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SUMMARY OF LAST WEEK The degree of sex chromosome differentiation 
ranges widely across species, spanning the entire 
spectrum of homomorphic to heteromorphic sex 
chromosomes, from a single sex-determining 
locus, as seen in pufferfish, a small differentiated 
region (strawberry and emu), most of the sex 
chromosomes apart from short recombining 
regions (humans), to the entire sex chromosome 
pair, as seen in Drosophila. 

Advantages and costs of Sexual Reproduction versus Asexual Reproduction

Sex Determination: Diverse mechanisms are used to determine sex
•  Sex determination is a rapidly evolving trait in many lineages 
•  Non-genetic: (ie no DNA sequence difference between the sexes) environmental, temperature-dependent, epigenetic…
•  Genetic: Sex determining locus or loci –leads to evolution of sex chromosomes
•  Mixed (genetic and non-genetic): Sex chromosomes and environmental sex determination eg many Fish, plants…

Sex Determination in mammals:
Testis Determining Factor (TDF) = Sry transcription factor that determines male sex
Evolved from SOX3 (X-linked in eutherians; autosomal in other organisms)
Female sex determination – eg DAX1 encoding a nuclear hormone receptor.
Delicate balance between male + female signaling pathways for sex determination in embryogenesis and 
adulthood
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SUMMARY OF LAST WEEK

Sex Chromosomes: 
•  Different systems – XX/XY; ZW/ZZ; UV
•  Evolution from pair of Autosomes: appearance of proto-sex chromosomes (eg proto X/proto Y) – 

recombination suppression and degeneration of Y
•  Fate of the Y: Some mammals have lost their Y; others have stabilised it or even added new genes to it
•  Sex chromosomes differences: The degree of sex chromosome differentiation ranges widely across 

species

The degree of sex chromosome differentiation 
ranges widely across species, spanning the entire 
spectrum of homomorphic to heteromorphic sex 
chromosomes, from a single sex-determining 
locus, as seen in pufferfish, a small differentiated 
region (strawberry and emu), most of the sex 
chromosomes apart from short recombining 
regions (humans), to the entire sex chromosome 
pair, as seen in Drosophila. 

doi:10.1371/journal.pbio.1001899.g001	  

Ranging from a single sex-determining locus 
(pufferfish), to a small differentiated region 
(strawberry and emu), to  most of the sex 
chromosomes except for short recombining 
regions (humans), and to the entire sex 
chromosome pair (Drosophila). 

Advantages and costs of Sexual Reproduction versus Asexual Reproduction

Sex Determination: Diverse mechanisms are used to determine sex
•  Sex determination is a rapidly evolving trait in many lineages 
•  Non-genetic: (ie no DNA sequence difference between the sexes) environmental, temperature-dependent, epigenetic…
•  Genetic: Sex determining locus or loci –leads to evolution of sex chromosomes
•  Mixed (genetic and non-genetic): Sex chromosomes and environmental sex determination eg many Fish, plants…

UV	  sex	  determina>on:	  separate	  sexes	  are	  only	  
found	  in	  the	  haploid	  phase	  of	  the	  life	  cycle	  of	  
an	  individual	  (e.g.,	  mosses	  or	  
liverworts).	  
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Need for sex chromosome dosage compensation : 
•  Evolution of very different strategies in different species
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Ohno’s LAW: Susumu Ohno also proposed that a genes which is X–linked 
in one mammal is X-linked in all. 

Ohno’s	  hypothesis	  that	  Y	  chromosome	  
degrada4on	  drives	  upregula4on	  of	  the	  
unpaired	  region	  of	  the	  X	  chromosome	  in	  
males	  (M)	  and	  females	  (F)	  and	  is	  countered	  by	  
X	  chromosome	  inac4va4on	  in	  females.	  A	  
proto‑Y	  chromosome	  is	  defined	  by	  the	  
acquisi>on	  of	  a	  tes>s-‐determining	  factor	  (TDF;	  
red	  band).	  Other	  genes	  (green	  and	  blue	  bands)	  
on	  the	  proto-‐X	  and	  proto-‐Y	  chromosomes	  are	  
ac>ve	  in	  both	  sexes	  (transcripts	  are	  
represented	  by	  green	  and	  blue	  dots).	  As	  the	  Y	  
chromosome	  degrades,	  genes	  on	  the	  unpaired	  
region	  of	  the	  X	  chromosome	  are	  upregulated	  
sequen>ally	  to	  maintain	  gene	  expression	  
dosage	  in	  males.	  Upregula>on	  in	  females	  is	  
progressively	  countered	  by	  X	  chromosome	  
inac>va>on	  (XCI).	  	  
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•  Chromosome monosomy or trisomy are almost always lethal for normal organisms
•  Copy number changes of even a single gene can cause problems (e.g. haploinsufficiency)
•  Thus maintenance of correct gene dosage at multiple scales (single genes to whole 

chromosomes) is important for an organism's fitness.
•  However, dosage compensation responses to any type of aneuploidy are known to exist
•  Even in trisomy 21, not ALL genes show expected 1.5-fold increase in expression 

suggesting that dampening must occur.
•  Also, genes / regions in other parts of the genome are affected.. ���

=> while some gene expression varies according to dose, other genes become 
compensated (presumably to reduce deleterious dosage imbalance)

Does Dosage Matter?	  



Stochas>c	  monoallelic	  expression?	  
Clonal	  propaga>on	  of	  monoallelic	  state?	  

or	   or	  

 “Effects of dosage changes of sex-linked genes,  
and the compensatory effects of the gene 

differences between male and female”  
(Muller et al. 1932)  

=> “Dosage Compensation” (Muller, 1947) 

Sex Chromosome Dosage Compensation

Observing apricot mutation of the white gene:
2 X chromosomes in a female produce 

same eye color as one X chromosome in a male
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Barr and Bertram, 1949, Nature.  
Ohno et al, 1959,  Exp Cell Res. 

From	  Klinger	  and	  Schwarzacher,	  1960	  

Sex-chromatin in female mammals is seen  
in the mouse, rat, opossum, and man. 

Ohno et al, 1959, 1960, 1961.  INVESTIGATIONS	  of	  the	  expression	  of	  various	  
sex-‐linked	  genes	  in	  Drosophila	  have	  shown	  
that	  for	  most	  of	  them	  their	  phenotypic	  
manifesta>on	  is	  iden>cal	  in	  male	  and	  female.	  
Stern1,	  Muller2	  and	  later	  Muller	  et	  al.3	  by	  use	  
of	  muta>ons	  such	  as	  bobbed	  and	  apricot	  in	  
various	  doses	  showed	  that	  the	  iden>ty	  and	  
equality	  of	  genie	  expression	  between	  the	  two	  
sexes	  are	  not	  associated,	  a	  priori,	  with	  the	  
development	  of	  sex,	  but	  rather	  involves	  a	  
system	  of	  genes,	  plus	  and	  minus	  modifiers,	  
which	  regardless	  of	  sex	  tends	  to	  repress	  the	  
ac>on	  of	  extra	  doses	  of	  sex-‐linked	  genes.	  
Muller	  proposed	  the	  name	  ‘dosage	  
compensa>on’	  for	  this	  effect	  and	  concluded	  
that	  for	  each	  sex-‐linked	  gene	  there	  is	  a	  set	  of	  
‘compensator	  genes’4	  



	  
	  Mary	  F.	  Lyon	  	  
(1925–2014)	  	  

“Grande	  dame	  of	  mouse	  gene>cs”	  	  

Gene Action in the X chromosome of the Mouse
M.F. Lyon (1961)

From	  Obituary	  by	  S.	  Rastan	  
Nature,	  2015	  
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Lyon, M. F. (1961), Gene Action in the X-chromosome of the Mouse 
(Mus musculus L.) Nature. 190 (4773): 372-3. 



From Llanos et al, 2006 

XXMo XMoY 

Adapted from Mary Lyon, 
Henry Stewart Talks 

Mary Lyon 

The Discovery of X-Chromosome Inactivation 
“Lyonisation”  

TEM Rego et al, 2008 

XXMo 

Li^er	  of	  mice	  carrying	  the	  sensi>zed	  
muta>on	  in	  the	  X-‐linked	  Atp7a	  gene.	  
Mutant	  males	  are	  white,	  mutant	  
females	  show	  a	  mo^led	  coat	  color	  
phenotype,	  and	  wild	  type	  li^ermates	  are	  
agou>	  in	  color.	  In	  the	  absence	  of	  alpha-‐
synuclein,	  Atp7a	  mutant	  females	  have	  a	  
significantly	  increased	  rate	  of	  early	  
death.	  

“The (Mottled heterozygous) females were variegated…(but) I found one in which the original animal of 
this particular mutant was a mottled male, which was odd because males have got only one X chromosome. 
[] Then it occurred to me that he had a mutation that had occurred in him, when he was just an embryo, 
when he was just a few cells, and that gave rise to one progeny group of cells with a mutant X chromosome 
and another group of cells with the unmutated, normal X chromosome. So this original mutant male was a 
mosaic of two types of cells, some with the mutated X chromosome and others with the normal X 
chromosome.[] 

 So then, it occurred to me that if that explanation of him having two types of cells applied to his 
pattern, could it not also apply to the pattern of his daughters? His daughters could have two types of cells, 
one with the mutant gene active and one with the normal gene active.”  

      Interview of M. Lyon by  J. Gitschier,  2010, PloS Genet. 
 

The hypothesis formulated by Mary Lyon in 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 (Welshons and Russell, 1959 
 
In 1962, Lyon put forward the hypothesis that X inactivation in females is the basis for 
dosage compensation in mammals (Lyon 1962). 
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Ohno’s Hypothesis (1967)	  

Ohno’s LAW: Susumu Ohno also proposed that a genes which is X–linked 
in one mammal is X-linked in all. 

Ohno’s	  hypothesis	  that	  Y	  chromosome	  
degrada4on	  drives	  upregula4on	  of	  the	  
unpaired	  region	  of	  the	  X	  chromosome	  in	  
males	  (M)	  and	  females	  (F)	  and	  is	  countered	  by	  
X	  chromosome	  inac4va4on	  in	  females.	  A	  
proto‑Y	  chromosome	  is	  defined	  by	  the	  
acquisi>on	  of	  a	  tes>s-‐determining	  factor	  (TDF;	  
red	  band).	  Other	  genes	  (green	  and	  blue	  bands)	  
on	  the	  proto-‐X	  and	  proto-‐Y	  chromosomes	  are	  
ac>ve	  in	  both	  sexes	  (transcripts	  are	  
represented	  by	  green	  and	  blue	  dots).	  As	  the	  Y	  
chromosome	  degrades,	  genes	  on	  the	  unpaired	  
region	  of	  the	  X	  chromosome	  are	  upregulated	  
sequen>ally	  to	  maintain	  gene	  expression	  
dosage	  in	  males.	  Upregula>on	  in	  females	  is	  
progressively	  countered	  by	  X	  chromosome	  
inac>va>on	  (XCI).	  	  
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Ohno’s Hypothesis (1967)	  

Ohno’s LAW: Susumu Ohno also proposed that a genes which is X–linked 
in one mammal is X-linked in all. 

Ohno’s	  hypothesis	  that	  Y	  chromosome	  
degrada4on	  drives	  upregula4on	  of	  the	  
unpaired	  region	  of	  the	  X	  chromosome	  in	  
males	  (M)	  and	  females	  (F)	  and	  is	  countered	  by	  
X	  chromosome	  inac4va4on	  in	  females.	  A	  
proto‑Y	  chromosome	  is	  defined	  by	  the	  
acquisi>on	  of	  a	  tes>s-‐determining	  factor	  (TDF;	  
red	  band).	  Other	  genes	  (green	  and	  blue	  bands)	  
on	  the	  proto-‐X	  and	  proto-‐Y	  chromosomes	  are	  
ac>ve	  in	  both	  sexes	  (transcripts	  are	  
represented	  by	  green	  and	  blue	  dots).	  As	  the	  Y	  
chromosome	  degrades,	  genes	  on	  the	  unpaired	  
region	  of	  the	  X	  chromosome	  are	  upregulated	  
sequen>ally	  to	  maintain	  gene	  expression	  
dosage	  in	  males.	  Upregula>on	  in	  females	  is	  
progressively	  countered	  by	  X	  chromosome	  
inac>va>on	  (XCI).	  	  
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Ohno proposed that Y chromosome degradation might drive 
upregulation of the unpaired region of the X chromosome in males 
(M) and females (F) and this is then countered by X chromosome 

inactivation in females.

Do other organisms with sex chromosomes undergo dosage 
compensation via X inactivation and up-regulation of the X 

(compared to autosomes)?



E. Heard, January 29th, 2018 

The term “Dosage Compensation” first coined by Muller in  
his 1947 Harvey Lecture 

What about Drosophila? 	  



Postulate: Transcription of genes on the single male 
X chromosome is double that observed on the two 

female X chromosomes?

E. Heard, February 5th,  2018 

Dosage Compensation in Drosophila 	  
•  Levels of nascent transcripts on the male X chromosome and on the paired X chromosomes of females 

were similar and the mechanism of compensation, responsible for correcting the difference in gene 
dosage between the sexes, operated at the level of transcription (Mukherjee & Beermann 1965)

•  Mutants affecting males only showed that transcription up-regulation was likely the mechanism 
(Belote & Lucchesi, 1980). 

•  Epigenetic marking of the “hyper-active” X in males compared to the two Xs in females (Turner et al, 
1992). 

Mukherjee  and Beermann, Nature, 1965	  



Postulate: Transcription of genes on the single male 
X chromosome is double that observed on the two 

female X chromosomes?

E. Heard, February 5th,  2018 

Dosage Compensation in Drosophila 	  
•  Levels of nascent transcripts on the male X chromosome and on the paired X chromosomes of females 

were similar and the mechanism of compensation, responsible for correcting the difference in gene 
dosage between the sexes, operated at the level of transcription (Mukherjee & Beermann 1965)

•  Mutants affecting males only showed that transcription up-regulation was likely the mechanism 
(Belote & Lucchesi, 1980). 

•  Epigenetic marking of the “hyper-active” X in males compared to the two Xs in females (Turner et al, 
1992). 

XY

XX

Mukherjee  and Beermann, Nature, 1965	  



Sxl is activated in females 
(2X;2A) but not in males 
(X;2A). Sxl expression 
depends on the X:A signal
—and is the key gene 
controlling both sex 
determination and dosage 
compensation processes. 

E. Heard, February 5th,  2018 

Sex Determination and Dosage Compensation in Drosophila 	  

•  MSL complex in males only 
•  Binds to the X only

• Up-regulation of the male X chromosome is achieved by 
recruitment  of  the  MSL complex  to  increase  levels  of 
H4K16 acetylation and open chromatin, which results in 
increased transcription initiation and elongation.

•  Recruitment  of  the  MSL complex  to  the  male  X  is 
mediated  by  a  2–4  fold  enrichment  in  specific  binding 
motifs. 

•Heterochromatin  elements  counteract  chromatin 
unfolding  to  achieve  a  precise  doubling  in  gene 
expression. 



