel	
  and	
  Heard,	
  Ann.	
  Rev.	
  Dev.	
  Biol.	
  2014	
  
Rocha	
  and	
  Heard,	
  NSMB,	
  2017	
  

PRC2,	
  PRC1	
  (Cbx7),	
  	
  
PRC1-­‐like	
  	
  (Rybp)	
  

macroH2A,	
  ATRX,	
  SMCHD1	
  
CDYL,	
  BAHD…	
  

	
  

? 
TF 

? 

? H3K27
me3	
  

H3K9me2	
  

Escape	
  from	
  XCI	
  	
  
(eg	
  Jarid1c,	
  Utx)	
  

RNA	
  
Pol	
  II	
  

Insulator	
  elements	
  

XCI-­‐resistant	
  TFs?	
  
Insulator	
  elements?	
  
Specialized	
  chroma^n	
  state?	
  

Patrat	
  et	
  al,	
  PNAS	
  2009	
  
Corbel	
  et	
  al,	
  Development,	
  2013	
  
Gendrel	
  et	
  al,	
  Dev.	
  Cell,	
  2014	
  

Chu	
  et	
  al,	
  Cell	
  2015	
  
McHugh	
  et	
  al,	
  Nature	
  2015	
  
Minajigi	
  et	
  al,	
  Science	
  2015	
  
	
  

Xist	
  RNA	
  

H3Ac	
  H4Ac	
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TF 

H3K4me2	
   H3K36	
  
me3	
  

H3K4me3	
  

? 

                         LBR, SAF-A… 
 

SPEN 
RBM15 

Different	
  genes	
  are	
  silenced	
  at	
  
very	
  different	
  +mes	
  during	
  XCI	
  
-­‐some	
  genes	
  silenced	
  immediately	
  

(Kif4,	
  Chic1,	
  Rnf12)	
  
-­‐others	
  silenced	
  only	
  aaer	
  several	
  cell	
  

divisions	
  (eg	
  Huwe1)	
  

Some	
  genes	
  escape	
  XCI	
  
cons+tu+vely	
  &	
  autonomously	
  
(eg	
  Jarid1c,	
  Li	
  and	
  Carrel,	
  PNAS	
  2008)	
  

	
  
	
  
	
   Eg	
  Mecp2	
  escapes	
  XCI	
  in	
  neural	
  stem	
  cells	
  in	
  the	
  SVZ	
  

H3K27
me3	
  

H3K9me2	
  

Reac+va+on	
  from	
  the	
  Xi	
  

RNA	
  
Pol	
  II	
  ? 

? H3K4me	
  
H3/H4Ac	
  

Lineage-­‐specific	
  TFs?	
  
Specialized	
  chroma^n	
  state?	
  

TF 

? 

H2AK	
  
116Ub	
  

Some	
  genes	
  escape	
  XCI	
  
cons+tu+vely	
  &	
  autonomously	
  

(eg	
  Utx,	
  Jarid1c,	
  Li	
  and	
  Carrel,	
  PNAS	
  2008)	
  	
  
Some	
  genes	
  escape	
  in	
  a	
  lineage	
  or	
  

+ssue-­‐specific	
  fashion	
  
(eg	
  Atrx,	
  Patrat	
  et	
  al,	
  PNAS	
  2009)	
  	
  

	
  
in	
  TGCs	
  -­‐	
  Corbel	
  et	
  al,	
  Development,	
  2013	
  	
  
In	
  NPCs	
  -­‐	
  Gendrel	
  et	
  al,	
  Dev.	
  Cell,	
  2014	
  

Giorges	
  et	
  al,	
  Nature,	
  2016	
  
	
  

	
  
	
  
	
  

Escapees	
  are	
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  involved	
  in	
  
chroma+n-­‐associated	
  	
  func+ons	
  
eg	
  Jarid1c,	
  Utx	
  =	
  Histone	
  demethylases	
  

Atrx	
  =	
  chroma+n	
  remodeller	
  

Escapees	
  are	
  oaen	
  involved	
  in	
  
chroma+n-­‐associated	
  	
  func+ons	
  
eg	
  Jarid1c,	
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  Histone	
  demethylases	
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  remodeller	
  
	
  

X-inactivation events: gene silencing and escape



Mouse	
  X	
  
Expression	
  of	
  a	
  double	
  dose	
  of	
  some	
  genes	
  is	
  

important	
  in	
  human	
  females	
  
(XO	
  :	
  Turner’s	
  syndrome)	
  

Genes that can escape from X inactivation

Expression	
  of	
  a	
  double	
  dose	
  in	
  females	
  is	
  
not	
  essen+al	
  in	
  mice	
  (no	
  XO	
  phenotype)	
  

unless	
  they	
  have	
  an	
  inac;ve	
  X?	
  

