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Abstract 
Mammalian dosage compensation of X-linked genes is achieved between XX 

females and XY males by silencing one of the two X chromosomes. It is the expression 

of a functional non-coding RNA transcript, XIST that is responsible for the initiation of 

silencing during X-chromosome inactivation. XIST expression and subsequent in cis 

localization to the future inactive X chromosome initiates a cascade of epigenetic events 

that leads to the formation of facultative heterochromatin. The exact role the XIST RNA 

plays in establishing and maintaining the inactive state is uncertain.  

It is hypothesized that the XIST RNA sets up a repressive nuclear compartment 

and transcriptionally silences through the recruitment of factors required for setting up 

the heterochromatic state of the inactive X. In this thesis I address XIST/Xist’s 

recruitment of factors with two separate approaches: 1) I ask whether Xist, in the 

absence of silencing is able to recruit epigenetic marks in a somatic cell hybrid system, 

2) I evaluate a system whereby the XIST RNA is tagged and can be isolated to identify 

novel RNA-protein interactions.  

To assess epigenetic features that may be directly recruited by the expression of 

the XIST/Xist RNA, I have analyzed mouse/human somatic cell hybrids where XIST/Xist 

expression and silencing are disconnected. Loss of active chromatin marks, H3 

acetylation and H3 lysine 4 methylation, was not observed with XIST/Xist expression; 

nor was there a gain of DNA methylation or the silencing of the Cot-1 fraction. 

Therefore, these marks of heterochromatin are not solely dependent upon XIST/Xist 

expression in a somatic cell. 

The isolation of the XIST RNA with its interacting partners would allow us to better 

understand the mechanism by which XIST acts to silence the inactive X. I have 

developed a MS2 stem loop-tagged XIST RNA and integrated it into an inducible XIST 

system. The MS2 tagging system is a valid system for pulling out the XIST RNA and 

identifying interacting proteins since the tagged RNA was able to interact with whatever 

factor(s) are required to silence the Cot-1 fraction and form a localized RNA signal.    
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1.1 Clinical importance of X-chromosome inactivation 

Male and female mammalian cells differ in sex chromosome composition between 

XY males and XX females. This difference requires dosage compensation of X-linked 

genes between the sexes and is achieved by a process known as X-chromosome 

inactivation (18). X-chromosome inactivation involves the silencing of one of the two 

female X chromosomes, which is chosen at random during early embryonic 

development, and is maintained throughout the lifetime of the cell. The inactivation of 

the inactive X (Xi) is achieved by the formation of facultative heterochromatin through a 

highly orchestrated series of epigenetic events. Therefore during development, a cell 

that begins with two identical active X (Xa) chromosomes becomes a somatic cell with 

differentially regulated and identifiable Xa and Xi chromosomes. X-chromosome 

inactivation is a remarkable example of chromosome-wide epigenetic regulation and 

cellular memory for the maintenance a heterochromatic state. 

The approximately 155 megabase human X chromosome contains more than one 

thousand genes (19). Of clinical importance is the influence that the X chromosome has 

on disease manifestation, either directly through X-linked gene mutations or indirectly by 

the inactivation of X-linked genes. Based on the number of genes contained on the X 

chromosome, there are a disproportionately large number of disorders that are linked to 

X-linked genes (19).  Hundreds of genetic disorders are associated with X-linked genes 

(Online Mendelian Inheritance in Man: “X-linked disease” 948 search results (20)) and X 

inactivation can either protect against or contribute to the severity of disease.  

X-chromosome inactivation can influence disease even when the silencing of X-

linked genes occurs normally during development. Males manifest X-linked recessive 

disorders at a relatively high frequency as a result of possessing a single X 

chromosome (21,22). In females, although X inactivation results in a cell only 

expressing one X chromosome, the random choice of which X to inactivate creates two 

separate cell populations (21,22). Females are considered mosaics because some cells 

express the maternally inherited X, while other cells express the paternally inherited X 

(21,22). The cellular mosaicism that results from X inactivation is thought to protect 
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females from X-linked recessive disorders because females express both copies of X-

linked genes (21,22).  

X inactivation normally occurs by random choice, however, non-random or skewed X 

inactivation can also occur and influence disease. Skewing results from chance factors 

in about 10% of all skewed females or more commonly skewing results from cellular 

selection (21). When skewing occurs by chance, the expression of an X-linked mutation 

may be affected, conversely when skewing occurs by selection, the X-linked mutation 

may influence which X chromosome is to be inactivated (21). Cellular selection can 

result in skewing when there is a selective advantage for one of the parental X 

chromosomes to remain active or inactive (21,22). If there is an X-linked disease 

mutation and skewing occurs that favors the expression of the wild-type allele from the 

Xa, the disease phenotype may never develop (21,22). Conversely, if skewing favors 

the expression of the mutant allele from the Xa, there is an increased risk of developing 

the disease phenotype (21,22). Therefore, skewing of X inactivation can influence the 

manifestation of X-linked disorders in females. 

In summary, sex-specific differences in disease can sometimes be attributed to X-

linked gene mutations and the process of X inactivation. The single X chromosome in 

males has a profound effect on the incidence of X-linked disease compared to XX 

females. Although X inactivation is a fundamental process that occurs in female cells, 

the pattern of inactivation could also contribute to disease manifestation. When a 

disease presents itself with sex-specific differences, it is important to consider the effect 

that mutations in X-linked genes and patterns of X-chromosome inactivation may have 

on the manifestation of the disease.    

1.2 X-chromosome inactivation as a model system 
Epigenetic processes play a critical role in the regulation of gene expression, 

genome stability, genomic imprinting and X inactivation (reviewed in (23-25)). Current 

research is focused on the understanding of epigenetic mechanisms during embryonic 

development and disease progression (reviewed in (23-25)). The process of X-

chromosome inactivation provides a model system where epigenetic regulation can be 

studied outside of a disease context to address basic mechanistic questions. 
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The epigenetic differences that distinguish the heterochromatic Xi from the Xa have 

been studied in cells at different states of development in both mouse and humans. 

Similarities have been observed with other heritable gene silencing events in the 

genome (26,27). What makes X inactivation unique is that its initiation is prompted by 

the expression of a large X-linked non-coding RNA, Xi Specific Transcripts (XIST) that 

is approximately 17 kb in size and is the only gene expressed solely from the Xi (28). 

While exactly how the XIST RNA establishes and maintains the inactive state is 

uncertain, studying X inactivation will contribute to our understanding of how a non-

coding RNA may directly recruit proteins to initiate chromatin changes during 

development. 

1.2 XIST/Xist 
The XIST/Xist gene codes for a large, alternatively spliced, and polyadenylated 

transcript that lacks a conserved open reading frame (29,30). The XIST/Xist transcript is 

thought to function as a non-coding RNA that is involved in X-chromosome inactivation 

since it is only found in the nucleus, is expressed exclusively from the Xi in somatic 

cells, and its in cis coating of the future Xi precedes gene silencing and chromatin 

changes. The mechanism by which one of the two X chromosomes is chosen, at 

random, to express XIST/Xist and initiate inactivation is unknown. However, it is this 

fateful expression that leads to the characteristic Xi that can be visualized in female 

somatic cells. 

Knock-out studies in mouse embryos and mouse embryonic stem (ES) cells 

demonstrate that Xist is required for X-chromosome inactivation (31-33). When Xist 

expression is abolished from one of the two X chromosomes in female mouse ES cells 

and the cells are subsequently differentiated, X inactivation becomes non-random and 

the wild-type X chromosome that retains the Xist gene is inactivated (32). Ectopic Xist 

expression can also induce inactivation (31). Therefore, Xist expression is both required 

and sufficient to induce inactivation. 

A sequence comparison analysis of the XIST gene across species shows that there 

are conserved regions which may help to elucidate the manner in which XIST functions 

in X-chromosome inactivation. The XIST gene has little primary sequence homology 
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between species (34,35). Generally, long non-coding RNAs show low sequence 

conservation and display rapid sequence evolution (36). The lack of DNA sequence 

conservation does not mean there is a lack of similar RNA structure and function. It is 

the small regions of similarity within the XIST gene that hint at important secondary 

structures required for the initiation of X inactivation. There are six sets of tandem 

repeat regions throughout the gene and a predicted hairpin structure in exon 4 of the 

XIST/Xist RNA that display conservation in eutheria (34,35,37). 

The most promising functional region for silencing is located at the 5’ end of the 

XIST gene, within exon 1, and is comprised of highly conserved tandem repeats that 

are commonly referred to as the A-repeats. Wutz et al use a collection of Xist mutations 

to map functional regions experimentally within the RNA (38). The silencing ability of 

several Xist mutations from the single X chromosome in male mouse ES cells are 

analyzed by assessing cell lethality (as a result of inactivating the only X chromosome in 

male cells) and determining localization with RNA FISH (38). It is shown that the A-

repeats are required for the Xist RNA to silence genes (38). Although only one region is 

required for silencing, the localization of the RNA depends on several regions that have 

little or no homology to each other and are dispersed throughout the transcript (38). 

Interestingly, the 3’ region of the RNA is not required for silencing or localization but 

appears to have a specific role in recruitment of macroH2A1 (38).  

Experiments to date have shown that the A-repeat region is required for gene 

silencing, that multiple regions are required for localization, and that the 3’ region is 

required for macroH2A1 recruitment. There could be additional functional regions of Xist 

that have not been recognized. With an increasing number of potential proteins involved 

in the process of X-chromosome inactivation, there will be a need to determine if 

additional regions of Xist are crucial for protein recruitment and function at the Xi.  

1.3 Features of the Xi 
The expression of XIST from the future Xi and its in cis localization first establishes 

the difference between the two female X chromosomes. Once the process of 

inactivation is complete, the chromatin of the Xi can be identified in a somatic cell by 

decreased active histone modifications, such as H3 and H4 acetylation (4,39,40), as 
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well as increased inactive modifications (11,13,16,41-43), including the association of a 

histone variant, macro histone H2A (macroH2A) (5,44), and DNA methylation at the 

CpG islands of gene promoters (7). Furthermore, the Xi is associated with X-linked 

gene silencing, late replication in S-phase (45), and a transcriptionally silent domain, 

known as the Cot-1 hole, which silences the Cot-1 repetitive fraction and excludes RNA 

Polymerase II (RNA PolII) (12,46).  

The Xi chromatin can be physically, temporally and spatially separated from its 

active counterpart. These changes occur early during development, thus much of our 

knowledge regarding the initial events is derived from studies utilizing mouse embryos 

or differentiating mouse ES cells. Figure 1.1 is a schematic representation of the X 

inactivation process that outlines when the heterochromatic events are estimated to 

occur. Earlier events in the timeline of X-chromosome inactivation are proposed to 

contribute to the establishment of the Xi compared to later events, which are important 

in the maintenance of the Xi. I will discuss each distinguishing event as it pertains to X 

inactivation. 

1.3.1 Expression and localization of XIST 
X-chromosome inactivation begins with the increased expression and in cis 

localization of the Xist RNA. Xist is expressed at a low level from both X chromosomes 

in females prior to X inactivation and can be visualized with RNA FISH as a dot-like 

signal in undifferentiated ES cells. During the process of X-chromosome inactivation, 

the expression of Xist is upregulated from the future Xi and coats the chromosome, prior 

to gene silencing and the establishment of a heterochromatic state (1-3). The early 

expression of Xist in the cascade of events that occur during X inactivation suggests a 

role for the Xist RNA in the recruitment of factors required for silencing. The localization 

of the Xist RNA can occur in somatic cells; however, Xist-mediated silencing is 

dependent on a developmental context through the requirement of temporally restricted 

factors (31,47)  

The XIST RNA localizes in the nucleus with a specific accumulation that forms an 

observable single focus and corresponds to the Barr body within a female cell (30,48). 

XIST spreads over the area of the Xi chromosome (as seen when hybridized with X  
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Figure 1-1: A schematic representation of the process of X-chromosome inactivation in mouse ES cells 
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chromosome paints) and coats the chromosome from which it is transcribed (48). 

Localization of the XIST transcript is a crucial step in the process of inactivation since it 

appears to be necessary for XIST-dependent genic silencing. There are examples in the 

literature of localization occurring without silencing, however, the reverse has not been 

documented when XIST/Xist is expressed through development (38,49). Conversely, 

silencing can be maintained in the absence of a localized XIST/Xist RNA in post-

differentiated cells (49). The initiation of silencing is dependent on XIST localization but 

the maintenance of silencing is not dependent on XIST localization.  

There is also a localization quality that is specific to the X chromatin itself, which 

confers efficient XIST/Xist RNA localization. Studies utilizing X:autosome translocations 

show that the RNA has limited ability to coat the autosomes (50-52). Although the exact 

manner in which the XIST RNA localizes in cis to the Xi remains unknown, it is 

postulated that protein partners play a role in the localization process.  

During mitosis, the association of the XIST RNA to the Xi is disrupted and the RNA 

can be seen throughout the cytoplasm (48,53). Recently, Hall et al reason that the loss 

of localization during mitosis suggests that events occurring during this time affect XIST 

binding (53). XIST’s interaction with the chromosome is influenced by the mitotic 

expression of Aurora B kinase (AURKB) (53). Analysis of the Xist RNA sequence show 

that multiple sequences dispersed throughout the RNA act cooperatively to localize Xist 

to the X chromosome (38). A model for XIST binding to the Xi via multiple anchor points 

propose that a strict localization is maintained by the binding of several factors to the 

RNA that cooperatively ensure proper localization (38,53).  

1.2.2 Cot-1 holes and RNA PolII exclusion 
The visualization of the Xi within the nucleus enables researchers to determine if 

epigenetic marks are enriched or depleted within the Xi chromatin territory. The 

expression of Xist immediately leads to the formation of a silent nuclear compartment 

(Refer to Figure 1-1). Hall et al were the first to identify the lack of Cot-1 RNA within the 

XIST territory of a female fibroblast cell line (54). The Cot-1 fraction is enriched for 

repetitive sequences (55) and can be hybridized to RNA within the nucleus to identify 

heteronuclear RNA transcription (54). A general diffuse hybridization pattern can be 

seen in the nucleus with a lack of Cot-1 RNA corresponding to the nucleolus and the Xi. 
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This lack of staining at the Xi is termed the Cot-1 hole. Originally it was thought that the 

Cot-1 hole represented X-linked gene silencing, however, with further analysis it 

appears that the Cot-1 hole represents a silent nuclear compartment that is initiated by 

Xist expression through the silencing of the Cot-1 repetitive fraction and the exclusion of 

transcription machinery (12,46).  

To add to this picture of a silent nuclear compartment, there is also the exclusion of 

RNA PolII and transcription factors (TAF10 and TBP) from the Xi (46,56). RNA FISH 

and immunofluorescence are used to study the dynamics of both Cot-1 and RNA PolII 

exclusion during mouse female ES cell differentiation (12). RNA PolII exclusion, at the 

presumptive Xi is the earliest known event following Xist RNA coating, whereby, after 

one day of differentiation, 72% of the Xist RNA domains have an accompanying RNA 

PolII exclusion (12). The kinetics of the Cot-1 exclusion, at the future Xi, follows RNA 

PolII exclusion closely, whereby 63% of RNA PolII exclusions also have Cot-1 exclusion 

after one day of differentiation (12). It is interesting that the exclusion of RNA PolII 

precedes gene silencing (gene silencing being first detected around day two (4,11)), 

and the exclusion of both RNA PolII and Cot-1 can occur without gene silencing (12). 

The rapid exclusion of RNA PolII and the appearance of the Cot-1 hole following Xist 

expression, even prior to gene silencing, supports the idea that Xist expression leads to 

the formation of a silent nuclear compartment and that the majority of the domain 

painted by the Xist RNA is highly repetitive DNA (12,46).  

1.2.3 Changes in histone modification  
A number of changes in histone modifications also take place early following Xist 

expression. The Xi can be identified based on the lack of euchromatic, active 

modifications and the enrichment of heterochromatic, inactive modifications in somatic 

cells. Specifically, using RNA FISH and chromatin immunoprecipitation (ChIP) to 

analyze the Xi, researchers show that there is a depletion of H3 methylation (at K4, R17 

and K36), H3 and H4 acetylation, and an enrichment of H3K9me2, H3K27me3, 

H4K20me1, and H2AK119ub1 (4,11,13-16,39-43,57-59).The specific timing of these 

events during the process of X inactivation is deciphered using differentiating mouse 

female ES cells and early mouse development. As the changes in histone modifications 
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occur early in the timeline of X inactivation, they are suggested to play a role in the 

establishment of the Xi. 

The loss of the active histone marks appear to be the earliest chromatin change 

occurring after Xist expression (10,11,56). Although the loss of active marks appears to 

begin prior to the gain of inactive marks, the loss and gain of histone modifications is a 

gradual process. Therefore, the loss of active histone modifications and the gain of 

inactive modifications occur within an overlapping timeframe of one to five days of 

differentiation and 8-cell to 32-cell stage of early mouse embryonic development 

(4,10,11,43,56). The hypomethylation of histone H3 residues (K4, R17, and K36) and 

hypoacetylation at H3K9 occur with similar kinetics, approximately one day following 

differentiation (10). The hypoacetylation of H4 (residues K5, K8 and K12) occurs within 

this same time (one to five days), although, this process appears to have slightly slower 

kinetics (10) and perhaps is initiated following the changes on H3 (4,11) .  

Closely overlapping the loss of active modifications is the enrichment of inactive 

marks on the Xi. Beginning at one day following differentiation H3K9 methylation 

appears and by two days following differentiation, H3K27me3, H4K20me1 and 

H2AK119ub enrichment could be seen at the Xi (14-16,42).  

The exact days during differentiation in which these marks are seen varies slightly in 

the literature and depends on the cell cycle (i.e. interphase versus metaphase) and the 

differentiation method (retinoic acid treatment versus withdrawal of leukemia inhibitory 

factor, LIF). Nevertheless, there is a loss of active modifications, specifically 

hypomethylation of H3 and the hypoacetylation of both H3 and H4 that are seen in a 

proportion of cells with an Xist RNA focus from one day after ES cell differentiation 

(essentially when the Xist RNA coats the chromosome) and a gain of inactive marks 

beginning one to two days following ES cell differentiation.  

The Xist RNA could initiate distinct changes in histone modifications associated with 

the Xi, as the timing of these histone modifications immediately follow Xist upregulation 

and localization, and coincide with genic silencing. Although some of the enzymes that 

impart these changes are known, it is not known if the Xist RNA actively recruits these 

factors to initiate X inactivation or whether a more passive process of histone 

replacement occurs during cell division that is affected by the overall silent nature of the 
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chromatin. The ability of the Xist RNA to initiate Xi-associated marks in the absence of 

the ‘normal’ gene silencing will be discussed in a later section. 

Although these modifications distinguish the Xi, the Xi chromatin is not uniform in 

nature with respect to the histone modifications (60). Approaches that look at chromatin 

modifications genome-wide are enabling researchers to develop maps of epigenomes. 

In order for these studies to be useful for the understanding of X-chromosome 

inactivation, a method in which the Xi can be compared to the Xa must be established. 

The human Xi has a distinct distribution of H3K9me3 and H3K27me3 whereby the 

modifications appear in reproducible segregated regions that do not overlap when 

analyzed with immunofluorescence (61). The H3K9me3 regions colocalize with HP1 

and H4K20me3 regions, while the H3K27me3 regions colocalize with the XIST RNA 

and the histone variant macroH2A (61). Valley et al used a SNP-based assay to identify 

the Xi from the Xa and performed chromatin immunoprecipitation (ChIP) on 112 X-

linked loci to determine the occupation of macroH2A versus H3K9me3 (62). The 

majority of the loci are either enriched for macroH2A or are enriched for H3K9me3, 

similar to the immunofluorescence results. ChIP is a more region-specific method than 

immunofluorescence and the ChIP results have some loci with both macroH2A and 

H3K9me3 enrichment. Therefore, there does not seem to be a uniform distribution of 

the differential marks over the Xi; however, the inactive epigenetic marks could still be 

interconnected and act redundantly to keep the chromatin of the Xi silent. 

