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Abstract 
Mechanisms of sex chromosome dosage compensation vary widely between 

different vertebrate species.  All eutherians, including humans, other primates, and 

rodents, undergo random X chromosome inactivation in early female embryos, a process 

by which the majority of the genes on one X chromosome in the female are silenced 

(inactive X, Xi) to create a transcription level matching that of the single X chromosome 

in males. Random inactivation of the placental embryo is initiated from a region on the X 

chromosome called the X-inactivation center (XIC in humans and Xic in mice), thus 

implicating this region as the key chromosomal element in distinguishing random from 

imprinted X inactivation during mammalian evolution.  This invites a comparative 

genomic approach to explore the organization and evolution of this region throughout 

mammalian lineages 

Patterns of X inactivation are genetically determined, as indicated by non-

random patterns of inactivation in mice heterozygous for the X-linked X controlling 

element (Xce) locus, the molecular and genomic basis of which is unknown.  Using QTL 

mapping in Xce heterozygous mice, we previously identified a 1.85Mb candidate region 

for Xce.  This candidate region contains the X inactivation center (Xic), including the 

critical X inactivation genes Xist and Tsix.  To explore the genomic organization of this 

region in C57BL/6J (B6), we identified extensive large (>5Kb) inverted and non-inverted 

segmental duplications lying greater than 350Kb proximal to Xist.  Investigating these 

segmental duplications further, we then compared copy number and sequence variant 

differences among strains carrying different Xce alleles to identify candidate variants in 

a subportion of the interval that correlate with specific Xce alleles.  
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The Xce candidate region was then compared to the corresponding region of the 

X chromosome from several other species.  Notably, the segmental duplications within 

the mouse Xce region are maintained positionally through the other species over at least 

105 MYA, although they do not share the same DNA in the copy variant.  

These and future experiments should provide detailed characterization of the Xce 

candidate region and an opportunity to address the role that these sequence signatures 

may play in the earliest stages of X inactivation when the two X chromosomes are 

distinguished from one another.  
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1. Introduction  
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1.0.1 Overview of X inactivation 
Different metazoan species with sex differentiation based on sex chromosome 

constitution undergo different forms of dosage compensation to balance the 

transcription of their sex chromosomes between the sexes (reviewed by (Lucchesi et al., 

2005).  The worm, C. elegans, lowers transcription levels on both of the X-chromosomes 

in the hermaphrodite (XX) versus the X-chromosome transcription levels in the 

heterogametic sex (XO) (Meyer, 2005).  In contrast, in the fruit fly, D. melanogaster, the 

single male X-chromosome (XY) is hypertranscribed two-fold compared to the 

expression from either of the two X-chromosomes in the female (XX) (Conrad and 

Akhtar, 2011). 

In mammals, the homogametic female (XX) cells shows a condensed and darkly 

staining spot (Barr body) near the periphery of the nucleolus that male cells do not, as 

originally seen in cat neuron cells by Barr and Bertrman (Barr and Bertram, 1949).  Later 

it was noted that the two X chromosomes were not treated equally in female rats and 

mice (Ohno and Hauschka, 1960; Ohno et al., 1959).  One X chromosome was similar in 

character to the autosomes, and the other X chromosome was condensed and 

heteropyknotic (the Barr body) (Ohno and Hauschka, 1960; Ohno et al., 1959).  Also, 

there were several studies on mutant X chromosomes showing variegated phenotypes.  

All of these experiments lead to what is now known as “Lyon’s Law” (was Lyon’s 

hypothesis, but was changed July 2011 (Gendrel and Heard, 2011)) that states that one of 

the female X chromosomes is silenced in early development and that the silenced state is 

maintained and passed on to the daughter cells in a clonal manner ((Lyon, 1961) 

reviewed by (Harper, 2011)).  
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 Marsupials (non-placental mammals) have imprinted inactivation where the 

paternal X-chromosome is preferentially inactivated in the embryo (Cooper et al., 1971; 

Sharman, 1971).  Mice have imprinted X inactivation in extra-embryonic tissues (Takagi 

and Sasaki, 1975; West et al., 1977), but random X inactivation in the embryo proper 

(Krietsch et al., 1986; Lyon, 1961).  In mouse, imprinted X inactivation occurs early in 

development (~2 cell stage) (Kay et al., 1993), followed by cell reprogramming in the 

inner cell mass (ICM) in the mid-stage blastocyst (Williams et al., 2011) (Figure 1).  This 

allows random inactivation to occur in the epiblast cells after the late blastocyst stage 

between 5.5 and 6.5 days post coitum (Panning et al., 1997; Rastan, 1982b), at which time 

each cell in the inner cell mass undergoes X inactivation whereby either the paternal or 

the maternal X is inactivated and the inactivation status is then passed along to the 

daughter cells in a clonal manner.  Therefore, the post-embryonic female will be a 

cellular mosaic for the active X chromosome where on average the paternal X will be the 

inactivated X (Xi) in roughly 50% of the cells and the maternal X will be the Xi in the 

remaining cells.  