Model for X-linked gene up-regulation in male Drosophila 	  
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Dosage Compensation in Drosophila 	  

Organisation of the dosage 
compensated X?
(NEXT WEEK)From Chow and Heard, 2010
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Sex Determination and Dosage Compensation in Caenorhabditis elegans 

Duckett (1979)	  

The	  discovery	  of	  sex-‐specific	  lethal	  muta>ons	  
that	  preferen>ally	  killed	  XX	  hermaphrodites	  
was	  pivotal	  for	  the	  
iden>fica>on	  of	  dosage	  compensa>on	  genes	  
(Hodgkin,	  1983;	  Plenefisch	  et	  al.,	  1989).	  
Muta>ons	  in	  eight	  
genes-‐sdc-‐1,	  sdc-‐2,	  sdc-‐3,	  dpy-‐21,	  dpy-‐26,	  
dpy-‐27,	  dpy-‐28,	  and	  dpy-‐30	  reduced	  the	  
viability	  of	  XX	  but	  not	  XO	  
animals.	  All	  muta>ons	  disrupted	  dosage	  
compensa>on,	  causing	  a	  two-‐fold	  eleva>on	  in	  
X-‐linked	  transcript	  levels	  in	  
XX	  but	  not	  XO	  animals	  (DeLong	  et	  al.,	  1993;	  
Hsu	  and	  Meyer,	  1994;	  Meyer	  and	  Casson,	  
1986;	  Nusbaum	  and	  
Meyer,	  1989;	  Villeneuve	  and	  Meyer,	  1987).	  XX	  
animals	  that	  escape	  lethality	  have	  a	  dumpy	  
(Dpy)	  phenotype	  caused	  
by	  the	  over	  expression	  of	  X-‐linked	  genes.	  The	  
specific	  X-‐linked	  genes	  that	  contribute	  to	  this	  
phenotype	  have	  not	  
been	  determined.	  
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Duckett (1979)	  

•  Caenorhabditis elegans (or C. elegans), sex is determined by the X:A ratio (X 
chromosomes relative to sets of autosomes):

•  XX  worms develop into hermaphrodites;  worms with only 1X (XO) develop as males 
•  There is no male specific chromosome (ie no Y) 
•  The same developmental X:A signal triggers sex determination and dosage compensation
•  Following this common step of regulation, sex determination and dosage compensation 

are then controlled by distinct pathways
•  Discovery of sex-specific lethal mutations that preferentially killed XX hermaphrodites in 

1980s – disrupted dosage compensation & led to 2-fold increase in X-linked transcripts in 
XX but not XO animals

•  Animals surviving have Dumpy phenotype due to overexpression of X-linked genes

The	  discovery	  of	  sex-‐specific	  lethal	  muta>ons	  
that	  preferen>ally	  killed	  XX	  hermaphrodites	  
was	  pivotal	  for	  the	  
iden>fica>on	  of	  dosage	  compensa>on	  genes	  
(Hodgkin,	  1983;	  Plenefisch	  et	  al.,	  1989).	  
Muta>ons	  in	  eight	  
genes-‐sdc-‐1,	  sdc-‐2,	  sdc-‐3,	  dpy-‐21,	  dpy-‐26,	  
dpy-‐27,	  dpy-‐28,	  and	  dpy-‐30	  reduced	  the	  
viability	  of	  XX	  but	  not	  XO	  
animals.	  All	  muta>ons	  disrupted	  dosage	  
compensa>on,	  causing	  a	  two-‐fold	  eleva>on	  in	  
X-‐linked	  transcript	  levels	  in	  
XX	  but	  not	  XO	  animals	  (DeLong	  et	  al.,	  1993;	  
Hsu	  and	  Meyer,	  1994;	  Meyer	  and	  Casson,	  
1986;	  Nusbaum	  and	  
Meyer,	  1989;	  Villeneuve	  and	  Meyer,	  1987).	  XX	  
animals	  that	  escape	  lethality	  have	  a	  dumpy	  
(Dpy)	  phenotype	  caused	  
by	  the	  over	  expression	  of	  X-‐linked	  genes.	  The	  
specific	  X-‐linked	  genes	  that	  contribute	  to	  this	  
phenotype	  have	  not	  
been	  determined.	  

Sex Determination and Dosage Compensation in Caenorhabditis elegans 
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Dosage Compensation in Caenorhabditis elegans 

Duckett (1979)	  

Meyer BJ, Casson LP: Caenorhabditis elegans compensates for the difference in X chromosome dosage between the sexes 
by regulating transcript levels. Cell 1986, 47:871-881.

•  Dosage compensation is achieved by a protein complex that binds both X chromosomes 
of hermaphrodites to reduce transcript levels by one-half. 

The	  discovery	  of	  sex-‐specific	  lethal	  muta>ons	  
that	  preferen>ally	  killed	  XX	  hermaphrodites	  
was	  pivotal	  for	  the	  
iden>fica>on	  of	  dosage	  compensa>on	  genes	  
(Hodgkin,	  1983;	  Plenefisch	  et	  al.,	  1989).	  
Muta>ons	  in	  eight	  
genes-‐sdc-‐1,	  sdc-‐2,	  sdc-‐3,	  dpy-‐21,	  dpy-‐26,	  
dpy-‐27,	  dpy-‐28,	  and	  dpy-‐30	  reduced	  the	  
viability	  of	  XX	  but	  not	  XO	  
animals.	  All	  muta>ons	  disrupted	  dosage	  
compensa>on,	  causing	  a	  two-‐fold	  eleva>on	  in	  
X-‐linked	  transcript	  levels	  in	  
XX	  but	  not	  XO	  animals	  (DeLong	  et	  al.,	  1993;	  
Hsu	  and	  Meyer,	  1994;	  Meyer	  and	  Casson,	  
1986;	  Nusbaum	  and	  
Meyer,	  1989;	  Villeneuve	  and	  Meyer,	  1987).	  XX	  
animals	  that	  escape	  lethality	  have	  a	  dumpy	  
(Dpy)	  phenotype	  caused	  
by	  the	  over	  expression	  of	  X-‐linked	  genes.	  The	  
specific	  X-‐linked	  genes	  that	  contribute	  to	  this	  
phenotype	  have	  not	  
been	  determined.	  

Barbara	  J.	  Meyer	  (WormBook,	  2005)	  
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Dosage Compensation in Caenorhabditis elegans 

Duckett (1979)	  

•  Dosage compensation is achieved by a protein complex that binds both X chromosomes 
of hermaphrodites to reduce transcript levels by one-half. 

•  The dosage compensation complex resembles the conserved 13S condensin complex 
required for both mitotic and meiotic chromosome resolution and condensation

•  => recruitment of ancient proteins to the new task of regulating gene expression.
•  Targeting of DCC to the X is via small DNA elements that act as entry sites to recruit the 

DCC and to nucleate spreading of the complex to X regions that lack recruitment sites

The	  discovery	  of	  sex-‐specific	  lethal	  muta>ons	  
that	  preferen>ally	  killed	  XX	  hermaphrodites	  
was	  pivotal	  for	  the	  
iden>fica>on	  of	  dosage	  compensa>on	  genes	  
(Hodgkin,	  1983;	  Plenefisch	  et	  al.,	  1989).	  
Muta>ons	  in	  eight	  
genes-‐sdc-‐1,	  sdc-‐2,	  sdc-‐3,	  dpy-‐21,	  dpy-‐26,	  
dpy-‐27,	  dpy-‐28,	  and	  dpy-‐30	  reduced	  the	  
viability	  of	  XX	  but	  not	  XO	  
animals.	  All	  muta>ons	  disrupted	  dosage	  
compensa>on,	  causing	  a	  two-‐fold	  eleva>on	  in	  
X-‐linked	  transcript	  levels	  in	  
XX	  but	  not	  XO	  animals	  (DeLong	  et	  al.,	  1993;	  
Hsu	  and	  Meyer,	  1994;	  Meyer	  and	  Casson,	  
1986;	  Nusbaum	  and	  
Meyer,	  1989;	  Villeneuve	  and	  Meyer,	  1987).	  XX	  
animals	  that	  escape	  lethality	  have	  a	  dumpy	  
(Dpy)	  phenotype	  caused	  
by	  the	  over	  expression	  of	  X-‐linked	  genes.	  The	  
specific	  X-‐linked	  genes	  that	  contribute	  to	  this	  
phenotype	  have	  not	  
been	  determined.	  

Barbara	  J.	  Meyer	  (WormBook,	  2005)	  
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Duckett (1979)	  

(B)	  The	  dosage	  compensa>on	  
complex	  localizes	  to	  both	  X	  chromosomes	  of	  hermaphrodites.	  Shown	  
is	  a	  mul>-‐cell	  embryo	  stained	  with	  the	  DNA	  intercala>ng	  dye	  DAPI	  
(blue)	  and	  an	  
an>body	  to	  the	  dosage	  compensa>on	  protein	  SDC-‐2	  (red).	  (C)	  The	  C.	  
elegans.	  mito>c/meio>c	  condensin	  complex	  co-‐localizes	  with	  
centromere	  proteins	  on	  
the	  holocentric	  mito>c	  chromosomes.	  Shown	  is	  a	  two-‐celled	  embryo	  
stained	  with	  the	  DNA	  dye	  DAPI	  (red)	  and	  an>bodies	  to	  SMC-‐4	  (green)	  
and	  to	  tubulin	  
(blue).	  One	  cell	  (leq)	  is	  in	  metaphase,	  and	  the	  other	  (right)	  is	  in	  
prometaphase,	  where	  individual	  condensed	  chromosomes	  are	  readily	  
apparent,	  and	  the	  
centromeres	  appear	  as	  parallel	  tracts	  on	  the	  poleward	  sides	  of	  the	  
sister	  chroma>ds.	  (D)	  Once	  bound	  to	  X	  chromosomes,	  the	  dosage	  
compensa>on	  complex	  
remains	  localized	  to	  X	  throughout	  the	  cell	  cycle.	  Shown	  is	  an	  XX	  L1	  
larva	  stained	  with	  an	  an>body	  to	  the	  dosage	  compensa>on	  protein	  
DPY-‐26	  (green)	  
and	  one	  to	  histone	  H3	  phosphorylated	  on	  serine	  10	  (red),	  which	  
associates	  only	  with	  mito>c	  chromosomes.	  DPY-‐26	  is	  bound	  to	  both	  X	  
chromosomes	  of	  
the	  two	  mito>c	  larval	  cells.	  (E)	  The	  C.	  elegans.	  mito>c/meio>c	  
condensin	  complex	  localizes	  to	  meio>c	  chromosomes	  in	  diplotene/
diakinesis.	  Shown	  is	  
MIX-‐1(green)	  co-‐localized	  with	  wild-‐type	  diakinesis	  bivalents	  
counterstained	  with	  DAPI	  (red).	  

DCC	  (DPY-‐26)	  on	  both	  Xs	  in	  mito>c	  Larval	  cells	  	  

DCC	  (SDC-‐2)	  on	  both	  Xs	  in	  early	  embryos	  

•  SDC-2 is expressed at around 40-cell stage
•  It confers chromosome-specificity to dosage 

compensation and also hermaphrodite-specificity (by 
repressing the her1 male sex-determining gene).

•  sdc-2 is repressed in males by the male-specific gene 
xol-1, the master sex-determination switch gene and 
direct target of the primary sex-determination signal 

When xol-1 is active (in XO embryos), male 
development ensues; when xol-1 is inactive (in 
XX embryos) hermaphrodite development 
ensues, including the activation of dosage 
compensation (Rhind et al., 1995).

A	  set	  of	  X-‐linked	  genes	  called	  X	  Signal	  Elements	  
(XSEs)	  communicate	  X-‐chromosome	  dose	  by	  
repressing	  xol-‐1	  in	  a	  dose-‐dependent	  manner.	  These	  
XSEs	  include	  the	  nuclear	  receptor	  SEX-‐1	  and	  the	  RNA	  
binding	  protein	  FOX-‐1	  (Akerib	  and	  Meyer,	  1994;	  
Carmi	  et	  al.,	  1998;	  Carmi	  and	  Meyer,	  1999;	  Hodgkin	  
et	  al.,	  1994;	  Nicoll	  et	  al.,	  1997;	  Skipper	  et	  al.,	  1999).	  
XSEs	  act	  cumula>vely	  to	  inhibit	  xol-‐1	  by	  two	  different	  
mechanisms,	  transcrip>onal	  repression	  and	  
obstruc>on	  of	  proper	  pre-‐mRNA	  splicing.	  	  
	  
The	  autosomal	  component	  of	  the	  X:A	  signal	  includes	  
a	  set	  of	  dose-‐sensi>ve	  genes	  on	  autosomes	  called	  
Autosomal-‐signal	  elements	  (ASE)	  that	  communicate	  
the	  poidy.	  xol-‐1	  is	  ac>vated	  by	  this	  set	  of	  dose-‐
sensi>ve	  ASEs,	  which	  include	  the	  T-‐box	  protein	  SEA-‐1	  
(Powell	  et	  al.,	  2005)	  and	  the	  zinc	  finger	  protein	  SEA-‐2	  
(P.	  Nix	  and	  B.	  Meyer,	  unpublished).	  In	  XX	  animals,	  
the	  double	  dose	  of	  XSEs	  opposes	  the	  double	  dose	  of	  
ASEs,	  causing	  xol-‐1	  to	  be	  repressed.	  The	  mechanism	  
by	  which	  this	  process	  occurs	  is	  not	  yet	  known.	  In	  XO	  
animals,	  the	  single	  dose	  of	  XSEs	  cannot	  oppose	  the	  
double	  dose	  of	  ASEs,	  allowing	  xol-‐1	  to	  be	  ac>ve	  	  

SDC-‐2	  ac>vates	  hermaphrodite	  sexual	  
development	  by	  binding	  directly	  to	  regulatory	  
regions	  of	  the	  male	  sex-‐determina>on	  gene	  
her-‐1,	  repressing	  its	  transcrip>on	  20-‐fold,	  
thereby	  direc>ng	  the	  sex	  determina>on	  
pathway	  to	  the	  hermaphrodite	  mode	  (Dawes	  
et	  al.,	  1999).	  SDC-‐2	  thus	  acts	  both	  as	  a	  strong	  
gene-‐specific	  repressor	  and	  a	  weaker	  
chromosome-‐wide	  repressor.	  

Barbara	  J.	  Meyer	  (WormBook,	  2005)	  
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The	  discovery	  of	  sex-‐specific	  lethal	  muta>ons	  
that	  preferen>ally	  killed	  XX	  hermaphrodites	  
was	  pivotal	  for	  the	  
iden>fica>on	  of	  dosage	  compensa>on	  genes	  
(Hodgkin,	  1983;	  Plenefisch	  et	  al.,	  1989).	  
Muta>ons	  in	  eight	  
genes-‐sdc-‐1,	  sdc-‐2,	  sdc-‐3,	  dpy-‐21,	  dpy-‐26,	  
dpy-‐27,	  dpy-‐28,	  and	  dpy-‐30	  reduced	  the	  
viability	  of	  XX	  but	  not	  XO	  
animals.	  All	  muta>ons	  disrupted	  dosage	  
compensa>on,	  causing	  a	  two-‐fold	  eleva>on	  in	  
X-‐linked	  transcript	  levels	  in	  
XX	  but	  not	  XO	  animals	  (DeLong	  et	  al.,	  1993;	  
Hsu	  and	  Meyer,	  1994;	  Meyer	  and	  Casson,	  
1986;	  Nusbaum	  and	  
Meyer,	  1989;	  Villeneuve	  and	  Meyer,	  1987).	  XX	  
animals	  that	  escape	  lethality	  have	  a	  dumpy	  
(Dpy)	  phenotype	  caused	  
by	  the	  over	  expression	  of	  X-‐linked	  genes.	  The	  
specific	  X-‐linked	  genes	  that	  contribute	  to	  this	  
phenotype	  have	  not	  
been	  determined.	  

DCC	  (DPY-‐26)	  on	  both	  Xs	  in	  mito>c	  Larval	  cells	  	  

DCC	  (SDC-‐2)	  on	  both	  Xs	  in	  early	  embryos	  

The X chromosome harbors 
multiple X-recognition elements 
(rex sites) that distinguish it from 
autosomes to recruit the DCC. 
The complex binds to rex 
elements on both hermaphrodite 
X chromosomes and then 
spreads in cis to neighboring X 
regions that lack recruitment 
sites, thus establishing X-
chromosome-wide repression 
that is maintained throughout the 
lifetime of the animal. 