Human	
  X	
  

Carrel	
  and	
  Willard,	
  2005	
  

•	
  Some	
  genes	
  may	
  have	
  to	
  escape,	
  others	
  may	
  escape	
  due	
  to	
  ‘leaky’	
  or	
  inefficient	
  silencing	
  
•	
  Different	
  +ssues/lineages	
  in	
  the	
  mouse	
  show	
  different	
  degrees	
  of	
  escape	
  (Corbel	
  et	
  al,	
  2013)	
  	
  
•	
  Some	
  genes	
  show	
  lineage-­‐specific	
  escape	
  from	
  X	
  inac+va+on	
  (eg	
  Atrx,	
  Patrat	
  et	
  al,	
  2009)	
  
•	
  Mechanisms	
  of	
  escape	
  unclear…A	
  role	
  for	
  chroma+n	
  structure	
  –	
  TADs,	
  looping…?	
  

E. Heard, February 12th,  2018 

•  A few escapees have Y-linked homologs, most do not
•  Escape may be accidental (epigenetic instability) or purposeful (requirement of a double 

dosage in XX)
•  Escape may underlie some sex chromosome dosage effects on several sex-biased 

metabolic, immune and neurological phenotypes (MORE NEXT WEEK) 



E. Heard, February 19th,  2018

X-inactivation: gene silencing and escape 
Variability across Human Tissues

Genes in the pseudoautosomal region 
show higher expression in XY males 
than in XX females => lower activity 
of PAR region on Xi?

Multiple regions show female bias: ie 
escape from XCI  – this is variable 
between tissues and individuals

Sex bias pattern of nine genes not 
classified as full escape genes
that follow a similar profile to 
established escape genes



E. Heard, February 19th,  2018

X-inactivation: gene silencing and escape 
Variability across Human Tissues



E. Heard, February 19th,  2018

Variable escape from XCI in different tissues: How does this 
relate to epigenetic status of the Xi?

Are the different epigenomic landscapes (H3K27me3/Pc vs H3K9me3/HP1) linked to the cell 
type specific differences?���

Or is the difference gene-specific or gene cluster-specific?
Is it related to looping/TAD formation on the Xi?



Carrel and Willard (2005) Nature 434, 400-404  

Variable escape from X inactivation leads to 
even greater female cellular mosiacism

In humans, up to 25% of X-linked 
genes can escape from X inactivation 
(ie are biallelic)!
10% of these escape constitutively
15% of these genes show variability between 
individuals – and tissue specificity

E. Heard, February 12th,  2018 

Huntington Willard – 2005: 
“Genetically speaking, if you've met one man, you've met them all.  
We are, I hate to say it, predictable. You can't say that about women.  
Men and women are farther apart than we ever knew. It's not Mars or Venus.  
It's Mars or Venus, Pluto, Jupiter and who knows what other planets.”  

Everyone is unique: females even more so…
Consequences on physiology, behaviour, disease?



Brain	
  secDon	
  

«	
  Image	
  Stream	
  »	
  Imaging	
  flow	
  cytometer	
  

•  Hprt-­‐Tomato/Hprt-­‐GFP	
  

No two females, not even twins, are identical when it comes to 
X-linked traits

XCI mosaicism creates diversity between and within 
individuals.
Within an individual, inhomogeneities in the XCI mosaic in 
any particular tissue reflect the interplay of : (1) the ratio of 
founder cells to adult cells; (2) the timing and extent of cell 
migration during development; (3) alleles that may be 
counter-selected in specific cell types



Brain	
  secDon	
  

•  Hprt-­‐Tomato/Hprt-­‐GFP	
  

No two females, not even twins, are identical when it comes to 
X-linked traits

In the Central Nervous System:
Cell-type differences in XCI mosaicism in the 
cerebral cortex; mosaicism in CNS Vasculature

A diversity-generating mechanism such as XCI, 
which operates on all cells within the CNS and 
creates diversity on a spatial scale that 
encompasses the scale of local circuits, has the 
potential to add functionally relevant capabilities.