Random X inactivation is mediated mainly by two cis-acting non-coding RNAs 

(ncRNAs): XIST (in human and Xist in mouse, X-inactive specific transcript) and its 

antisense transcript TSIX/Tsix from a region on the X chromosome called the X 

inactivation center (XIC/Xic, discussed in section 1.1.1.1) (Borsani et al., 1991; Brown et 

al., 1991a; Lee et al., 1999a; Migeon et al., 2001).  There are several distinguishing 

characteristics between the inactive X (Xi) and the active X (Xa).  Due to the 

heterochromatic structure of the Xi, it forms a visible condensed structure in interphase 

known as the Barr body (Barr and Bertram, 1949).  The Xi was found to replicate late in S  
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Figure 1: Murine embryogenesis: imprinted vs random X inactivation  

When the sperm fertilizes the egg with the paternal X chromosome is already 
inactivated. Quickly X inactivation is reversed and the paternal X chromosome is re-
inactivated around the 2 to 4 cell stage. This paternal inactivation is carried though to 
the later blastocyst stage where it released again in the epiblast/inner cell mass, where 
both X chromosomes are active. Once the paternal X chromosome is reactivated, the 
epiblast layer goes through random inactivation where the embryo will end up being a 
mosaic with respect to which X chromosome is inactivated, where either the maternal or 
paternal can be inactivated. In the trophectoderm leading to the extraembryonic tissues, 
imprinted paternal inactivation is maintained. Inactive X is Xi and active X is Xa. 
Adapted from Chadwick, L. 2005 figure 1.6. 

 

phase, which is asynchronous with the Xa (Grumbach et al., 1963; Takagi et al., 1982; 

Willard and Latt, 1976). XIST/Xist RNA is also seen to localize only over the Xi 

ininterphase cells  (forming an “Xist cloud” seen by RNA fluorescence in situ 

hybridization (FISH)) once Xist is up regulated at the start of X inactivation (Lee et al., 

1996; Panning and Jaenisch, 1996) (Brown et al., 1992; Clemson et al., 1996).  There is an 

increase in heterochromatic histone modifications such as H3K27Me3 and H3K9Me2 

that indicate a silenced region of DNA (compared to euchromatic histone modifications 

that mark regions as transcriptionally active DNA), hypoacetylation of H4, and 

enrichment for histone variant macroH2A, all of which are seen on the Xi but not on the 

Xa (Belyaev et al., 1996; Chadwick and Willard, 2004; Heard et al., 2001; Jeppesen and 
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Turner, 1993; Plath et al., 2003).  DNA methlyation at CpG islands is also increased on 

the Xi compared to the Xa (Pfeifer et al., 1990). 

Dosage compensation was originally seen in flies via the differences between X-

linked genes in different sexes (reviewed in (Gartler and Riggs, 1983)).  Later the idea of 

mammalian dosage compensation, where one of the X chromosomes is inactivated, was 

based on the observation that one of the X chromosomes was seen as a densely staining, 

heterochromatic and late-replicating chromosome.  The silencing of one X chromosome 

per female cell would bring about compensation of the gene expression between the 

double X chromosome females and the single X chromosome males.  Not all genes are 

inactivated on the inactive X (Xi); the first gene shown definitively to escape inactivation 

was STS in human cells (Webster et al., 1978).  However, the expression ratio between 

females and males was not the expected 2:1 (as a non-inactivated gene is predicted to be) 

but closer to 1.5:1 (Chance and Gartler, 1983).  More recent studies indicate that ~15% of 

the genes on the human X chromosome escape inactivation, and another 10% are 

variable dependent on the individual (Carrel and Willard, 2005).  In mouse there has 

been a report of having ~3% of the genes escape inactivation (Yang et al., 2010), while 

other work reports it to be closer to 15-20% (Valley, 2007).  Additionally the hypothesis 

was put forward that not only were there dosage compensation between the sexes but 

that there is also a balance toward the autosomes (Ohno, 1967).  Whether there is an 

increase in expression of the genes on the single X chromosome in males and also on the 

active X (Xa) in females is still being studied (Deng et al., 2011; Johnston et al., 2008; 

Kharchenko et al., 2011; Lin et al., 2007; Lin et al., 2011; Nguyen and Disteche, 2006; 

Tamura et al., 2007; Xiong et al., 2010).   
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1.1 Fluctuations in patterns of random X inactivation 
The randomness of X inactivation does not necessarily lead to an exact 50:50 

inactivation ratio in the embryo, and this ratio is both expected and observed to 

fluctuate among animals.  While random X inactivation is considered random there is a 

small level of preferential paternal X chromosome inactivation.  In mouse, there is a 4-

6% parent of origin effect toward the inactivation of the paternal X chromosome 

(Cattanach and Perez, 1970; Chadwick and Willard, 2005; Fowlis et al., 1991; Plenge et 

al., 2000; Wang et al., 2010).  There has also been observed a strong difference from the 

50:50 inactivation ratio in regular healthy humans and mice, reflecting the binomial 

distribution expected of a binary choice in a limited number of cells (Amos-Landgraf et 

al., 2006; Cattanach and Isaacson, 1967; Krietsch et al., 1986).  The number of cells 

present in the ICM at the time of X inactivation can affect the ratios of X inactivation.  