Strome	  et	  al,	  CSH,	  2014	  

Rex	  site	  

Rex	  site	  
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Dosage Compensation in Caenorhabditis elegans 

Duckett (1979)	  

The	  discovery	  of	  sex-‐specific	  lethal	  muta>ons	  
that	  preferen>ally	  killed	  XX	  hermaphrodites	  
was	  pivotal	  for	  the	  
iden>fica>on	  of	  dosage	  compensa>on	  genes	  
(Hodgkin,	  1983;	  Plenefisch	  et	  al.,	  1989).	  
Muta>ons	  in	  eight	  
genes-‐sdc-‐1,	  sdc-‐2,	  sdc-‐3,	  dpy-‐21,	  dpy-‐26,	  
dpy-‐27,	  dpy-‐28,	  and	  dpy-‐30	  reduced	  the	  
viability	  of	  XX	  but	  not	  XO	  
animals.	  All	  muta>ons	  disrupted	  dosage	  
compensa>on,	  causing	  a	  two-‐fold	  eleva>on	  in	  
X-‐linked	  transcript	  levels	  in	  
XX	  but	  not	  XO	  animals	  (DeLong	  et	  al.,	  1993;	  
Hsu	  and	  Meyer,	  1994;	  Meyer	  and	  Casson,	  
1986;	  Nusbaum	  and	  
Meyer,	  1989;	  Villeneuve	  and	  Meyer,	  1987).	  XX	  
animals	  that	  escape	  lethality	  have	  a	  dumpy	  
(Dpy)	  phenotype	  caused	  
by	  the	  over	  expression	  of	  X-‐linked	  genes.	  The	  
specific	  X-‐linked	  genes	  that	  contribute	  to	  this	  
phenotype	  have	  not	  
been	  determined.	  

(B)	  The	  dosage	  compensa>on	  
complex	  localizes	  to	  both	  X	  chromosomes	  of	  hermaphrodites.	  Shown	  
is	  a	  mul>-‐cell	  embryo	  stained	  with	  the	  DNA	  intercala>ng	  dye	  DAPI	  
(blue)	  and	  an	  
an>body	  to	  the	  dosage	  compensa>on	  protein	  SDC-‐2	  (red).	  (C)	  The	  C.	  
elegans.	  mito>c/meio>c	  condensin	  complex	  co-‐localizes	  with	  
centromere	  proteins	  on	  
the	  holocentric	  mito>c	  chromosomes.	  Shown	  is	  a	  two-‐celled	  embryo	  
stained	  with	  the	  DNA	  dye	  DAPI	  (red)	  and	  an>bodies	  to	  SMC-‐4	  (green)	  
and	  to	  tubulin	  
(blue).	  One	  cell	  (leq)	  is	  in	  metaphase,	  and	  the	  other	  (right)	  is	  in	  
prometaphase,	  where	  individual	  condensed	  chromosomes	  are	  readily	  
apparent,	  and	  the	  
centromeres	  appear	  as	  parallel	  tracts	  on	  the	  poleward	  sides	  of	  the	  
sister	  chroma>ds.	  (D)	  Once	  bound	  to	  X	  chromosomes,	  the	  dosage	  
compensa>on	  complex	  
remains	  localized	  to	  X	  throughout	  the	  cell	  cycle.	  Shown	  is	  an	  XX	  L1	  
larva	  stained	  with	  an	  an>body	  to	  the	  dosage	  compensa>on	  protein	  
DPY-‐26	  (green)	  
and	  one	  to	  histone	  H3	  phosphorylated	  on	  serine	  10	  (red),	  which	  
associates	  only	  with	  mito>c	  chromosomes.	  DPY-‐26	  is	  bound	  to	  both	  X	  
chromosomes	  of	  
the	  two	  mito>c	  larval	  cells.	  (E)	  The	  C.	  elegans.	  mito>c/meio>c	  
condensin	  complex	  localizes	  to	  meio>c	  chromosomes	  in	  diplotene/
diakinesis.	  Shown	  is	  
MIX-‐1(green)	  co-‐localized	  with	  wild-‐type	  diakinesis	  bivalents	  
counterstained	  with	  DAPI	  (red).	  

DCC	  (DPY-‐26)	  on	  both	  Xs	  in	  mito>c	  Larval	  cells	  	  

DCC	  (SDC-‐2)	  on	  both	  Xs	  in	  early	  embryos	  

Barbara	  J.	  Meyer	  (WormBook,	  2005)	  

Organisation of the dosage compensated X?
(NEXT WEEK)



Stochas>c	  monoallelic	  expression?	  
Clonal	  propaga>on	  of	  monoallelic	  state?	  

or	   or	  

Sex Chromosome Dosage Compensation

E. Heard, January 29th, 2018 

Globally dosage is compensated between the sexes
in three best studies model organisms
(although by very different strategies)

Sex-biased gene expression is present 
(as expected in sex tissues– but also in other tissues)

(More in coming Weeks!)
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Precise	  adjustment	  of	  X-‐linked	  gene	  expression	  requires	  a	  combina>on	  of	  systems	  for	  
enhancement	  and	  suppression	  of	  expression.	  	  
In	  Drosophila,	  up-‐regula>on	  of	  the	  male	  X	  chromo-‐some	  is	  achieved	  by	  recruitment	  of	  the	  
MSL	  complex	  to	  increase	  levels	  of	  H4K16	  acetyla>on	  and	  open	  chroma>n,	  which	  results	  in	  
increased	  transcrip>on	  ini>a>on	  and	  elonga>on	  (Fig.	  1)	  [74].	  
Recruitment	  of	  the	  MSL	  complex	  to	  the	  male	  X	  is	  mediated	  by	  a	  2–4	  fold	  enrichment	  in	  
specific	  binding	  mo>fs.	  Heterochroma>n	  elements	  counteract	  chroma>n	  unfolding	  to	  
achieve	  a	  precise	  doubling	  in	  gene	  expression	  [112].	  	  
An	  alterna>ve	  hypothesis	  proposed	  by	  Birchler	  who	  examined	  MSL	  mutants	  is	  that	  the	  
X:autosome	  balance	  in	  Drosophila	  depends	  on	  genome-‐wide	  adjustments	  of	  gene	  
expression.	  This	  is	  the	  so-‐called	  inverse-‐hypothesis	  [113,114].	  	  
In	  C.elegans,	  X	  up-‐regula>on	  is	  associated	  with	  visible	  de-‐condensa>on	  of	  the	  ac>ve	  X	  
together	  with	  increased	  levels	  of	  H4K16	  acetyla>on[115].	  
In	  mammals,	  genes	  on	  the	  ac>ve	  X	  chromosome	  are	  dis>nguishable	  from	  autosomal	  genes	  
in	  several	  respects.	  
We	  and	  others	  have	  shown	  an	  average	  of	  30%	  enrichment	  in	  RNA	  polymerase	  Ii	  ^	  the	  5end	  
of	  expressed	  X-‐linked	  genes	  compared	  to	  autosomal	  genes,	  sugges>ng	  increased	  ini>a>on	  of	  
transcrip>on	  (Fig.	  1)[84,106,116].	  	  
In	  addi>on,	  a	  subset	  of	  X-‐linked	  genes	  is	  sensi>ve	  to	  MOF,	  the	  acetyltransferase	  that	  
modifies	  H4K16	  [106].	  	  
Reduced	  RNA	  decay	  at	  X-‐linked	  versus	  autosomal	  transcripts	  is	  also	  evident	  and	  X-‐linked	  
transcripts	  have	  a	  longer	  half-‐life	  (Fig.	  1)	  [106,117].	  
A	  new	  analysis	  further	  confirms	  increased	  mRNA	  stability	  and	  also	  demonstrates	  a	  greater	  
number	  of	  ribosomes	  on	  X-‐linked	  genesthan	  on	  autosomal	  genes,	  indica>ng	  a	  higher	  rate	  of	  
transla>on(Fig.	  1)	  [118].	  Manipula>on	  of	  mRNA	  stability	  causes	  a	  greaterdecrease	  in	  X-‐linked	  
than	  autosomal	  transcripts,	  but	  the	  stabil-‐ity	  of	  X-‐linked	  transcripts	  does	  not	  appear	  to	  be	  
related	  to	  poly-‐Atail	  length,	  GC	  and	  GC3	  contents,	  or	  any	  detected	  3UTR	  sequencefeatures	  
[118].	  Control	  of	  ribosome	  transloca>on	  for	  polypep>deelonga>on,	  which	  is	  influenced	  by	  
rela>ve	  abundance	  of	  tRNAs,is	  another	  poten>al	  regulatory	  mechanism	  that	  has	  not	  been	  
fullyevaluated	  in	  terms	  of	  X	  chromosome	  regula>on	  [119].Thus,	  several	  mechanisms	  have	  
been	  demonstrated	  tha>ncrease	  transcrip>on,	  RNA	  stability,	  and	  transla>on	  of	  X-‐
linkedgenes	  (Fig.	  1).	  Addi>onal	  studies	  are	  needed	  to	  fully	  characterizethese	  processes,	  for	  
example	  in	  terms	  of	  regulatory	  mo>fs	  to	  helpunderstand	  targe>ng	  of	  molecular	  changes	  to	  
the	  X	  chromosome.In	  contrast	  to	  mammals,	  Drosophila	  X-‐linked	  genes	  have	  fewer	  ribo-‐
somes	  and	  lower	  transla>onal	  rates	  than	  autosomal	  genes	  in	  males	   In	  the	  past	  3	  years,	  RNA-‐seq	  comparisons	  of	  

the	  full	  transcriptome	  of	  different	  species	  have	  
confirmed	  that,	  for	  most	  genes	  on	  the	  X	  
chromosome	  of	  primates	  and	  mice,	  the	  
female/male	  ra>o	  of	  gene	  expression	  in	  
different	  >ssues	  is	  nearly	  1.0	  (Julien	  et	  al	  2012)	  
(FIG.	  3),	  and	  this	  is	  also	  the	  case	  for	  other	  
mammals30.	  RNA	  fluorescence	  in	  situ	  
hybridiza>on	  (RNA-‐FISH),	  which	  detects	  
primary	  transcripts	  on	  individual	  cells,	  shows	  
that	  every	  cell	  is	  1	  X‑ac>ve	  for	  most	  genes	  in	  
humans,	  mice	  and	  elephants.	  
	  
Julien,	  P.	  et	  al.	  Mechanisms	  and	  evolu>onary	  
pa^erns	  of	  mammalian	  and	  avian	  dosage	  
compensa>on.	  PLoS	  Biol.	  10,	  e1001328	  (2012).	  	  
This	  paper	  presents	  a	  direct	  visualiza4on	  of	  
expression	  levels	  of	  genes	  on	  sex	  
chromosomes	  by	  analysis	  of	  transcriptomes	  
from	  males	  and	  females	  of	  major	  mammalian	  
and	  bird	  lineages.	  	  

Technical challenges in 
detecting dosage 
compensation
RNA-sequencing 

Predicts an average 
X:A ratio of 1 in 
both sexes

Predicts an 
equalisation  of X-
linked gene 
expression between 
the sexes
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Dosage	  compensa4on	  of	  genes	  on	  X	  or	  Z	  
chromosomes	  in	  mammals,	  birds,	  rep4les	  and	  
fish.	  a	  |	  The	  frequency	  of	  genes	  with	  varying	  
male	  (m)/female	  (f)	  ra>os	  of	  expression	  is	  
expressed	  logarithmically	  (a	  zero	  ra>o,	  which	  
denotes	  equal	  expression,	  is	  represented	  by	  a	  
dashed	  ver>cal	  line).	  Blue	  lines	  denote	  the	  
male/female	  ra>o	  for	  genes	  on	  autosomes	  (for	  
snakes,	  macrochromosomes	  1–5	  are	  plo^ed	  
separately),	  and	  red	  lines	  denote	  the	  male/
female	  ra>o	  for	  sex	  chromosomes	  (X	  for	  
mammals,	  and	  Z	  for	  birds,	  snakes	  and	  fish).	  
Dosage	  compensa>on	  is	  almost	  complete	  for	  
the	  mammalian	  X	  chromosome,	  par>al	  for	  the	  
bird,	  ra^lesnake	  and	  sole	  Z	  chromosome,	  and	  
absent	  for	  the	  undifferen>ated	  boa	  Z	  
chromosome.	  b	  |	  Pa^erns	  of	  dosage	  
compensa>on	  of	  genes	  arrayed	  along	  the	  Z	  
chromosomes	  in	  birds,	  rep>les	  and	  fish,	  
expressed	  logarithmically	  (the	  horizontal	  zero	  
line	  denotes	  equal	  expression),	  except	  for	  
birds	  (for	  which	  dosage	  compensa>on	  is	  
expressed	  as	  a	  linear	  ra>o	  with	  1	  deno>ng	  
equal	  expression).	  The	  dosage	  valley	  in	  the	  
chicken	  Z	  chromosome	  (which	  contains	  the	  
Male	  HyperMethylated	  (MHM)	  region)	  and	  the	  
small	  dosage-‐compensated	  region	  on	  the	  sole	  
Z	  chromosome	  (which	  has	  a	  marked	  increase	  
in	  methylated	  cytosines)	  are	  marked	  with	  
boxes.	  P	  	  

Molecular Evidence for Dosage Compensation?

High-‐throughput	  sequencing	  of	  
cDNA	  generated	  by	  reverse	  

transcrip>on	  of	  female	  and	  male	  
RNA	  (RNA-‐seq).	  The	  number	  of	  
sequence	  reads	  corresponding	  to	  
each	  gene	  is	  used	  to	  es>mate	  its	  
expression	  level	  in	  each	  sex.	  

	  

Compara>ve	  hybridiza>on	  of	  
labeled	  female	  (red	  )	  and	  

male	  (	  green)	  cDNA	  
generated	  by	  reverse	  

transcrip>on	  of	  RNA.	  The	  
microarray	  contains	  

thousands	  of	  spots	  of	  DNA	  
corresponding	  to	  each	  gene	  
in	  the	  genome.	  The	  intensity	  
of	  the	  hybridiza>on	  signal	  for	  
each	  color	  is	  used	  to	  es>mate	  
the	  expression	  level	  of	  a	  gene	  
in	  each	  sex.	  Spots	  with	  equal	  
expression	  in	  the	  two	  sexes	  

appear	  yellow.	  	  