Because XCI affects 50% of the individuals in 
every species of eutherian mammal and because it 
epigenetically silences one allele among 4% of 
genes, it may represent one of the more significant 
mechanisms by which individual differences in 
CNS function are generated.

Two	
  biochemically	
  disDnct	
  types	
  of	
  neurons	
  
=>	
  the	
  ensemble’s	
  dynamic	
  range	
  is	
  likely	
  to	
  
be	
  expanded	
  along	
  the	
  sDmulus	
  axis.	
  	
  



E. Heard, February 19th,  2018 

Females are Mosaics
However, X-chromosome activity can be skewed for different reasons

From	
  Gendrel	
  and	
  Heard,	
  Development	
  2011	
  

Different mutations or genetic variants can influence the degree of mosaicism in an 
individual
Within individuals, different organs can have different degrees of mosaicism if 
selection for/against cells with a particular allele expressed can occur
With age the inactive X chromosome can be lost in some cells…



 
 Implications of X inactivation for X-linked Diseases 

E. Heard, February 19th,  2018 

Severe phenotypes or lethality in males
Variable and sometimes no phenotypes in females

Eg Fragile X syndrome, Haemophilia, muscular dystrophy, Incontinentia pigmenti



Aberrant	
  X-­‐linked	
  gene	
  dosage	
  can	
  cause	
  disease	
  

X-linked mental retardation (XLMR)	
  X-linked intellectual disability(XLID) 
déficience intellectuelle 	
  



Aberrant	
  X-­‐linked	
  gene	
  dosage	
  can	
  cause	
  disease	
  

X-linked mental retardation (XLMR)	
  X-linked intellectual disability(XLID) 
déficience intellectuelle 	
  

•  Mutation or silencing upon methylation of triplet 
expansions of FMR1 gene at Xq27 lead to 
dendritic spine abnormalities, impaired synaptic 
plasticity and mental retardation.

•  FMR1 knockout mice show subtle behavioral and 
visual-spatial difficulties

•  FMRP loss leads to dysregulated protein 
translation at synapses

•  Pathophysiological basis of cognitive inflexibility 
in FXS? Invariant tuning of single-cell responses 
and inadequate discharge coordination within 
neural ensembles (Talbot et al, Neuron 2018)

Fragile X Syndrome (FXS):	
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  Melnick-­‐Needles	
  

(FLN1,  
FLNA) 

Menkes	
  disease	
  (ATP7A)	
  

XLMR-­‐infanDle	
  seizures,	
  Rel	
  like	
  (STK9)	
  
Nance-­‐Horan	
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  dysgenesis	
  (OPHN-­‐1)	
  

Greenwood	
  Gene+c	
  Center,	
  updated	
  July	
  2009	
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X-linked mental retardation (XLMR)	
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 Implications of X inactivation for X-linked Diseases 

E. Heard, February 19th,  2018 

Lethality in males
Severe and variable phenotypes in females

Rett Syndrome (MECP2) – affects 1/10 000 girls – severe form of autism

Affected  
daughter 



Aberrant	
  X-­‐linked	
  gene	
  dosage	
  can	
  cause	
  disease	
  

Rett Syndrome	
  

•  Rett syndrome (RTT) : progressive 
neurodevelopmental disorder (Andreas Rett, 1966)

•  One of the most common causes of mental 
retardation in females (incidence 1 in ~10,000)

•  Patients with classic RTT appear to develop 
normally until 6–18 months of age, then gradually 
lose speech and purposeful hand use, and develop 
microcephaly, seizures, autism, ataxia, intermittent 
hyperventilation and stereotypic hand movements. 

•  After initial regression, the condition stabilizes and 
patients usually survive into adulthood. 

•  RTT occurs almost exclusively in females
•  Mecp2 was identified in 1999 as the gene 

responsible for Rett’s syndrome.



Mecp2 re-expression can reverse neurological defects 
observed in Rett Syndrome mouse model	
  

E. Heard, February 19th,  2018 



 
 Functions of Mecp2 protein and role(s) in Rett Syndrome? 

E. Heard, February 19th,  2018 
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X-linked mental retardation (XLMR)	
  X-linked intellectual disability(XLID) 
déficience intellectuelle 	
  

Mecp2 duplication in males: infantile 
hypotonia, severe mental retardation, 

autism, poor speech development, 
recurrent infections, epilepsy, progressive 

spasticity, developmental regression 

X-linked gene dosage matters!
Yet Mecp2 can escape from XCI in the female brains?