The number of cells in the ICM has been back calculated from the observed distribution 

of ratios and suggests a wide range for the possible number of cells, 8 to 67 from various 

studies (Amos-Landgraf et al., 2006; Baader et al., 1996; McMahon et al., 1983; Puck et al., 

1992).  Chromosomal inactivation status is made once in each cell then is passed on to all 

of the daughter cells; therefore the number of cells in the ICM can affect the ratio of the 

inactivation status of the organism as a whole.  If there are a large number of cells at the 

time of choice, this will buffer the odds of drastic fluctuations in the X inactivation ratio, 

and there is a large chance of the overall ratio being close to 50:50 ratio in the whole 

organism.  

A strong deviation from a 50:50 X inactivation ratio, termed “skewing” and 

generally defined as an inactivation ratio greater than 80:20 in humans, has been seen in 

a small proportion of human females (Amos-Landgraf et al., 2006), as well as in mice 
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(Cattanach and Isaacson, 1967).  This phenotype has been most intensively studied in 

mouse for 40 years and is under the influence of a genetic controller termed the X 

controlling element (Xce), which is a cis-acting element on the X chromosome affecting 

choice of random X inactivation (Cattanach, 1970, 1994; Cattanach and Isaacson, 1967; 

Cattanach et al., 1970; Cattanach et al., 1969; Cattanach and Rasberry, 1991; Cattanach et 

al., 1991; Cattanach and Williams, 1972; Chadwick et al., 2006; Johnston and Cattanach, 

1981; Simmler et al., 1993).  Even after more than 40 years of research, the exact nature of 

the Xce has yet to be determined. In this thesis, the Xce is studied from a comparative 

approach between different strains of mice and then through different species to provide 

further candidates for the Xce. 

Notwithstanding the random nature of X inactivation (Lyon, 1961), various 

departures from such randomness can be caused in a number of different ways.  If there 

is a mutation or a deletion within the main regulatory elements involved in X 

inactivation (e.g. mutation in XIST, Xist or Tsix (Lee and Lu, 1999; Penny et al., 1996; 

Plenge et al., 1997)), this will disrupt the regulation of inactivation and will lead to a 

primary pattern of non-random inactivation in the female.  There can also be secondary 

selection after inactivation occurs in the cells of the ICM. If the active X chromosome 

carries a deleterious factor (e.g. gene mutation, regulatory site, large deletion, 

translocation, etc.), this can lead to a reduced growth rate of that lineage of cells (e.g. X-

linked disorders).  Also, if there is an imprinted mark on the X that is identified in tissue 

type differentiation (e.g. brain, mammary, epithelial cells (Gale et al., 1994; Young and 

Zoghbi, 2004), leading to a preference of one active X over the other, then this would 

lead to secondary selection and a non-random X inactivation ratio.   
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Finally, heterozygosity at the Xce locus mentioned above achieves a skewed ratio 

(in which the overall distribution of X inactivation ratios has a mean significantly 

different from 50:50) based on the primary choice of which X chromosome will be 

inactivated within the initial steps of inactivation.  Importantly, experiments using 

embryos and adult mice of the same heterozygous Xce make-up have shown that there is 

no disparity between the mean skewing ratios (Chadwick and Willard, 2005).  This 

indicates that the skewed phenotype is more likely due to the initial choice of X 

inactivation (Chadwick et al., 2006; Rastan, 1982a) than as a secondary cell selection 

based on cell fitness.  As a major component in the choice of which X to inactivate, 

defining the Xce is a major focus of current genetic and genomic research to understand 

how the two X chromosomes are distinguished at such an early step of X inactivation. 

 

1.2 Xce 
Mammals, compared to worms and flies, are so far the only well studied class of 

species that treats one of the X chromosomes within the same nucleus differently.  

Therefore, it has been and still is a conundrum concerning how two seemingly identical 

X chromosomes are differentiated and ultimately how the inactivated X chromosome is 

chosen.  Although there is an approximate 50:50 X inactivation ratio in random X 

inactivation there is still a range of inactivation ratios in the populations of both mice 

and humans (Amos-Landgraf et al., 2006; Cattanach and Isaacson, 1965; Krietsch et al., 

1986; Plenge et al., 2000) that creates an almost normal distribution (Figure 2).  Bruce 

Cattanach first noticed a true population shift from the 50:50 expected mean ratio of X 

inactivation through the study of coat color variegation and vibrissae number in mice 

with an X;autosome translocation, [T(7;X)Ct] (Cattanach, 1961; Cattanach and Isaacson, 
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1967).  The shifted or skewed inactivation was seen regardless of the parental origin of 

the marker and was attributed to a genetic cis-acting X chromosomal element (Xce) 

(Figure 2)(Cattanach and Isaacson, 1965).  