1.2.4 MacroH2A recruitment 
In addition to histone modifications, the Xi can also be identified by the incorporation 

of the histone variant macro histone H2A. There are three macroH2A variants that are 

derived from two genes. MacroH2A1.1 and macroH2A1.2 are derived by alternate 

splicing of the macroH2A1 gene, whereas macroH2A2 is encoded by a separate 

macroH2A2 gene (63,64). All of these variants are found to be enriched on the Xi and 

consist of an N-terminal histone domain, with similarity to H2A, and a large C-terminal 

non-histone macro domain (65,66). A general nuclear diffuse staining pattern is 

observed with immunofluorescence in both male and female somatic cells (67); 

however, a female-specific macroH2A enriched region corresponds to the Barr body 

and is referred to as the macro-chromatin body (MCB) (65). 
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The enrichment of macroH2A at the Xi is temporally regulated. In undifferentiated 

male and female mouse ES cells, macroH2A1 accumulation is seen at the centrosomes 

and is dependent on intact microtubules (68). During differentiation, macroH2A1 

association with the centrosome decreases and the histone variant becomes enriched 

at the Xi. MacroH2A cannot be recruited when the expression of Xist is induced in 

undifferentiated ES cells (38,44). The initial formation of the MCB in differentiating 

mouse ES cells is observed seven days following differentiation and is later in the 

timeline when compared to histone modifications, suggesting that macroH2A1 is not 

involved in the early initiation phase of X inactivation (5).  

The mechanism by which macroH2A is recruited to the Xi is unknown but it is 

dependent on the expression of Xist, in particular, the 3’ end of the transcript (38,44,69). 

A conditional deletion of Xist abolishes the localization of macroH2A at the Xi despite 

the retention of late replication and H4 hypoacetylation (69). Complementary, the 

ectopic expression of Xist from an autosome is sufficient for MCB formation and the 

continued expression of Xist is required for the maintenance of MCBs (44). MacroH2A 

appears to associate, in some manner, either directly or indirectly with the Xist RNA and 

evidence to support this association will be discussed later in this introduction.  

Estimates of histone protein content from rat liver suggests that up to one in every 

30 nucleosomes could contain macroH2A (65) and that the Xi has approximately 1.5 

fold more macroH2A1 than the autosomes (70). Cytological investigation of the X 

chromosome in both metaphase and interphase cells, shows that macroH2A colocalizes 

with both the Xist RNA and H3K27me3 to form distinct regions on the Xi that are distinct 

from regions enriched for H3K9me3 (61). However, analyses with an allele-specific 

approach show alleles that have macroH2A colocalize with the Xist RNA and 

H3K27me3 and alleles that have macroH2A colocalize with H3K9me3 (62). 

Similar to the core histones, post-translational modifications are found on 

macroH2A1 (71). While macroH2A1 can be ubiquitinated, phosphorylated, methylated, 

and ADP-ribosylated, little is known about the functional implications of these 

modifications on macroH2A1 chromatin (71,72). A form of macroH2A1 that is 

phosphorylated at serine 127 is excluded from the Xi, and the ubiquitin ligase 

CULLIN3/SPOP that ubiquitinates macroH2A1 is required for macroH2A enrichment at 
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the Xi (73,74).The specific exclusion of a phosphorylated macroH2A1 and the 

dependence on a ubiquitin ligase for the inclusion at the Xi suggests there is an 

unknown regulation on the localization of macroH2A1 to the Xi. 

A role for macroH2A in transcriptional repression is based on its enrichment at the 

heterochromatic regions (including the Xi) and its depletion from transcribed regions 

within the nucleus, although the exact mechanism that macroH2A functions to cause 

repression are unknown. There is substantial experimental evidence that links 

macroH2A with the inhibition of transcriptional initiation. For example, nucleosomes that 

contain macroH2A prevent the binding of transcription factors to their recognition 

sequences (75) and SWI/SNF, a chromatin remodeler involved with gene activation, 

preferentially binds H2A-containing nucleosomes over macroH2A-containing 

nucleosomes (75,76). In addition, the presence of macroH2A represses polymerase II 

transcription (77). Another function of macroH2A that may be distinct from X inactivation 

is the ability of the macroH2A1.1 variant to bind ADP-ribose and localize to sites of poly-

ADP-ribose formation (78). Several macro domain-containing proteins share this 

binding ability and some even have enzymatic activity (78). The exact role 

macroH2A1.1 plays in the ADP-ribosylation pathway is just beginning to be analyzed. 

MacroH2A has a complex distribution within the nucleus that is influenced by several 

factors and several mechanisms. 

There are macroH2A1 knockout mice that show normal X inactivation (79), which 

could be the result of macroH2A2 having a similar function to macroH2A1. Studies on 

double knockout mice have not yet been reported. In summary, Xist is required and 

sufficient for the recruitment of macroH2A to the X chromosome and several repressive 

mechanisms involving macroH2A likely contribute to the silent nature of the Xi.  

1.2.5 DNA methylation patterns 
The DNA methylation of promoters on the Xi is yet another feature that identifies the 

Xi and contributes to the heterochromatic state. During early mouse development, the 

kinetics of DNA methylation follows behind gene silencing and histone modifications 

(Refer to Figure 1-1) (7). Therefore it is a late event in the timeline of X inactivation and 

is likely involved in the maintenance of the inactive state rather than the initiation. DNA 

methylation in mammals occurs at the cytosine in a CpG dinucleotide. Regions with a 
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high density of CpG dinucleotides are called CpG islands and are found associated with 

the promoter region in 60-70% of all human genes (80-82).  

On the Xi, the methylation of CpG islands associated with promoters contributes to 

transcriptional silencing of X-linked genes (83,84). While the CpG island promoters of 

genes on the Xi are hypermethylated compared to the Xa (7,85-88), non-island 

promoters have similar Xi and Xa methylation patterns (89). The promoter region of the 

silenced Hprt gene has been studied extensively and is hypermethylated on the Xi 

compared to the Xa (87,88). Conversely, a gene that is known to escape X inactivation, 

MIC2, remains hypomethylated on the Xi (90). More recently, a genome-wide analysis 

of promoters found that promoter DNA methylation is higher on the X chromosome than 

the autosomes (85). Specifically on the X chromosome, only the CpG island promoters 

of genes that undergo inactivation are hypermethylated when compared to those that 

escape inactivation (85).  

Despite the specific hypermethylation found at promoters on the Xi, it appears that 

the Xi has an overall hypomethylated state compared to the Xa (86,91,92). The Xa is 

hypermethylated at gene bodies and hypomethylated at gene promoters (93). The 

hypermethylation at gene bodies on the Xa likely contributes to the overall 

hypomethylation seen on the Xi (93). In summary, the Xi is overall hypomethylated 

compared to the Xa but hypermethylation at CpG island promoter regions on the Xi 

occurs and is thought to contribute to the maintenance of X-linked gene silencing. 

1.2.6 Other features of the Xi 
In addition to physical features that highlight the differences between the chromatin 

content of the Xi and its active counterpart, the X chromosomes are spatially and 

temporally separated within the nucleus. When a human female nucleus is treated with 

reagents that mark nucleic acids, it is possible to detect the Xi as a DNA dense region, 

termed the Barr body (6). The subnuclear localization of the Xi is predominantly at the 

nuclear periphery or adjacent to the nucleolus (8,9,94). Although by FISH the Xa and Xi 

territories are indistinguishable and have similar volumes, by electron microscopy the Xi 

forms a unique structure that is easily distinguishable from euchromatin and constitutive 

heterochromatin (8). The subnuclear compartmentalization of the Xi spatially separates 
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it from the Xa and other euchromatin, which could contribute to the maintenance of the 

inactive state. 

The replication timing of the Xi is also different from that of the Xa which results in 

the X chromosomes replicating asynchronously. The majority of the Xi replicates later in 

S-phase than its corresponding region on the Xa (45). However, there are regions on 

the Xi that replicate synchronously with the Xa and these generally correspond to genes 

that escape X inactivation (95). This replication pattern mirrors the general trend where 

later replication is associated with gene repression and earlier replication with gene 

expression (96,97). The change in replication timing follows the establishment of the 

inactive histone modifications and does not affect which origins of replication are fired 

(10,98,99). As the Xi and Xa use similar replication origins, it is unknown how the 

replication at the origins is delayed on the Xi. The late replication timing of the Xi 

temporally separates it from its active counterpart and may provide an additional means 

to maintain inactivation or be the result of the inactive state.  

1.4 Model systems for the study of X inactivation 
The differences between the Xa and Xi chromosomes are observed in female 

somatic cells. The process of X inactivation occurs early during mammalian 

development; therefore much of our knowledge regarding the procurement of these 

inactivating events requires the study of model systems. Undifferentiated female mouse 

ES cells have two active X chromosomes and upon in vitro differentiation, can initiate 

the process of X inactivation randomly on one of the two X chromosomes (31). For this 

reason, mouse ES cells are a powerful tool used to study events that occur during 

inactivation. The expression of different Xist transgenes and mutations is used to 

identify factors required for inactivation (31,38). Unfortunately, human ES cells are less 

informative since the activity of the X chromosomes in undifferentiated cells is unknown 

or variable (100-103). As a result, studies using human XIST focus on the expression of 

XIST transgenes in somatic human cells,  cancer cells, mouse cells or in human/mouse 

somatic cell hybrids (49,104,105). Figure 5-1 outlines the current and potential model 

systems for the study of human X-chromosome inactivation. 
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1.4.1 Developmental window for Xist-mediated silencing 
A developmental window in which X inactivation can occur has been defined with 

differentiating mouse ES cells. There is a male ES cell line system whereby the 

integration of a single copy Xist transgene into the X chromosome of male ES cells is 

able to localize and initiate late replication, H4 hypoacetylation, and silencing as a 

measure of cell death (as a result of the inactivation of the only X chromosome in XY 

male cells) (31). The timing of Xist expression is controlled through an inducible 

promoter; such that, Xist could be expressed sequentially during differentiation. To 

initiate silencing, Xist expression must be initiated within 48 hours of differentiation, 

beyond this point, the cells begin to resist Xist-mediated silencing (31). X-chromosome 

inactivation can be used as a model to study how epigenetic patterns are established 

during cellular differentiation since the initiation is intimately linked to development.  

It is uncertain if there is an equivalent developmental window during human 

differentiation. Some aspects of X inactivation are recapitulated in a human male 

fibrosarcoma cell line, HT1080, with the expression of XIST occurring post-

differentiation. A human XIST transgene that is expressed in the HT1080 cell line  

induces H4 hypoacetylation (54), late replication (54) , ubiquitination of H2A (58), 

recruitment of macroH2A (58), silencing of a reporter gene (106), and the formation of a 

Cot-1 hole (54,106). A human cell line, derived from an adult cancer, is able to initiate 

XIST-mediated silencing, post-differentiation, suggesting there is a cell type 

competency for silencing and epigenetic changes, rather than a species-specific 

difference.  

1.4.2 Deletion of the A-repeats and lack of silencing 
As mentioned previously, Wutz et al use the Xist-inducible male ES cell system to 

define functional regions of the Xist RNA that are responsible for localization, silencing, 

and macroH2A recruitment (see XIST/Xist section) (38). A region at the 5’ end of the 

gene, commonly referred to as the A-repeats, is required for silencing in the mouse ES 

cell system (38). In the human HT1080 model system, the A-repeats are required for 

silencing, as well as for the accumulation of the XIST transcript (106). Although the 

silencing ability is conserved, the localization requirement for the A-repeats differ 

between mouse and human. 
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Several studies in mice have used the A-repeat deletion transgene (XistΔsx) to 

assess whether features of the Xi can be recruited in the absence of silencing. If 

features could be recruited with the XistΔsx transgene, it would suggest that the A-

repeats are not necessary for the feature’s recruitment and that the feature does not 

initiate silencing alone. The results from the XistΔsx transgene studies are not as 

straightforward; the integration site and differentiation state varies among studies and 

some features have different degrees of recruitment, as compared to controls. Table1-1 

summarizes the epigenetic marks and proteins that are recruited with the XistΔsx 

transgene. The A-repeats are required for efficient enrichment of macroH2A1, Eed, 

Phc1, H3K27me3, and H2A119ub (14,15,38,107,108). The exclusion of Cot-1 RNA and 

RNA PolII is independent of the A-repeats and silencing (12). The exclusion of these 

two marks occurr with the same efficiency when the XistΔsx transgene is induced from 

the endogenous Xist locus in male ES cells as compared to differentiating female ES 

cells (12).  

MacroH2A is enriched at the Xi in 30% of Xist-expressing cells in differentiated 

female ES cells (38). Two lines of evidence suggest that macroH2A1 can be recruited in 

the absence of silencing. First, when an Xist cDNA transgene is integrated at the Hprt 

locus (on the X) and is expressed just outside of the developmental window, there is an 

X chromosome enrichment of macroH2A (26%) that is similar to female cells, despite a 

lack of gene silencing (38). Second, when the XistΔsx transgene is integrated at the 

Hprt locus in differentiating ES cells, an X chromosome enrichment of macroH2A occurs 

in 17% of Xist-coated chromosomes despite a lack of gene silencing (38). Therefore, 

the expression of the XistΔsx transgene results in a lower recruitment of macroH2A to 

the X chromosome. MacroH2A can be recruited to the X chromosome with the 

expression of Xist in the absence of silencing and the A-repeats contribute to the 

efficiency of macroH2A recruitment.  

Interestingly, differentiation improves the efficiency in which the H3K27me3 mark is 

recruited to the X chromosome with the XistΔsx transgene. When XistΔsx is expressed 

from the endogenous Xist locus in undifferentiated cells, 15-25% of cells have an X 

chromosome enrichment of H3K27me3 (15). Following differentiation, the H3K27me3 

enrichment at the X chromosome increases to 78% of cells and is similar to
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Table 1-1: Epigenetic marks and enrichment at the X chromosome with the Xist∆sxa construct in male mouse ES cells 
 Hprt Locus Integration Endogenous Locus Integration 

Other Controls 
Undifferentiated Differentiating Undifferentiated Differentiating 

Xist∆sxa Xist cDNA Xist∆sxa Xist cDNA Xist∆sxa Xist∆sxa 
Xist 

gDNA 
TetOPb 

MacroH2A 
  17% (38) 

 
26% (38) 
differentiated 
for 2Dc then 
4de Doxf 

   30% (38) 
differentiated ♀ 
ES cells 

Eed Enriched (14) 
68.9% (107) 

92.9% (107)       

Ezh2 Enriched 
(108) 

   9% (15)   76% (15) Clone 
36c (chr11) 

Phc1 13.7% (107) 19.3% (107)       

Cot-1 Hole 
     70% (12) 

differentiated for 
1Dd with Doxf 

 63% (12) 
♀ ES cells 
differentiated for 
1Dd 

RNA Pol II 
Hole 

     >90%g (12) 
D1d with Doxf 

 72% (12) 
♀ ES cells 
differentiated for 
1Dd  

H3K27m3 
Enriched (14) 
20%(15) 

75% (15)   15-25% (15) 78% (15) 
differentiated for 
12 D d with Doxf 

 ~85%g  
(15) 
♀ Fibroblast 

H4K20m1     14% (15)    

H2AK119Ub1 

    Enriched (108) ~42%g (108) 
differentiated 
D12 with Doxf 

 69% (108) 
differentiated for 
12Dd with Doxf 
Clone 36c 
(chr11) 

Survival 
(as a measure of 
failure to silence) 

  93% (38) 
differentiated 
for 5Dd with 
Doxf 

23% (38)  ~90%g (38) 
differentiatied 
with Doxf 

~20%g 
(38) 
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Table footnotes:  
The numbers are percentages of cells enriched for the particular mark at the chromosome that expressed Xist 
a Xist∆sx – represents the Xist transgene lacking the 5’ A repeats (38) 
b Xist gDNA TetOP – represents the cell line whereby the endogenous Xist promoter is replaced by the inducible promoter (38) 
c Clone 36 (chr11) – male ES cell line where an inducible Xist cDNA transgene is integrated in chromosome 11 (38) 
d Refers to days of differentiation (D5 = day 5 of differentiation) 
e Refers to days of Doxycycline induction (d)   
f Refers to Doxycycline induction (Dox) 
g Percentages are approximated from bar graphs when there was not an exact number found within the text 
 

  19 



20 
 

the enrichment of H3K27me3 in female fibroblast cells (15). Therefore, at the 

endogenous locus, the differentiation enables the XistΔsx transgene to recruit 

H3K27me3 with similar efficiency to a female fibroblast.  

Overall, the A-repeats add to the recruitment efficiency of most epigenetic marks 

that were analyzed (Refer to Table 1-1). The expression of the XistΔsx RNA results in 

the enrichment of macroH2A1 (38), Eed (14,107), Phc1(107), H3K27me3 (14,15), and 

H2A119ub (108), therefore regions outside of the A-repeats could be responsible for the 

recruitment of proteins that impart these changes. However, the A-repeats appear to 

add to the recruitment in some manner not as yet defined, since the recruitment 

efficiency for the XistΔsx transgene is reduced compared to an Xist transgene (or 

endogenous) containing the A-repeats. Conversely, the ability of the Xist RNA to form a 

nuclear repressive compartment is not dependent on the A-repeats (12), and involves 

other regions of the RNA that remain to be determined.  

1.4.3 Somatic cell hybrids as a model system 
Somatic cell hybrids are created by the fusion of somatic cells from two different 

species. When human and mouse cells fuse, generally the human chromosomes 

become eliminated from the cells during subsequent cell divisions, at random, for an 

unknown reason (109,110). As a result, somatic cell hybrids can be selected with the 

complement of mouse chromosomes and a variety of human chromosomes. Somatic 

cell hybrids are useful in studies of X inactivation because they can be specifically 

selected to contain either the human Xi or Xa (109,110). Generally a mouse mutant is 

used where the cells require a human complement to survive; if the mutant gene is X-

linked, the human X chromosome will be retained (109,111).  

Human/mouse somatic cell hybrids are valuable in the field of X inactivation because 

they circumvent the need to discriminate between two identical X-linked alleles as they 

can be selected to only contain one X chromosome, either in its active or inactive state, 

and can be used to study X-linked gene expression, XIST/Xist localization and X 

inactivation. Human X-linked gene expression has been analyzed in human/mouse 

somatic cell hybrids containing either a human Xi or Xa to determine the gene’s activity 

status (112,113). These hybrids are also used to identify human X-linked genes that 

escape inactivation (112,113).  
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To study the process of X inactivation in somatic cell hybrids, hybrids containing a 

human Xi are analyzed for XIST localization and silencing. Surprisingly, the human 

XIST RNA is not able to localize to the human Xi chromosome in the hybrids, though 

the X remains inactive (49). Additionally, when a hybrid containing a human Xa is 

demethylated to express human XIST and mouse Xist, the human XIST RNA is unable 

to localize and the mouse Xist localizes (49). However, in both cases, the expression of 

XIST/Xist does not cause X inactivation of either the human or mouse X chromosome 

(49,104).  

The studies in somatic cell hybrids expressing human XIST show that proper 

localization of the human XIST transcript cannot occur and induced expression of XIST 

does not lead to X inactivation. Conversely, inactivation can be maintained on a human 

Xi that lacks proper XIST localization. The aberrant localization of human XIST and 

correct localization of mouse Xist suggests that there are species-specific factors 

required for localization (49). The continued maintenance of inactivation, despite a 

drifting XIST RNA, supports the idea that silencing is irreversible in somatic cells. While 

the lack of silencing with induced XIST expression in the somatic cell supports the idea 

of a developmental window for XIST/Xist mediated silencing.  