Mecp2 escape from X-inactivation in a subset of cells in the brain in vivo
(Where, When, How, Why)

Mice	
  from	
  A.	
  Bird	
  
(Mecp2-­‐GFP	
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  Hum	
  mol	
  genet	
  2015)	
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  fixed	
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  the	
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  requirements	
  for	
  escape:	
  cis	
  and	
  trans	
  –	
  

Screens	
  in	
  in	
  vivo	
  derived	
  and	
  ESC	
  derived	
  NSCs?	
  

Mecp2	
  X-­‐paint	
  
TOPRO	
  

Mecp2	
  

Early post natal (P6) brain: 
Mecp2 escape was only seen in SVZ –  in ~20% Sox2 
positive (neural stem?) cells 

Nascent	
  RNA-­‐FISH	
  on	
  adult	
  brain	
  sec+ons	
  

Gendrel et al, Dev. Cell 2014
E. Heard, February 12th,  2018 

Giorgetti et al, Nature 2016

Formation of TAD accompanies Mecp2 escape on 
the Xi in NPCs

Which cells escape and why in vivo?
What is the chromatin and topological state of 

Mecp2 escapee cells in vivo?
Therapeutic targeting strategy for Mecp2 

reactivation in Rett’s syndrome?



Cambiaghi et al, 2000 

Anhidrotic ectodermal dysplasia (EDA) 
 
• X-linked disorder in which males are severely 
affected, have no sweat glands whatsoever, few 
teeth, little hair, and other malformations 
 
• Females can also be affected, but the effects are 
much milder: for example, they have patches of skin 
with or without sweat glands, owing to random X 
inactivation and cellular mosaicism. 
 
• The EDA gene encodes the Ectodysplasin-A(EDA-
A) protein which regulates ectodermal appendage 
formation. It’s murine homolog is the Tabby locus. 
 

In 1875, Darwin described a disorder that appeared in each generation of one 
family's male members, affecting some but sparing others: "...small and weak incisor 
teeth ... very little hair on the body ... excessive dryness of the skin .... Though the 
daughters in the ... family were never affected, they transmit the tendency to their 
sons; and no case has occurred of a son transmitting it to his sons." 

Charles Darwin 
(1809-1882)	
  

•  Epigenetic drugs? (but non-specific 
effects)

•  CRISPR/dCas9 delivery of 
transcriptional activators to the silent 
Mecp2 allele

•  Or of architectural proteins to 
promote TAD formation

Le	
  syndrome	
  de	
  Rel	
  touche	
  
une	
  femme	
  sur	
  10	
  000,	
  
Avec	
  des	
  symptômes	
  de	
  type	
  
auDsDque	
  
	
  

 
 Reversing Mecp2 silencing on the inactive X chromosome 

E. Heard, February 19th,  2018 
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Precise timing and cellular context of Mecp2 reactivation will be critical
(NB dosage sensitivity of Mecp2 during development: Mecp2 duplication syndrome)



 
 Modeling Rett syndrome in CynomolgusMonkeys 

E. Heard, February 19th,  2018 
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X-linked mental retardation (XLMR)	
  X-linked intellectual disability(XLID) genes: Why so Many? 

•  Genetic disability that is X-linked is more readily detectable in males 
due to haploid state (no second copy)?

•  The X has been proposed to have up to 3 times the density of brain 
genes (those essential for normal brain development) as the autosomes

•  Due to natural selection on genes important for neuronal functions: 
behaviour in males & females?

•  Almost 50% of the genes on the X are expressed in the brain and in 
testis…  “brains and balls” theory…



Aberrant	
  X-­‐linked	
  gene	
  dosage	
  can	
  cause	
  disease	
  

X-linked Genes and their proposed roles in  “Intelligence”?	
  

alleles	
  for	
  any	
  gene	
  on	
  the	
  X	
  chromosome	
  related	
  to	
  intelligence	
  would	
  be	
  
normally	
  distributed	
  for	
  females	
  (i.e.,	
  most	
  would	
  be	
  heterozygous);	
  in	
  
contrast,	
  there	
  are	
  no	
  heterozygotes	
  for	
  males,	
  so	
  males	
  are	
  distributed	
  
bimodally	
  at	
  the	
  homozygote	
  extremes,	
  thus	
  increasing	
  variance. 



Aberrant	
  X-­‐linked	
  gene	
  dosage	
  can	
  cause	
  disease	
  

1. Many genetic defects affecting general intelligence are located on the X chromosome and 
hence are observed more often in males. 