 

 

Figure 2: Skewing of X inactivation ratios in the population due to Xce 

 

The early studies of X inactivation involved translocations of the X chromosomes 

onto autosomes, where resulting expression or lack of expression from autosomal genes 

could be tested phenotypically.  Cattanach had generated his own translocation 

(Cattanach’s X-autosome translocation, T(1;X)Ct) (where the 1 stood for linkage group 1 

not chromosome 1, was later changed to T(7;X)Ct and then to Is(X;7) Ct to indicate the 

translocation was with chromosome 7 and X (Cattanach and Papworth, 1981)) in mouse 

between the X chromosome and a part of what is now known to be chromosome 7.  Two 

autosomal coat color genes, now relocated to the X chromosome, gave a variegated 

flecked phenotype in females with the translocation, in contrast to male mice that were 

all one color (Cattanach, 1961; Cattanach and Isaacson, 1965).  Cattanach thought that 

the female-only phenotype was a form of position effect variegation, as an extension of 
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Lyon’s hypothesis (Lyon, 1961).  Therefore, the autosomal genes attached to the X could 

also become silenced when the X is inactivated.  

With two coat color genes now moved to the X chromosome by the translocation, 

coat color could be used as a surrogate marker for the inactivation of the translocation 

(Cattanach and Isaacson, 1965; Ohno and Cattanach, 1962).  In crossing the T(7;X)Ct lines 

to an albino line (to get a clearer reading on coat color), Cattanach quickly noticed two 

groups of mice, a “high” line with coat color about 50% variegated, and a “low” line at 

about 30% variegated.  Allowing selective intra-line inbreeding for five generations and 

selecting for the females and calculating coat color variegation at every generation, they 

were able to see the high line population change their overall variegation to around 50% 

in every generation and the low line stay around 30%.  The coat color at the first mating 

had a variegation of 30%, showing non-random X inactivation (Cattanach and Isaacson, 

1965), yet that rose to 50% in the high selected line, which led to hypothesis that X 

inactivation is random and that the frequency of inactivation is under genetic control 

(Cattanach and Isaacson, 1965).  

Subsequent tests showed that this variegation effect was not only toward these 

coat color genes but could also towards other genes on the X, another gene for coat color 

(Vbr) and one for vibrissa numbers (Ta).  These became Cattanach’s gold standard tests 

for X inactivation ratios until he started protein expression studies on the Pgk1a gene in 

the early 1980s (Johnston and Cattanach, 1981).  Further genetic testing revealed that the 

control locus (Xce) to X inactivation was on the rearranged X chromosome not the 

autosomes (Cattanach, 1966) and that the locus was on the X portion of the translocation 

by crossing mice to both a high and low non-translocated X chromosome mouse and 

looking at the spread of variegation from those offspring (Cattanach and Isaacson, 1967).  
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It should be noted that in these early crosses, they saw a distribution of inactivation 

ratios in the populations (through the measure of coat color variegation, as discussed in 

section 1.0.0.1; Figure 2), and they posited that there were at least two and possibly three 

different levels of this controlling element (Cattanach and Isaacson, 1967).  Cattanach 

also laid out that this effect was most likely not due to secondary cell selection since they 

had crossed the translocation onto a Dp background which has shown to have poor 

viability and still saw variegation (Cattanach et al., 1970).  Importantly, it was also noted 

that the variegation was not due to the translocation itself, since mice with the same 

genetic background as the translocation (but not carrying the translocation) could also 

induce a high or a low variegation phenotype (Cattanach and Isaacson, 1967). 

In 1970 Cattanach termed this the “X controlling element system” (Xce), although 

the term “system” was later dropped.  The name Xce has remained (Cattanach, 1970). 

Even the mice started to be named with Xce alleles, Xcei (for the low variegating mice, 

incomplete variegation) and Xcec (for the high variegating mice, complete variegation) 

(Cattanach, 1970).  These designations were changed over time to the now standard 

allelic designations of Xcea, Xceb, and Xcec (Table 1) (Cattanach, 1972; Cattanach, 1974).   

Additional mice with different backgrounds were mated, their vibrissa and coat 

color counted, and then they were grouped by their skewing phenotype into alleles 

(Tables 1 and 2).  Mice that are heterozygous for an Xcec and an Xcea X chromosome have 

the Xcea X chromosome inactivated in the majority of the cells (Cattanach and Isaacson, 

1967).  Skewing of inactivation can been seen as severe as 80:20 in a mouse heterozygous 

for the Xcec and Xcea X chromosomes (Chadwick and Willard, 2005; Percec et al., 2002; 

Plenge et al., 2000). 
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The complex Xce effect is a thus far unique example of a genetically determined 

system that distinguishes different homologues in early development and provides an 

opportunity to study how one chromosome is chosen over another.  In this thesis, I will 

take a genomic approach to explore the candidate Xce region (Chadwick et al., 2006) and 

its relationship to the region that X-inactivation is initiated, XIC/Xic. 