1.5 XIST and potential interacting proteins 
There have been several approaches undertaken to identify XIST-interacting 

proteins and the task remains daunting. The size of XIST/Xist and its association with 

the insoluble nuclear matrix hinders biochemical approaches for isolating RNA-

associated proteins. An indirect strategy is to look at the changes that occur on the Xi 

during X-chromosome inactivation and postulate what proteins could impart such 

changes. These candidate proteins can then be analyzed with immunofluorescence, 

RNA-immunoprecipitation, and knock-out studies to determine if there is an association, 

whether direct or indirect, with the XIST/Xist RNA. As described in the following 

sections, there is a wide array of proteins with varying functions that have been 

identified by these methods including histones, polycomb group proteins, 

heterochromatin proteins, scaffold proteins, and others.  
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1.5.1 MacroH2A 
Xist expression is both necessary and sufficient for the recruitment of macroH2A to 

the Xi and the formation of an MCB. A physical interaction between the Xist RNA and 

the histone variant is proposed to explain the Xist-dependent enrichment of macroH2A 

at the Xi. An association either direct, or indirect, is shown with RNA 

immunoprecipitation (RIP) experiments where an antibody to macroH2A 

immunoprecipitates the associated Xist RNA (114). Although the enrichment of 

macroH2A at the Xi is Xist-dependent, the exact manner in which the RNA interacts 

with the histone variant has not been elucidated.  

As the recruitment of macroH2A is dependent on the Xist RNA, regions of both the 

protein and the RNA have been analyzed to identify elements that are required for Xi 

recruitment and possible interaction. The macroH2A histone variant is characterized by 

a large non-histone C-terminal region that comprises two-thirds of the protein 

(commonly called the macro domain) and an N-terminal histone-like region that 

comprises one-third of the protein and shares 65% amino acid identity to the core H2A 

(115). The histone-like region of macroH2A alone is capable of targeting to the Xi and 

formation of MCBs (116,117). Therefore, despite the similarity of the variant histone-like 

region to histone H2A, there are differences that are important for the specific targeting 

of this histone-like region to the Xi (116,117). There appears to be redundancy involving 

the regions required for this localization such that these Xi-targeting sequences are 

found dispersed throughout the histone-like region of macroH2A (116).  

The non-histone macro region of macroH2A alone is not capable of forming an 

MCB; however, the macro region forms an MCB when the non-histone macro region is 

fused to H2A or H2B to create chimeric proteins (117). The fusion of core histones with 

the macro region causing Xi enrichment suggests that there is a region of importance 

within the non-histone macro region (117). Mutagenesis studies determined that the C-

terminal portion of the macro region is critical for targeting to the Xi (117). A comparison 

of the amino acid residues in the macro region of macroH2A to bacterial and RNA viral 

proteins show 24-35% similarity (118).This conservation hints at a potential RNA 

binding ability within the non-histone macro region of macroH2A. 
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Complementary to studies that identify regions of the protein required for Xi 

enrichment, the Xist RNA has also been examined to determine if any regions are 

definitely required for the recruitment of macroH2A to the Xi. The 3’ end of Xist is 

important for recruitment of macroH2A, therefore macroH2A can be recruited in the 

absence of the 5’A-repeats and its enrichment at the Xi is silencing independent (38).  

Overall, an interaction between macroH2A and the Xist RNA is suggested by the 

Xist-dependent and silencing-independent enrichment of macroH2A at the X 

chromosome. The conservation of the macro domain suggests that macroH2A is a 

protein with bacterial and viral origins that has a more general purpose than its role in X 

inactivation since it is found in organisms that do not dosage compensate and in both 

males and females. Regardless of an ancestral function, a role has evolved for 

macroH2A in X inactivation, as it is enriched on the Xi in an Xist-dependent manner and 

several lines of evidence point to a possible macroH2A-Xist RNA interaction. 

1.5.2 PRC2 
Polycomb group proteins belonging to the PRC2 complex are enriched on the Xi. 

The PRC2 proteins, Eed, Ezh2, and Suz12 are transiently recruited to the Xi early 

during inactivation and are responsible for trimethylating H3 at K27 (14,41,119,120). 

Ezh2 contains a SET domain and is the histone methyl transferase (HMTase) 

responsible for H3K27me3, however, the activity of Ezh2 is dependent on its protein 

partners Eed and Suz12 (41,121,122). The Xist RNA might recruit PRC2 to set up the 

heterochromatic state of the Xi through the methylation of H3K27. 

The kinetics of PRC2 recruitment during X-chromosome inactivation suggest an 

early role and a direct interaction with the Xist RNA. The transient recruitment of 

Eed/Ezh2 to the Xi is observed by immunofluorescence in differentiating trophoblast 

stem (TS) cells and ES cells, in addition to the extraembryonic tissues and the 

embryonic tissues of developing mice (14,41,56,123). Two separate groups show that in 

differentiating ES cells, the Xi enrichment of Eed/Ezh2 is the highest two to six days 

following differentiation and is undetectable by ten to thirteen days (14,41). It seems 

Eed/Ezh2 plays a critical role in the silencing of the Xi early during the process by 

setting up the repressive H3K27me3 mark.  
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Despite the repressive function of PRC2 in the initiation of X inactivation, silencing 

can occur without Eed recruitment and Ezh2 can be recruited in the absence of 

silencing (124,125). Eed knockout studies show that initiation of inactivation can occur 

in the absence of Eed and the H3K27me3 mark in embryonic cells, and that Eed is 

required for maintenance of the imprinted Xi in trophoblasts (124,126). There are some 

contradicting results regarding reactivation of the Xi in embryonic cells with one group 

finding minor reactivation, while another group showing stable silencing (41,125). 

Regardless, it is difficult to assess long term maintenance of the Xi in cells lacking 

PRC2 activity and its associated H3K27me3 since knockouts of Eed, or Ezh2, or Suz12 

are all embryonic lethal. The current data suggests that PRC2 recruitment to the Xi is 

Xist RNA-dependent, but is not required for the initiation of X inactivation and its 

recruitment is not sufficient for silencing.  

An indirect interaction between the Xist RNA and PRC2 is proposed on the basis of 

RIP experiments in ES cells as antibodies to Ezh2 and Suz12 are able to pull-down the 

Xist RNA (127). An in depth look at regions of Xist identified a 1.6 kb RNA within Xist, 

RepA, that is able to recruit Ezh2 to an autosome and its deletion prevents PRC2 

enrichment and subsequent H3K27me3 in female undifferentiated ES cells (127). The 

interaction between this RNA and PRC2 appears to be mediated through Ezh2 which is 

the RNA-binding protein within PRC2 (127). Full length Xist RNA also binds PRC2, 

which supports the idea that the Xist transcript itself recruits chromatin modifying 

proteins to the X from which it is transcribed. Therefore, PRC2 and specifically Ezh2 

enrichment on the Xi appears to be a result of Xist expression and spreading along the 

Xi. 

1.5.3 PRC1  
The PRC1 is a highly dynamic complex such that its constituents vary depending on 

cell type and developmental stage (107). There are about 16 known protein 

components of PRC1 and the functions of some of these proteins establish a link 

between PRC1 and X-chromosome inactivation. Cbx2, Cbx4, Cbx5, Cbx6, Cbx7, and 

Cbx8 all contain the highly conserved N-terminal chromodomain (CD) which is thought 

to play a role in the recognition of methylated lysine residues on histone tails. It is 

suggested that the recruitment of PRC1 to the Xi is mediated through the CD-containing 
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proteins of PRC1 that could potentially bind to the H3K27me3 and H3K9me2 marks of 

the Xi (128). Ring1b is yet another PRC1 member and is the ubiquitin ligase that 

monoubiquitinates H2AK119 and is transiently recruited to the Xi during differentiation 

(42). The recruitment of some PRC1 components occurs independently of inactive 

histone modifications. Ring1b and its resultant H2AK119ub1 are recruited in the 

absence of H3K27me3, and not all H3K27me3 enriched Xi chromosomes have a co-

associated enrichment of PRC1 (107,108).  

Immunofluorescence co-localization studies confirm the recruitment of several PRC1 

components to the Xi and their dependence on Xist expression (Refer to Table 1-2). 

Enrichment is seen in a wide array of cells: mouse ES cells at various states during 

differentiation, early embryos of mice, mouse TS cells, MEFs, human HEK293, and 

mouse ES cells with Xist transgenes. The enrichment of PRC1 components varies 

among these cell types; for example, for those proteins analyzed there is a higher 

percent of cells with Xi enrichment in trophoblast cells than in all other types. Cells 

expressing ectopic Xist transgenes, even on an autosome, are able to recruit Phc1, 

Phc2, Ring1A and H2Aub (Refer to Table 1-2). 

It can also be seen from Table 1-2 that the enrichment of different components 

varies during the progression of differentiation. The timing of the enrichment, during a 

specific period of development, could suggest a role for a particular PRC1 component in 

the initiation of X inactivation. For example, if a protein is enriched during the first one to 

three days of ES differentiation and begins to lose its Xi enrichment thereafter, the 

protein might be involved in the initiation phase of X inactivation, rather than its 

maintenance.  

The kinetics of enrichment on the Xi shows that Phc1 and Ring1b could be involved 

during the initiation phase of X inactivation; whereas Phc2, Cbx2, and Bmi1 could be 

involved early in the maintenance phase (42,107). However, initiation of X-chromosome 

inactivation can occur in the absence of Phc1 (129), or Ring1a, or Ring1b (16). The 

enrichment of Phc1 and the establishment of H2AK119ub1 can occur independent of 

the A-repeats and therefore genic silencing, such that their recruitment is not sufficient 

to induce silencing (107). 
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Table 1-2: A literature summary of various PRC1/2 components, their respective 
histone modifications, and their enrichment in different cell types  
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CBX2 

IF: 45.3% 
(107) 

IF: 13.9% 
(107) 
HA Tag: 
13.1% 
(107) 

D5a: 1.6% 
(107) 
D10 a: 19.3% 
(107) 
 
EGFP-D3 
Enriched  
(128) 

4.1% (107) 
Endo cDNAb 
24hr Doxc 

 
 
 

IF: 99% 
(107)  

 

CBX4 
IF (107) 
IF: 1-41%d  

(74) 

HA Tag: 
0% (107) 

EGFP-D3 a:0% 
(128) 

    

CBX6   EGFP-D3 a 
Enriched (128) 

    

CBX7   EGFP- D3 a 
Enriched (128) 

    

CBX8  HA Tag: 
13% (107) 

EGFP-D3 a 
Enriched (128) 

    

PHC1 

IF: 60.9% 
(107) 

IF: 0.3% 
(107) 
GFP Tag: 
0.6% 
(107) 

D5: 47% (107) 
D10: 0% (107) 

27% (107) 
Endo cDNAb 
24hr  Dox 
 
19.3% (107) 
Hprte 24hr 
Doxc 
 
48% (108) 
chr11f 
3d Doxc 
 
30% (130) 
chr11-3d Dox 

 IF: 69% 
(107) 

 

PHC2 

IF: 42.7% 
(107) 

IF: 3.4% 
(107) 
GFP Tag: 
27% (107) 

D5a: 1.0% 
(107) 
D10a: 32.1% 
(107) 

0% Endo 
cDNAb (107) 
24hr Doxc 
 
 

33% (108) 
chr11f 
D8a of diffg 
with Doxc 
 
30% (130) 
chr11f 
D8a of diffg 
with Doxc 

IF: 99% 
(107) 

 

PHC3 
 GFP Tag: 

0.4% 
(107) 

     

SCMH1 
 GFP Tag: 

25% (107) 
     

 



27 
 

 

H
EK

29
3 

M
EF

 

Fe
m

al
e 

ES
 

D
iff

er
en

tia
tin

g 

M
al

e 
ES

 +
 X

is
t 

Tr
an

sg
en

e 
 

 Tr
an

ge
ne

s 
w

/D
iff

er
en

tia
tio

n 
 TS

 

D
iff

er
en

tia
tin

g 
TS

 

BMI-1 
IF: 65.2% 
(107)  
IF: 7.6% 
(74) 

IF: 12.1% 
(107)  
GFP Tag: 
12.3% 
(107) 

D5a: 3.3% (107) 
D10a:6.7%(107) 

3.1% (107) 
Endo cDNAb 
24hr Doxc 

 IF: 99% 
(107) 

 

RNF110 
 GFP Tag: 

9.1% 
(107) 

 
 

    

RING1A 
IF (107) GFP Tag: 

3.3% 
(107) 

  60% (130) 
chr11f 
D3a of diffg 
with Doxc 

  

RNF2/ 
RING1B 

IF: 4-38%d 

(74) 
GFP Tag: 
6.5% 
(107) 

D3-4a: ~60%h 
(17) D13a: 
~0%h (17) 

56% (108) 
chr11 f 
3d Doxc 

  D 2: >90%h 
(17) 
D 12: ~0%h 
(17) 

EED 

IF: 1% 
(107) 

IF: 1% 
(107) 

D5a: 99%(107) 
D10a: 0%(107) 
 

99% (107) 
Endo cDNAb 
24hr doxc 
 
92.9% (107) 
Hprte 
24hr Doxc 
 
89% (108) 
chr11 f 
3d Doxc 

 IF: 99% 
(107) 

 

EZH2 

  D3-4a: ~60%h 
(17) 
D13a: ~0%h 
(17) 
 

79% (108) 
chr11f 
3d Doxc 
 
96% (130) 
chr11f 
3d Doxc 

34% (130) 
chr11f 
D8a of diffg 
with Doxc 

 D2a: >90%h 
(17)  
D12a: ~0%h 
(17)  
 

SUZ12 

   88% (108) 
chr11f  
3d Doxc 
 
89% (130) 
chr11 f 
3d Doxc 

44%(130)   
chr11f 
D8a of diffg 
with Doxc 

  

H3K27m3 
 

IF: 99.6% 
(107) 

IF: 95% 
(107) 

D5a: 100% 
(107)  
D10a: 99.5% 
(107) 
 
D3-4a: ~60%h 
(17) 
D13a: ~0%h 
(17) 
 

97.5% (107) 
Endo cDNA 
24hr dox 
 
96% (108) 
chr11 f 
3d Doxc  
 
95% (130) 
chr11 f 
3d Doxc 

61% (130) 
chr11f 
D8a of diffg 
with Doxc 

IF:99.5% 
(107) 

D2a: >90%h 
(17) 
D12a: ~0%h 
(17) 
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H4K20m1 

   82% (108) 
chr11 f 
3d Doxc  

   

H2AK119
Ub 

  D3-4a: ~60%h 

(17)  
D13a: ~0%h 
(17)  
 

97% (108) 
chr11 f 
3d Doxc 
 
 
90% (130)  
chr11 f 
3d Doxc 

69% (108) 
chr11f 
D12a of diffg 
with Doxc  
 
90% (130) 
chr11f 
D8a of diffg 
with Doxc 

 D2a: >90%h 
(17)  
D12a: ~0%h 
(17)  
 

 
 
Table footnotes: 
a Refers to day of differentiation (D5 = day 5 of differentiation) 
b Xist cDNA transgene was inserted into the endogenous locus (Endo cDNA) 
c Refers to Doxycycline induction (Dox) 
d Variation in percentage because localization was found to be cell cycle-dependent 
e Xist cDNA transgene was inserted into the Hprt locus (Hprt) 
f Xist cDNA transgene was inserted into chromosome 11 (Chr 11) 
g Differentiation (diff) 
h The ~ or > symbol is used when reading percentages from bar graphs when there is not an exact 

number written in the text.
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In the colocalization and knock-out studies, a direct relationship between the Xist 

RNA and the PRC1 proteins could not be determined. Several components of PRC1

have potential RNA-binding domains. A conserved RNA binding domain is contained 

within Phc1, Phc2 and Phc3; and the CDs of Cbx4, Cbx7, Cbx6 and Cbx8 are able to 

bind RNA (107 ,128). Although the CDs bind to several RNAs in vitro, the association 

was not sequence specific to Xist. Additionally, enrichment of Cbx7 on the Xi is partially 

dependent on its ability to associate with RNA (128). Therefore, these proteins are 

candidates for direct recruitment by the Xist transcript via their RNA binding abilities. 

1.5.4 HP1 
Heterochromatin protein 1 (HP1) is a non-histone protein that associates with 

chromatin. There are three distinct isoforms of HP1 in mammals (HP1α, HP1β, HP1γ), 

each of which is transcribed from its own gene (reviewed in (131)). Localization within 

the nucleus appears to be isoform-specific and post-translational modification-specific 

(131). There are several proteins that are HP1-interacting partners and have a variety of 

roles including transcriptional regulation, chromatin-modification, DNA replication and 

repair, and nuclear architecture (131). HP1 is thought to propagate 

heterochromatization by its recruitment to methylated H3K9 via the histone methyl- 

transferase (HMT) (132,133), SUV39H1. There appears to be a circular recruitment 

since the binding of HP1 to methylated H3K9 leads to subsequent recruitment of itself 

and more HMT which in turn leads to methylation of H3K9. There also might be a link to 

DNA methylation, with HP1 and SUV39H1 recruiting Dnmt1 and Dnmt3a (134).  

All HP1 isoforms contain an N-terminal CD and a C-terminal chromoshadow domain 

that are separated by a hinge region. The CD facilitates the binding of HP1 to 

methylated H3 at K9 and confers its gene-silencing function (132,135) whereas, the 

chromoshadow domain enables HP1 to dimerize and interact with other proteins. 

Interestingly, the amino acids within the hinge domain of HP1α have RNA-binding 

activity (136). 

The role HP1 plays in the formation of heterochromatin can easily be connected to X 

inactivation, where H3K9 is methylated following Xist expression and HP1 binds to 

methylated H3K9. In human female nuclei there is an enrichment of all HP1 isoforms 

(although to varying degrees) corresponding to the Barr body. In contrast, no such 
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enrichment is observed in mouse cells (13,137). Despite the obvious connection 

between X inactivation and HP1 recruitment via H3K9 methylation, there is a lack of 

research investigating its possible interaction with the XIST RNA. HP1α requires both 

the CD and the hinge domain to achieve proper association with heterochromatin in the 

nucleus (132). Since the CD is responsible for the methyl-binding ability and the hinge 

domain is responsible for the RNA-binding ability of the protein and the CD alone 

cannot confer correct localization, it appears that an RNA component is crucial for HP1α 

action at pericentromeric heterochromatin (132). By analogy, it is possible that H3K9me 

on the X alone is not sufficient for HP1 recruitment and that the XIST RNA itself could 

play a role. 

1.5.5 SAF-A 
A nuclear structure, named the nuclear matrix or scaffold, is suggested to be a non-

chromatin structure that plays a role in DNA replication and gene expression and is 

involved in higher order organization of the genome (reviewed in (138,139)). There are 

several protein components of the matrix. The heterogeneous nuclear 

ribonucleoproteins (hnRNP) are a major constituent of the matrix (140,141). One such 

hnRNP, the scaffold attachment factor A (SAF-A), is a multifunctional protein with both 

RNA- and DNA-binding domains (142-144). SAF-A is a candidate protein that could 

connect X-chromosome inactivation to the nuclear scaffold through an interaction 

between SAF-A and the XIST RNA.  
Since the XIST RNA has a discrete localization within the nucleus and remains after 

the removal of chromatin a link to the nuclear scaffold is proposed (48,145). hnRNPs 

interact with XIST RNA (146) and more recently, SAF-A is enriched in the Xi territory 

(147). The Xi enrichment of SAF-A is dependent on the RNA-binding domain of SAF-A 

suggesting a possible interaction with XIST(147). Further experiments are required to 

elucidate the exact role SAF-A plays in X inactivation, whether it is a structural or 

functional one.  