RNA	  expression	  (from	  both	  copies)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

RNA	  expression	  (from	  one	  copy)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
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How widespread is Dosage Compensation between the Sexes?
Precise	  adjustment	  of	  X-‐linked	  gene	  expression	  requires	  a	  combina>on	  of	  systems	  for	  
enhancement	  and	  suppression	  of	  expression.	  	  
In	  Drosophila,	  up-‐regula>on	  of	  the	  male	  X	  chromo-‐some	  is	  achieved	  by	  recruitment	  of	  the	  
MSL	  complex	  to	  increase	  levels	  of	  H4K16	  acetyla>on	  and	  open	  chroma>n,	  which	  results	  in	  
increased	  transcrip>on	  ini>a>on	  and	  elonga>on	  (Fig.	  1)	  [74].	  
Recruitment	  of	  the	  MSL	  complex	  to	  the	  male	  X	  is	  mediated	  by	  a	  2–4	  fold	  enrichment	  in	  
specific	  binding	  mo>fs.	  Heterochroma>n	  elements	  counteract	  chroma>n	  unfolding	  to	  
achieve	  a	  precise	  doubling	  in	  gene	  expression	  [112].	  	  
An	  alterna>ve	  hypothesis	  proposed	  by	  Birchler	  who	  examined	  MSL	  mutants	  is	  that	  the	  
X:autosome	  balance	  in	  Drosophila	  depends	  on	  genome-‐wide	  adjustments	  of	  gene	  
expression.	  This	  is	  the	  so-‐called	  inverse-‐hypothesis	  [113,114].	  	  
In	  C.elegans,	  X	  up-‐regula>on	  is	  associated	  with	  visible	  de-‐condensa>on	  of	  the	  ac>ve	  X	  
together	  with	  increased	  levels	  of	  H4K16	  acetyla>on[115].	  
In	  mammals,	  genes	  on	  the	  ac>ve	  X	  chromosome	  are	  dis>nguishable	  from	  autosomal	  genes	  
in	  several	  respects.	  
We	  and	  others	  have	  shown	  an	  average	  of	  30%	  enrichment	  in	  RNA	  polymerase	  Ii	  ^	  the	  5end	  
of	  expressed	  X-‐linked	  genes	  compared	  to	  autosomal	  genes,	  sugges>ng	  increased	  ini>a>on	  of	  
transcrip>on	  (Fig.	  1)[84,106,116].	  	  
In	  addi>on,	  a	  subset	  of	  X-‐linked	  genes	  is	  sensi>ve	  to	  MOF,	  the	  acetyltransferase	  that	  
modifies	  H4K16	  [106].	  	  
Reduced	  RNA	  decay	  at	  X-‐linked	  versus	  autosomal	  transcripts	  is	  also	  evident	  and	  X-‐linked	  
transcripts	  have	  a	  longer	  half-‐life	  (Fig.	  1)	  [106,117].	  
A	  new	  analysis	  further	  confirms	  increased	  mRNA	  stability	  and	  also	  demonstrates	  a	  greater	  
number	  of	  ribosomes	  on	  X-‐linked	  genesthan	  on	  autosomal	  genes,	  indica>ng	  a	  higher	  rate	  of	  
transla>on(Fig.	  1)	  [118].	  Manipula>on	  of	  mRNA	  stability	  causes	  a	  greaterdecrease	  in	  X-‐linked	  
than	  autosomal	  transcripts,	  but	  the	  stabil-‐ity	  of	  X-‐linked	  transcripts	  does	  not	  appear	  to	  be	  
related	  to	  poly-‐Atail	  length,	  GC	  and	  GC3	  contents,	  or	  any	  detected	  3UTR	  sequencefeatures	  
[118].	  Control	  of	  ribosome	  transloca>on	  for	  polypep>deelonga>on,	  which	  is	  influenced	  by	  
rela>ve	  abundance	  of	  tRNAs,is	  another	  poten>al	  regulatory	  mechanism	  that	  has	  not	  been	  
fullyevaluated	  in	  terms	  of	  X	  chromosome	  regula>on	  [119].Thus,	  several	  mechanisms	  have	  
been	  demonstrated	  tha>ncrease	  transcrip>on,	  RNA	  stability,	  and	  transla>on	  of	  X-‐
linkedgenes	  (Fig.	  1).	  Addi>onal	  studies	  are	  needed	  to	  fully	  characterizethese	  processes,	  for	  
example	  in	  terms	  of	  regulatory	  mo>fs	  to	  helpunderstand	  targe>ng	  of	  molecular	  changes	  to	  
the	  X	  chromosome.In	  contrast	  to	  mammals,	  Drosophila	  X-‐linked	  genes	  have	  fewer	  ribo-‐
somes	  and	  lower	  transla>onal	  rates	  than	  autosomal	  genes	  in	  males	  

In	  the	  past	  3	  years,	  RNA-‐seq	  comparisons	  of	  
the	  full	  transcriptome	  of	  different	  species	  have	  
confirmed	  that,	  for	  most	  genes	  on	  the	  X	  
chromosome	  of	  primates	  and	  mice,	  the	  
female/male	  ra>o	  of	  gene	  expression	  in	  
different	  >ssues	  is	  nearly	  1.0	  (Julien	  et	  al	  2012)	  
(FIG.	  3),	  and	  this	  is	  also	  the	  case	  for	  other	  
mammals30.	  RNA	  fluorescence	  in	  situ	  
hybridiza>on	  (RNA-‐FISH),	  which	  detects	  
primary	  transcripts	  on	  individual	  cells,	  shows	  
that	  every	  cell	  is	  1	  X‑ac>ve	  for	  most	  genes	  in	  
humans,	  mice	  and	  elephants.	  
	  
Julien,	  P.	  et	  al.	  Mechanisms	  and	  evolu>onary	  
pa^erns	  of	  mammalian	  and	  avian	  dosage	  
compensa>on.	  PLoS	  Biol.	  10,	  e1001328	  (2012).	  	  
This	  paper	  presents	  a	  direct	  visualiza4on	  of	  
expression	  levels	  of	  genes	  on	  sex	  
chromosomes	  by	  analysis	  of	  transcriptomes	  
from	  males	  and	  females	  of	  major	  mammalian	  
and	  bird	  lineages.	  	  

Predicts an average X:A 
ratio of 1 in both sexes

Predicts an equalisation  of X-
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between the sexes

Graves JA, Nature Reviews Genetics, 2016

Dosage	  compensa4on	  of	  genes	  on	  X	  or	  Z	  
chromosomes	  in	  mammals,	  birds,	  rep4les	  and	  
fish.	  a	  |	  The	  frequency	  of	  genes	  with	  varying	  
male	  (m)/female	  (f)	  ra>os	  of	  expression	  is	  
expressed	  logarithmically	  (a	  zero	  ra>o,	  which	  
denotes	  equal	  expression,	  is	  represented	  by	  a	  
dashed	  ver>cal	  line).	  Blue	  lines	  denote	  the	  
male/female	  ra>o	  for	  genes	  on	  autosomes	  (for	  
snakes,	  macrochromosomes	  1–5	  are	  plo^ed	  
separately),	  and	  red	  lines	  denote	  the	  male/
female	  ra>o	  for	  sex	  chromosomes	  (X	  for	  
mammals,	  and	  Z	  for	  birds,	  snakes	  and	  fish).	  
Dosage	  compensa>on	  is	  almost	  complete	  for	  
the	  mammalian	  X	  chromosome,	  par>al	  for	  the	  
bird,	  ra^lesnake	  and	  sole	  Z	  chromosome,	  and	  
absent	  for	  the	  undifferen>ated	  boa	  Z	  
chromosome.	  b	  |	  Pa^erns	  of	  dosage	  
compensa>on	  of	  genes	  arrayed	  along	  the	  Z	  
chromosomes	  in	  birds,	  rep>les	  and	  fish,	  
expressed	  logarithmically	  (the	  horizontal	  zero	  
line	  denotes	  equal	  expression),	  except	  for	  
birds	  (for	  which	  dosage	  compensa>on	  is	  
expressed	  as	  a	  linear	  ra>o	  with	  1	  deno>ng	  
equal	  expression).	  The	  dosage	  valley	  in	  the	  
chicken	  Z	  chromosome	  (which	  contains	  the	  
Male	  HyperMethylated	  (MHM)	  region)	  and	  the	  
small	  dosage-‐compensated	  region	  on	  the	  sole	  
Z	  chromosome	  (which	  has	  a	  marked	  increase	  
in	  methylated	  cytosines)	  are	  marked	  with	  
boxes.	  P	  	  

The frequency of genes with varying 
male (m)/female (f) ratios of 
expression is shown logarithmically 

Zero ratio, denotes equal expression, 
represented by a dashed vertical line

Blue lines denote the male/female 
ratio for genes on autosomes 

Red lines denote the male/female 
ratio for sex chromosomes (X or Z)

Dosage compensation between the sexes is almost complete 
for the mammalian X chromosome, partial for the bird, 
rattlesnake and sole Z chromosome, and absent for the 

undifferentiated boa Z chromosome.

Boa	   Ra^lesnake	  

XX/XY	  
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Chromosome-wide Dosage Compensation may be the 
exception rather than the rule…

Ohno's hypothesis may be true for a few, dosage-sensitive genes 
only. If so few genes are compensated, then why has XCI evolved 

as a chromosome-wide mechanism? 
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The	  evolu>on	  of	  dosage	  compensa>on	  in	  flies,	  
mammals	  and	  worms.	  Sex	  
chromosomes	  originated	  independently	  many	  
>mes	  from	  ordinary	  autosomes,	  and	  Y	  
degenera>on	  is	  a	  general	  facet	  of	  sex	  
chromosome	  evolu>on	  (i.e.	  muta>onal	  melt-‐
down	  
of	  genes	  and	  accumula>on	  of	  transposable	  
elements	  and	  satellite	  DNA).	  Selec>ve	  
pressure	  to	  restore	  expression	  levels	  of	  X-‐
linked	  genes	  rela>ve	  to	  autosomes	  in	  males	  
accompanies	  Y-‐chromosome	  degenera>on,	  
thus	  driving	  the	  evolu>on	  of	  dosage	  
compensa>on.	  In	  Drosophila,	  dosage	  
compensa>on	  is	  achieved	  by	  up-‐regula>on	  of	  
Xlinked	  
genes	  in	  males	  only,	  and	  no	  further	  
modifica>on	  of	  X-‐linked	  expression	  is	  
necessary.	  In	  mammals	  and	  C.	  elegans,	  the	  X	  
has	  become	  up-‐regulated	  in	  both	  sexes.	  
While	  this	  ensures	  proper	  expression	  balance	  
between	  X-‐linked	  and	  autosomal	  genes	  in	  
males,	  the	  X	  will	  be	  over-‐transcribed	  in	  
females,	  and	  secondary	  mechanisms	  have	  
evolved	  to	  restore	  proper	  gene	  dose	  in	  
females.	  In	  mammals,	  one	  X-‐chromosome	  has	  
become	  completely	  inac>vated,	  while	  
Caenorhabdi>s	  halves	  expression	  from	  both	  of	  
its	  
X	  chromosomes	  in	  hermaphrodites	  

Evolution of dosage compensation revisited 6.	  Dosage	  compensa4on	  between	  sex	  chromosomes	  and	  autosomes	  
Balanced	  expression	  between	  X/Z-‐linked	  and	  autosomal	  genescan	  be	  a^ained	  by	  
increasing	  X/Z	  expression	  or	  by	  decreasing	  auto-‐somal	  expression	  in	  the	  
heterogame>c	  sex.	  X	  upregula>on	  is	  bestdocumented	  in	  Drosophila	  males	  to	  
increase	  expression	  of	  a	  largepor>on	  of	  genes	  [74].	  In	  organisms	  where	  dosage	  
adjustment	  is	  sex-‐specific	  –	  as	  in	  Drosophila	  –	  there	  would	  be	  no	  need	  for	  
adjustmen>n	  the	  homogame>c	  sex.	  However,	  in	  systems	  in	  which	  X/Z	  expres-‐sion	  is	  
increased	  rela>ve	  to	  autosomal	  expression	  in	  both	  sexes,there	  would	  be	  a	  need	  to	  
reduce	  expression	  in	  the	  homogame>csex.	  This	  is	  achieved	  by	  X	  inac>va>on	  in	  
mammals,	  or	  X	  repres-‐sion	  in	  Caenorhabdi>s	  elegans.	  These	  repressive	  systems	  have	  
beenextensively	  reviewed	  in	  this	  issue	  and	  elsewhere	  [9].	  Here,	  we	  willlimit	  our	  
discussion	  to	  the	  balance	  in	  the	  heterogame>c	  sex.Ra>os	  of	  gene	  expression	  
between	  autosomes	  and	  sex	  chromosomes	  could	  result	  from	  modula>ons	  of	  either	  
sex-‐linked	  or	  autosomal	  genes	  [75,76].	  However,	  it	  is	  inherently	  difficult	  to	  measure	  
absolute	  amounts	  of	  transcripts	  in	  cells.	  Global	  studies	  of	  gene	  expression	  make	  
specific	  assump>ons	  about	  normaliza>on	  to	  the	  total	  transcriptome	  that	  may	  not	  
always	  be	  correct	  and	  lead	  to	  aberrant	  conclusions	  when	  comparing	  samples	  [77,78].	  
Co-‐isola>on	  of	  RNA	  and	  genomic	  DNA	  together	  with	  coun>ng	  the	  number	  of	  cells	  
from	  which	  the	  nucleic	  acids	  are	  extracted	  are	  helpful,	  as	  well	  as	  spiking	  reac>ons	  
with	  exogenous	  RNA.	  Almost	  no	  studies	  of	  dosage	  compensa4on	  include	  such	  
controls.	  We	  performed	  one	  study	  in	  human	  triploid	  lines	  where	  correlated	  changes	  
in	  X	  expression	  and	  number	  of	  ac>ve	  X	  chromosomes,	  but	  no	  detectable	  autosomal	  
gene	  expression	  changes,	  were	  observed	  [79].	  As	  measured	  by	  X:autosome	  
expression	  ra4os	  mammalian	  X	  upregula4on	  is	  controversial	  and	  more	  studies	  are	  
needed	  [80].Ini>al	  expression	  microarray	  studies	  supported	  the	  existence	  
ofincreased	  expression	  of	  X-‐linked	  versus	  autosomal	  genes	  in	  mul-‐>ple	  mammalian	  
species	  and	  >ssues	  [81,82].	  Subsequent	  RNA-‐seqstudies	  carried	  out	  in	  mul>ple	  
soma>c	  >ssues	  either	  disproved	  orconfirmed	  X	  upregula>on	  [83,84].	  Presence	  of	  X	  
upregula>on	  is	  based	  on	  finding	  average	  X:autosome	  expression	  ra>os	  between0.8	  
and	  1.0,	  while	  absence	  of	  X	  upregula>on	  is	  based	  on	  findinglow	  (around	  0.5)	  median	  
X:autosome	  ra>os.	  Clearly,	  X	  up-‐regula>on	  only	  operates	  on	  expressed	  genes.	  As	  we	  
have	  shown,	  low	  median	  X:autosome	  ra>os	  as	  reported	  by	  Xiong	  et	  al.	  [83]	  are	  
obtained	  insoma>c	  >ssues	  when	  all	  X-‐linked	  genes,	  whose	  expression	  distri-‐bu>on	  
comprises	  a	  long	  tail	  of	  non-‐expressed	  tes>s-‐specific	  genes,are	  included.	  When	  
tes>s-‐specific	  genes	  are	  excluded,	  X:autosomeexpression	  ra>os	  increase	  [84,85].	  
Furthermore,	  both	  the	  depth	  ofsequencing	  and	  the	  methodologies	  used	  to	  analyze	  
RNA-‐seq	  datacan	  lead	  to	  low	  expression	  medians	  [86].	  A	  recent	  analysis	  in	  mul>-‐ple	  
mouse	  strains	  confirmed	  similar	  expression	  between	  X-‐linkedand	  autosomal	  genes	  
[66].	  However,	  analyses	  of	  protein	  levels	  sug-‐gest	  absence	  of	  X	  upregula>on	  
[87].One	  study	  that	  supports	  X	  upregula>on	  addresses	  expres-‐sion	  changes	  during	  
ES	  cell	  differen>a>on	  when	  X	  inac>va>on	  takes	  place	  [88].	  	  
Undifferen>ated	  male	  and	  female	  ES	  cells	  show	  X:autosome	  expression	  ra>os	  of	  
1.4–1.6.	  Aqer	  2–3	  weeks	  of	  differen>a>on	  of	  male	  ES	  cells	  X	  upregula>on	  results	  in	  
equal	  X-‐linked	  and	  autosomal	  expression	  throughout	  the	  genome.	  In	  differen>a>ng	  
female	  ES	  cells	  gene-‐by-‐gene	  silencing	  of	  one	  allele	  results	  in	  a	  progressive	  decrease	  
in	  X	  expression	  to	  achieve	  a	  balanced	  expression	  [88].	  Another	  study	  done	  in	  haploid	  
cells	  shows	  that	  a	  highpropor>on	  (35%)	  of	  genes	  upregulated	  (in	  comparison	  to	  
diploidcells)	  are	  X-‐linked	  [89].	  In	  bovine	  blastocysts	  there	  is	  also	  evi-‐dence	  of	  
increased	  X	  expression	  in	  females	  [90].	  However,	  a	  recentstudy	  in	  human	  and	  mouse	  
mature	  oocytes	  reports	  low	  X:autosomeexpression	  ra>os	  [91]	  
	  
	  

Support for Ohno’s 
hypothesis?