1.3 X-inactivation: initiation, spreading, and maintenance 
Eutherians are placental mammals and their X inactivation has historically been 

studied in humans and mice.  Although cow, dog and other mammals are now also 

being studied in some cases, most of the following information is based on mouse unless 

stated otherwise. In a simplified view, as introduced by Lyon in 1961, there are three 

main steps to X-inactivation 1. initiation of inactivation on the X-chromosome to be 

inactivated, 2. spreading of inactivation along the chromosome, and 3. maintenance of 

the X-chromosome through cellular division.  

Initiation of random X inactivation includes recognition of the X chromosomes 

(usually called “counting”) by as yet undetermined mechanisms and the designation of 

which chromosome is to be inactivated, a step usually referred to as “choice”.  Even after 

50 years, the mechanisms for these first two steps, recognition and choice, are still 

largely unknown.  During cell differentiation, changes in various pluripotency factors 

(including Nanog, Oct4, Sox2, and Rex1) and reprogramming-associated factors (Klf4 

and c-Myc) have been suggested to trigger X-chromosome inactivation very early in 

embryogenesis (Navarro et al., 2008; Navarro et al., 2010; Donohoe et al., 2009). One 

theory towards the initiation of X inactivation is that an autosomal factor plays a role 

(Brown and Chandra, 1973).  In a cell with two autosomal sets and multiple X 

chromosomes, all X chromosomes but one become an Xi (Gartler et al., 2006). 
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Table 1: Key experiments to elucidate the Xce effect and Xce alleles 

 Test type 
Coat 
color Vibrissa§ 

Coat 
color 

Pgk1a 
expression* 

Vibrissa
§ 

Pgk1a 
expression 

  Total % Total 
Count Total % Protein Total 

Count Protein 

 
Xce genotype of 
tester if known     Xcec 

 Tester Vbr/+ Ta/+ Vbr/+ 
Pgk-1a 
tester Ta/+ C3H.pgka 

        
A  15.23 ± 

0.22 50.96    

101  15.28 ± 
0.32 49.33    

C3H/HeJ  15.25 ± 
0.25 56.11 3.42 14.72 ± 

0.34 26 

CBA/J  14.95 ± 
0.31 51.19    

BALB/cByJ       

Xcea 

HX (Xt,) 
(Xcec)** 

52.5 ± 
1.96 

14.83 ± 
0.38     

LX (Xt) 
(Xcei)** 

41.92 ± 
1.91 

15.90 ± 
0.20     

HX (Ju X) 
(Xcei)** 

43.72 ± 
1.96      

LX (Ju X) 
(Xcei)** 

41.82 ± 
2.43      

C57BL/6J  16.09 ± 
0.18 39.78 2.75   

DBA/2J    2.55   

Xceb 

Ju/Ct   42.56   35.6 
Xcec or 
Xceb like AKR/J       

Cast       

C3H.pgk1a     18.35 ± 
0.21  Xcec 

SEG       
Xced M. spretus       
References: 1. 2. 3. 4. 
* on a scale of 1-5 where the lower the score is less expression from the tester mouse. 
** the original Xce designation in parentheses from (Cattanach, 1970)  
§ Vibrissa test counts the number of vibrissa on the mouse where a wild type mouse has 19 
and the lowest seen is 13. 
References:     
1. (Cattanach et al., 1969)  3. (West and Chapman, 1978) 
2. (Cattanach and Williams, 1972)  4. (Johnston and Cattanach, 1981) 
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 Test type Vibrissa§ 
Pgk1a 

expression Vibrissa§ 
Atp7a 

expression Pctk assay 

   
Total 
Count Protein 

Total 
Count 

RNA % of 
Total 

RNA of 
total 

 
Xce genotype of 
tester if known  Xcec  Xcea Xcec 

 Tester Ta/+ C3H.pgka Ta/+ 101/H CAST 
            

A      
101    40  

C3H/HeJ   
16.39 ± 

0.35  0.24 ± 0.08 
CBA/J     0.24 ± 0.01 

BALB/cByJ     0.25 ± 0.07 

Xcea 

HX (Xt,) 
(Xcec)**      
LX (Xt) 
(Xcei)**      

HX (Ju X) 
(Xcei)**      

LX (Ju X) 
(Xcei)**      

C57BL/6J     0.28 ± 0.08 
DBA/2J     0.33 ± 0.02 

Xceb 

Ju/Ct      
Xcec or 

Xceb like AKR/J  37.5   0.37 ± 0.09 

Cast   
18.54 ± 

0.16   
C3H.pgk1a      Xcec 

SEG    60  
Xced M. spretus 18.77 ±0.78     

References: 5. 6. 7. 8. 9. 
** the original Xce designation in parentheses from (Cattanach, 1970) 
§ Vibrissa test counts the number of vibrissa on the mouse where a wild type mouse has 19 
and the lowest seen is 13. 
References: 
5. (Cattanach and Rasberry, 1991)   8. (Avner et al., 1998)  
6. (Fowlis et al., 1991)   9. (Plenge et al., 2000)  
7. (Cattanach, 1994)      
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 Test type 
Xist 

assay‡ 
Pgk-1 

assay‡ 
Pctk 

assay‡ 
Xist 

assay Pctk assay 

   
RNA of 

total 
RNA of 

total 
RNA of 

total 
RNA of 

total RNA of total 

 
Xce genotype of 
tester if known Xcec Xcec Xcec Xcec Xcec 

 Tester CAST CAST CAST CAST CAST 
             

A          
101          

C3H/HeJ          
CBA/J          

BALB/cByJ 0.26 0.28 0.17 
0.29 ± 
0.07 0.21 ± 0.09 

Xcea 

HX (Xt,) 
(Xcec)**      

LX (Xt) (Xcei)**      
HX (Ju X) 