1.5.6 Additional proteins with XIST-interacting potential 
There are several other proteins that are enriched on the Xi. I have discussed, in 

detail, those for which the evidence suggests a potential interaction with the XIST/Xist 
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RNA. Proteins might be enriched on the Xi as a result of heterochromatization, rather 

than Xist-specific recruitment, or have an unknown functional link to X inactivation and 

need further investigation to determine if there is an interaction with the XIST/Xist RNA, 

a topic to be explored in this thesis. Histone H1, HMGI/Y, BRCA1, and ATRX have all 

been shown to localize to the Xi by immunofluorescence (137,148). The list of potential 

XIST/Xist-interacting proteins is growing and with improved techniques for identifying 

RNA-protein associations, the information obtained, will add to our knowledge of how a 

non-coding RNA is able to initiate chromosome wide inactivation.  

1.6 Thesis objective  
It is commonly hypothesized that the XIST/Xist RNA recruits factors required for 

setting up the heterochromatic state of the inactive X. In my thesis I address XIST/Xist’s 

recruitment of factors with two separate approaches. First, I ask whether Xist, in the 

absence of silencing is able to recruit epigenetic marks in a somatic cell. Second, I 

evaluate a system whereby the XIST RNA is tagged and can be affinity-purified to 

identify novel RNA-protein interactions.  
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Chapter 2: Materials and methods
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2.1 Cell culture 
The active X hybrid cell lines were grown in minimal essential media (MEM) 

supplemented with 7.5% fetal calf serum, penicillin/streptomycin, L-glutamine at 37°C 

and 5% CO2. The inactive X hybrid cell lines were grown similarly but at 39°C. BMSL2 

was grown in Dulbecco’s modified Eagles medium (DMEM) with 10% fetal calf serum, 

penicillin/streptomycin (Invitrogen), L-glutamine (Invitrogen) at 37°C and 5% CO2. 

GM04626 was grown in MEM supplemented with 20% fetal calf serum, 

penicillin/streptomycin, L-glutamate and non-essential amino acids at 37°C and 5% 

CO2.  

2.2 RNA isolation 
RNA was isolated using acid guanidinium thiocyanate/phenol-chloroform extraction 

technique or by using the Trizol reagent (Invitrogen). To prevent genomic DNA 

contamination, RNA was treated with an RNase-free DNase I (Roche) for 1h at 37°C. 

All RNA isolations were tested for contamination by PCR of a negative RT, where there 

is no reverse transcriptase enzyme added to the reaction mixture. 

2.3 RT-PCR 
RNA was used to make cDNA for gene expression analysis. Each RT reaction 

consisted of 5ug of RNA, 1X first strand buffer (Invitrogen), 0.01M Dithiothreitol (DTT), 

0.0625mM dNTPs (Invitrogen), 1µL random hexamers, 2µL (1 unit (U)) RNase inhibitor 

(Amersham), and 1µL (1U) M-MLV (Moloney Murine Leukemia Virus)  reverse 

transcriptase (Invitrogen). The volume of the reactions were brought up to 20µL with 

DEPC-treated water, kept at room temperature for 5 min, incubated for two hours at 

42°C, and heated at 95°C for 5 min before storage at -20°C. 

2.4 Quantitative RT-PCR 
Quantitative PCR was performed with cDNA as a template that was generated from 

the RT method described above or with genomic DNA isolated following a ChIP 

experiment. The dye, SYBR Green (Sigma) was used to quantitate levels of cDNA in 

samples and amounts of DNA from ChIP. The qPCR reactions were performed similar 

to a regular PCR except with the addition of 1X SYBR Green. The DNA Engine Opticon 
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Monitor qPCR machine (MJ Research) was used to run the qPCR reactions with the 

Opticon Monitor 3 software for the data analysis. 

The delta-delta Ct method was used to compare the levels of RNA. The Ct values 

were first normalized by subtracting the Ct value obtained for the b-Actin control (∆Ct = 

Ct gene of interest – Ct b-Actin) then the normalized Ct values obtained for the 

‘untreated’ cells were subtracted from the ‘treated’ cells (∆∆Ct = ∆Ct treated – ∆Ct 

untreated) and the relative concentration was determined using (2-∆∆Ct). 

For ChIP results, the standard curve method was used to quantitate the levels of 

mRNA. In this method a DNA dilution series was made from input DNA and run 

alongside the pull-down samples. The Opticon Monitor Software created a standard 

curve from which the sample quantities were extrapolated. 

2.5 Genomic DNA isolation 
Genomic DNA was isolated using a salting-out method. Briefly, cells from a 

confluent T75 flask were resuspended in 2.5 mL of Tris-EDTA (TE) buffer and 1/20th of 

the total volume of 20% SDS and Proteinase K were added. The mixture was incubated 

at room temperature overnight.  

The following day, 200 µL of 5M NaCl was added to the mixture and incubated at 

37°C until the mixture went into a solution. 825 µL of 5M NaCl was added to the solution 

and it was shaken vigorously for 30 s. The solution was then centrifuged at room 

temperature for 15 min at 2500 rpm. The supernatant was transferred to a 15 mL tube 

and 75 µL of 20% SDS plus 825 µL of 5M NaCl was added. The solution was again 

shaken vigorously for 30 s followed by a centrifugation. The supernatant was then 

transferred to a 50 mL tube and 2X the volume of 100% ethanol was added and the 

mixture was gently rocked to precipitate the DNA. The DNA was scooped out with a 

pipette tip and transferred into a tube with 25 µL of water.  

2.6 Methylation analysis 
The isolated DNA was subject to a double restriction enzyme digest prior to 

methylation analysis by PCR. The double digest for methylation analysis is a four day 

protocol. On the first day, 40 µL of genomic DNA (concentration >100ng/uL) was 
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digested with 50U of EcoR1 (Invitrogen) at 37°C overnight to digest the DNA into 

smaller fragments.  

On the following day, 2 µL of 1mg/mL RNase was added and incubated at 37°C for 

15 min. A phenol-chloroform clean up was performed after the RNase treatment and the 

DNA was precipitated using 2X the volume of ethanol and 1/10th the volume of 3M 

KOAc; overnight at -20°C. On the third day, the DNA was centrifuged at 13000 rpm for 

15 min and the pellet was resuspended in 35 µL of water and was left to sit for 4 hours 

to allow the DNA to resuspend.  

The concentration of the DNA was determined using an Ultrospec 2000 UV/Visible 

Spectrophotometer (Pharmacia Biotech). 2 µL of the EcoR1 digested DNA was then 

digested with a methylation sensitive enzyme (20U) in a 20 µL reaction and incubated 

37°C at overnight. Each sample was cut with HpaII (NEB), HhaI (NEB), and AciI (NEB). 

A mock digest was also made for each DNA sample that did not contain the methylation 

sentitive enzyme. 

All digests were heat killed by incubating at 65°C for 15 min. Finally, all the digests 

were checked for complete cutting by PCR with MIC2 primers and presence of DNA 

with XIST primers (Refer to Table 2-1 and 2-2). The MIC2 promoter is known to be 

unmethylated, therefore, the methylation sensitive enzymes will cut the DNA and no 

PCR product will be seen. 

2.7 ChIP 
The ChIP protocol I used was originally adapted from an Upstate (Millipore) protocol. 

For one antibody pull-down I used 3-10 x 106 cells (1.5-5 x 106 cells for the antibody and 

1.5-5 x 106 cells for the no antibody control). The cells were harvested and the cell 

pellets were washed twice with 1XPBS. The cells were resuspended in 1mL of cell 

culture media with 1% formaldehyde and incubated at 37°C for 10 min to be 

crosslinked. The crosslinking was stopped by the addition of 1/10th the volume of a 

1.25M glycine solution and incubated for 5 min at room temperature before the cell 

suspensions were transferred to an ice bucket. The cells were then washed twice in ice 

cold 1XPBS with 1/100th protease inhibitors (Sigma). After the washes, the cells were 

lysed in SDS lysis buffer (1% SDS, 10mM EDTA, 10mM TRIS pH 8.1) with 1/100th 
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protease inhibitors for 15 min on ice. The lysing of the cells was followed by passing the 

solution through a 25 gauge needle five times.  

The cell lysate was sonicated using the Biorupter (Diagenode) with a refrigerated 

water bath (Thermo Electro Corporation) 30 sec ‘on’, 30 sec ‘off’ for 15-30 min. The 

sonicated sample was centrifuged at 13000 rpm for 10 min at 4°C and the supernatant 

was transferred to a 15mL tube; 10% of supernatant was removed to be used as a 10% 

input. The sonicated cell supernatant was diluted 10-fold in ChIP dilution buffer with 

protease inhibitors (0.01%SDS, 1.1% TritonX-100,1.2mM EDTA pH 8.1, 16.7mM Tris 

pH 8.1, 167mM NaCl) and pre-cleared with salmon sperm DNA/agarose slurry (Upstate) 

rotating for 30 min at 4°C. The salmon sperm DNA/agarose slurry was removed by a 

brief spin at 700 rpm at 4°C for 1 min. The pre-cleared supernatant was split into three 

tubes: input, antibody, and no antibody. The antibody of interest was added and 

incubated overnight at 4°C. 

The following day, 75µL of the salmon sperm DNA/agarose slurry was added to the 

antibody and no antibody solutions and incubated for 2 hours with rotation at 4°C. The 

agarose pellet (with antibody/histone complex) was centrifuged briefly with 700 rpm at 

4°C for 1 min. The agarose/antibody/histone complex was brought through a series of 

15 min washes performed with rotation at 4°C with 1mL of each of the following buffers: 

low salt immune complex wash buffer (0.1% SDS, 1% TritonX-100, 2mM EDTA pH 8.1, 

20mM Tris pH 8.1, 150mM NaCl); high salt immune complex wash buffer (0.1% SDS, 

1% TritonX-100, 2mM EDTA pH 8.1, 20mM Tris pH 8.1, 500mM NaCl); LiCl immune 

complex wash buffer (0.25M LiCl, 1% Nonidet-40, 1% deoxycholic acid, 1mM EDTA pH 

8.1, 10mM Tris pH 8.1); and finally, two washes with TE (10mM Tris pH 8.1, 1mM EDTA 

pH 8.1).  

After the washes, the sample was an agarose/antibody/histone/DNA complex and 

the DNA-protein-antibody complex was separated from the agarose beads by washing 

twice with 250µL of elution buffer (1% SDS, 0.1M NaHCO3) for 15 min at room 

temperature.  

The crosslinks were reversed by adding 20 µL of 5M NaCl and incubating for 4 

hours at 65°C. The input samples also had their crosslinks reversed at this stage. The 

RNA was removed by treating with 1 µL of 10mg/mL RNase and incubated for 10 min at 
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37°C. The proteins were digested with 10 µL of 0.5M EDTA, 10 µL 1M Tris-HCl, and 2 

µL of 10mg/mL proteinase K and incubated for 1 hour at 45°C. The DNA was purified 

with Epoch columns and the samples were used as a template for qPCR.  

2.8 Fixing cells on coverslips 
Cells were grown on coverslips (Gold Seal® Cover Glass, 22x22mm No.1½) in X-plates 

(VWR) with appropriate media and conditions for cell type. When the coverslips were 

50-80% confluent, they were rinsed twice with 1X PBS and placed in a Coplin jar with 

10mL of CSK buffer for 2 minutes. Then the slips were transferred to a Coplin jar with 

5% Triton X (Roche) and 0.5mL RVC (ribonucleoside vandayl complex – NEB) in CSK 

buffer and permeabilized for 5 minutes. For fixation, the coverslips were incubated for 

10 minutes in 4% PFA (16% formaldehyde in 1X PBS) and finally, rinsed in 70% ethanol 

and stored submerged in 70% ethanol at 4°C. 

2.9 Nick translation labeling of FISH probes 
A nick translation kit (Invitrogen) was used to label the probes with either dig-UTP 

(Roche) or biotin-UTP (Roche). A reaction mixture was made with 1μg of probe DNA, 5 

μL of nucleotide solution, 5 μL nucleotide buffer, 6 μL of a labeled UTP, 5 μL of nick 

translation enzyme and water so that the final reaction volume was 50 μL. The reaction 

mixture was then incubated for 2.5 hours at 15°C and stopped with a stop reaction 

buffer from the kit, 5 μL was added and heated to 80°C for 10 minutes. The probe was 

precipitated with 2 μL salmon sperm/tRNA (make stock with 1 mL of 10mg/mL ssDNA 

[Sigma] and 0.01g E.Coli tRNA [Roche]), 0.1 volume 3M socium acetate and 2.5 

volume 95% ethanol at -20°C for 1h or overnight. The probes were precipitated by 

spinning at 10000 rpm for 30 min and were then rinsed with 70% ethanol, air dried, 

resuspended in 80 μL of DEPC-treated water and stored at -20°C. 

2.10 RNA FISH  
In 500uL Eppendorf tubes, 12µL of the appropriate Cot-1 DNA (Invitrogen – stock 

1µg/µL), 2µL salmon sperm and tRNA (make stock with 1mL of 10mg/mL ssDNA 

[Sigma] and 0.01g E.Coli tRNA [Roche]), and 5µL of the appropriate probe DNA (nick 

translated probe concentration - 1µg/µL), were mixed together to form the probe 
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mixture. The probe mixture was then dried in a speed vacuum. The coverslips were 

retrieved from the 4°C, 70% ethanol storage and dehydrated with 100% ethanol and 

then in a dried on a drying rack. 

When the probe mixture was completely dried, it was resuspended in 10 µL of 100% 

Formamide (Sigma) and denatured at 80°C for 10min. While the probe was denatured a 

4:1 mixture of RNA hybridization buffer (1mL BSA [Roche]; 1mL 20XSSC [Sigma]; 2mL 

autoclaved dextran sulfate)/RVC (NEB) was made. 10 µL of mixture was added to each 

denatured probe and 20 µL was dotted on a parafilmed glass plate. The air dried 

coverslips were placed cell side down onto the probe and sealed with another piece of 

parafilm. The coverslips were hybridized with probes overnight at 37°C. 

The following day, the coverslips were rotated in Coplin jars with 5mL formamide; 5 

mL 4X SSC for 15 min at 37°C followed by a rinse in 2X SSC for 15 min at 37°C. Then 

the coverslips were washed in 1X SSC for 15 min at room temperature with rotation 

followed by a 1 min rinse in 4X SSC in preparatin for the secondary antibody. (Note: if a 

directly labeled probe was used, after washes, the coverslips were stained with DAPI 

and mounted as described below.) 

During the final wash, a 500 µL aliquot of 4X SSC/1% BSA (Roche) was thawed and 

the secondary antibody (FITC anti-dig or avidin conjugated to an Alexa) was diluted 

appropriately and 40 µL was dotted on a parafilmed glass plate. The coverslips were 

then transferred from the 4X SSC in Coplin jar onto the secondary antibody on the glass 

plate. The coverslips were sealed and incubated at 37°C for 1 hour or at 4°C overnight. 

Following the incubation, the coverslips were washed in 4X SSC at room 

temperature in a dark box for 10 min with rotation followed by a wash in 4X SSC/0.1% 

Triton X for 10 min. An additional rinse in 4X SSC was used to remove the triton and the 

coverslips were transferred into DAPI (4'-6-Diamidino-2-phenylindole) for 20 sec and 

washed twice with 1X PBS. Finally, the coverslips were mounted onto glass slides with 

a dual antifade and mounting media, Vectashield (Vector Labs) and stored at -20°C. 

2.11 RNA FISH combined with immunofluorescence 
When RNA FISH was combined with immunofluorescence, a directly labeled probe 

was used and the FISH was performed first as described above. The coverslips are 
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kept in the dark upon completion of the FISH procedure. After the wash in 1X SSC at 

room temperature the coverslips were transferred to 1X PBS and rotated for 10 min at 

room temperature. The primary antibody was diluted into 1X PBS/1% BSA and dotted 

onto a parafilmed glass plate. The coverslips were placed onto the primary antibody and 

incubated for 1h at 37°C. The slides then went through a series of washes: 1X PBS for 

10min, 1XPBS + 0.1% triton for 10 min, and 1XPBS for 10 min.  

The secondary antibody was diluted into 1X PBS/1% BSA and dotted onto a 

parafilmed glass plate. The coverslips were transferred from the 1XPBS onto the 

secondary antibody and incubated for 1h at 37°C. Then the coverslips were washed 

three consecutive times in 1X PBS for 10 min each at room temperature, stained with 

DAPI for 20 sec followed by 2 washes in 1X PBS before the coverslips were mounted 

onto glass slides with Vectashield (Vector Labs) and can be stored at -20°C. 

2.12 Fluorescent microscope imaging 
All images were captured using a Leica inverted microscope (DMI 6000B) with a 

Retiga 4000R (Q-Imaging) camera and using the OpenLabs imaging software. A 

volumetric image was captured by taking several images at various focal planes through 

the cell, commonly called a Z-stack. The Z-stack was then subjected to volume 

deconvolution to decrease the blurring/noise/distortion obtained from the microscope 

itself and then compressed into one 3D image using the 3D rendering option in the 

OpenLabs imaging program. 

The localization of the XIST/Xist signals in the hybrid cell lines were visually 

determined. The percent of Cot-1 holes associated with the Xist signals were 

qualitatively identified and counted by visually determining whether there was a 

decrease in the Cot-1 RNA signal corresponding to the XIST/Xist RNA signal.  The Cot-

1 hole was quantified by plotting the pixel intensity for each signal across a given region 

in the NIH, ImageJ software.  

2.13 Cloning scheme for tagging XIST with the MS2 loops 
The expression vector containing eight MS2 loops (pcDNA5/FRT/TO+8x MS2#6) 

and the expression vector containing the XIST cDNA transgene, VI-34 

(pcDNA5/FRT/TO VI-34), were streaked on LB plates and grown overnight at 37°C, 
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under the selection of ampicillin. The following day, colonies were picked and grown in 

2mL of TB with ampicillin overnight. Isolation of the plasmid DNA was performed; the 

eight MS2 loops were amplified by pFRT5A and BGHrev2 and checked for the expected 

561 base pair (bp) product size.  

Both the MS2 insert and the VI-34 plasmid were digested with ApaI overnight at 

25°C, then digested with ClaI overnight at 37°C and cleaned with phenol/chloroform. 

The VI-34 vector and the MS2 insert were ligated with T4 DNA ligase (New England 

BioLabs) for eight hours at 16°C. The ligated samples were heat inactivated at 65°C for 

20 minutes then drop dialyzed before electroporation. The ligated samples were 

electroporated into ElectroMAXTM Stbl4TM competent cells (Invitrogen) with a Bio-Rad 

Gene Pulser®. The electroporated ligations were then plated on LB with ampicillin and 

colonies were picked and grown in 2mL of TB media overnight at 37°C.  

100μL of the culture was removed, spun down and the pellet was resuspended in 

20μL of sterile water and boiled for five minutes. The boiled samples were directly used 

as a template in a PCR reaction that confirmed the eight MS2 loop insert was ligated at 

the 3’ end of XIST with primers: qXISTtg3 and BGHrev2. If the MS2 loops inserted 

appropriately, then the product was 663 bp in length; however, if the MS2 insert was 

absent and there was a re-ligation of the vector, the product was 181 bp in length. The 

DNA was isolated from the positive cultures for transfection into the HT1080 HH1 TetTR 

cells.  