As measured by X:autosome 
expression ratios, X 

chromosome up-regulation is 
still controversial…

Up-regulation may have 
evolved at the gene by gene 

level – and by different 
molecular mechanisms?

Charlesworth (1978): 
As the Y chromosome degenerates 
(Muller’s ratchet), the X must 
evolve to compensate for this loss…

Two types of sex chromosome dosage compensation (often confused with each other):
-  (1) one to balance gene expression genome-wide via changes in relative expression of X- or Z-

linked genes versus autosomal genes => critical for fitness. X/Z up-regulation??
-  (2) another, to equalise sex-linked gene expression between the sexes (XX/XY, or ZW/ZZ).
Also, in some cases, evolution of adaptive changes in expression of ancestral autosomal genes 
that evolved into sex-linked genes …

Although equality of X chromosome expression between the sexes 
has been demonstrated in flies, mammals and worms, tests for the 
doubling of expression levels globally along the X chromosome 

have returned contradictory results...
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Dosage Compensation in Drosophila: an alternative view	  

•  In addition to X-chromosome up-regulation in males, the “Inverse Hypothesis” has been  proposed 
by Birchler who examined MSL mutants and also females with multiple X chromosomes 

•  There is evidence for dosage compensation of X chromosomal genes in triple X metafemales which 
have no MSL complex (Stern, 1960)

•  Birchler has proposed that the X:autosome balance in Drosophila depends on genome-wide 
adjustments of gene expression at the autosomal level rather than just the X. Expression	  comparisons	  of	  reporter	  genes	  in	  

males	  (XY;	  AA),	  females	  (XX;	  AA),	  and	  
metafemales	  (XXX;	  AA).	  Metafemales	  with	  the	  
reporter	  genes	  were	  
obtained	  from	  the	  described	  crosses	  (Fig.	  S1).	  
(A)	  Eye	  color	  comparisons	  of	  an	  X-‐linked	  
reporter,	  M30.	  One	  copy	  of	  the	  miniwhite	  
reporter	  was	  present	  in	  males	  
(M30/Y;	  A/A)	  (Lower),	  females	  (M30/X;	  A/A)	  
(Upper	  Right),	  and	  metafemales	  (M30/X/X;	  A/
A)	  (Upper	  Leq).	  (B)	  Eye	  color	  comparisons	  of	  
an	  autosomal	  reporter,	  M9.	  
The	  homozygous	  miniwhite	  reporter	  gene	  was	  
examined	  in	  males	  (X/Y;	  M9/M9)	  (Lower),	  
females	  (X/X;	  M9/M9)	  (Upper	  Right),	  and	  
metafemales	  (X/X/X;	  M9/M9)	  
(Upper	  Leq).	  Each	  genotype	  with	  the	  reporter	  
gene	  is	  shown	  in	  the	  box,	  and	  the	  reporter	  
gene	  is	  designated	  by	  the	  yellow	  dot.	  IDE,	  
Inverse	  Dosage	  Effect.	  

expression of genes on the monosomic X 
chromosome in males is up-regulated approximately 
twofold to equal the level of the two X chromosomes 
in females in a process referred to as dosage 
compensation, which has been hypothesized to be 
accomplished by the male specific lethal (MSL) 
complex (1, 2). The protein components of this 
complex are associated with the X chromosome in 
males but not in females (1, 3–5). However, there is 
also evidence for dosage compensation of X 
chromosomal genes in triple X metafemales (6–10), 
which have no MSL complex.

Eye	  color	  comparisons	  of	  an	  X-‐
linked	  mini	  white	  reporter,	  M30	  	  

Eye	  color	  comparisons	  of	  an	  
autosomal	  mini	  white	  reporter,	  M9	  

What	  is	  this	  difference	  in	  
color	  due	  to	  in	  
Autosomes??	  

The  MSL  complex 
might have evolved to 
localize  to  the  X 
chromosome  so  as  to 
sequester  the  histone 
modifiers  MOF  and 
JIL1 kinase away from 
the autosomes to mute 
the  inverse  dosage 
effect  that  would 
otherwise occur there.

Normalization of global expression patterns should not be corrected to 
autosomal levels, given that one model to be distinguished suggests they 

are modulated, but rather to the DNA or via “per cell” methods.



Ohno's	  hypothesis	  has	  received	  renewed	  a^en>on	  in	  the	  past	  few	  years	  (reviewed	  in	  [42]).	  Evidence	  for	  X	  upregula>on	  in	  mouse	  and	  C.	  
elegans	  ini>ally	  came	  from	  the	  observa>on	  that	  in	  males,	  the	  average	  level	  of	  transcripts	  from	  the	  single	  X	  chromosome	  and	  the	  two-‐copy	  
autosomes	  are	  similar	  [43].	  In	  addi>on,	  X	  transcript	  levels	  increase	  to	  above	  autosomal	  levels	  in	  the	  absence	  of	  female-‐specific	  dosage	  
compensa>on	  in	  mouse	  [44]	  and	  C.	  elegans	  [45].	  Also	  in	  support	  of	  X-‐upregula>on	  in	  mice,	  the	  single	  X	  chromosome	  in	  males	  and	  the	  
ac>ve	  X	  chromosome	  in	  females	  have	  higher	  RNA	  Pol	  II	  recruitment	  to	  promoters	  compared	  to	  autosomes	  [46,	  47].	  Comparison	  of	  overall	  
transcrip>on	  from	  the	  X	  and	  autosomes	  is	  problema>c,	  because	  X	  chromosome	  and	  autosomal	  gene	  content	  differs	  (reviewed	  in	  [48,	  49]).	  
Therefore,	  to	  test	  Ohno's	  hypothesis,	  ideally	  one	  should	  compare	  expression	  levels	  of	  the	  ancestral	  and	  current	  X-‐linked	  genes.	  Since	  this	  is	  
not	  possible,	  expression	  of	  an	  X-‐linked	  gene	  in	  one	  species	  may	  be	  compared	  to	  a	  one-‐to-‐one	  ortholog	  that	  resides	  on	  an	  autosome	  in	  
another	  species	  (Figure	  2C).	  Using	  this	  approach,	  a	  recent	  study	  found	  that	  the	  X	  chromosome	  is	  largely	  not	  upregulated	  in	  mice	  and	  
humans	  [50].	  A	  similar	  conclusion	  was	  reached	  for	  the	  C.	  elegans	  X	  chromosome	  [51].	  
	  
How	  can	  we	  reconcile	  different	  lines	  of	  evidence	  for	  support	  and	  refusal	  of	  Ohno's	  hypothesis?	  It	  appears	  that	  X-‐upregula>on	  did	  not	  
happen	  across	  all	  the	  genes	  on	  the	  X	  chromosome.	  In	  mammals,	  dosage	  sensi>ve	  genes,	  such	  as	  those	  that	  belong	  to	  mul>-‐subunit	  protein	  
complexes	  were	  upregulated	  compared	  to	  dosage	  insensi>ve	  genes	  [52].	  This	  suggests	  that	  a	  subset	  of	  X-‐linked	  genes	  is	  upregulated.	  In	  
humans,	  an	  alterna>ve	  way	  to	  deal	  with	  decreased	  dosage	  of	  an	  X-‐linked	  gene	  may	  have	  involved	  downregula>on	  of	  autosomal	  genes	  that	  
are	  within	  the	  same	  protein-‐protein	  interac>on	  network	  [50].	  In	  C.	  elegans,	  orhologs	  of	  yeast	  haploinsufficient	  genes	  are	  depleted	  from	  the	  
X	  chromosome	  [51],	  sugges>ng	  that	  another	  way	  to	  solve	  poten>al	  haploinsufficiency	  is	  to	  move	  a	  dosage	  sensi>ve	  gene	  to	  an	  autosome.	  
Therefore,	  Ohno's	  hypothesis	  of	  X-‐upregula>on	  is	  one	  of	  many	  different	  mechanisms	  that	  counteracted	  the	  poten>al	  haploinsufficiency	  of	  
individual	  X-‐linked	  genes	  in	  males.	  

E. Heard, February 5th,  2018 

Ohno’s Hypothesis Refuted?	   Ohno’s	  hypothesis	  that	  Y	  chromosome	  
degrada4on	  drives	  upregula4on	  of	  the	  
unpaired	  region	  of	  the	  X	  chromosome	  in	  
males	  (M)	  and	  females	  (F)	  and	  is	  countered	  by	  
X	  chromosome	  inac4va4on	  in	  females.	  A	  
proto‑Y	  chromosome	  is	  defined	  by	  the	  
acquisi>on	  of	  a	  tes>s-‐determining	  factor	  (TDF;	  
red	  band).	  Other	  genes	  (green	  and	  blue	  bands)	  
on	  the	  proto-‐X	  and	  proto-‐Y	  chromosomes	  are	  
ac>ve	  in	  both	  sexes	  (transcripts	  are	  
represented	  by	  green	  and	  blue	  dots).	  As	  the	  Y	  
chromosome	  degrades,	  genes	  on	  the	  unpaired	  
region	  of	  the	  X	  chromosome	  are	  upregulated	  
sequen>ally	  to	  maintain	  gene	  expression	  
dosage	  in	  males.	  Upregula>on	  in	  females	  is	  
progressively	  countered	  by	  X	  chromosome	  
inac>va>on	  (XCI).	  	  
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6.	  Dosage	  compensa4on	  between	  sex	  chromosomes	  and	  autosomes	  
Balanced	  expression	  between	  X/Z-‐linked	  and	  autosomal	  genescan	  be	  a^ained	  by	  increasing	  X/Z	  expression	  or	  by	  decreasing	  auto-‐somal	  expression	  in	  the	  
heterogame>c	  sex.	  X	  upregula>on	  is	  bestdocumented	  in	  Drosophila	  males	  to	  increase	  expression	  of	  a	  largepor>on	  of	  genes	  [74].	  In	  organisms	  where	  dosage	  
adjustment	  is	  sex-‐specific	  –	  as	  in	  Drosophila	  –	  there	  would	  be	  no	  need	  for	  adjustmen>n	  the	  homogame>c	  sex.	  However,	  in	  systems	  in	  which	  X/Z	  expres-‐sion	  is	  
increased	  rela>ve	  to	  autosomal	  expression	  in	  both	  sexes,there	  would	  be	  a	  need	  to	  reduce	  expression	  in	  the	  homogame>csex.	  This	  is	  achieved	  by	  X	  inac>va>on	  in	  
mammals,	  or	  X	  repres-‐sion	  in	  Caenorhabdi>s	  elegans.	  These	  repressive	  systems	  have	  beenextensively	  reviewed	  in	  this	  issue	  and	  elsewhere	  [9].	  Here,	  we	  willlimit	  our	  
discussion	  to	  the	  balance	  in	  the	  heterogame>c	  sex.Ra>os	  of	  gene	  expression	  between	  autosomes	  and	  sex	  chromosomes	  could	  result	  from	  modula>ons	  of	  either	  sex-‐
linked	  or	  autosomal	  genes	  [75,76].	  However,	  it	  is	  inherently	  difficult	  to	  measure	  absolute	  amounts	  of	  transcripts	  in	  cells.	  Global	  studies	  of	  gene	  expression	  make	  
specific	  assump>ons	  about	  normaliza>on	  to	  the	  total	  transcriptome	  that	  may	  not	  always	  be	  correct	  and	  lead	  to	  aberrant	  conclusions	  when	  comparing	  samples	  
[77,78].	  Co-‐isola>on	  of	  RNA	  and	  genomic	  DNA	  together	  with	  coun>ng	  the	  number	  of	  cells	  from	  which	  the	  nucleic	  acids	  are	  extracted	  are	  helpful,	  as	  well	  as	  spiking	  
reac>ons	  with	  exogenous	  RNA.	  Almost	  no	  studies	  of	  dosage	  compensa4on	  include	  such	  controls.	  We	  performed	  one	  study	  in	  human	  triploid	  lines	  where	  correlated	  
changes	  in	  X	  expression	  and	  number	  of	  ac>ve	  X	  chromosomes,	  but	  no	  detectable	  autosomal	  gene	  expression	  changes,	  were	  observed	  [79].	  As	  measured	  by	  
X:autosome	  expression	  ra4os	  mammalian	  X	  upregula4on	  is	  controversial	  and	  more	  studies	  are	  needed	  [80].Ini>al	  expression	  microarray	  studies	  supported	  the	  
existence	  ofincreased	  expression	  of	  X-‐linked	  versus	  autosomal	  genes	  in	  mul-‐>ple	  mammalian	  species	  and	  >ssues	  [81,82].	  Subsequent	  RNA-‐seqstudies	  carried	  out	  in	  
mul>ple	  soma>c	  >ssues	  either	  disproved	  orconfirmed	  X	  upregula>on	  [83,84].	  Presence	  of	  X	  upregula>on	  is	  based	  on	  finding	  average	  X:autosome	  expression	  ra>os	  
between0.8	  and	  1.0,	  while	  absence	  of	  X	  upregula>on	  is	  based	  on	  findinglow	  (around	  0.5)	  median	  X:autosome	  ra>os.	  Clearly,	  X	  up-‐regula>on	  only	  operates	  on	  
expressed	  genes.	  As	  we	  have	  shown,	  low	  median	  X:autosome	  ra>os	  as	  reported	  by	  Xiong	  et	  al.	  [83]	  are	  obtained	  insoma>c	  >ssues	  when	  all	  X-‐linked	  genes,	  whose	  
expression	  distri-‐bu>on	  comprises	  a	  long	  tail	  of	  non-‐expressed	  tes>s-‐specific	  genes,are	  included.	  When	  tes>s-‐specific	  genes	  are	  excluded,	  X:autosomeexpression	  
ra>os	  increase	  [84,85].	  Furthermore,	  both	  the	  depth	  ofsequencing	  and	  the	  methodologies	  used	  to	  analyze	  RNA-‐seq	  datacan	  lead	  to	  low	  expression	  medians	  [86].	  A	  
recent	  analysis	  in	  mul>-‐ple	  mouse	  strains	  confirmed	  similar	  expression	  between	  X-‐linkedand	  autosomal	  genes	  [66].	  However,	  analyses	  of	  protein	  levels	  sug-‐gest	  
absence	  of	  X	  upregula>on	  [87].One	  study	  that	  supports	  X	  upregula>on	  addresses	  expres-‐sion	  changes	  during	  ES	  cell	  differen>a>on	  when	  X	  inac>va>on	  takes	  place	  
[88].	  	  
Undifferen>ated	  male	  and	  female	  ES	  cells	  show	  X:autosome	  expression	  ra>os	  of	  1.4–1.6.	  Aqer	  2–3	  weeks	  of	  differen>a>on	  of	  male	  ES	  cells	  X	  upregula>on	  results	  in	  
equal	  X-‐linked	  and	  autosomal	  expression	  throughout	  the	  genome.	  In	  differen>a>ng	  female	  ES	  cells	  gene-‐by-‐gene	  silencing	  of	  one	  allele	  results	  in	  a	  progressive	  
decrease	  in	  X	  expression	  to	  achieve	  a	  balanced	  expression	  [88].	  Another	  study	  done	  in	  haploid	  cells	  shows	  that	  a	  highpropor>on	  (35%)	  of	  genes	  upregulated	  (in	  
comparison	  to	  diploidcells)	  are	  X-‐linked	  [89].	  In	  bovine	  blastocysts	  there	  is	  also	  evi-‐dence	  of	  increased	  X	  expression	  in	  females	  [90].	  However,	  a	  recentstudy	  in	  human	  
and	  mouse	  mature	  oocytes	  reports	  low	  X:autosomeexpression	  ra>os	  [91]	  
	  
	  

Analyses of RNA sequencing and proteomic data: 
•  Evidence for expression halving (i.e., no change in per-allele expression level) of X-

linked genes during evolution, with the exception of ∼5% of genes, that encode 
members of large (≥ 7 member) protein complexes.