(Xcei)**      
LX (Ju X) 
(Xcei)**      

C57BL/6J 0.28 0.25 0.22 
0.32 ± 
0.06 0.25 ± 0.11 

DBA/2J      

Xceb 

Ju/Ct      
Xcec or 

Xceb like AKR/J      

CAST    
0.5 ± 
0.07  

C3H.pgk1a      Xcec 

SEG      
Xced M. spretus      

References: 10. 11. 12. 
** the original Xce designation in parentheses from (Cattanach, 1970)   
‡ Numbers were based on data from figures  
References:       
10. (Percec et al., 2002)      
11. (Percec et al., 2003)      
12. (Chadwick and Willard, 2005)      
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Table 2:  List of Xce designation of mice 

Xce allele Mouse Strains References 

Xcea 129/Sv, Balb/cJ, A/H, 
C3H/HeH, 101/H, CBA/H 

(Cattanach and Williams, 
1972; Courtier et al., 1995) 

Xceb C57BL/6H, DBA/2H, Ju/Ct (Cattanach and Williams, 
1972), (West and 
Chapman, 1978) 

Xcec CAST/EiJ, C3H.pgk1a, SEG (Johnston and Cattanach, 
1981), (Avner et al., 1998), 
(Cattanach, 1994) 

Xcec or “Xceb-like” AKR/J (Plenge et al., 2000) 

Xced Mus spretus (Ashworth et al., 1991; 
Cattanach and 
Rasberry, 1991) 

 

In contrast, in human polyploid cells (triploid or tetraploid), the number of Xi 

chromosomes varies.  For example, a triploid cell can have either one Xi or two Xi 

chromosomes (Jacobs et al., 1979), suggesting that the choice of Xa or Xi is influenced by 

the number of autosomal sets and by the ratio or balance between the numbers of X 

chromosomes and autosomes.  

How choice of which X to inactivate is made is still undetermined, but it is 

believed that co-localization of the two X chromosomes (discussed in section 1.1.2.1) aids 

in counting and choice (Augui et al., 2007; Bacher et al., 2006; Masui et al., 2011; Xu et al., 

2007; Xu et al., 2006).  Tsix RNA is produced from both X chromosomes prior to 

inactivation, and then once inactivation starts the soon-to-be Xi chromosome loses Tsix 

expression and gains the heterochromatin mark of H3K27Me3 at the 5’ end of Xist (Sun 

et al., 2006).  The placement of this mark was shown to precede the increase of 

production of Xist RNA transcript from the Xi (Sun et al., 2006).  Once Xist RNA 
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production is increased, the RNA coats the X chromosome in cis (Brockdorff et al., 1992; 

Brown et al., 1992; Clemson et al., 1996).  

The time course of events that accompany the early stages of X inactivation are 

well worked out in mouse (Reviewed by (Chow and Heard, 2009) and (Morey and 

Avner, 2010)).  After Xist RNA is activated, there is an accumulation of Xist RNA on the 

X-chromosome, which looks like a “cloud” when viewed with RNA fluorescence in situ 

hybridization (FISH).  Xist RNA has been suggested to load and spread along the X 

chromosome through an RNA/DNA binding transcription factor, YY1 (Jeon and Lee, 

2011).  Once the Xist RNA cloud has formed, the domain that is covered by Xist RNA is 

depleted of RNA polymerase II (Pol II) and Cot-1 (two indicators of actively transcribed 

DNA) by day 1 of differentiation in embryonic stem [ES] cells.  Late replication of the Xi 

and the silencing of the X-linked genes are seen early in ES cell differentiation with the 

loss of eurchomatin marks, followed by the hypoacetylation of histone H4.  Xist RNA 

recruits, either directly or indirectly, the polycomb repressive complex 1 and 2 (PRC1 

and PRC2), two components of PRC2 (Enx1/Eed) can trigger H3K27Me3 formation 

around day 2 of (Kohlmaier et al., 2004; Silva et al., 2003).  Heterochromatin marks 

swathe the Xi, including H3K27me3 (Plath et al., 2003), H3K9me2 (Heard et al., 2001), 

H4K20me1 (Keohane et al., 1996), and H2Aub1 (de Napoles et al., 2004), by day 2 

through day 4.  Inactive genes are then relocated into the repressive compartment that is 

devoid of RNA Pol II and Cot-1 by day 4 of differentiation (Chaumeil et al., 2006).  

MacroH2A associates with the Xi around day 6 (Mermoud et al., 1999), and DNA 

methlyation at CpG islands is incorporated on the Xi at some point after day 5.  