The inducible expression vector containing the XIST cDNA with eight MS2 stem 

loops fused to the 3’end (35-8-10-16) and the pOG44 plasmid (expressing Flp 

recombinase) were co-transfected using Lipofectamine 2000 (Invitrogen) into HT1080 

HH1 TetTR 2-3-0.5+3#4 (3q FRT integration) and HT1080 HH1 TetTR 2-3-2.0d (1p 

FRT integration). The cells were grown with hygromycin (150µg/mL) to select for 

positively integrated clones. There were seven different single-cell clones of the 3q 

integration and only one was positive when screened with RNA FISH for XIST 

expression after Dox induction, HT1080 HH1 TetTR 2-3-0.5+3#4 XIST+loops #3. There 

were four different single-cell clones of the 1p integration and only one was FISH 

positive, HT1080 HH1 TetTR 2-3-2.0d XIST+loops #10.  
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Figure 2-1: Schematic drawings of the doxycycline-inducible XIST transgenes in the 
HT1080 cell line 
A) A schematic of the doxycyline-inducible XIST transgene in the HT1080 cell line (3q 
integration) with the linked EGFP reporter gene approximately 9.6Kb downstream of the 
XIST transgene. B) A schematic of the inducible XIST+loops construct showing the 
fusion of eight MS2 RNA stemp loops to the 5’ end of the XIST cDNA transgene.  
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Table 2-1: List of primers used for expression analysis 
          

Gene Product Size  Name  Sequence Conditions 

mActin  cDNA:123-130 9F ctg gct cct agc acc atg aag atc (95-30s, 59-30s, 72-30s) x 40 
  gDNA: 220 5R tgc tga tcc aca tct gct gg   
(149)Chic1 F-R: 308 F gag tgc cct tcc taa taa gtg g (94-1, 54-1, 72-2) x 30 
   R ctg gaa ctc ata ctg tag acc agg   
  F-NR: 277 NR tga act caa aga gat ctg tgg c   
mPdha1 203 1 gag cta aag gcg gat cag ctg tat (95-30s, 59-30s, 72-30s) x 40 
    2 ctt cgt cct gtt agc tct gca aga   
mPgk1 238 rA aag cgc acg tct gcc gcg ctg ttc t (95-30s, 59-30s, 72-30s) x 40 
    rB  gtt ggc tcc att gtc caa gca gaa t   
mPhka  223 1 aca cct gca gtt gga tgc tac ttc (94-1, 54-1, 72-2) x 30 
    2 ggc cat tcc aac tga act cgc att   
Ube 196 1a agc tgt gct gca acg atg aa (95-30s, 59-30s, 72-30s) x 40 
    1b gtc ttg agg ttg ctg ggt a   
mZfx 504 1 cag ttg tca tcc agg atg tc (95-30s, 59-30s, 72-30s) x 40 
    2 tcg ttg tcc ata gtc agt cc   
(149)Abcb7 cDNA 290 F aag cat tcg gca gtt ctg acc (94-1, 54-1, 72-2) x 30 
    R tct agt atc aac atc ctt taa ccc   
mXist 578 mx23b act gcc agc agc cta tac ag (94-1, 56-1, 72-2) x 30 
    mix20 gtt gat cct cgg gtc att ta   
mXist 140 mx23b act gcc agc agc cta tac ag (94-1, 62-1, 72-2) x 30 
    s2 gca aag cag caa  gcc cac aa   
IDS 300 1 taa ggga gct gac tga tct tg (94-1, 54-1, 72-2) x 30 
  235 3 gct ata cgg aga atc atc g    
XIST 180 5' ttg ggt cct cta tcc atc tag gta g (94-1, 54-1, 72-2) x 30 
    3' gaa gtc tca agg ctt gag tta gaa g   
XIST 265 C39-1 cct ata ctg ctt aaa tgc gc (94-1, 54-1, 72-2) x 30 
   C39-2 cct aag att atg cac gct aa   
SLC16A2 155 F ttc aag gca tta acc tca ag (94-1, 54-1, 72-2) x 30 
    R ggg ctc acc ata tca ata act   
PGK1 395 r1 tcg gct ccc tcg ttg acc ga (94-1, 54-1, 72-2) x 30 
    r2 agc tgg gtt ggc aca ggc tt   
PLS3 210 1 tga cct tgt gaa gag tgg c (94-1, 54-1, 72-2) x 30 
    2 acc tgc gaa tca tgc acc t   
TIMP1 180 C1A aga tcc agc gcc cag aga ga (94-1, 56-1, 72-2) x 30 
    C1B ccc tga tga cga ggt cgg aa   
PDHA1 200 5 cct gtg cgt ccg aga cgc (94-1, 54-1, 72-2) x 30 
    6 gtt cac cat cct gtc ctt g   
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Table 2-2: List of primers used for the methylation analysis 
            

Gene Product 
Size Name Sequence Conditions Enzymes 

MIC2 373 5'A aga ggt gcg tcc gat tct t (94-1, 52-1, 72-2) x 40 3 HpaII, 4 HhaI, 5 Aci1 
    5'B cgc cgc aga tgg ac aat tt 1.0mM MgCl2, 4% DMSO   
(39)POLA 348 M1 ctg ggg aaa acg atc caa cc 95-1.5(95-1, 60-45s, 72-45s)x30 5 HpaII  
    M2 ctg aaa gcc aat cag cgg c  1M betaine   
TIMP1 294 5A ccc ttg ggt tct gca ctg a 95-5 (94-1, 58-1, 72-2) x 30 2 HpaII 
    5B cca agc tga gta gac agg c 1.0mM MgCl2   
XIST 555 AT2 atg ctc tct ccg ccc tca (94-1, 54-1, 72-2) x 35 3 AciI 
   29r Atc agc agg tat ccg ata cc    
(39)SLC16A2 129 M1 ctg gcc cgg ctc ctg gc (94-1, 62-1, 72-2) x 31 8 HpaII 
    M2 gct ttg ttt gcg cca acc tg 2M betaine   
(39)PGK1 145 M1 acg cgg ctg ctc tgg gc (94-1, 62-1, 72-2) x 31 3 HpaII 
    M2 tta ggg gcg gag cag gaa g 2M betaine   
G6PD1 425 M1 cac tac gcg gag ctg cac (94-1, 54-1, 72-2) x 35 7 HpaII  
   M2 ctg aag cac aac aaa cag cgt 1M betaine, 0.5mM MgCl2   
mXist 392 meth 6 ttc tcg agc cag tta cgc ca (94-1, 58-1, 72-2) x 30 4 HhaI 
    meth 7 cca ttg cta cac acc aga ac     
mSlc16a2 321 m1 cct gaa ctg tgt tct gcg t (94-1, 54-1, 72-1) x 35 6 HpaII 
   m2 agc ctg gaa ctt aga cac c 1M betaine, 2mM MgCl2   
mPgk1 181 m1 ctt gag ggc agc agt acg gaa (94-1, 54-1, 72-2) x 35 2 HpaII  
    m2 ccg gca ttc tgc acg ctt caa     
mZfx 238 m1 ctc gtg cgg att tta cag c (94-1, 54-1, 72-2) x 30 4 HpaI 
   m2 agg aaa atg cgg aag ggt ag 1M betaine   
mPhka1 400 m1 cgt tca gtc cca gtc tct cag (94-1, 54-1, 72-2) x 30 6 HpaII 
    m2 aag acc ccg tct cca ctc a 1M betaine   
mPola 257 m1 cat gcg tcc tac gga ttg tt (94-1, 54-1, 72-2) x 30 3 HpaII 
    m2 gaa agc caa tca gcg gcc t 1M betaine   

 

Table 2-3: List of primers used for the ChIP experiments 
          

Gene Product 
Size Name Sequence Conditions 

XIST 217 AT1 gaa cca acc aaa tca cag aga (94-1, 58-1, 72-2) x 30 
   PM ata aag ggt gtt ggg gga c   
ELK1 300 5A gca cag ctc tgt agg gaa (94-1, 54-1, 72-2) x 35 
    5B agc tca cct gtg tgt agc g   
mXist 392 meth 6 ttc tcg agc cag tta cgc ca (94-1, 58-1, 72-2) x 30 
   meth 6 cca ttg cta cac acc aga ac   
mPgk1 181 m1 ctt gag ggc agc agt acg gaa (94-1, 54-1, 72-2) x 35 
    m2 ccg gca ttc tgc acg ctt caa   
mPola 257 m1 cat gcg tcc tac gga ttg tt (94-1, 54-1, 72-2) x 35 
   m2 gaa agc caa tca gcg gcc t 1M Betaine 
mG6pd1 214 1 gcc cat gag gac tag acc tt (94-1, 54-1, 72-2) x 35 
    2 aca tcc act gtg ggc agc ta 1M Betaine 
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Table 2-4: List of primers used for tagging the XIST RNA with the MS2 stem loops 
     
Use Product Size Name Sequence Conditions 

Amplify stem loops from  561 pFRT5A 
gcg gcc gca tcg att ccg gat ctc tag 
cgt tta aac   (94-1, 54-1, 72-2) x 30 

pcDNA5/FRT/TO   BGH rev2 tag aag gca cag tcg agg ct   
Amplify from XIST and  663 (stem loops ligated) tg3 cca cca gaa agt aat ctt aag cca t   (94-1, 54-1, 72-2) x 30 
across the stem loops 181 (religation) BGH rev2 tag aag gca cag tcg agg ct   
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Chapter 3: Active chromatin is retained on the X 
chromosome following re-activation of XIST/Xist expression 
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3.1 Introduction 
 

The process of X-chromosome inactivation begins with the expression and in cis 

localization of the XIST RNA to the future Xi. This in turn initiates gene silencing and the 

concurrent establishment of a heterochromatic state. Exactly how the XIST RNA 

localizes and the manner in which this localization causes gene silencing and changes 

to the chromatin is unknown. Is there a direct interaction between the RNA and the 

surrounding DNA or are there protein intermediates that assist in localization? Is it the 

XIST RNA itself that recruits proteins involved in setting up an inactive state or are 

some repressive chromatin marks a result of the transcriptionally inactive chromatin? In 

the absence of silencing could Xist localization result in changes to the chromatin?  

When a human/mouse somatic cell hybrid that contains a human Xa in a mouse 

background is demethylated with 5-azacytidine (5-aza), it results in stable human XIST 

expression and transient mouse Xist expression (49,104). The human XIST RNA does 

not localize to the human X chromosome and the mouse Xist RNA localizes to the 

mouse X chromosome in the somatic cell hybrids (49). Similarly, a somatic cell hybrid 

retaining an Xi also has this de-localized XIST RNA, therefore demonstrating that the 

human XIST RNA cannot localize to a human X chromosome in a mouse background 

(49,104).  

On the other hand, in mouse ES cells expressing a human YAC, the human XIST is 

able to localize to the mouse chromosome from which it is expressed. This localization 

suggests that there may be localization proteins that are DNA-specific, such that they 

may only recognize mouse DNA in a mouse background. To further explore this 

concept, I have analyzed the XIST localization in a mouse cell line expressing XIST 

from a mouse chromosome to resolve the localization ability of the XIST RNA.   

In the human/mouse somatic cells described above, both human and mouse X 

chromosomes remain active, despite XIST/Xist expression. As silencing of genes 

closest to the Xist locus occurs first in early development (149,150), I revisited the 

question of silencing to determine if X-linked genes in close proximity to the Xist locus 

are silenced by the re-activated expression of the Xist RNA. 
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There are alternative systems in which Xist expression is disconnected from 

silencing. The analysis of a large series of deletion constructs of an inducible Xist cDNA 

in mouse ES cells identified a transgene lacking the conserved 5’A-repeats (Xist∆sx) 

that was able to produce localized Xist RNA but was not able to induce transcriptional 

silencing (38). The inducible expression of this Xist∆sx transgene in mouse ES cells 

provides another model system that separates the activity of silencing from localization, 

yet allows progression through the developmental stage where inactivation normally 

occurs (38).   

Studies that utilize the Xist∆sx construct show that despite a lack of Xist-induced 

silencing, a variety of downstream repressive chromatin marks are recruited following 

Xist expression (Refer to table 1-2) (12,14,15,38,107,108). The Xist∆sx construct is 

induced from a strong viral promoter at either the endogenous locus or the X-linked Hprt 

locus. In the somatic cell hybrids, the transcription of XIST/Xist is induced by DNA 

demethylation of the endogenous promoter in its native context. These somatic cell 

hybrids, in which silencing and Xist expression are uncoupled, provide an alternative 

and complementary system to ascertain whether expression of Xist is able to induce 

specific epigenetic events distinct from gene silencing.  

In this chapter, I describe the analysis of both active and inactive Xist-associated 

epigenetic events in the somatic cell hybrids to determine if Xist expression and 

localization can modulate X chromatin in the absence of silencing in a somatic cell.  

3.2 Results 

3.2.1 XIST/Xist are induced by demethylation but show species difference 
in localization 

The mouse/human hybrid cell line, AHA-11aB1, retains only the human Xa, and a 

subclone, AHA-A52b, stably expressed human XIST after three rounds of demethylation 

with 5-aza (104). Further rounds of demethylation have yielded a new cell line, AHA-

4C1 that stably expresses both human XIST and mouse Xist. In the AHA-4C1 cells, 

FISH analysis demonstrated that the human XIST RNA was not localized within the 

nucleus while mouse Xist RNA was localized (Figure 3-1 A). 76% of cells had mouse 

Xist localization and a diffuse human XIST signal (n=95), similar to numbers reported by 

Clemson et al when they analyzed a hybrid that transiently expressed mouse Xist (49). 
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To further assess the ability of the human XIST RNA to localize in a mouse cell, the 

mouse parent cell used to generate the hybrids was transfected with a phage artificial 

chromosome (PAC) that contained the XIST gene and over 100 kb of flanking 

sequences (151).  FISH of ectopic XIST expression from these cells (Figure 3-1 B) 

showed that the XIST signal appeared to be generated from a specific site within the 

nucleus but drifted from the location, compared to both the mouse and human control 

cell lines which demonstrated a tightly localized XIST/Xist signal (Figure 3-1 C and D).  

The drift observed for the PAC that was integrated into a mouse chromosome (Figure 3-

1 B) was less diffuse than the human XIST signal from the human X in the mouse 

background, AHA-4C1 (Figure 3-1 A). Thus, a hierarchy of localization is observed with 

very limited localization of human XIST to the human X in a mouse background and 

better localization when the XIST locus in integrated into a mouse chromosome but not 

comparable to human or mouse somatic XIST localization. 

3.2.2 Absence of X-linked gene silencing upon induction of XIST/Xist 
I directly assessed the transcriptional status of human and mouse X-linked genes in 

the AHA-4C1 cells by RT-PCR, but focused in on the Xist region (Figure 3-2). Previous 

studies have shown that both the human and mouse X chromosomes remained active 

upon induction of XIST/Xist expression (49,104). To test whether any silencing may 

occur closer to the Xist gene than previously examined, or after stable long-term Xist  

expression, I analyzed the expression of 14 genes, including two genes Chic1 and 

Abcb7 which were within 1Mb of Xist. Both mouse and human X chromosomes are 

shown schematically in Figure 3-2 with the placement of genes examined shown 

approximately to scale. Expression analysis with RT- PCR demonstrated that the 

expression of XIST/Xist did not cause the transcriptional silencing of any of the 14 X-

linked genes examined (Figure 3-2 A). A female human cell line, GM7350, and a female 

mouse cell line, BMSL2, were used as controls to show the normal transcription status 

of the genes tested. All genes, except XIST/Xist, were expressed in the hybrid cell line, 

AHA-11aB1, prior to XIST/Xist induction and continued to be expressed in the AHA-4C1 

hybrid with the reactivated XIST/Xist loci.  

To assess small changes in gene expression, I performed quantitative RT-PCR on 

three mouse and one human X-linked gene (Figure 3-2 B). An additional cell line, 



Figure 3-1:  Analysis of XIST/Xist localization with dual-colour RNA FISH  (A-D) and expression with 
RTqPCR (E). (A) In the XIST+/Xist+ (AHA-4C1) somatic cell hybrid where treatment with demethylating 
agents resulted in XIST/Xist expression from the X chromosome, the human XIST RNA (green) signal is 
dispersed, while the mouse Xist RNA (red) signal is localized. (B) In the A9 mouse cell expressing XIST 
from a human PAC integrated into the mouse genome the human XIST RNA (green) signal is more 
disperse within the nucleus than seen for female mouse fibroblasts (BMSL2 cell line, shown in panel C) 
or the human female fibroblast line GM04626 (shown in panel D, karyotype: 47,XXX). E) qPCR for XIST 
expression relative to either mouse or human ACTIN. The two separate RNA samples for AHA-4C1 
were isolated on separate dates. The error bars represent standard deviation of the triplicate qPCR 
error. 
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AHA-A52b, was included as a control for the 5-aza treatment to determine whether any 

expression changes were a result of the demethylation process itself or XIST/Xist 

expression. AHA-A52b reactivated only the human XIST gene upon demethylation (49), 

therefore any changes in the expression status of mouse X-linked genes in this control 

cell line, should reflect the effect of the demethylation treatment and not Xist expression. 

The relative expression ratio was determined by dividing the expression level (Ct value) 

of the gene of interest by Actin levels, and then calculating the fold change in relative 

expression of the reactivated cell lines versus the parental hybrid. Three out of the four 

genes analyzed showed a change in expression; specifically, mouse Pgk1, Uba1, and 

human PGK1 had a decreased expression following the demethylation treatment since 

the decrease was seen in both the demethylated hybrid cell lines (AHA-A52b and AHA-

4C1). The decrease in expression did not appear to be a result of the XIST/Xist 

expression since two mouse genes had this decrease in the intermediate cell line, AHA-

A52b that only expressed human XIST and not mouse Xist. Hence, the expression 

levels of Pgk1, Uba1, and PGK1 decreased as a result of the demethylation treatment, 

rather than Xist expression.  

 Both the X chromosomes in these hybrid cells remained active despite XIST/Xist 

expression. These results validate the somatic cell hybrid system as one in which 

XIST/Xist expression and the silencing of X-linked genes has been disconnected, 

thereby providing a model system in which X-chromosome inactivation marks can be 

studied with respect to XIST/Xist expression in the absence of silencing. 

3.2.3 Cot-1 hybridization shows ‘domains’ not diminished by XIST without 
localization 

Cot-1 DNA can be hybridized to RNA within the nucleus to identify heteronuclear 

RNA transcription (54). Lack of Cot-1 staining has been observed at the location of the 

Xi and appropriately termed a ‘Cot-1 hole’. It has been suggested that this Cot-1 hole 

reflects X chromosome silencing (54) and the formation of a repressive nuclear 

compartment (12). To determine the ability of the XIST/Xist RNA to silence the Cot-1 

fraction and form a repressive nuclear compartment, I examined the presence of a Cot-

1 hole in the hybrid cells using dual-RNA FISH with an XIST/Xist probe and the 

corresponding human or mouse Cot-1 probe (Figure 3-3). The commercially
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Figure 3-2: X-linked gene expression in somatic cell hybrids before and after expression of XIST/Xist. 
(A) Schematic diagram of both the human and mouse X chromosomes showing the location of the 
genes analyzed is at the left of gel images of RT-PCR products of cDNA from the parental hybrid not 
expressing AHA-11aB1 (XIST-/Xist-) and the derivative hybrid that expresses AHA-4C1 (XIST+/Xist+). 
Control female cDNA was from GM7350 (human) and BMSL2 (mouse) cell lines. (B) Quantitative 
RT-PCR of four X-linked genes. An intermediate hybrid AHA-A52b (XIST+/Xist-) was analyzed for 
expression along with the hybrid AHA-4C1 (XIST+/Xist+). The gene expression was normalized to Actin 
and expressed as a fold-change relative to the parent hybrid AHA-11aB1 (XIST-/Xist-). The error bars 
represent the standard deviation of three separate RNA isolations.
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available Cot-1 DNA that was used to make the probe was species-specific; mouse Cot-

1 (mCot-1) showed no hybridization to human RNA under our hybridization conditions 

and vice-versa.  

In the hybrid cell line that expresses XIST/Xist, AHA-4C1, I found that only 7% of the 

cells contained a mCot-1 hole corresponding to the localized Xist signal (n=83), 

compared to 59% (n=80) in the mouse control cell line (Figure 3-3 B and C). To 

determine the signal intensity of mCot-1 RNA at the site of Xist localization, I used line 

scans (ImageJ, NIH). The line scans confirmed that the increased signal intensity for 

Xist RNA did not always correspond with a decrease in signal intensity for mCot-1 RNA 

(Figure 3-3 D). Furthermore, not only were there fewer mCot-1 holes in the hybrid cells, 

but in those that were identified, the lack of mCot-1 signal was also less obvious 

compared to a mouse control. The drastic reduction in the formation of Cot-1 holes 

showed that the expression of Xist in a somatic cell does not consistently promote the 

appearance of a Cot-1 hole. 