•  This class of genes is expected to be dosage-sensitive—expression of X-linked genes is 
similar to that of autosomal genes within the complex 

•  Many of these genes escape x inactivation (MORE NEXT WEEK)
•  (cf chromatin remodeler complexes, Crabtree et al, Cancer & Epigenetics lectures 2015)



Ohno's	  hypothesis	  has	  received	  renewed	  a^en>on	  in	  the	  past	  few	  years	  (reviewed	  in	  [42]).	  Evidence	  for	  X	  upregula>on	  in	  mouse	  and	  C.	  
elegans	  ini>ally	  came	  from	  the	  observa>on	  that	  in	  males,	  the	  average	  level	  of	  transcripts	  from	  the	  single	  X	  chromosome	  and	  the	  two-‐copy	  
autosomes	  are	  similar	  [43].	  In	  addi>on,	  X	  transcript	  levels	  increase	  to	  above	  autosomal	  levels	  in	  the	  absence	  of	  female-‐specific	  dosage	  
compensa>on	  in	  mouse	  [44]	  and	  C.	  elegans	  [45].	  Also	  in	  support	  of	  X-‐upregula>on	  in	  mice,	  the	  single	  X	  chromosome	  in	  males	  and	  the	  
ac>ve	  X	  chromosome	  in	  females	  have	  higher	  RNA	  Pol	  II	  recruitment	  to	  promoters	  compared	  to	  autosomes	  [46,	  47].	  Comparison	  of	  overall	  
transcrip>on	  from	  the	  X	  and	  autosomes	  is	  problema>c,	  because	  X	  chromosome	  and	  autosomal	  gene	  content	  differs	  (reviewed	  in	  [48,	  49]).	  
Therefore,	  to	  test	  Ohno's	  hypothesis,	  ideally	  one	  should	  compare	  expression	  levels	  of	  the	  ancestral	  and	  current	  X-‐linked	  genes.	  Since	  this	  is	  
not	  possible,	  expression	  of	  an	  X-‐linked	  gene	  in	  one	  species	  may	  be	  compared	  to	  a	  one-‐to-‐one	  ortholog	  that	  resides	  on	  an	  autosome	  in	  
another	  species	  (Figure	  2C).	  Using	  this	  approach,	  a	  recent	  study	  found	  that	  the	  X	  chromosome	  is	  largely	  not	  upregulated	  in	  mice	  and	  
humans	  [50].	  A	  similar	  conclusion	  was	  reached	  for	  the	  C.	  elegans	  X	  chromosome	  [51].	  
	  
How	  can	  we	  reconcile	  different	  lines	  of	  evidence	  for	  support	  and	  refusal	  of	  Ohno's	  hypothesis?	  It	  appears	  that	  X-‐upregula>on	  did	  not	  
happen	  across	  all	  the	  genes	  on	  the	  X	  chromosome.	  In	  mammals,	  dosage	  sensi>ve	  genes,	  such	  as	  those	  that	  belong	  to	  mul>-‐subunit	  protein	  
complexes	  were	  upregulated	  compared	  to	  dosage	  insensi>ve	  genes	  [52].	  This	  suggests	  that	  a	  subset	  of	  X-‐linked	  genes	  is	  upregulated.	  In	  
humans,	  an	  alterna>ve	  way	  to	  deal	  with	  decreased	  dosage	  of	  an	  X-‐linked	  gene	  may	  have	  involved	  downregula>on	  of	  autosomal	  genes	  that	  
are	  within	  the	  same	  protein-‐protein	  interac>on	  network	  [50].	  In	  C.	  elegans,	  orhologs	  of	  yeast	  haploinsufficient	  genes	  are	  depleted	  from	  the	  
X	  chromosome	  [51],	  sugges>ng	  that	  another	  way	  to	  solve	  poten>al	  haploinsufficiency	  is	  to	  move	  a	  dosage	  sensi>ve	  gene	  to	  an	  autosome.	  
Therefore,	  Ohno's	  hypothesis	  of	  X-‐upregula>on	  is	  one	  of	  many	  different	  mechanisms	  that	  counteracted	  the	  poten>al	  haploinsufficiency	  of	  
individual	  X-‐linked	  genes	  in	  males.	  
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Ohno’s Hypothesis Refuted?	   Ohno’s	  hypothesis	  that	  Y	  chromosome	  
degrada4on	  drives	  upregula4on	  of	  the	  
unpaired	  region	  of	  the	  X	  chromosome	  in	  
males	  (M)	  and	  females	  (F)	  and	  is	  countered	  by	  
X	  chromosome	  inac4va4on	  in	  females.	  A	  
proto‑Y	  chromosome	  is	  defined	  by	  the	  
acquisi>on	  of	  a	  tes>s-‐determining	  factor	  (TDF;	  
red	  band).	  Other	  genes	  (green	  and	  blue	  bands)	  
on	  the	  proto-‐X	  and	  proto-‐Y	  chromosomes	  are	  
ac>ve	  in	  both	  sexes	  (transcripts	  are	  
represented	  by	  green	  and	  blue	  dots).	  As	  the	  Y	  
chromosome	  degrades,	  genes	  on	  the	  unpaired	  
region	  of	  the	  X	  chromosome	  are	  upregulated	  
sequen>ally	  to	  maintain	  gene	  expression	  
dosage	  in	  males.	  Upregula>on	  in	  females	  is	  
progressively	  countered	  by	  X	  chromosome	  
inac>va>on	  (XCI).	  	  
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6.	  Dosage	  compensa4on	  between	  sex	  chromosomes	  and	  autosomes	  
Balanced	  expression	  between	  X/Z-‐linked	  and	  autosomal	  genescan	  be	  a^ained	  by	  increasing	  X/Z	  expression	  or	  by	  decreasing	  auto-‐somal	  expression	  in	  the	  
heterogame>c	  sex.	  X	  upregula>on	  is	  bestdocumented	  in	  Drosophila	  males	  to	  increase	  expression	  of	  a	  largepor>on	  of	  genes	  [74].	  In	  organisms	  where	  dosage	  
adjustment	  is	  sex-‐specific	  –	  as	  in	  Drosophila	  –	  there	  would	  be	  no	  need	  for	  adjustmen>n	  the	  homogame>c	  sex.	  However,	  in	  systems	  in	  which	  X/Z	  expres-‐sion	  is	  
increased	  rela>ve	  to	  autosomal	  expression	  in	  both	  sexes,there	  would	  be	  a	  need	  to	  reduce	  expression	  in	  the	  homogame>csex.	  This	  is	  achieved	  by	  X	  inac>va>on	  in	  
mammals,	  or	  X	  repres-‐sion	  in	  Caenorhabdi>s	  elegans.	  These	  repressive	  systems	  have	  beenextensively	  reviewed	  in	  this	  issue	  and	  elsewhere	  [9].	  Here,	  we	  willlimit	  our	  
discussion	  to	  the	  balance	  in	  the	  heterogame>c	  sex.Ra>os	  of	  gene	  expression	  between	  autosomes	  and	  sex	  chromosomes	  could	  result	  from	  modula>ons	  of	  either	  sex-‐
linked	  or	  autosomal	  genes	  [75,76].	  However,	  it	  is	  inherently	  difficult	  to	  measure	  absolute	  amounts	  of	  transcripts	  in	  cells.	  Global	  studies	  of	  gene	  expression	  make	  
specific	  assump>ons	  about	  normaliza>on	  to	  the	  total	  transcriptome	  that	  may	  not	  always	  be	  correct	  and	  lead	  to	  aberrant	  conclusions	  when	  comparing	  samples	  
[77,78].	  Co-‐isola>on	  of	  RNA	  and	  genomic	  DNA	  together	  with	  coun>ng	  the	  number	  of	  cells	  from	  which	  the	  nucleic	  acids	  are	  extracted	  are	  helpful,	  as	  well	  as	  spiking	  
reac>ons	  with	  exogenous	  RNA.	  Almost	  no	  studies	  of	  dosage	  compensa4on	  include	  such	  controls.	  We	  performed	  one	  study	  in	  human	  triploid	  lines	  where	  correlated	  
changes	  in	  X	  expression	  and	  number	  of	  ac>ve	  X	  chromosomes,	  but	  no	  detectable	  autosomal	  gene	  expression	  changes,	  were	  observed	  [79].	  As	  measured	  by	  
X:autosome	  expression	  ra4os	  mammalian	  X	  upregula4on	  is	  controversial	  and	  more	  studies	  are	  needed	  [80].Ini>al	  expression	  microarray	  studies	  supported	  the	  
existence	  ofincreased	  expression	  of	  X-‐linked	  versus	  autosomal	  genes	  in	  mul-‐>ple	  mammalian	  species	  and	  >ssues	  [81,82].	  Subsequent	  RNA-‐seqstudies	  carried	  out	  in	  
mul>ple	  soma>c	  >ssues	  either	  disproved	  orconfirmed	  X	  upregula>on	  [83,84].	  Presence	  of	  X	  upregula>on	  is	  based	  on	  finding	  average	  X:autosome	  expression	  ra>os	  
between0.8	  and	  1.0,	  while	  absence	  of	  X	  upregula>on	  is	  based	  on	  findinglow	  (around	  0.5)	  median	  X:autosome	  ra>os.	  Clearly,	  X	  up-‐regula>on	  only	  operates	  on	  
expressed	  genes.	  As	  we	  have	  shown,	  low	  median	  X:autosome	  ra>os	  as	  reported	  by	  Xiong	  et	  al.	  [83]	  are	  obtained	  insoma>c	  >ssues	  when	  all	  X-‐linked	  genes,	  whose	  
expression	  distri-‐bu>on	  comprises	  a	  long	  tail	  of	  non-‐expressed	  tes>s-‐specific	  genes,are	  included.	  When	  tes>s-‐specific	  genes	  are	  excluded,	  X:autosomeexpression	  
ra>os	  increase	  [84,85].	  Furthermore,	  both	  the	  depth	  ofsequencing	  and	  the	  methodologies	  used	  to	  analyze	  RNA-‐seq	  datacan	  lead	  to	  low	  expression	  medians	  [86].	  A	  
recent	  analysis	  in	  mul>-‐ple	  mouse	  strains	  confirmed	  similar	  expression	  between	  X-‐linkedand	  autosomal	  genes	  [66].	  However,	  analyses	  of	  protein	  levels	  sug-‐gest	  
absence	  of	  X	  upregula>on	  [87].One	  study	  that	  supports	  X	  upregula>on	  addresses	  expres-‐sion	  changes	  during	  ES	  cell	  differen>a>on	  when	  X	  inac>va>on	  takes	  place	  
[88].	  	  
Undifferen>ated	  male	  and	  female	  ES	  cells	  show	  X:autosome	  expression	  ra>os	  of	  1.4–1.6.	  Aqer	  2–3	  weeks	  of	  differen>a>on	  of	  male	  ES	  cells	  X	  upregula>on	  results	  in	  
equal	  X-‐linked	  and	  autosomal	  expression	  throughout	  the	  genome.	  In	  differen>a>ng	  female	  ES	  cells	  gene-‐by-‐gene	  silencing	  of	  one	  allele	  results	  in	  a	  progressive	  
decrease	  in	  X	  expression	  to	  achieve	  a	  balanced	  expression	  [88].	  Another	  study	  done	  in	  haploid	  cells	  shows	  that	  a	  highpropor>on	  (35%)	  of	  genes	  upregulated	  (in	  
comparison	  to	  diploidcells)	  are	  X-‐linked	  [89].	  In	  bovine	  blastocysts	  there	  is	  also	  evi-‐dence	  of	  increased	  X	  expression	  in	  females	  [90].	  However,	  a	  recentstudy	  in	  human	  
and	  mouse	  mature	  oocytes	  reports	  low	  X:autosomeexpression	  ra>os	  [91]	  
	  
	  

Analyses of RNA sequencing and proteomic data: 
•  Evidence for expression halving (i.e., no change in per-allele expression level) of X-

linked genes during evolution, with the exception of ∼5% of genes, that encode 
members of large (≥ 7 member) protein complexes.

•  This class of genes is expected to be dosage-sensitive—expression of X-linked genes is 
similar to that of autosomal genes within the complex 

•  Many of these genes escape x inactivation (MORE NEXT WEEK)
•  (cf chromatin remodeler complexes, Crabtree et al, Cancer & Epigenetics lectures 2015)

NuRD	  complex	  
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Testing Ohno’s Hypothesis	  

To test if X-upregulation really occurred, one should compare 
ancestral (autosomal) and present level of X-linked gene expression.

Since this is not possible, assuming that the function and expression 
of 1:1 orthologs are conserved, one can compare expression of 1:1 
orthologs that are differentially located on X or autosomes. 

Ohno hypothesized that due to Y chromosome degeneration, the 
remaining alleles on the X chromosome became potentially 
haploinsufficient. To compensate for this, the alleles on the X 
chromosome were transcriptionally upregulated. 

It was also hypothesized that the upregulation of X alleles were not 
limited to males, and also occurred in females. This caused a 
potential overtranscription of the X-linked genes in females, 
therefore female-specific downregulation occurred. 



•  Evaluate X up-regulation by comparing expression of X-linked genes in 
mammals to that of “ancestral” genes in chicken?

•  Found no/very little up-regulation in mammals. 
•  Only marsupial X-linked genes are up-regulated compared to ancestral genes
•  In placental mammals, genes resident on autosomal (nonsex) chromosomes 

that interact with X-linked genes have instead become downregulated.
•  Similarly in C. elegans, no evidence for evolutionary up-regulation by 

measuring ancestral gene expression in another species 

Julien, P. et al. Mechanisms and evolutionary patterns of mammalian and avian dosage compensation. 
PLoS Biol. 10, e1001328 (2012). E. Heard, February 5th,  2018 

Ohno’s	  hypothesis	  that	  Y	  chromosome	  
degrada4on	  drives	  upregula4on	  of	  the	  
unpaired	  region	  of	  the	  X	  chromosome	  in	  
males	  (M)	  and	  females	  (F)	  and	  is	  countered	  by	  
X	  chromosome	  inac4va4on	  in	  females.	  A	  
proto‑Y	  chromosome	  is	  defined	  by	  the	  
acquisi>on	  of	  a	  tes>s-‐determining	  factor	  (TDF;	  
red	  band).	  Other	  genes	  (green	  and	  blue	  bands)	  
on	  the	  proto-‐X	  and	  proto-‐Y	  chromosomes	  are	  
ac>ve	  in	  both	  sexes	  (transcripts	  are	  
represented	  by	  green	  and	  blue	  dots).	  As	  the	  Y	  
chromosome	  degrades,	  genes	  on	  the	  unpaired	  
region	  of	  the	  X	  chromosome	  are	  upregulated	  
sequen>ally	  to	  maintain	  gene	  expression	  
dosage	  in	  males.	  Upregula>on	  in	  females	  is	  
progressively	  countered	  by	  X	  chromosome	  
inac>va>on	  (XCI).	  	  