Once the X chromosome is in the silent state, the removal of the Xic or just the 

Xist gene itself from the Xi will not interrupt the silenced state (Brown and Willard, 
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1994; Csankovszki et al., 1999).  The removal of just Xist from the Xi in the silent state 

will disrupt macro2HA accumulation on the Xi chromosome, so macroH2A might be 

redundant at this stage of inactivation (Csankovszki et al., 1999). 

 

1.3.1 XIC/Xic location and components 

1.3.1.1 Location of the XIC/Xic 

Silencing of the X chromosome was speculated to generate from a single region 

on the X (Lyon, 1963; Russell, 1963), this region was later termed the X inactivation 

center (XIC in humans and Xic in mice).  The positions of both the mouse Xic and the 

human XIC have been continually refined through the years.  The human XIC can be 

defined by comparing abnormal X chromosomes that are still able to undergo X 

inactivation, as suggested by Therman et al. (Therman et al., 1974).  Following this 

approach on a large number of structurally abnormal X chromosomes ascertained in 

patients, the XIC was originally mapped to the proximal long arm of the X chromosome 

(Gartler and Riggs, 1983; Mattei et al., 1981; Therman and Patau, 1974; Therman et al., 

1974).  To extend this approach, eventually some inactive rearranged X chromosomes 

were in rodent-human hybrid cell lines and then were used to refine the XIC to the 

Xq13.2 band, distal to the AR, RPS4X, and PHKA genes and proximal to PGK1 (Figure 3) 

(Brown et al., 1991b; Lafreniere et al., 1993; Leppig et al., 1993).  

In mouse, the Xce was originally thought to be the Xic (Rastan and Robertson, 

1985).  Both were mapped using chromosomal translocations and deletions in cell lines 

and mice. The proximal boundary of the Xce/Xic region was defined by Searle’s 

translocation T(X;16)16H (T16H), and the distal boundary was defined by a 

chromosomal deletion in cell line HD3, which placed the Xce/Xic region(s) in the XqD 
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band (Rastan, 1983).  A radiation-induced deletion, Ta25H, on the T16H chromosome 

was discovered to not effect X inactivation and so ruled out a portion of the proximal 

region for the Xce/Xic including Ar (formally Tfm) and Eda (formally Ta) (Brockdorff et 

al., 1991b; Cattanach et al., 1991).  Simmler et al., through crossings and molecular 

mapping of microsatellites around Xist, showed that Xist and the Xce were not the same 

locus and that Xce maps proximal to Xist at minimum of 30 Kb away (Simmler et al., 

1993), therefore showing that the Xce was a different element than the Xist gene.  

 

Figure 3: Location of human and mouse XIC/Xic 

A. The murine Xic was originally mapped based on chromosome 
deletions and a translocation. The induced deletion Ta25H ruled out Ar and Eda 
from the Xic or Xce region, as shown by the black line labeled Ta25H. The black 
line labeled Lee 1996 notes a YAC construct used to generate a transgene that can 
recapitulate some functions of the Xic. Chadwick et al. (2006) further mapped the 
Xce region, as shown by the blue line. The gene locations and directions are 
based on the B57BL/6J (B6) assembled map (mm9) and denoted by arrowheads.  

B. The human XIC was mapped by patient chromosomal rearrangements 
and deletions by Lafreniere, R. et al. (1993). The gene locations are based on the 
assembled human genome (hg18). Arrowheads denote genes and the direction of 
transcription. Scale bar is for both A and B.  
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There have been many attempts construct a transgene that can recapitulate X 

inactivation (Heard et al., 1996; Heard et al., 1999; Lee et al., 1999b; Lee et al., 1996; 

Matsuura et al., 1996).  A diagram of the DNA contained in the transgenes is shown in 

Figure 4.  Although these transgenes can induce X inactivation when incorporated into a 

male ES cell, they have only been reported to work when there are multiple copies of the 

transgene in cis.  There is also the observation that the smaller the size of the transgene 

the higher the number of copies required to produce Xist–upregulation or cell death (a 

marker of X inactivation in male cells).  These observations thus call into question 

whether these transgenes encompass the full Xic region or if they are making-up for 

lacking some portion or feature of the Xic purely on the basis of copy number.  While the 

transgenes might have some of the components capable of inducing X inactivation, they 

do not appear to fully recapitulate all the features of the Xic.  Therefore, by the 

requirement that a single-copy transgene should recapitulate Xic function, we have yet 

to define the minimum size of the Xic from these transgene studies.  