The demethylated cells that expressed XIST/Xist, AHA-4C1, also showed several 

mCot-1 bright regions that varied in size and number from cell to cell (Figure 3-3 C and 

D, white arrows). Since these cells were demethylated to induce XIST/Xist expression, I 

analyzed an Xi hybrid cell (t11-az-10) as a control since it expressed XIST before the 

demethylation treatment (152) and I also observed the mCot-1 bright regions. The 

presence of Cot-1 foci in both these demethylated cell lines suggests that their 

appearance is a result of the demethylation treatment and not Xist induction. 

The dispersed nature of the human XIST RNA signal prevented the assessment of 

hCot-1 hybridization associated with the XIST RNA. However, the pattern of the hCot-1 

hybridization in these cells was of interest. One definitive hCot-1 RNA domain per cell 

was identified within the hybrid cells which corresponded to the one human 

chromosome (Figure 3-3 E and F). To ascertain if other human chromosomes would 

form these Cot-1 domains, I analyzed hybrid cells with more than one human 

chromosome. In cell lines with more human chromosomes, there was an equivalent 

increase in the number of hCot-1 RNA domains (Figure 3-3 G). Since Cot-1 RNA 

hybridization represents heteronuclear RNA transcription, this observation suggests that 

in human-mouse fibroblast hybrid cells, human chromosomes form a transcriptional



A

B

C

D

DAPI h/m Cot-1 XIST/Xist Merge Pixel Profile

E F G
AHA-4C1

AHA-4C1

BMSL2

GM04626

AHA-11aB1 AHA-4C1 t86-B1maz1b-3a

Figure 3-3: Analysis of Cot-1 hybridization in somatic cell hybrids expressing Xist/XIST by dual 
RNA FISH hybridization. Cot-1 RNA (mouse (m) or human(h)) signal is red, Xist/XIST RNA signal 
is green and DAPI is blue. (A-D) Lines were drawn in ImageJ (NIH) and pixel intensities of each 
signal was plotted across the yellow line and shown to the right of the images. Yellow arrow heads 
indicate where the Xist signal corresponds to the Cot-1 signal. (A) Human female cell line, 
GM04626, with two inactive X chromosomes and two hCot-1 holes corresponding to the two XIST 
RNA signals. (B) Mouse female cell line, BMSL2, showing one mCot-1 hole corresponding to the 
mouse Xist signal, this pattern was observed in 59% of cells (n = 100). (C) XIST+/Xist+  somatic 
cell hybrid, AHA-4C1, showing a mCot-1 hole corresponding to the mouse Xist signal, this pattern 
was observed in 7% of cells (n = 100). (D) AHA-4C1 without a mCot-1 hole. In panels C and D 
bright foci of mCot-1 staining are observed (white arrows). (E) hCot-1 RNA expression (red) in the 
XIST-/Xist-  hybrid cell, AHA-11aB1, containing only one human chromosome (the X chromosome). 
(F) hCot-1 RNA expression (red) in the XIST+/Xist+ hybrid cell, AHA-4C1, containing only one 
human chromosome (the X chromosome), and XIST RNA (green) drifting from the hCot-1 domain. 
(G) An Xi-hybrid cell line, t86-B1maz1b-3a, containing two human chromosomes (X + 15). Both 
human chromosomes form a hCot-1 transcriptional domain, one with the XIST signal drifting away. 
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domain as visualized by hCot-1 hybridization. 

After I found that the hCot-1 transcriptional domain corresponded to the Xa in the 

AHA-4C1 hybrid cells, I wanted to examine the effect of gene silencing on the Cot-1 

transcriptional domain. To this end, I hybridized hCot-1 in a hybrid cell that contained an 

Xi, t86-B1maz1-3a (110). In this particular cell line, the only human chromosomes 

contained within the mouse cell are the Xi and chromosome 15. If the Xi silenced 

hnRNA expression, as generally observed with the establishment of a Cot-1 hole, then 

only one hCot-1 domain would be observed corresponding to the human chromosome 

15. However this was not the case, two hCot-1 domains were observed, one of which 

corresponded to the origin of the XIST signal (Figure 3-3 G). This suggests that the 

repetitive DNA elements contained within the hCot-1 fraction were expressed from the 

Xi, similar to an autosome, in these somatic cell hybrids, despite the ongoing 

inactivation of X-linked genes (112). 

3.2.4 Retention of DNA hypomethylation at X-linked gene promoters upon 
induction of Xist/XIST 
To analyze the methylation status of X-linked genes in the hybrid cells, I digested 

genomic DNA with a methylation-sensitive restriction enzyme followed by PCR with 

primers designed to flank three or more recognition sites. If any site within the amplicon 

was unmethylated, the enzyme would cut the template and there would not be a 

resultant PCR product. However, if the sites were methylated, the enzyme would not be 

able to cut the template and a band would be observed.  Methylation analysis of 11 X-

linked genes showed that all the genes were hypomethylated in the cell line prior to 

XIST/Xist induction, AHA-11aB1, and continued to be hypomethylated in the hybrid 

expressing XIST/Xist, AHA-4C1 (Figure 3-4). Both the XIST/Xist genes lacked a change 

in promoter methylation that corresponded to their expression state. In the hybrid cell 

that did not express XIST/Xist, AHA-11aB1, both XIST/Xist gene promoters were 

methylated and in the hybrid that did express XIST/Xist, AHA-4C1, both promoters were 

not methylated. Therefore, the DNA methylation state at the X-linked gene promoters is 

concordant with the X chromosome remaining active. XIST/Xist expression alone did 

not initiate DNA methylation changes at the promoters of X-linked genes in the somatic 

cell hybrids. 
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Figure 3-4: Analysis of DNA methylation at the promoters of X-linked genes in somatic cell hybrids, 
AHA-11aB1 (XIST-/Xist-) and AHA-4C1 (XIST+/Xist+). Genomic DNA was cut with a methylation-
sensitive restriction enzyme prior to amplification by PCR with primers flanking the enzyme cut sites 
(lanes labeled Digest). Mock digested samples were used as a positive control (lanes labeled Mock). If 
a band occurs in the Digest lane, it means that the site/sites within the amplicon are methylated (e.g. 
XIST/Xist). If no band was observed after PCR then there was no intact template to amplify as the 
internal restrictin enzyme sites were not methylated.
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3.2.5 Retention of active histone modifications at X-linked gene promoters 
To further assess whether active chromatin can be maintained in the presence of 

XIST/Xist, I examined the promoter regions of X-linked genes for the active chromatin 

modifications H3K4 dimethylation (H3K4me2) and H3 acetylation (H3Ac) using 

chromatin immunoprecipitation (ChIP) followed by quantitative PCR. The only genes 

shown to change expression as a result of the demethylation treatment were the 

XIST/Xist genes which were not expressed in the AHA-11aB1 hybrid and were 

expressed in the AHA-4C1 hybrid (Figure 3-2). After expression of XIST/Xist in the 

AHA-4C1 hybrid cell line, a gain of H3K4me2 and H3Ac was observed at both XIST/Xist 

promoter regions (Figure 3-5). Since human XIST did not localize to the human X 

chromosome while mouse Xist was localized, I focused on mouse genes as these were 

the most likely to be affected by Xist activation. None of the mouse X-linked genes, or 

the human ELK1 gene, showed any significant decrease of these active marks as a 

result of XIST/Xist expression (Figure 5). Therefore, these active state chromatin marks 

are retained at the promoter regions of X-linked genes despite expression and 

localization of the Xist RNA. 

3.3 Discussion 
I have described the analysis of a somatic cell hybrid that stably expresses XIST/Xist 

from the endogenous loci on active human and mouse X chromosomes in an attempt to 

determine which epigenetic features associated with the Xi directly result from XIST/Xist 

expression rather than developmentally-associated silencing. My results support the 

view of a developmental window of opportunity for Xist-dependent silencing (31) and 

further show that the inability to silence also applies to genes located in close proximity 

to the Xist locus. I found that localized Xist expression without silencing did not initiate 

the efficient formation of a repressive nuclear compartment or the loss of active 

chromatin marks, which are thought to be among the earliest events in the timeline of X-

chromosome inactivation (Refer to Figure 1-1). I suggest that these events require 

additional factors beyond Xist expression with proper localization. My results also 

propose that a developmental context may contribute to the establishment of a 

repressive nuclear compartment by the absence of Cot-1 and that the lack of Cot-1  
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does not represent X-linked gene silencing.  

There are a variety of localization states that have been observed with XIST/Xist 

transgenes and interspecies expression in the literature. I have shown that a hybrid cell 

line, AHA-4C1, which stably expressed XIST/Xist, displayed a delocalized human XIST 

RNA signal within the nucleus, despite localization of mouse Xist. Other studies that 

have looked at XIST expression from a human X in rodent cells have similarly shown a 

delocalized XIST signal. These include the precursors to these Xa-containing hybrid 

cells (49,104), human/hamster Xa hybrid cells (105), and Xi-containing hybrid cells (49). 

Together this suggests that human XIST RNA is not able to localize to the human X 

chromosome in a mouse somatic background. Since mouse Xist was able to localize in 

the somatic cell hybrids, it has been suggested that the lack of proper XIST localization 

could be the result of some missing species-specific localization factor(s) (49). 

I also looked at the localization of the human XIST RNA, when it was expressed 

from a mouse chromosome in a mouse background (Figure 3-1 B). The XIST RNA was 

more localized when it was expressed from a mouse chromosome in a mouse somatic 

cell compared to the XIST RNA when it was expressed from a human chromosome in 

the same mouse background (Figure 3-1 A); however, not as precisely localized as 

when expressed in a human background (Figure 3-1 C). The hypothesis that XIST/Xist 

coats the chromosome via way-stations (reviewed in (153)) at the DNA level suggests 

an unknown link between the XIST/Xist RNA and its association with the DNA.  

Interestingly, when a YAC containing the XIST gene and over 300 kb of human DNA 

was integrated into a mouse ES cell line, the human XIST RNA localized in cis to a 

mouse autosome (154,155). The localization occurred in undifferentiated ES cells, 

differentiated EB cells that had expressed XIST throughout differentiation, and 

embryonic tissues of chimeric mice. The lack of proper XIST localization in somatic cells 

combined with the localization in ES cells suggest a developmental context may be 

required for proper localization of human XIST RNA to mouse DNA in a mouse 

background. However, copy number variability, integration site, and expression levels of 

XIST may also influence localization, thereby making it difficult to determine if there is 

an additional developmental influence on the ability to localize XIST.   
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The localization of the mouse Xist RNA in the somatic cell hybrids supports the 

species-specific requirement, since Xist is expressed in a mouse background. While the 

exact mechanism of Xist localization in cis remains unknown, the somatic cell hybrids 

do show that localization is not dependent on a developmental cue. The localization of 

the Xist RNA is consistent with previous studies that have observed XIST/Xist 

localization outside a developmental context (2,31,54,106). If there are proteins that 

allow Xist to localize to DNA, then they must be expressed in these somatic cells.  

There is evidence that prior to implantation in mice, a gradient of silencing exists 

whereby genes closer to the Xic are silenced first (149,150); however, no such gradient 

was shown in the XIST/Xist-expressing hybrid cells. The ongoing transcription of X-

linked genes, even those in close proximity to the Xist locus, confirmed that localization 

and silencing are disconnected in the hybrid system and enabled the analyses of 

epigenetic events associated with Xist expression alone in somatic cell hybrids. The 

lack of silencing in the hybrid cells, supports the concept that there is a window of 

opportunity during development when Xist-mediated silencing can occur (31) and 

further show that this developmentally restricted silencing also holds true for those 

genes located close to the Xist locus. 

To determine if Xist-induced epigenetic marks are dependent on silencing during ES 

cell differentiation, several studies have used an Xist transcript lacking the 5’ A-repeats, 

Xist∆sx, that can localize properly without inducing transcriptional silencing 

(12,15,38,107,108). The Xist∆sx studies have shown that during differentiation, 

silencing is not required for the enrichment of H3K27me3  and H4K20me1(15); the 

recruitment of macroH2A1(38); and the exclusion of RNA PolII (12) or Cot-1 RNA (12). 

However, it is important to note that compared to controls, the degree to which these 

events occurred with a silencing impaired Xist RNA was varied (See Table 1-1). If 

domains of the RNA, other than the 5’ A-repeat, recruit epigenetic marks, it could be 

possible for the Xist RNA lacking the A-repeat to recruit epigenetic events in the 

absence of silencing; although, efficiency of recruitment appears dependent on the 

developmental window and the A-repeats.  

Cot-1 is a fraction of genomic DNA obtained by the extraction, shearing, 

denaturation and reannealing of DNA under conditions that enrich for repetitive DNA 
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sequences. When Cot-1 is used as a probe for RNA FISH, a Cot-1 hole is associated 

with the Xi. This likely represents a repressive nuclear compartment that predominantly 

associates with repetitive non-genic silencing (12,46). I have shown that human 

chromosomes, within a mouse nucleus, form transcriptional domains. When I analyzed 

human Cot-1 expression with RNA FISH in the hybrid cells containing an Xa (AHA-

11aB1 and AHA-4C1), both the cell lines had a single region of hCot-1 expression. The 

observation of a human Cot-1 domain suggested that in these Xa-containing hybrid 

cells, human XIST was not able to silence hCot-1 RNA, in addition to X-linked genes. 

When there were additional human autosomes within the nucleus, there was the 

equivalent number of these hCot-1 transcription domains. Therefore a Cot-1 domain, 

rather than a Cot-1 hole, was observed corresponding to the X chromosome, similar to 

an autosome, when the XIST RNA was not able to form a repressive compartment. 

I also observed an hCot-1 transcriptional domain associated with the Xi in a hybrid 

cell, where the X-linked genes have been shown to be inactive (113). Therefore, the 

Cot-1 RNA was not representative of genic silencing, since an Xi had an associated 

Cot-1 domain (Figure 3G). In the Xi-containing somatic cell hybrids, gene silencing was 

maintained while repetitive silencing was not; thus the Xi was represented by a Cot-1 

domain region and not a Cot-1 hole. The idea that the Cot-1 hole is not representative 

of genic silencing was also supported by a previously published study that observed the 

kinetics of Cot-1 hole formation during mouse ES cell differentiation (12). The silencing 

of the Cot-1 RNA was shown to occur prior to genic silencing and even a silencing-

deficient Xist transgene, Xist∆sx, was able to induce Cot-1 holes (12).  

A Cot-1 hole can occur without genic silencing and conversely, my results have 

shown that genic silencing was maintained without a Cot-1 hole. This suggests that 

silencing of the Cot-1 fraction and genic silencing can be mutually exclusive. My results 

support the idea that the Cot-1 hole reflects a repressive nuclear compartment that 

predominantly associates with repetitive non-genic silencing (12,46).  

In the Xa hybrid cells, where mouse Xist was able to localize but not induce gene 

silencing (AHA-4C1), I observed a substantially lower number of Cot-1 holes (7%), as 

compared to a control cell line (59%). The observation of very few Cot-1 holes contrasts 

with the previously mentioned study that saw the Xist∆sx transgene, expressed during 
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ES differentiation, form a Cot-1 hole in the absence of gene silencing (12). Therefore, 

when Xist was activated post-differentiation in these hybrid cells, Xist localizes, gene 

silencing was not observed and repetitive silencing was not efficiently initiated. In 

contrast, when an established Xi was introduced, the XIST RNA showed aberrant 

localization and gene silencing was maintained while repetitive silencing was not. This 

suggested that a silent nuclear compartment was not able to be maintained without a 

localized XIST RNA signal, or alternatively, that a developmental context was required 

for the initiation of the repressive compartment. 

While it was previously shown that XIST expression is not required for maintenance 

of gene silencing (156), it would be of interest to determine if repeat silencing was also 

maintained in the absence of XIST. My findings have shown that the somatic cell 

hybrids were not efficient at forming Cot-1 holes following Xist expression and Chaumeil 

et al have shown that formation of Cot-1 holes occurred without silencing in 

differentiating ES cells (12). Taken together, these results support the idea that Xist-

induced silencing, and now the formation of a Cot-1 hole, is dependent, to some extent, 

on a developmental context.  

Overall, my results support the view that the Cot-1 hole, associated with the Xi, is 

not a direct indicator of gene silencing. The somatic cell hybrids were not able to 

efficiently form a Cot-1 hole and therefore are unable to silence Cot-1 RNA, in addition 

to X-linked genes. Consistent with the formation of a Cot-1 hole, human chromosomes 

in a mouse nucleus can form a transcriptional domain. Furthermore, it appears that a 

developmental context is required for effective Cot-1 hole formation.  

A cascade of epigenetic events leads to the characteristic Xi chromatin following Xist 

expression. X-linked gene silencing immediately follows Xist accumulation and histone 

modifications are amongst the earliest known events, with the loss of active chromatin 

modifications appearing to precede the gain of inactive marks (157).Therefore, I looked 

at active marks at the promoters of X-linked genes following Xist reactivation in the 

hybrid cells. I found that the promoters I examined retained both H3 acetylation and 

H3K4me2 despite Xist/XIST expression (AHA-4C1). It was of interest that both the 

human XIST and mouse Xist promoters acquired these active marks following 

demethylation induced expression. Therefore, in the somatic cell hybrids, Xist 
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localization was not able to induce the earliest known chromatin modifications outside of 

a developmental context.  

Methylation at X-linked gene promoters appears to play a role in the maintenance of 

the inactive state as it occurs after initial inactivation (7). I looked at the promoters of X-

linked genes in the hybrid cells where both human and mouse X chromosomes were 

determined to be active. All the gene promoters that I examined were hypomethylated in 

the cell line expressing Xist/XIST. Therefore, the demethylation treatment and the 

resultant Xist/XIST expression did not cause these X-linked genes to become 

hypermethylated. The methylation state of these genes corresponded to the expression 

status, such that, all genes examined remained active and hypomethylated at their 

promoters with Xist/XIST expression.  

In summary, studying the somatic cell hybrid system has shown that stable Xist 

expression from its native locus leads to proper localization outside a developmental 

context. Human XIST was not able to properly localize whether expressed from a 

mouse or human chromosome, whereas mouse Xist localized, therefore suggesting that 

factors required for localization are not conserved in mouse somatic cells. X-linked 

genes remained active despite localized Xist expression and proximity to the Xist locus. 

The localization of the Xist RNA and lack of silencing in the hybrid cell, allowed me to 

demonstrate that the ability to silence repeat elements and form a Cot-1 hole was 

hampered. In addition, the X chromosome remained identifiable as an Xa, retaining 

DNA hypomethylation and both H3K4me2 and H3Ac at promoter regions. My results 

support the view that a developmental context is required for Xist-mediated genic 

silencing and the formation of a repressive nuclear compartment; additionally that the 

Cot-1 hole associated with the Xi is not an indicator of gene silencing. 
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4.1 Introduction 
X-chromosome inactivation is initiated by the XIST RNA which results in a cascade 

of events leading to the characteristic Xi chromatin (reviewed in (158)). It is thought that 

XIST recruits proteins involved in setting up the Xi chromatin; however, to date these 

specific proteins remain elusive. To determine the mechanism by which the expression 

of a non-coding RNA leads to chromosome-wide transcriptional silencing, it is critical to 

identify the XIST-interacting proteins.  