Ohno's hypothesis may be true for a few, dosage-sensitive genes only. 

Different genes may show different dosage requirements during 
development and in different lineages
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Does X-chromosome dosage matter during development?	  



Xa	  Xi	   Xa	  Xi	  

Random	  XCI	   Cellular	  Memory	  

Both	  Xs	  ac>ve	  

Phenotypic	  varia>on	  within	  the	  
same	  individual	  due	  to	  random	  XCI	  

Silencing of almost all genes on one of the two X chromosomes 
during early female development in mammals to achieve dosage compensation

black 
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Does X-chromosome dosage matter during development?	  

 
X: 1300 genes 
Y: ~100 genes   

Sry (testis determinant factor) 
Eif2s3y (spermatogenesis) 



Random XCI

Both Xs active

Absence of X inactivation leads to early 
embryonic lethality

Takagi and Abe (1990) 
“Detrimental effects of two active X chromosomes 

on early mouse development”. 
Mararhens et al (1997); Borensztein et al (2017) 

Early developmental consequences of failure to inactivate  the paternal X 
in early mouse embryos

X

 
X: 1300 genes 
Y: ~100 genes   

Sry (testis determinant factor) 
Eif2s3y (spermatogenesis) 

Does X-chromosome dosage matter during development?	  

Also in human embryos:
Lethality in embryos with two active 

X chromosomes 

E. Heard, February 5th,  2018 



Initiating and maintaining X-Chromosome Inactivation 

X	   X	  L’ARN	  non-‐codant	  XIST	  
Brown	  et	  al,	  1990	  

Ini>a>on	  :	  
A	  non-‐coding	  RNA	  silences	  genes	  

X	   Xi	  

Maintenance:	  
Chroma>n	  marks,	  Asynchronous	  replica>on,	  	  

Nuclear	  organisa>on	  
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Biallelic	  Xist/Tsix	  RNA	  
Biallelic	  X-‐linked	  gene	  RNA	  

Monoallelic	  Xist	  RNA	  
Biallelic	  X-‐linked	  gene	  RNA	  

Monoallelic	  Xist	  RNA	  
Monoallelic	  X-‐linked	  gene	  RNA	  



X	   X	  L’ARN	  non-‐codant	  XIST	  
Brown	  et	  al,	  1990	  

Ini>a>on	  :	  
A	  non-‐coding	  RNA	  silences	  genes	  

X	   Xi	  

Maintenance:	  
Chroma>n	  marks,	  Asynchronous	  replica>on,	  	  

Nuclear	  organisa>on	  
	  

RNA	  Pol	  II	  

Ac	   H3K4	  
me2	  

Ac	   Ac	   Ac	  

H3K4	  
me3	  

Pc?	  	   H2A	  	  
Ub	  

H3K27	  
me3	  

H3K9	  
me2	  

Ac>ve	  X	  chromosome	   Inac>ve	  X	  chromosome	  

5-‐methyl	  cytosine	  	  

	   Chow	  et	  al,	  Cell	  2010	  
	  

	  RNA/DNA	  FISH	  detec>on	  of	  the	  Xa	  and	  Xi	  
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Initiating and maintaining X-Chromosome Inactivation 



Germ	  line	  

Sperm	  Xp	  

Placenta	  
(Xp	  remains	  	  inac>ve)	  

Oocyte	  
Xm	  

Blastocyst	  

Random	  	  
X	  Inac4va4on	  

	  

X	  Reac4va4on	  

Embryo	  
(Xp	  or	  Xm	  inac>ve)	  

Inner	  Cell	  Mass	  
(ICM)	  

XmaXpa	  

XmaXpi	  

Xp	  Reac4va4on	  
in	  ICM	  

Meio4c	  sex	  chromosome	  
inac4va4on	  

Developmental cycle of X inactivation in mice
Xist	  imprint	  

Imprinted	  X	  Inac4va4on	  	  
of	  the	  paternal	  X	  (Xp)	  

	  
Okamoto	  et	  al,	  2004	  
Mak	  et	  al,	  2004	  
Okamoto	  et	  al,	  2005	  
Patrat	  et	  al,	  2009	  
Namekawa,	  2010	  

mES	  cells:	  
Model	  system	  for	  random	  XCI	  

In	  the	  mouse	  

Random	  X	  inac4va4on	  :	  
Xp	  or	  Xm	  

Only	  Xist	  required?	  
(Mahrarens	  et	  al,	  1997)	  

Tsix	  TAD	  not	  required	  
(Heard	  et	  al,	  1996;	  Nora	  et	  al,	  2012)	  

(Heard	  et	  al,	  1996;	  Nora	  et	  al,	  2012)	  

Xist	  is	  required	  for	  gene	  silencing	  during	  random	  XCI	  

Pre-‐implanta4on	  in	  vivo	  dynamics	  of	  XCI	  in	  rabbit	  
and	  human	  embryos:	  
Okamoto	  et	  al	  (2011)	  	  
“Evolu>onary	  Diversity	  of	  X-‐chromosome	  
Inac>va>on	  in	  Mammals”.	  	  Nature	  472	  :	  370-‐374	  	  



Imprinted	  inac4va4on	  of	  XP	  

Kay	  et	  al,	  1994	  
Huyhn	  and	  Lee,	  2003	  
Okamoto	  et	  al,	  2004	  	  
Mak	  et	  al,	  2004	  
Patrat	  et	  al,	  2009	  

Xist	  RNA	  coa4ng	  of	  Xp	  
Gene	  silencing	  begins	  

Paternal	  Xist	  on	  
Xp	  ac>ve	  

Morula	  

1-‐cell	   4-‐cell	   8-‐cell	   Blastocyst	  2-‐cell	   Morula	  

Zygo>c	  
Gene	  

Ac>va>on	  

Trophectoderm	  

Xp	  inac4ve	  
	  

Takagi	  and	  Sasaki,	  	  
1975	  

Random	  
XCI	  

Imprinted X inactivation during pre-implantation mouse 
development

Paternal	  Xist	  expression	  only	  

Marahrens,	  Y.,	  Panning,	  B.,	  Dausman,	  J.,	  Strauss,	  W.	  &	  Jaenisch,	  R.	  Xist-‐deficient	  mice	  are	  defec>ve	  in	  dosage	  
compensa>on	  but	  not	  spermatogenesis.	  Genes	  Dev.	  11,	  156–166	  (1997).	  
	  
Kalantry,	  S.,	  Purushothaman,	  S.,	  Bowen,	  R.	  B.,	  Starmer,	  J.	  &	  Magnuson,	  T.	  Evidence	  of	  Xist	  RNA-‐independent	  ini>a>on	  
of	  mouse	  imprinted	  X-‐chromosome	  inac>va>on.	  Nature	  460,	  647–651	  (2009).	  

ICM	  
Xi	  

reac>va>on	  

Rnf12	  /	  Xist	  	  
RNA	  FISH	  

RNA FISH (Fluorescence in situ hybridisation) to detect the nascent transcript of a 
gene within each cell

	  
Genes on the paternal and maternal X chromosomes are active at 1-cell stage: 

NO “pre-inactivation” of the paternal X 
(Okamoto et al, 2005; Patrat et al, 2009; Borensztein et al, 2017)



Imprinted	  inac4va4on	  of	  XP	  

	  
Loss	  of	  ac4ve	  marks	  
H3	  K9	  hypoacetyla>on	  
	  	  	  H3K4	  hypomethyla>on	  
	  	  	  

	  
Polycomb	  complex	  recruitment	  
H3K27me3,	  H2Aub	  
MacroH2A	  associa4on	  
	   	  	  	  	  	  	  H3K9	  dimethyla>on	  

Kay	  et	  al,	  1994	  
Huyhn	  and	  Lee,	  2003	  
Okamoto	  et	  al,	  2004	  	  
Mak	  et	  al,	  2004	  
Patrat	  et	  al,	  2009	  

Xist	  RNA	  coa4ng	  of	  Xp	  
	  	  	  	  RNA	  Pol	  II	  exclusion	  
	  	  	  	  	  	  	  	  	  	  Gene	  silencing	  begins	  
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Xp	  ac>ve	  

Morula	  

1-‐cell	   4-‐cell	   8-‐cell	   Blastocyst	  2-‐cell	   Morula	  

Zygo>c	  
Gene	  

Ac>va>on	  

Trophectoderm	  

Xp	  inac4ve	  
	  

Takagi	  and	  Sasaki,	  	  
1975	  

Random	  
XCI	  

Paternal	  Xist	  expression	  only	  

Marahrens,	  Y.,	  Panning,	  B.,	  Dausman,	  J.,	  Strauss,	  W.	  &	  Jaenisch,	  R.	  Xist-‐deficient	  mice	  are	  defec>ve	  in	  dosage	  
compensa>on	  but	  not	  spermatogenesis.	  Genes	  Dev.	  11,	  156–166	  (1997).	  
	  
Kalantry,	  S.,	  Purushothaman,	  S.,	  Bowen,	  R.	  B.,	  Starmer,	  J.	  &	  Magnuson,	  T.	  Evidence	  of	  Xist	  RNA-‐independent	  ini>a>on	  
of	  mouse	  imprinted	  X-‐chromosome	  inac>va>on.	  Nature	  460,	  647–651	  (2009).	  

ICM	  
Xi	  

reac>va>on	  

Imprinted X inactivation during pre-implantation mouse 
development

Cascade of gene silencing & epigenetic marking (chromatin changes)
The Xp seems to be silent by blastocyst stage (few genes analysed)

Then reactivates in the inner cell mass (stays silent in trophectoderm)
Then random XCI occurs in the embryo-proper…



Tissue-specific and variable escape from X inactivation: 
Biallelic expression in some cells of female embryos

E. Heard, February 5th,  2018 

Variable X-linked gene dosage 
throughout life

Mechanisms (COURS III)
Impact on development and disease

(COURS IV, V)



Defining X-chromosome wide kinetics of gene silencing in embryos

-‐  Enables	  “all”	  mRNA	  transcripts	  to	  be	  measured	  simultaneously	  in	  single	  cells	  
-‐  Single	  cell	  analysis	  at	  stages	  where	  material	  is	  limited	  
-‐  Transcripts	  with	  SNPs	  at	  3’ends	  can	  be	  measured	  allele-‐specifically	  
-‐  S>ll	  only	  semi-‐quan>ta>ve	  (amplifica>on	  step),	  but	  allelic	  ra>os	  can	  be	  measured	  
-‐  mRNA	  stability	  may	  “mask”	  actual	  moment	  of	  transcrip>onal	  Xi	  silencing?	  

M.	  Borensztein	  	  	  

RNA	  FISH:	  single	  cell,	  gene	  by	  gene	  	  analysis	  
Nascent	  transcripts	  	  
Not	  allelic	  but	  Xist	  RNA	  iden>fies	  paternal	  X	  
Chromosome-‐wide	  analysis	  almost	  impossible	  

Okamoto	  et	  al,	  2004	  
Okamoto	  et	  al,	  2005	  
Patrat	  et	  al,	  2009	  E. Heard, February 5th,  2018 



Defining X-chromosome wide kinetics of gene silencing in embryos

-‐  Enables	  “all”	  mRNA	  transcripts	  to	  be	  measured	  simultaneously	  in	  single	  cells	  
-‐  Single	  cell	  analysis	  at	  stages	  where	  material	  is	  limited	  
-‐  Transcripts	  with	  SNPs	  at	  3’ends	  can	  be	  measured	  allele-‐specifically	  
-‐  S>ll	  only	  semi-‐quan>ta>ve	  (amplifica>on	  step),	  but	  allelic	  ra>os	  can	  be	  measured	  
-‐  mRNA	  stability	  may	  “mask”	  actual	  moment	  of	  transcrip>onal	  Xi	  silencing?	  

M.	  Borensztein	  	  	  

Inter-‐species	  crosses	  
=>	  F1	  embryos	  

19	  Millions	  SNPs;	  1	  SNP/100bp	  
1	  SNP/650bp	  for	  the	  X	  

(Frazer	  et	  al,	  Nature,	  2007)	  

Tang,	  F.	  et	  al.	  RNA-‐Seq	  analysis	  to	  capture	  the	  transcriptome	  landscape	  of	  a	  single	  cell.	  	  Nat.	  Protoc.	  5,	  516–35	  (2010).	  

Deng,	  Q.,	  Ramskold,	  D.,	  Reinius,	  B.	  &	  Sandberg,	  R.	  Single-‐Cell	  RNA-‐Seq	  Reveals	  Dynamic,	  Random	  Monoallelic	  Gene	  
Expression	  in	  Mammalian	  Cells.	  Science	  343,	  193–196	  (2014).	  
	  

Allele-‐specific	  genome-‐wide	  analysis	  
	  

RNA	  FISH:	  
Gene	  by	  gene	  	  
analysis	  
Okamoto	  et	  al,	  2004	  
Okamoto	  et	  al,	  2005	  
Patrat	  et	  al,	  2009	  

M.	  Borensztein	  
	  

Single	  cell	  RNA-‐seq	  analysis	  
(collabora>on	  with	  A.	  Surani)	  

E. Heard, February 5th,  2018 



•	  mRNA	  seq	  and	  nascent	  RNA	  FISH	  show	  quite	  similar	  kine>cs	  	  
•	  X-‐linked	  gene	  silencing	  is	  triggered	  as	  early	  as	  4-‐cell	  stage	  
•	  Most	  Xp	  genes	  are	  silenced	  by	  the	  64-‐cell	  stage	  
•	  Different	  genes	  display	  very	  different	  	  kine>cs	  
•	  The	  earliest	  silenced	  regions	  correspond	  to	  Xist	  RNA’s	  predicted	  
“entry	  sites”	  	  
•	  Strain-‐specific	  differences	  observed	  for	  XCI	  kine>cs	  of	  some	  genes	  
•	  X:A	  dosage	  compensa>on	  (DC)	  in	  males	  by	  16-‐cell	  stage	  
•	  In	  females	  DC	  not	  complete	  even	  by	  blastocyst	  stage	  
	  
	  
	  
	  
	  

M.	  Borensztein	  et	  al,	  NSMB,	  2017	  

“The	  Xist	  lncRNA	  Exploits	  Three-‐Dimensional	  Genome	  
Architecture	  to	  Spread	  Across	  the	  X	  Chromosome”	  Engreitz	  
et	  al.,	  Science	  2013	  
	  
	  

⇒  Xist-‐mediated	  ini4a4on	  of	  gene	  silencing	  
	  	  	  	  	  during	  pre-‐implanta4on	  development?	  

	  
	  

Allele-specific analysis of the timing and extent of XCI

Role	  for	  Xist	  RNA	  in	  ini4a4on	  
of	  imprinted	  XCI?	  

E. Heard, February 5th,  2018 



Female embryos lacking paternal Xist display early 
post-implantation embryonic lethality

Marahrens,	  Y.,	  Panning,	  B.,	  Dausman,	  J.,	  Strauss,	  W.	  &	  Jaenisch,	  R.	  Xist-‐deficient	  mice	  are	  defec>ve	  in	  dosage	  
compensa>on	  but	  not	  spermatogenesis.	  Genes	  Dev.	  11,	  156–166	  (1997).	  
	  

Severely reduced growth between E6.5 and E10.5 in Xist KO mutants

Lethality due to inappropriate gene expression from the normally 
inactive paternal X chromosome in extraembryonic tissues which 

supply embryo with nutrients and growth factors?