2. Some of these loci are implicated in ‘‘special abilities’’ affecting general intelligence, both 
throughout the distribution and at the extremes, and that, for at least some features of general 
intelligence, males show greater variance than females (ie extreme alleles: “genius” genes)

3. Analysis of two data sets leads to conclusion that genes involved in general intelligence are 
overrepresented on the X chromosome

4. Propose that epigenetic and genetic regulatory mechanisms and genetic and co-
evolutionary processes that underpin sex differences in patterns and differences in ability and 
that these provide opportunities for rapid evolutionary response to changing circumstance. 

XLID affects 30%–50% more males than females, and a large number of X-linked pedigrees exist for this condition. 
However, autosomal genes associated with XLID are likely to be underrepresented - more difficult to detect them; 

Although analysis of XLID mutations and sex chromosome anueploidies supports the contribution of X-linked genes to a 
wide range of developmental features relevant to the brain and cognition, there is  no simple way to predict whether the 
‘wild type’’ allele of a XLID gene will enhance IQ, even though they may be necessary for ‘normal’’ brain development! 

alleles	
  for	
  any	
  gene	
  on	
  the	
  X	
  chromosome	
  related	
  to	
  intelligence	
  would	
  be	
  
normally	
  distributed	
  for	
  females	
  (i.e.,	
  most	
  would	
  be	
  heterozygous);	
  in	
  
contrast,	
  there	
  are	
  no	
  heterozygotes	
  for	
  males,	
  so	
  males	
  are	
  distributed	
  
bimodally	
  at	
  the	
  homozygote	
  extremes,	
  thus	
  increasing	
  variance. 

•  Genes that arise with male advantage, in comparison with those that arise with female disadvantage, will benefit 
from being X linked because their immediate expression in males is not masked by the presence of a second X.  

•  Evidence for accumulation of “male advantageous” genes on the X in mice: 10 of the 12 spermatogenesis genes 
detected were found to be located on the X (Wang, Page, 2001) & in Humans (Ross et al, 2005) remarkable 
concentration of X-linked testis-associated genes. 

•  Might X-linked genes that impact on intelligence promote reproductive success in males (sexual selection)?  
•  Might X-linked genes that escape from XCI confer a reproductive advantage to females? 
•  Much more difficult to prove!  

X-linked Genes and their proposed roles in  “Intelligence”?	
  



Genes Escaping X-Inactivation Are Commonly Related to Mental Impairment
Many X chromosome ploidy alterations (including XXY and XXX, XXXX, XXXXX) are 
associated with learning impairments (Rooman et al. 2002). 
Indeed, this may be the only consistent feature of polyX karyotypes (Rooman et al. 2002). 
As all but one X is inactivated, the phenotype of X polysomies is often thought to reflect the
action of genes that escape X-inactivation. 
X-linked gene defects have long been considered to be important causes of mental retardation
-  mental retardation is significantly more co/Users/edith/Dropbox/Camera Uploads/2018-01-16 

09.07.35.jpg
-  mmon in males than in females
-  Clinical observations and linkage studies in families revealed that X-linked mental retardation 

(XLMR) is a highly heterogeneous condition. 
-  The most common form of XLMR — the Fragile X (Fra(X)) mental-retardation syndrome — 

is associated with a cytogenetic marker in the distal region of the long arm of the X 
chromosome, which was shown to coincide with the map position of the underlying gene 
defect, and eventually this led to the cloning of the FMR1 gene6. 

-  Since then, the number of cloned XLMR genes has been increasing exponentially.

Are genes the escape X inactivation under selection?	
  

E. Heard, February 19th,  2018 
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• Pervasive gender bias in the frequency of diagnosis of numerous disorders. 
• Identification of biological variables provides diagnostic value and insight into 
disease aetiology.
• Hormonal effects versus sex chromosome complement? (ie XY, XX, escapees etc)

Sex Differences in Neurological functions?	
  

•  Autism spectrum disorder is 
diagnosed in boys four to five times 
more often than girls 

•  Schizophrenia manifests differently 
in men and women across lifespan

•  Unipolar depression and PTSD are 
up to twice as frequent in women 
and girls. This may be skewed by 
social factors such as willingness to 
seek treatment. 

•  Differences in drug and alcohol 
abuse in men and women are 
speculated to be based in sex 
differences in risk-seeking and 
reward systems.

More Next Week
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