Several of the methods that are used to identify RNA-interacting proteins are 

immunoprecipitation-based. In immunoprecipitation-based methods, there must be a 

candidate protein with experimental evidence that suggests an interaction with the RNA 

of interest, and an antibody against the candidate protein to immunoprecipitate the 

protein and its interacting RNAs. The antibodies to macroH2A, Ezh2, and Suz12 have 

each immunoprecipitated the XIST/Xist RNA and suggest either a direct or indirect 

association as a result of formaldehyde fixing prior to the immunoprecipitation that 

crosslinks molecules within close proximity (114,127).  

With the identification of novel protein-XIST interactions, a clearer picture would 

emerge regarding the mechanism by which XIST acts to silence the X chromosome. It 

would be advantageous to isolate the XIST RNA itself and analyze what proteins are 

bound. To do this, the RNA must be tagged, so that the tag can be used to isolate the 

RNA and its associated proteins. There are several methods that have been used for 

the purpose of tagging an RNA including chemical tagging, hybridization of affinity-

tagged oligonucleotides, incorporation of an artificially selected RNA motif or of a known 

protein-binding RNA sequence during transcription (159). Unfortunately, no single 

method is perfect and there are downfalls to each tagging method.  

Chemical tagging with modified ribonucleotides might cause detrimental structural 

changes to the RNA. With the hybridization of affinity-tagged oligonucleotides method, a 

region of the RNA of interest is selected that is accessible. Accessibility may pose a 

problem for highly organized RNAs. Additionally, this method must be performed under 

denaturing conditions or with a competitor oligonucleotide to release the RNA and its 

associated proteins under native conditions. The incorporation of an RNA sequence 

from a known protein-RNA interaction has been used under native conditions. Since the 
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binding affinity for the interaction is strong, the efficiency of the purification/elution could 

be challenging and requires a separation scheme.  

To isolate the XIST RNA with its associated proteins, I exploited an RNA-protein 

interaction found in the MS2 bacteriophage. MS2 is an RNA bacteriophage of 

Escherichia coli that contains a capsid protein which, in addition to its structural role, 

also represses translation by binding to an RNA stem loop in the replicase gene 

(reviewed in (160)). This RNA tagging and coat protein affinity method takes advantage 

of the well characterized binding of the MS2 coat protein to a specific RNA stem loop 

sequence. The interaction has been optimized to reduce capsid formation and increase 

affinity of the protein for the stem loop (160).  

The MS2 tagging system has been used as a method for the in vivo labeling of 

RNA transcripts where the RNA of interest contains the stem loops (a range from 3-24 

MS2 stem loops have been used) and the coat protein is fused to a fluorescent reporter 

protein (i.e. GFP) for visualization (161-164). Knowledge has been gained in the 

transcriptional dynamics and movement of RNA molecules within human cell lines (161-

165) . Additionally, potential RNA-protein interactions of a non-coding RNA, NRON, 

were also identified using the MS2 phage tagging system (166), as were the protein 

components of the human spliceosome (167). The NRON RNA was tagged with three 

MS2 loops at the 3’ end of an exon and a MS2/maltose fusion binding-protein was used 

to purify interacting proteins from whole cell protein extracts and for identification by 

mass spectrometry (166). 

In order to isolate the XIST RNA and identify its interacting partners, the MS2-

tagged XIST RNA would have to be expressed in a human system that allows for 

silencing. The human male HT1080 fibrosarcoma cell line is one such cell line that has 

been published in the literature (106). I utilized an inducible XIST system in the HT1080 

cells where any transgene can be integrated into a single reproducible site within the 

genome. A previous study that used this model system demonstrated that induced 

expression of an XIST cDNA transgene led to localization and some degree of silencing 

in the HT1080 cell line (106). Therefore, it is possible to integrate the MS2-tagged XIST 

into the same site within the HT1080 genome and compare its localization and silencing 

ability with a non-tagged XIST RNA. 
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To determine novel XIST-protein interactions, I fused a series of eight MS2-stem 

loops to the 3’ end of a full length XIST cDNA construct, and integrated this into the 

human HT1080 fibrosarcoma cell line. I set out to characterize the expression of XIST 

and some inactive marks to determine if the hybrid RNA was behaving similar to its full-

length counterpart. With an affinity tagged XIST RNA functioning similar to XIST without 

the tag, it would be possible to isolate the RNA and determine what proteins are 

interacting with XIST. These proteins would provide evidence for the manner in which 

XIST initiates transcriptional silencing, formation of a silent compartment, and chromatin 

remodeling. 

4.2 Results 

4.2.1 Generation of the MS2-tagged XIST transgene 
To identify XIST-interacting proteins, I generated a tagged XIST RNA. The RNA was 

tagged by the fusion of eight MS2 stem loops to the 3’ end of an XIST cDNA transgene 

under the control of a doxycycline-inducible CMV promoter. The MS2 loops were 

amplified with primers spanning the loops; the resulting MS2 loops insert and the XIST 

cDNA expression vector were digested and ligated together. The ligations were 

electroporated into competent cells and screened for the appropriate integration of the 

eight MS2 loops at the 3’ end of the XIST cDNA transgene with PCR primers located at 

the 3’ end of the transgene and spanning the MS2 loops insert.  

The DNA was isolated from positive cultures containing the XIST cDNA with eight 

MS2 loops fused to the 3’end and was co-transfected with a plasmid expressing the Flp 

recombinase protein into the male human fibrosarcoma cells, HT1080. Two separate 

HT1080 cell lines were used; each contained one FRT site with a known location which 

allows for retargeting of transgenes to the same chromosomal location. In one clone the 

FRT site was located in the p arm of chromosome 1 (1p integration), and in the second 

clone the FRT site was located in the q arm of chromosome 3 (3q integration). 

Therefore the MS2-tagged XIST transgene was integrated into the p arm of 

chromosome 1 (1p integration) in one cell line and into the q arm of chromosome 3 (3q 

integration) in the second cell line. The use of these specific HT1080 cells allowed for 

the reproducible integration of different transgenes and enabled me to analyze the 
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functioning of the XIST RNA versus the MS2-tagged XIST RNA in the same integration 

site (either 1p or 3q) under the control of the same inducible promoter.   

4.2.2 Expression of the MS2-tagged XIST transgene 
To examine the expression of the MS2-tagged transgene, the HT1080 transfected 

clones were grown in selective hygromycin media and were induced with doxycycline 

(Dox) to express XIST and screened for expression using RNA FISH with an XIST 

probe. Seven single cell clones with the MS2-tagged transgene at the 1p integration 

were successfully grown under hygromycin selection, however, only one of these were 

shown to express XIST by RNA FISH and qPCR. Similarly, only one of four single cell 

clones with the MS2-tagged transgene at the 3q integration, grown under hygromycin 

selection, was shown to express XIST. Therefore, in total, two clones containing the 

MS2-tagged XIST were found to have upregulated XIST RNA with Dox induction 

(Figure 4-1). One clone was integrated at 3q and contained a downstream EGFP 

reporter gene and the other was integrated at 1p. 

Prior to Dox induction, a very small pinpoint XIST + loops RNA signal could be seen 

in some cells with RNA FISH and upon induction with Dox the XIST + loops RNA 

became a localized focus within the nucleus similar to the full length XIST cDNA 

construct (Figure 4-1 A). The same nuclear pattern of expression of the XIST + loops 

construct and the XIST cDNA was seen which suggested that the XIST + loops RNA 

was functioning to localize appropriately.  

To assess the level of XIST gene expression in the XIST + loops clones, I performed 

RT-qPCR. The expression of XIST in both uninduced and Dox-induced cells is shown 

side by side for the two XIST + loops clones in addition to the full length XIST cDNA 

clone (Figure 4-1 B). The expression levels are expressed relative to ACTIN and 

compared to that of a female lymphoblast cell line, GM7350. The expression of the 

XIST RNA from both the XIST + loops integrations was less than that in the XIST cDNA 

cell line and the control female cell line. The expression of the XIST + loops transgene 

at the 1p integration was 34% of the female lymphoblast level and at the 3q integration 

was 46% of the female level. The expression level of the XIST cDNA transgene at 3q 

was 69% of the female level (Figure 4-1 B). Dox-induced expression of the XIST cDNA 
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Figure 4-1: The expression of the tagged XIST transgene in the HT1080 cells. A) RNA FISH with XIST 
to show expression of the XIST+Loops transgene with No Dox and with 42 days in Dox. B) XIST expres-
sion compared to GM7350 relative to ACTIN using qPCR and analyzed with the ddCt method. The data 
represents a duplicate qPCR performed with the same RNA therefore the error bars show the standard 
error between the two values.
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and the XIST + loops in the HT1080 cell lines were less than the expression of a control 

female lymphoblast. 

4.2.3 Partial EGFP repression by the MS2-tagged transgene  
The 3q integration site in the HT1080 cell line harbours a downstream EGFP 

reporter gene. Therefore, to examine in cis silencing of the EGFP promoter I analyzed 

EGFP expression in uninduced and Dox-induced cells using RT-qPCR and 

fluorescence-activated cell sorting (FACS). Figure 4-2 shows that both methods 

demonstrated a loss in EGFP expression compared to the no Dox control. The RT-

qPCR data of the EGFP expression is shown in Figure 4-2 A, compared to the 

appropriate No Dox control and relative to ACTIN expression. The amount of EGFP 

expression for the XIST + loops is 38% reduced compared to no Dox and the full length 

XIST cDNA where expression is 82% reduced. I confirmed the qPCR results with the 

FACS data shown in Figure 4-2 B; where the numbers are displayed relative to the no 

Dox control having 100% EGFP expression. After one day of Dox induction, the 

expression of EGFP decreased approximately 10% and further decreased 45% at five 

days. After five days, the EGFP expression maintained an average reduction of 40% 

over the 19 days that were analyzed. The histogram plot from the FACS analysis 

showed that there was a single population of cells that reduced EGFP expression and 

not a population that silenced EGFP and a population that did not silence EGFP. I was 

not able to visualize both EGFP expression and XIST expression in individual cells 

because the RNA FISH protocol results in a loss of EGFP signal. Previously, the XIST 

cDNA transgene was expressed at the same 3q integration site as the XIST + loops 

clone and the EGFP decreased by 80% after four days of induction (106). These 

numbers complement the qPCR data and verify that the XIST + loops RNA silenced the 

EGFP reporter gene to a lesser extent than the XIST RNA without the loops. 

4.2.4 Cot-1 hole analysis 
As previously described, RNA hybridization of a Cot-1 probe can identify 

heteronuclear RNA transcription and the lack of Cot-1 hybridization, termed the Cot-1 

hole, has been observed to correspond with the Xi in female cells. Therefore, to further 

examine the effects of the induced XIST + loops RNA, I performed dual-RNA FISH with 



Figure 4-2: EGFP silencing with the expression of the tagged XIST RNA. A) EGFP expression com-
pared to no Dox control and relative to ACTIN  determined with qPCR and analyzed with the ddCt 
method. B & C) Results of FACS experiment with the XIST+Loops 3q integration. B) The data is repre-
sented as %EGFP relative to the no Dox control set to 100%. C) The data is represented in the FACS 
plot that shows No Dox versus 19d Dox.
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Cot-1 and XIST probes to determine the percent of cells that had a visible Cot-1hole. In 

the XIST + loops cell line with the 3q integration, I observed Cot-1 holes in 35% 

(n=112), and in the XIST + loops cell line with the 1p integration, I observed Cot-1 holes 

in 30% (n=183) of cells analyzed. These numbers were similar to the numbers 

calculated for the XIST cDNA transgene lacking the MS2 loops, where the 3q 

integration had Cot-1 holes in 32% (n=123) and in the 1p integration 26% (n=161) of 

cells analyzed had Cot-1 holes. To compare to a control female cell line, the GM04626 

had 73% of XIST signals giving Cot-1 holes. Figure 4-3 shows examples of 

representative Cot-1 holes (yellow arrow heads) with pixel intensity shown across the 

XIST focus (yellow line). 

All the HT1080 integrations had fewer Cot-1 holes corresponding with XIST RNA 

signals when compared to a control female. The XIST cDNA transgene and the XIST + 

loops transgene gave a similar number of Cot-1 holes in both integration sites, 

suggesting that the MS2 loops did not affect the ability of the XIST RNA to form Cot-1 

holes and thereby silence repetitive elements. 

4.2.5 Lack of H3K27me3 and H4K20me1 enrichment 
Two of the epigenetic marks appearing on the Xi following XIST RNA coating are 

trimethylation of histone H3 at lysine 27 and monomethylation of histone H4 at lysine 

20. These marks can be observed as a specific enrichment corresponding to the XIST 

focus within a cell; with the use of RNA-FISH to locate the XIST RNA combined with 

immunofluorescence to highlight the inactive marks. The 3q integration with the full 

length XIST cDNA transgene had been previously examined for the enrichment of 

chromatin marks and no enrichment was observed for H3K27me3, H4K20me1 and 

macroH2A. To determine if integration site and therefore the local chromatin 

neighbourhood affected recruitment of H3K27me3 and H4K20me1, I analyzed the 1p 

integration with the XIST cDNA transgene and the XIST + loops transgene. The 

enrichment analysis was performed using a 3D rendered Z-stack comprised of several 

images taken through the nuclei to ensure that any enrichment would be observed. 

Figure 4-4 shows the results of the H3K27me3 analysis. In the control female cell 

line that has two Xi, the H3K27me3 enrichment could be seen using 

immunofluorescence alone (Figure 4-4, white arrows shown in the first 3 columns) 
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Figure 4-3: Analysis of Cot-1 hybidizaion in the HT1080 1p and 3q integrations by dual RNA 
FISH hybridization. The Cot-1 RNA signal is red,  XIST RNA signal is green and DAPI is blue. 
The top four panels show the XIST+Loops transgene expression and the bottom four panels 
show the XIST cDNA transgene. Lines were drawn in ImageJ (NIH) and pixel intensities of each 
signal was plotted across the yellow line and shown to the right of the images. Yellow arrow 
heads indicate where the Xist signal corresponds to reductions in the Cot-1 signal. 
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and again when combined with RNA-FISH (Figure 4-4, arrows shown in the last 4 

columns). The XIST + loops and the XIST cDNA alone at the 1p integration did not 

show any enrichment for H3K27me3 at the site of the localized XIST RNA (Figure 4-4, 

Rows 3-6). This lack of enrichment was also observed for the H4K20me1 mark (Figure 

4-5). Therefore, the H3K27me3 and H4K20me1 marks were not able to be recruited by 

this Dox-inducible XIST system in the HT1080 male fibrosarcoma cell line at the two site 

(1p and 3q integration sites), regardless of whether or not the XIST cDNA had the MS2 

Loops fused to its 3’end. 

4.3 Discussion 
I have described a method for tagging and expressing the XIST RNA with the 

potential to isolate novel XIST-interacting proteins that are involved in the localization of 

the RNA and the silencing of the surrounding chromatin. The MS2-tagged XIST RNA 

localized similar to the XIST RNA without a tag suggesting that the tag did not interfere 

with the factors required for localization. I have shown that, although reduced compared 

to its untagged counterpart, the MS2-tagged RNA was able to silence a reporter gene 

and initiated the formation of a silent nuclear compartment. Therefore, the induced 

expression of an MS2-tagged XIST RNA in the HT1080 system represents a valuable 

tool for the isolation of a functioning XIST RNA and its associated proteins. 

The XIST + loops clones were up-regulated with Dox induction and the nuclear 

localization looked similar to XIST cDNA alone. This result suggested that the MS2 

stem loops fused to the 3’ end of the XIST cDNA did not have an effect on the ability of 

the XIST + loops RNA to localize. Although the mechanism behind XIST RNA 

localization is unknown, the potential protein, DNA, or RNA components required for 

localization are present in the HT1080 cell line and the XIST + loops RNA functions 

efficiently to localize. 

A quantitative analysis of expression levels between the clones using qPCR showed 

that all the transgene-expressing HT1080 clones, regardless of whether the loops were 

attached, expressed XIST to a lesser extent relative to a female lymphoblast cell line. 

This result could suggest that the cytomegalovirus (CMV) promoter driving the 

transgene was not as efficient at expressing XIST compared to the endogenous 

promoter in a female cell line or that the differences in expression levels were a result of 
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Figure 4-4 : H3K27me3 enrichment analysis in the HT1080 1p integration. All cell lines were subject to two separate procedures; the first three 
columns show the resulting images from an immunostaining with the H3K27me3 antibody alone; and the last four columns show the images from 
an RNA FISH with XIST and combined immunostaining with the H3K27me3 antibody. The first two rows show the control female cell line with two 
inactive X chromosomes corresponding to the two XIST signals and the two H3K27me3 foci (shown with white arrows). The middle two rows 
show the HT1080 male fibrosarcoma with the XIST cDNA transgene integrated in 1p and the last two rows show the HT1080 with the 
XIST+Loops transgene integrated at the same 1p location. There is no enrichment of H3K27m3e or evident Barr bodies observed at the localized 
XIST signal in either HT1080 clone.  
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Figure 4-5: H4K20me1 enrichment analysis in the HT1080 1p Integration. The images shown 
are from an RNA FISH with XIST and combined immunostaining with the H3K20me3 
antibody. The first row shows the control female cell line with two inactive X chromosomes 
corresponding to the two XIST signals and the two H4K20me1 foci (shown with white arrows). 
The second row shows the HT1080 male fibrosarcoma with the XIST cDNA transgene 
integrated in 1p and the last row shows the HT1080 with the XIST+Loops transgene 
integrated at the same 1p location. There is no enrichment of H4K20me1 observed at the 
localized XIST signal in either HT1080 clone.  
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normal variability observed with XIST expression. Additionally, it was found that the 

XIST + loops clones expressed XIST to a lesser extent than the XIST cDNA alone, 

which could imply that the loops interfered with the transcription or the stability of the 

XIST + loops RNA. The MS2 loops fused to the 3’ end of the XIST cDNA are composed 

of a 21-nucleotide stem loop repeated eight times in succession. It could be possible 

that the nature of these loops have initiated transcript degradation. 

The ability of the XIST + loops RNA to silence EGFP was reduced compared to the 

XIST cDNA transgene without the loops. It seemed unlikely that this reduction reflected 

normal silencing variability since the difference was dramatic and seen with both FACS 

and qPCR analysis. The XIST + loops clone appeared to level out the extent of its 

silencing to 60% of the no Dox control, therefore, the RNA silenced the EGFP 

expression by 40%. It is possible that the MS2 loops altered the secondary structure of 

the XIST RNA to an extent that the RNA hybrid was unable to interact efficiently with 

components required for silencing, or that the level of XIST + loops expression was 

significantly lower so that it could effect the RNA’s silencing ability. It has been shown 

previously that XIST RNA transcript levels do not affect localization (54,151). However, 

there is no published data to suggest that a minimal amount of XIST expression is 

required for efficient silencing. 

The Cot-1 hole data supported previous work which showed that ectopic XIST 

expression in the HT1080 cell line can silence the Cot-1 RNA fraction (54,106). I 

validated this observation by cell counting to estimate the percentage of cells that 

formed a Cot-1 hole following XIST induction. The XIST transgene and the XIST + loops 

transgene integrated at 1p and 3q gave similar numbers with 26-35% of XIST RNA 

signals having an associated Cot-1 hole. This suggested that the MS2 loops did not 

affect the silencing of the Cot-1 fraction.  

Curiously, the extent of EGFP silencing and the repetitive element silencing differed, 

with the later being just as efficient with the MS2-tagged XIST RNA. It is possible, that if 

different regions of the XIST RNA are involved with silencing genes versus repetitive 

elements; the MS2 loops could interfere with a component only affecting gene silencing 

and not repetitive silencing. If an element in the 5’ region of the XIST RNA is required 

for silencing EGFP and an element in the 3’ region is required for repetitive silencing 
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and the loops are found only to interfere with the 5’ silencing element, the result could 

be less efficient gene silencing and maintenance of repetitive silencing.  When a mouse 

Xist transgene lacking the 5’ A-repeats is expressed in differentiating male mouse ES 

cells, genic silencing is abolished (as determined by lack of cell lethality and 

transcription of three X-linked genes) and Cot-1 hole formation is efficiently initiated 

(12). In the present study, the XIST + loops RNA silenced a reporter gene to a lesser 

extent yet silenced the Cot-1 fraction to the same extent, when compared with an XIST 

RNA without the MS2 loops. 