E. Heard, February 5th,  2018 



E. Heard, February 5th,  2018 M.	  Borensztein	  et	  al,	  NSMB	  2017	  

Lack of paternal Xist leads to absence of initiation of XCI

Xist	  -‐	  /	  Y	  

XpΔXist	  Xm	  
embryos	  	  

• No paternal X chromosome  gene silencing
• No maternal Xist up-regulation
• No Dosage Compensation



M.	  Borensztein,	  C.	  Chen,	  L.	  Syx,	  N.	  Servant	  et	  al	  (submi^ed)	  	  

Absence of initiation of XCI leads to gene mis-regulation in 
early pre-implantation stages

E. Heard, February 5th,  2018 

Absence of dosage compensation

Genome-wide analysis: 
8-cell and 32-cell stages: already see significant mis-regulation of both X-linked 

and autosomal genes 
(NB lethality occurs after implantation ie 48-72h later) 

2-‐FOLD	  X-‐CHROMOSOMEAL	  
EXPRESSION	  /	  
AUTOTOSOMAL	  



Which genes and pathways are disrupted in Xist mutant XX embryos?
What are the immediate consequences of an absence of 

dosage compensation?

RHOXF1	  gene	  in	  humans	  has	  been	  
hypothesized	  to	  be	  related	  to	  the	  murine	  
Rhox528	  and	  has	  shown	  sex-‐specific	  and	  
lineage-‐specific	  expression	  in	  human	  pre-‐
implanta>on	  embryos	  

E. Heard, February 5th,  2018 

Misregulated genes in extra-
embryonic tissue pathways, 

but also in embryonic 
growth, cell viability…



Aberrant patterns of gene expression in Xist mutant XX embryos

RHOXF1	  gene	  in	  humans	  has	  been	  
hypothesized	  to	  be	  related	  to	  the	  murine	  
Rhox528	  and	  has	  shown	  sex-‐specific	  and	  
lineage-‐specific	  expression	  in	  human	  pre-‐
implanta>on	  embryos29	  	  

• Aberrant decrease in extra-embryonic factor gene expression eg Sox17

• Aberrant overexpression of pluripotency genes including Prdm14, Esrrb and Tcl1
   As in XX vs XO/XY ESCs - Schulz et al, 2014

• Massive overexpression of Rhox5: absence of Xist RNA leads to Rhox5 up-regulation
  - Rhox5 (member of X-linked Rhox cluster) is normally imprinted and silent on maternal X 
  and expressed (partially repressed)  from paternal X
  - Overexpression of Rhox5/Pem1 impedes ESC 
  differentiation (Cinelli et al, 2008)

RHOXF1 gene in humans has been 
hypothesized to be related to the murine Rhox52 
and has shown sex-specific and lineage-specific 
expression in human pre-implantation embryos

E. Heard, February 5th,  2018 



Insights into the molecular nature and degree of gene mis-regulation in the 
absence of X inactivation and dosage compensation in a developmental 
context in mammals:
-  aberrantly down regulated extra-embryonic factors (preventing proper 

trophectoderm and primitive endoderm formation?) 
-  aberrantly up-regulated expression of pluripotency factors (preventing epiblast 

formation?)
-  Rhox5 is massively up-regulated and may impede epiblast (embryo) formation

Questions still open:
•  Specific X-linked genes responsible for early defects that result in subsequent 

lethality? (eg Rhox5 – others?)
•  Are these the key X-linked targets of early X inactivation?
•  Are different genes dosage sensitive at later stages of development?

Developmental catastrophe due to absence of X inactivation 
and dosage compensation in the mouse

Misregulated	  genes	  in	  extra-‐embryonic	  4ssue	  pathways,	  
embryonic	  growth,	  cell	  viability…	  
•	  Aberrant	  decrease	  in	  extra-‐embryonic	  factor	  gene	  
expression	  eg	  Sox17	  

	  =>	  	  Inhibit	  extra-‐embryonic	  4ssue	  forma4on	  
•	  Aberrant	  overexpression	  of	  pluripotency	  genes	  including	  
Prdm14,	  Esrrb	  and	  Tcl1	  
•	  Massive	  overexpression	  of	  Rhox5:	  absence	  of	  Xist	  RNA	  
leads	  to	  Rhox5	  up-‐regula>on	  
	  	   	  =>	  Block	  cells	  in	  pluripotent	  state	  and	  inhibit	  epiblast	  
development	  
	  

E. Heard, February 5th,  2018 



Mouse	  
•	  ZGA:	  ~	  1-‐2	  cell	  stage	  
Imprinted	  and	  Random	  XCI	  
	  
Rabbits	  and	  Cows	  
•	  Late	  ZGA:	  ~	  8	  cell	  stage	  
Imprinted	  ?	  and/or	  Random	  XCI?	  
	  
Humans	  
•	  ZGA:	  ~	  4-‐8	  cell	  stage	  
Random	  XCI	  only?	  
	  

In	  collabora+on	  
with	  C.	  Patrat,	  	  
V.	  Duranthon	  	  

How conserved are X-inactivation mechanisms during 
development in other mammals?

E. Heard, February 5th,  2018 



Human pre-implantation embryos: 
Constitutive XIST RNA up-regulation but no X inactivation?

No Barr body 

Y 

Female	  

Male	  

•  No	  imprinted	  XIST	  regula>on	  in	  human	  or	  rabbit	  embryos	  
•  XIST	  up-‐regula>on	  from	  both	  Xs	  then	  resolu>on	  to	  one	  X…	  
•  In	  humans,	  XIST	  RNA	  accumulates	  in	  male	  and	  female	  embryos	  in	  TE	  and	  ICM	  

cells	  but	  genes	  are	  biallelically	  expressed	  and	  no	  signs	  of	  H3K27me3	  or	  a	  Barr	  
body	  up	  to	  day	  7	  

Okamoto et al, 2011, Nature 472 : 370-374 

Y 

E. Heard, February 5th,  2018 



XIST	  /	  HDAC8	  RNA/DAPI	   XIST	  /	  HDAC8	  
RNA/DAPI	  

HDAC8	  
RNA	  	  

XIST	  
RNA	  	  

Human pre-implantation embryos:  
Constitutive XIST RNA up-regulation but late X inactivation? 

First signs of X inactivation after day 7?
- Gene silencing based on nascent RNA FISH 

0 

20 

40 

60 

80 

100 

ATRX (5) FGD1 (2) HUWE1 
(2) 

TBLX1 
(1) 

HDAC8 
(4) 

- H3K27me3 enrichment on Xi at E7.0 in TE cells   
   (Teklenburg et al, 2012)

NO/LITTLE DOSAGE COMPENSATION IN 
EARLY HUMAN EMBRYOS AT THE 

BLASTOCYST STAGE…?! 

E. Heard, February 5th,  2018 



Timing and modes of early development in mice, rabbits and humans: 
morphologically similar but temporally and molecularly diverse?

E. Heard, February 5th,  2018 

•	  No	  XIST	  imprin>ng	  	  
•	  Biallelic	  XIST	  expression,	  dispersed	  coa>ng	  	  
•	  X-‐chromosome	  “dampening”=	  dosage	  comp.	  
	  	  	  via	  par>al	  XIST	  RNA	  silencing?	  
•	  Late	  onset	  of	  monoallelic	  X-‐gene	  silencing	  	  
•	  No	  TSIX	  across	  XIST	  in	  humans	  
•	  No	  “reac>va>on”	  in	  the	  ICM	  
	  
	  

•	  Xist	  imprin>ng	  	  
•	  Monoallelic	  Xist	  expression	  
•	  XCI	  upon	  XIST	  RNA	  coa>ng	  
•	  Xi	  “reac>va>on”	  in	  ICM	  
•	  XCI	  upon	  Xist	  up-‐regula>on	  
•	  Murine	  Xist	  and	  XCI	  regula>on	  
are	  >ghtly	  linked	  to	  pluripotency	  
factors	  
	  Okamoto, Patrat et al, Nature 2011 

Okamoto et al, Science 2004,  
Okamoto et al, Nature 2005 

Ikuhiro Okamoto



Pre-‐implanta4on	  is	  morphologically	  similar	  in	  eutherians	  
Yet	  developmental	  4ming,	  gene	  expression	  and	  signalling	  requirements	  for	  

pluripotency	  and	  lineage	  segrega4on	  are	  very	  different…	  

ZGA 

ZGA 

Adapted from Cockburn and Rossant, JCI, 2010 

Timing and modes of early development in mice, rabbits and humans: 
morphologically similar but temporally and molecularly diverse?

E. Heard, February 5th,  2018 



Different modes of initiation and timing of X inactivation 
in mice, rabbits and humans

E. Heard, February 5th,  2018 



Different modes of initiation and timing of X inactivation 
in mice, rabbits and humans

During early female development 
two active X chromosomes are present transiently?

• for 1-2  cell cycles in mice
• for >2 cell cycles in rabbits

• for > 7 cell cycles in humans
⇒  Double dose of X-linked gene products....?

Yet in the mouse, no XCI leads to massive perturbations even 
after 3-4  cell cycles (by 32-cell stage)

How is a double dose tolerated – in particular during early 
human development?

E. Heard, February 5th,  2018 



Different modes of initiation and timing of X inactivation 
in mice, rabbits and humans

Accelerated growth of human, mouse, 
bovine male blastocysts 

(Pergament et al, 1994; Ray et al, 1995; Tsunada et al, 
1985; Zwingman et al, 1993;  Perjins-Cole, 1987; 

Avery et al, 1992; Xu et al, 1992)

Delayed post-implantation development 
of XX mouse and rat embryos 

 (Scott and Holson, 1977; Burgoyne et al, 1995)

and differentiating XX vs  XO ESCs
(Schultz et al, 2014)E. Heard, February 5th,  2018 



Very different modes of 
XIST Regulation 

and timing of X inactivation 
in mice and humans

Petropoulos et al (2016) Cell 165, 1-15.

No X inactivation but « dampening » of expression from both Xchromosomes?

• X-linked genes are expressed from both Xp 
and Xm based on nascent RNA FISH

• X-linked gene mRNA levels are lower from 
each X in female compared to male embryos 

! Dosage compensation may be achieved 
in human embryos via partial silencing 
of both X chromosomes by XIST RNA?

! Conflicting data/interpretations! (eg 
Vallot et al, 2017) 

! Gene-by-gene analysis required using 
controls for genom-wide transcriptional 
changes and different techniques  

!  Effects of deleting XIST (in monkey 
embryos?)

E. Heard, February 5th,  2018

What prevents XIST RNA from exerting its full silencing 
function in human embryos?

Single-Cell RNA-Seq examines X-Chromosome Expression Dynamics 
in Human Pre-implantation Embryos



2	  

1	  

2	  

1	  

Female	  blastocyst	  	  (B3)	  

XIST and XACT RNA are mutually exclusive
The % of cells co expressing XIST and XACT decreases as blastocyst evolves  

ICM	  

TE	  

Xa	  

Xa	  

Xa	  

Xa	  

Xa	  

Xa	  

Xa	  

Xa	  

XACT	   XIST	  

or	  

Early	   Hatching	  

XIST/	  
XACT/	  
Dapi	  

Differen>al	  distribu>on	  in	  the	  nucleus	  

C.	  Patrat	  and	  C.	  Vallot	  

Potential role for XACT in counteracting XIST RNA coating and 
enabling complete and monoallelic XCI to occur?

Vallot	  et	  al.,	  Cell	  Stem	  Cell,	  2017	  E. Heard, February 5th,  2018

A role for the primate-specific XACT lncRNA in counter-acting 
XIST RNA mediated X-chromosome inactivation?

Claire Rougeulle
Colloque du 14 Mai, 2018

Collège de France



 Evolutionary Dynamics of X inactivation 

From Okamoto and Heard, Chrom. Research 2009 



E. Heard, February 18th, 2013 

Grant et al (2012) Nature 487, 254-258 

•  Non-coding RNAs are more easy to evolve (often driven by 
retransposon relics – see COURS 2016) 

•  Easy to regulate dynamically in development 
•  Could be useful “triggers” or modulators for epigenetic 

processes 

 Evolutionary Dynamics of X inactivation 

James Turner
Colloque du 14 Mai, 2018

Collège de France

X-‐chromosome	  inac>va>on	  (XCI)	  is	  a	  
chromosome-‐wide	  regulatory	  process	  that	  
ensures	  dosage	  compensa>on	  for	  X-‐linked	  
genes	  in	  Theria.	  XCI	  is	  established	  during	  early	  
embryogenesis	  and	  is	  developmentally	  
regulated.	  Different	  XCI	  strategies	  exist	  in	  
mammalian	  infraclasses	  and	  the	  regula>on	  of	  
this	  process	  varies	  also	  among	  closely	  related	  
species.	  In	  Eutheria,	  ini>a>on	  of	  XCI	  is	  
orchestrated	  by	  a	  cis-‐ac>ng	  locus,	  the	  X-‐
inac>va>on	  center	  (Xic),	  which	  is	  par>cularly	  
enriched	  in	  genes	  producing	  long	  noncoding	  
RNAs	  (lncRNAs).	  Among	  these,	  Xist	  generates	  a	  
master	  transcript	  that	  coats	  and	  propagates	  
along	  the	  future	  inac>ve	  X-‐chromosome	  in	  cis,	  
establishing	  X-‐chromosome	  wide	  
transcrip>onal	  repression	  through	  interac>on	  
with	  several	  protein	  partners.	  Other	  lncRNAs	  
also	  par>cipate	  to	  the	  regula>on	  of	  X-‐
inac>va>on	  but	  the	  extent	  to	  which	  their	  
func>on	  has	  been	  maintained	  in	  evolu>on	  is	  
s>ll	  poorly	  understood.	  In	  Metatheria,	  Xist	  is	  
not	  conserved,	  but	  another,	  evolu>onary	  
independent	  lncRNA	  with	  similar	  proper>es,	  
Rsx,	  has	  been	  iden>fied,	  sugges>ng	  that	  
lncRNA-‐mediated	  XCI	  represents	  an	  
evolu>onary	  advantage.	  Here,	  we	  review	  
current	  knowledge	  on	  the	  interplay	  of	  X	  
chromosome-‐encoded	  lncRNAs	  in	  ensuring	  
proper	  establishment	  and	  maintenance	  of	  
chromosome-‐wide	  silencing,	  and	  discuss	  the	  
evolu>onary	  implica>ons	  of	  the	  emergence	  of	  
species-‐specific	  lncRNAs	  in	  the	  control	  of	  XCI	  
within	  Theria.	  	  



E. Heard, February 5th,  2018 

SUMMARY	  
!  Dosage compensation for X-linked gene expression between sexes XX and XY (or XO) 

animals is clearly achieved in many animals (flies, worms, placental mammals) but not in 
others (snakes, etc). Very diverse strategies used to achieve dosage equality!

!  Dosage does matter- failure to accomplish sex chromosome dosage compensate is lethal 
during mouse development: absence of dosage compensation perturbs both embryonic and 
extraembryonic developmental processes

!  However dosage compensation is not necessarily chromosome-wide in many organisms

!  Some genes are more dosage sensitive than others – and this may vary during development 
and in tissues (next week)

!  X-chromosome up-regulation on the single X relative to autosomes is not a universal 
principle and does not necessary involve the whole X – just some dosage sensitive genes

!  Sex determination and dosage compensation are triggered by the same pathway in 
Drosophila and C. elegans  - not in  placental mammals (XX dosage for XCI, Sry for sex)

!  Targeting / modulating dosage compensation factors to the sex chromosomes involves 
DNA elements (C. elegans , Drosophila) and non-coding RNAs (Drosophila, mammals) 

!  And diverse chromatin and chromosomal complexes: MORE NEXT WEEK!
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