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Supplementary Figures

Figure S1A: Immuno-RNA FISH detecting RNA pol II, H3K9Ac, H4K16Ac and H4Ac (Rhodamine red) 
together with Xist (FITC) on TS cells (DAPI is DNA).

146





















stem cells. Nat Cell Biol, 2011. 13(9): p. 1070-5.

42.	 Monkhorst, K., et al., X inactivation counting and choice is a stochastic process: evidence for 
involvement of  an X-linked activator. Cell, 2008. 132(3): p. 410-21.

5

156



157



158



Chapter 6
General Discussion
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Chapter 6
Maduro C.M and Gribnau J.

In mammals, males are the heterogametic sex having an XY sex chromosome pair, whereas 
females are homogametic having an XX sex chromosome pair. The Y chromosome is small 
and harbors only a few genes mainly involved in male sex determination and spermatogenesis 
1-3, whereas the X chromosome contains over a thousand genes important for both male and 
female development and homeostasis 1,2. XX females have double the amount of  X encoded 
genes as compared to XY males and this imbalance requires a dosage compensation mechanism 
to equalize expression of  these X encoded genes in the two sexes. Dosage compensation in 
mammals is achieved through a process called X chromosome inactivation (XCI), in which one 
of  the two X chromosomes in female cells is inactivated. In the following sections, regulation and 
timing of  the different phases of  XCI are discussed and how, together and through redundant 
processes, activation of  XCI is ensured and maintained throughout cell divisions. 

Initiation of  XCI	 
Random XCI is a stochastic and tightly regulated process in which either the maternal or 
the paternal X chromosome can be inactivated. XCI ensures one active X chromosome per 
diploid genome by regulation through one or more pathways to ensure proper inactivation and 
circumvent inactivation of  both or continued activity on both X chromosomes 4. Regulation 
of  XCI is achieved by a counterbalance of  inhibitors and activators of  XCI acting on the 
key regulators of  XCI, Xist and Tsix, which will determine whether XCI occurs and which X 
chromosome will be inactivated.

Key regulators of  XCI: Xist and Tsix	  
Key regulators of  XCI are the two lncRNAs, Xist 5 and Tsix 6, involved in activation and 
repression of  XCI respectively. Xist is expressed exclusively from the inactive X chromosome 
(Xi), spreads and coats the entire X chromosome whilst recruiting chromatin remodeling factors 
to render the X inactive 7,8. Tsix is a negative regulator of  Xist and promotes repression of  XCI, 
keeping the X chromosome active. Regulation of  Xist and Tsix is achieved through activators 
and inhibitors. However, analysis of  independent Xist and/or Tsix regulation is hampered as a 
result of  overlapping antisense transcription of  the two lncRNAs 9. Effects on XCI as a result of  
a deletion of  the activators Jpx/Ftx/Xpr/Rnf12 in cis for example, can be rescued by a deletion 
of  Tsix in cis 10 and in the same way XCI can be dysregulated in normal differentiated female cells 
(XiXa) by a deletion of  Tsix on the active X (Xa) chromosome resulting in ectopic Xist expression 
from the Xa 11. Similarly, a mutation of  Tsix in undifferentiated female ES cells results in ectopic 
upregulation of Xist 12,13. Thus, Tsix expression interferes with and masks regulatory effects 
exerted on the Xist regulatory network and vice versa, highlighting the complication in studying 
regulation of  Xist and Tsix without interference of  the antisense partner. To study regulation 
of  Xist and Tsix 
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Addendum 1
Genes not involved in 

initiation of  XCI
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			         Addendum 1	  

Abstract	 
Proper initiation of  X chromosome inactivation (XCI), to equalize gene dosage between XX 
females and XY males, requires upregulation of  X-encoded activators to allow a female cell 
to overcome the threshold for XCI to occur. So far, Rnf12 and Uba1 have been reported as 
activators of  X chromosome inactivation, nevertheless a heterozygous deletion of  both genes 
in female cells does not lead to full abrogation of  XCI upon differentiation and suggests the 
presence of  other activator(s). Here we report several candidate genes which we have tested to 
determine whether they function in initiation of  XCI. We found that Nsbp1, Dax1, Pja1,Cited1 
can be excluded as regulators of  XCI initiation and indicate a role for Phf6 at later stages of  XCI. 