It is important to note that when XIST was expressed in the HT1080 cell line, the 

degree of Cot-1 repression was lower than observed for a control female cell line. An 

appropriate developmental context might be required for efficient formation of a 

repressive compartment as assessed by a Cot-1 hole. It is also possible that the X 

chromosome with XIST expression forms the most efficient Cot-1 hole and in the case 

of the HT1080 XIST transgenes, the integrations are on autosomes. 

Finally I looked at the acquisition of inactive chromatin marks in the HT1080 cell line 

that contained the 1p integration site. There was no recruitment found for the inactive 

marks H3K27me3 or H4K20me1 with the XIST or the XIST + loops transgene. This is 

the second integration site in this HT1080 inducible system that has been unable to 

accumulate inactive marks to the XIST RNA focus as normally seen in a female 

nucleus. Previously, the 3q integration site did not recruit H3K27me3, H4K20me1 or 

macroH2A1 with a localized XIST RNA (106). Ectopic XIST expression in HT1080 cells 

induced H4 hypoacetylation, late replication timing, H2Aub, and macroH2A at the site of 

XIST RNA accumulation (54,58). Therefore, it does seem probable that epigenetic 

modifications are recruited in our HT1080 system. The lack of recruitment at the 1p and 

3q integrations might be the result of the surrounding chromatin. There are additional 

transgene integration sites that have been mapped and require analysis to determine if 

chromatin marks can be recruited in this specific HT1080 system.  

To summarize, the XIST+ loops RNA localized similarly to XIST RNA without the 

loops, the expression of the XIST + loops RNA was less than the expression of the 

XIST RNA alone and the ability of the XIST RNA to silence EGFP was decreased by the 

addition of the MS2 loops. However, the ability to silence the Cot-1 fraction was not 
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inhibited by the addition of the MS2 loops as shown with the similar formation of a Cot-1 

hole. Despite the decreased expression and reporter gene silencing, the loops remain a 

valid system for tagging the RNA and identifying interacting proteins as the tagged RNA 

localized efficiently and maintained a certain degree of EGFP and repetitive element 

silencing, suggesting that the MS2-tagged XIST must be interacting with the elusive 

localization components and to some extent the silencing factors.  
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Chapter 5: Overall discussion and future directions
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The expression of the XIST/Xist RNA is a requirement for the initiation of X-

chromosome inactivation. Exactly how this large non-coding RNA functions to coat an 

entire chromosome and set up the heterochromatic state is unknown. Information 

regarding the Xi chromatin, specifically what epigenetic marks are recruited or excluded 

and the kinetics of their involvement has suggested a model whereby XIST/Xist is a 

multi-functional RNA. The action of the XIST/Xist RNA ultimately results in the 

transcriptional silencing of the X chromosome through the formation of a repressive 

nuclear compartment and the recruitment of proteins to set up and maintain the inactive 

state. 

5.1 Lack of Xist-dependent epigenetic events in hybrid cells 
In mammalian females, Xist expression and localization occurs early during 

development and is followed by X-linked gene silencing and concurrent epigenetic 

changes. Therefore, the occurrence of the epigenetic changes could be the result of 

Xist expression or the subsequent associated genic silencing. To determine if any of the 

events are caused directly by Xist expression, I analyzed a somatic cell hybrid system 

where Xist expression and localization occurred in the absence of developmental 

silencing.  

In the human/mouse somatic cell hybrids, the mouse Xist RNA was able to localize 

outside of a developmental context but this localization did not result in the 

transcriptional silencing of X-linked genes, particularly those within close proximity of 

the Xist locus. I analyzed epigenetic events and based on the results shown in Chapter 

3, Xist localization in a somatic cell was not sufficient to induce the four epigenetic 

changes I analyzed. Therefore, it is likely that the loss of active epigenetic marks 

associated with X inactivation are dependent on a developmental state or genic 

silencing. 

The somatic cell hybrids support the developmental window concept (31) where a 

developmentally competent cell is required for Xist-mediated silencing, adding to this 

Xist-induced epigenetic events. There have also been studies that used a 

developmental context to identify Xi-associated epigenetic marks in the absence of 

silencing. Mouse ES cells with an inducible Xist transgene (Xist∆sx) were able to 

localize the transgenic Xist RNA but unable to silence. When Xist localized alone, 
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without concurrent silencing, there was a recruitment of epigenetic marks in a 

developmental context (Refer to Table 1-2 for a summary). The occurrence of 

epigenetic marks without silencing, which followed Xist expression in a developmental 

context, suggests that the role the Xist RNA plays in inactivation extends beyond genic 

silencing and involves the appearance of specific epigenetic events. These include the 

establishment of a repressive nuclear compartment, the recruitment of macroH2A, 

polycomb group proteins and H3K27me3, H4K20me1, H2AK119ub. However, the 

manner in which Xist causes the appearance of these events is unknown.  

To complement the question of what epigenetic events Xist induces in the absence 

of silencing; it would be interesting to identify the molecular candidates that are required 

for silencing. To address what is required is not a simple task. Knock-out experiments 

have shown that none of the chromatin components or modifications appear to be 

essential for silencing. However, these marks may be redundant and therefore 

removing a single component is not sufficient. Additionally, several marks have more 

than one protein that are responsible for its maintenance and for others eliminating the 

writer protein is lethal. Consequently, it is difficult to assess their requirement in X 

inactivation with knock out experiments.   

5.2 Identifying XIST and associated proteins 
To understand how the XIST RNA functions to inactivate a chromosome it is 

imperative to isolate XIST-interacting proteins. In this thesis I describe a method for 

tagging the XIST RNA that involves the 3’ fusion of several MS2 stem loops, which 

interacts with an MS2 coat protein and can be utilized to isolate the RNA and its 

associated proteins. The tagged RNA must be expressed in a human cell line that has 

competency for XIST-mediated silencing. The HT1080 cell line seemed an appropriate 

system to integrate the tagged XIST transgene because it has reproducible integration 

sites where a transgene can be integrated under the control of an inducible promoter. 

Additionally, in the HT1080 cell line, an XIST transgene has shown reporter gene 

silencing and some degree of epigenetic changes (106).   

The results in Chapter 4 showed that the localization of the tagged XIST RNA was 

indistinguishable from the localization of the XIST RNA and similarly, the ability to form 

Cot-1 holes was indistinguishable. However, the tagged RNA silenced the EGFP 
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reporter gene to a lesser extent than the native XIST RNA. The tag did not affect the 

ability of the RNA to localize or form a Cot-1 hole, but for an unknown reason, the tag 

decreased the ability of the XIST RNA to silence an adjacent reporter gene. The stem 

loop tag could have impaired a structure within the RNA that is required for silencing or 

blocked assess of important silencing factors to the RNA. If this is the case, it is 

intriguing that the gene silencing impaired RNA was still able to effectively localize and 

silence the Cot-1 fraction. This result adds more evidence to the idea that the XIST RNA 

has many roles and different regions of the RNA could be responsible for such roles.  

The lack of H3K27me3 and H4K20me1 enrichment at the XIST foci for both the 

tagged RNA and the XIST RNA was surprising, given that the HT1080 cell line was 

previously shown to be capable of recruiting repressive chromatin marks (54,58). The 

lack of enrichment could be the result of the integration site, such that the local 

chromatin is restrictive to modifications. There are several additional FRT integration 

sites and future experiments analyzing for the enrichment of repressive chromatin 

marks could address this concern. 

Additionally, the MS2-tagged XIST transgene was also integrated into a human 

HEK293 cell line. The HEK293 cell line contained two inactive X chromosomes  and two 

separately localzied XIST RNA signals, therefore any XIST transgene integrated into 

the genome resulted in a third signal. Expression of an XIST cDNA transgene in this 

HEK293 cell line resulted in the recruitment of macroH2A1 and H3K27me3 (106). The 

HEK293 cell line expressing the tagged XIST RNA will be analyzed in the future for the 

recruitment of macroH2A1 and H3K27me3 to determine if the MS2-tagged RNA is 

capable of recruiting these inactive epigenetic marks. 

Follow-up experiments from this thesis also include isolating the tagged XIST RNA 

to analyze the associated proteins. Despite the inefficient silencing of the EGFP reporter 

and the lack of recruitment of inactive marks, the tagged RNA was able to localize and 

form a Cot-1 hole. If the XIST RNA requires protein partners for these tasks, then they 

should be precipitated with the tagged RNA. As proteins are identified that interact with 

XIST, the studies of functional regions of the RNA will continue in the anticipation of 

identifying the regions of XIST that are responsible for recruiting protein components 

and setting up the heterochromatic state.   
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5.3 The Cot-1 hole  
Several research groups have utilized the lack of Cot-1 hybridization to analyze the 

XIST territory, here referred to as the Cot-1 hole (12,46,54,106,149). The analysis of the 

XIST territory has suggested that it is a silent nuclear compartment, lacking 

transcriptional components and predominately comprised of inactive repetitive DNA with 

X-linked genes located at the periphery of this compartment (12,46). It is difficult to 

assess what the Cot-1 hole represents and how XIST functions to form the 

compartment since the exact constituents of the Cot-1 fraction are not known. However, 

it is known that the Cot-1 fraction by its nature is enriched for the repetitive fraction of 

the genome. The Cot-1 RNA could represent repeats within non-coding regions (UTRs 

and introns) of precursor mRNAs that are expressed and could additionally represent 

expressed intergenic repeats. Since gene silencing and Cot-1 silencing has been 

separated in my Xi-containing hybrid cell line and in the mouse ES cells expressing a 

silencing-deficient Xist transgene, it suggests that Xist functions to silence this Cot-1 

fraction.  

 The Cot-1 analysis on both the somatic cell hybrids and the HT1080 illustrated that 

the Cot-1 hole should not be used as an indicator of gene silencing. My results in 

Chapter 3 presented a Cot-1 domain associated with an Xi in a mouse somatic cell. 

Additionally in Chapter 4, the appearance of a Cot-1 hole to the same extent with an 

XIST RNA that silenced a reporter gene and a tagged XIST RNA that did not efficiently 

silence the same gene. I have also shown an impaired ability to form a Cot-1 hole in 

both the somatic cell hybrids and the HT1080 cell line, as compared to a female cell that 

silenced an X chromosome within a normal developmental context (Figure 5-1).  

The efficient formation of a Cot-1 hole with the Xist∆sx transgene expressed in 

differentiating mouse ES (12) cells suggests that the Xist-initiated formation of a Cot-1 

hole does not require X-linked gene silencing. A gene silencing impaired Xist RNA was 

still able to silence the Cot-1 fraction efficiently compared to my results that showed 

impaired or inefficient formation of a Cot-1 hole in somatic cells with somatic cell hybrids 

and HT1080 respectively. During ES cell development, genic silencing is not required 

for efficient Cot-1 hole formation, in contrast to somatic cell hybrids where gene 

silencing does not occur and no Cot-1 hole is formed. Likewise, in the HT1080 cell line, 
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where gene silencing of EGFP occurs, there is not an efficient formation of a Cot-1 hole. 

To summarize, Cot-1 hole formation is less efficient (regardless of genic repression) in 

the somatic cell lines then it is when XIST/Xist is expressed in a normal developmental 

context. This could suggest that a normal developmental context is required for Xist to 

efficiently silence the Cot-1 fraction (Figure 5-1). To assess the requirement for a 

developmental state, it would be beneficial to use the inducible expression of an Xist 

transgene during ES cell development and identify if the Cot-1 hole formation occurs 

only during the Xist-responsive state. 

In the Xi-containing hybrid cell line, the silencing of the Cot-1 fraction was not 

maintained, despite the maintenance of X-linked gene silencing where the XIST signal 

was de-localized. This observation suggests the Cot-1 hole is XIST-dependent, such 

that the continued expression of XIST was required for the maintenance of Cot-1 

silencing. However, the mouse cell background could have prevented the proper 

functioning of human XIST and thereby the silencing of the human Cot-1 fraction. I think 

it would be of interest to determine if the Cot-1 fraction is silenced in a somatic cell 

where XIST/Xist is conditionally deleted. Additionally, similar to the mapping of the A-

repeats and their requirement for gene silencing, it would be interesting to determine the 

regions of XIST/Xist required for the formation of a repressive nuclear compartment.  

Recently, an analogy has been suggested in the literature between the formation of 

facultative heterochromatin in X-chromosome inactivation and the formation of 

constitutive heterochromatin in yeast (168,169). In yeast it is thought that the 

transcription of repeat elements initiates the formation of heterochromatin through the 

RNAi pathway (170). This idea could be furthered with the formation of the Cot-1 hole 

occurring early following Xist expression during development and representing the 

silencing of repeat elements thereby providing a scaffold for chromosome-wide 

inactivation. However, there has been controversy in the literature with contrasting 

findings on the role of RNAi in Dicer-deficient ES cells (reviewed in(168)). Additionally, 

the transcription of the Cot-1 fraction is detected by RNA FISH only in the nucleus while 

the Dicer protein has a cytoplasmic localization. 
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Figure 5-1: A schematic of Cot-1 results in model systems showing support for 
XIST/Xist silencing the Cot-1 repetitive fraction with a developmental dependence  
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5.4 The developmental window 
Although a developmental window where X inactivation can occur has been defined 

with differentiating mouse ES cells (31), it remains uncertain if there is the equivalent 

window in human cells and if the timing is similar. While some inactive chromatin marks 

are initiated by XIST expression in certain human somatic cells, such as, HeLa cells 

(14), HEK293 cells (106), and the HT1080 cells (54,58,106), X inactivation has not been 

completely recapitulated in these systems. What properties of these cell lines enable 

them to respond to the XIST RNA remains unknown. Do they express silencing 

competency factors that other somatic cells do not? Or is it that the chromatin is 

responsive to change? 

SATB1 is a nuclear matrix protein that has recently become a candidate for a critical 

factor required by a cell to be Xist-responsive. The expression of SATB1 in ES cells and 

its down regulation during differentiation corresponds to the developmental window (47). 

When a SATB1 transgene is introduced and expressed in Xist-resistant tumor cells or 

XY fibroblasts, the cells become Xist-responsive (47). Unfortunately, knockout studies 

have proven difficult since a homolog SATB2 exists and the lethality inflicted with a 

double knockout (47). 

The data available on the gene portal system BioGPS, an online resourse with 

information on gene expression and protein function (http://biogps.gnf.org) shows that 

SATB1 is expressed in the HT1080 cell line. Future experiments could include a 

quantitative analysis of SATB1 expression in the HT1080 cell line and over expression 

or knock down experiments to see if changing the expression of SATB1 has an effect 

on the silencing of the reporter EGFP gene by the XIST RNA. 

5.5 The search for the ‘perfect’ model of human X inactivation 
In this thesis I have looked at two model systems, the human/mouse somatic cell 

hybrids, and the human HT1080 fibrosarcoma cell line. The somatic cell hybrids, 

although useful for X-linked gene expression, were not able to recapitulate X 

inactivation with the expression of human XIST. In the HT1080 cell line, the expression 

of XIST was able to silence a closely linked reporter gene and form a repressive nuclear 

compartment; however, chromosome-wide gene silencing is uncertain as are all 

aspects of X inactivation. There is a need for a human model system which 

http://biogps.gnf.org/�
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recapitulates X inactivation, so that we may better understand the mechanism by which 

XIST initiates transcriptional inactivation and the formation of heterochromatin.   

 A variety of cell types in both mice and humans have been analyzed with XIST/Xist 

induction to determine the competency to XIST/Xist-mediated silencing (Refer to Figure 

5-1). The key to an ideal human cell system depends on identifying a cell line that can 

recapitulate the process of X-chromosome inactivation. Some hematopoietic precursor 

cells have potential, as do induced pluripotent stem (iPS) cells, and perhaps eventually 

new human ES cell lines will be analyzed that are in the correct developmental state.  

The immature hematopoietic precursor cells show potential since in an adult mouse, 

these cells induce Xist-mediated silencing and H3K27me3 enrichment (171). It remains 

to be known if these cells recapitulate the entire process of X inactivation (as in mouse 

ES cells). If similar cells in human hematopoiesis also support XIST-mediated silencing, 

immature hematopoietic precursor cells could be a human model cell system to study 

XIST-mediated events.  

Mouse iPS cells generated from mouse embryonic fibroblasts are shown to have a 

reactivated Xi that lacks Xist coating and had biallelic Tsix and Pgk1 expression, in 

addition to a lack of H3K27me3 and H4K20me1 enrichment (172). The iPS cells also 

undergo some aspects of inactivation when induced to differentiate. Upon 

differentiation, an Xist focus appears with an exclusion of RNA PolII and an enrichment 

of H3K27me3 (172). With further studies on human iPS cells, we might discover that 

they are a suitable model for studying X inactivation. 
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Figure 5-2: Current and prospective model systems for the study of human X-chromosome inactivation 
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Table 5-1: XIST/Xist-mediated silencing and epigenetic events in a variety of cell systems  
 
 
Undifferentiated ES 
Cells 
 
Female  
Mouse ESC 
 Two Xa 
 Two pinpoint Xist signals 
 
Mouse ESC 
Inducible Xist Transgene  
 Xist-mediated silencing 
 Xist-dependent and silencing 

is reversible 
 Cell lethality – inactivating 

the single X in male ES cells 
 Late replication 
 H4 hypoacetylation 
 H3K27me3 
 H4K20me2 
 H2Aub 
 No macroH2A 
 
Human  
ESC 
 Variability of inactivation 

status of X chromosomes 
 
 
 
 
 
 
 
 
 

Differentiating ES Cells 
 
 
Female  
Mouse ESC 
Differentiating  
 Choice of one Xi, one Xa 
 One Xist focus at the Xi 
 Xist-mediated silencing 
 RNA-PolII exclusion 
 Cot-1 hole  
 H3K27me3 
 H3K9me2 
 H4K20me1 
 H2A112ub 
 Late replication 
 DNA methylation 
 MacroH2A recruitment 

occurs after silencing is 
established 

 
Mouse ESC 
Differentiating  
Inducible Xist Transgene  
 Xist-mediated silencing 

immediately following 
differentiation 

After 48 hrs 
 No Xist-mediated silencing 
After 72 hrs 
 Xist-independent and 

silencing is irreversible 
 H3K27me3 
 H2Aub 
 MacroH2A 
 

Post-Differentiated  
Cells 
 
Female Mouse 
Immature Hematopoietic 
Precursors  
 One Xi, one Xa 
 One Xist focus at the Xi 
 
Immature Mouse 
Hematopoietic Precursors  
Inducible Xist Transgene 
 Xist-mediated silencing 
 Pgk1 and Hprt repression 
 H3K27me3 
 
Mouse Hematopoietic Stem 
Cells 
Inducible Xist  
 No Xist-mediated silencing 
 
 
 
 
 
 
 
 
 
 
 
 
 

Somatic Cells 
 
 
Mature Blood Cells 
Inducible Xist 
 No Xist-mediated silencing 
 
MEF 
 No Xist-mediated silencing 
 MacroH2A recruitment 
 
HEK293 
 H3K27me3 
 H4K20me1 
 MacroH2A 
 
HeLa 
 Transient H3K27me3 
 
HT1080 
XIST Transgene 
 H4 hypoAc 
 Late replication 
 H2Aub 
 MacroH2A  
 Cot-1 hole 
 XIST-mediated silencing 
 Silence EGFP reporter 
 
Somatic Cell Hybrids 
 No Xist-mediated silencing 
 Localized mouse Xist 
 De-localized human XIST 
Retention of active epigenetic 
mark 
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