Introduction	  
X chromosome inactivation (XCI) evolved as a dosage compensation mechanism ensuring 
equal gene dosage of  sex-chromosomes between eutherian XX females and XY males. XCI 
is mostly studied in mouse embryonic stem (ES) cells, as these cells recapitulate random XCI 
upon differentiation. Random XCI in vivo occurs early in development of  the female embryo 
and implies that, in a female cell it is either the maternal or the paternal X chromosome which 
can be inactivated [1]. It is the balance between X-encoded activators and autosomally encoded 
inhibitors of  XCI as well as the stochasticity of  the process which determines the probability 
to initiate XCI. In addition, feedback through inactivation of  XCI activators in cis prevents 
inactivation of  both X chromosomes [1, 2]. Studies on X/A translocations indicated that initiation 
of  cis-inactivation depends on the presence of  a unique region on the X chromosome, the X 
inactivation center (Xic) [3]. In addition, studies on female cells with truncated X chromosomes 
suggested that at least two copies of  the Xic are required for XCI to occur [4]. The Xic has 
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ectopic Xist cloud formation by Xist RNA FISH (Figure 1A). Only when extra copies of  Cited1 
were introduced in male cells ectopic Xist cloud formation was observed in different clones, 
but not in male control cells (Figure B and C). However, unlike Rnf12, ectopic clouds were only 
observed in up to 3% of  male cells with extra copies of  Cited1 (Figure 1D). Moreover, no clear 
dosage correlation between copy number and cloud formation was observed in males with extra 
copies of  Cited1, even though the percentage of  cells with Xist clouds appeared to increase with 
copy number (Figure 1D). 

        
Figure 1: A) Top: Region on the X chromosome showing location of  the candidate genes Dax1, Pja1, Cited1 
and Nsbp1 and the corresponding BACs used are shown below (black). BACs shown in blue were used in 
the screen to identify Rnf12 of  which the BAC shown in red resulted in ectopic Xist cloud formation in male 
cells [2]. Bottom: These BACs were introduced in male cells and if  the BAC would contain an activator of  
XCI, ectopic Xist cloud formation would be observed after differentiation of  these cells, followed by cell 
death when the single X chromosome is inactivated. B) Xist RNA FISH on male 129sv/Cast cells at day 3 
of  differentiation with extra copies of  the candidate genes Nsbp1, Dax1, Pja1 and Cited1. Only when extra 
copies of  Cited1 was introduced in male cells, Xist clouds (green) were observed. C) Xist RNA FISH on three 
Cited1 clones showing Xist clouds (red). D) Cited1 clones with 1 (blue), 2 (green) and 3 (red) extra copies of  
Cited1 with the corresponding percentage of  cells observed with Xist clouds depicted for each clone. 	  
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Addendum 2	  
Summary	  
Dosage compensation of  X encoded genes in placental mammals is achieved by near complete 
inactivation of  one of  the two X chromosomes in female cells. Even though X chromosome 
inactivation (XCI) has been discovered over 50 years ago, the complete mechanism ensuring 
proper inactivation of  only one X chromosome and maintenance of  the inactive X (Xi) is not 
yet fully understood. This thesis focusses on the activation of  XCI, the initiation phase, in which 
XCI is established on one X chromosome and also touches upon maintenance of  the inactive 
state. The two key players Xist and Tsix, both lncRNAs, ensure one X chromosome is in the 
proper state prior to XCI by differential expression and chromatin conformation of  the two 
X chromosomes. When a cell initiates XCI, autosomally encoded XCI inhibitors, acting as de-
nominators, will be down regulated and X encoded XCI activators, acting as numerators, will 
be upregulated.  XCI inhibitors, inhibiting Xist or promoting Tsix expression, consist mainly of  
pluripotency factors and link XCI to loss of  pluripotency. XCI activators, promoting Xist and 
inhibiting Tsix expression, have been less well characterized. XCI activators, as they are X encod-
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