 

1.3.1.2 Localization of the mouse Xce region 

There have been numerous studies undertaken in the last 30 years to localize the 

region on the X chromosome responsible for the Xce effect (Brockdorff et al., 1991a; 

Cattanach and Papworth, 1981; Cattanach et al., 1970; Cattanach and Rasberry, 1991; 

Chadwick et al., 2006; Rastan, 1983; Rastan and Robertson, 1985; Simmler et al., 1993; 

Takagi, 1980).  Cattanach originally placed the Xce on the X chromosome near the break 

point of his translocation T(1;X)Ct (Cattanach and Isaacson, 1967) and then later refined 

the Xce to a location closer the Ta gene on the X (Cattanach et al., 1970).  From the work 

done by Simmler et al., the Xce locus lies somewhere 3’ proximal to Xist, centromeric to 
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marker DXPas29 (Figure 5).  Chadwick et al. further refined the candidate region by 

quantitative trait locus (QTL) mapping to a 1.85 Mb region that overlies Xist/Tsix to over 

the Ogt gene (Figure 5). In short, different mice with different Xce alleles were bred and 

the F1 tested for their phenotypic X inactivation ratios and their DNA heterozygosity 

throughout the genome. Interestingly, the central 1.5 Mb region showed no 

recombination in over 650 mice tested, which is lower than the average X chromosome 

recombination rate, leading Chadwick et al. to posit that there is some feature of genomic 

organization inhibiting recombination over this region (Chadwick et al., 2006).  Yet, this 

left the exact location and nature of the Xce unanswered, requiring more experiments to 

achieve an understanding of this locus and its relationship to the Xic.  

 

 

Figure 4: Locations of Xic and Xce candidate regions 

Schematic of the murine X chromosome above, with Xist and Tsix and other 
genes within the region from 98.800000 Mb to 100.800000 Mb (from the mouse genome 
assembly (mm9)) denoted by arrows. The location of the YACs that created the murine 
Xic transgenes are represented as black lines and the relevant citation. The blue lines 
show the location of the candidate Xce regions as defined by Simmler et al. (1993) and 
Chadwick et al. (2006). Note Simmler et al. did not have an endpoint (denoted by dots) 
and only placed the Xce at least 30 Kb from the 3’ end of Xist.  
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Figure 5: Location of the Xce 

A. Region of the mouse X chromosome around Xist and Tsix, with direction of 
transcription denoted by the arrows. The blue lines show the location of the candidate 
Xce regions, as in Figure 4. B. Expanded region around Xist and Tsix. Simmler et al. 
(1993) did not have an endpoint (denoted by blue dots) and only placed Xce past the 
marker DXPas29 (denoted above the blue Xce lines), which is 30 Kb proximal to Xist. 
The dots at the end of the Chadwick et al. (2006) line denote the location of known 
recombination events. 
 

1.3.1.3 Components of the Xic 

1.3.1.3.1 Xist 
 

Xist RNA, at 17 Kb, is a long spliced ncRNA and is the main component in X 

inactivation (Brockdorff et al., 1992; Penny et al., 1996).  As described previously, one of 

the first signs of X inactivation is the appearance of a large Xist RNA domain localizing 
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over the Xi.  Xist RNA has a half-life of ~6 hrs and is up-regulated 20-30 fold, whereas 

Tsix RNA has a shorter half-life of <1hr (Sun et al., 2006). 

Species comparisons for this region of the X have indicated that there is a region 

in chicken on chromosome 4 with sequence homology to the region around Xist, 

including homology to three protein-coding genes (Cdx4, Chic1, and Xpct) and Xist itself 

(referred to as the Xic homologous region)(Duret et al., 2006).  Yet this region is not in a 

syntenic block in marsupials or monotremes (non-placental mammals and egg laying 

mammals, including M. domestica, opossum; D. virginiana, opossum; and platypus); there 

is an evolutionary break between Xpct and Chic1 (Davidow et al., 2007; Hore et al., 2007; 

Shevchenko et al., 2007).  In chicken, three exons of Lnx3 have some sequence similarity 

to Xist exons 1, 4 and 5 (Duret et al., 2006).  It has been hypothesized that this region 

from chicken had been duplicated and has slowly gained function once there was gene 

loss on the Y chromosome.  Therefore these species had diverged before there was a 

need for dosage compensation in parallel with chromosomal systems of sex 

determination (Duret et al., 2006).  

While imprinted X chromosome inactivation in marsupials and mice can occur in 

an Xist-independent manner (Duret et al., 2006; Namekawa et al., 2010; Rens et al., 2010), 

Xist is required for random X inactivation in the embryo (Penny et al., 1996).  The Xist 

gene and its RNA is needed for the early steps of inactivation (Marahrens et al., 1997; 

Wutz and Jaenisch, 2000), but is not needed once inactivation is established (Brown and 

Willard, 1994; Csankovszki et al., 1999).  In studying subregions of the Xist RNA, Wutz 

et al. noted that deletion of repeat A, one of the most evolutionary conserved portions of 

the RNA at the 5’ end of exon 1, abolished silencing of the chromosome (Hendrich et al., 

1993; Wutz et al., 2002). 
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1.3.1.3.2 Tsix 
 

Tsix, a ncRNA that lies antisense to Xist, plays a large role in the repressive 

regulation of Xist RNA (Lee et al., 1999a).  Tsix RNA has been shown to regulate X 

inactivation by a premature termination and an inducible promoter; the former induces 

the deleted chromosome to always be the Xi, and the later is always the Xa (Clerc and 

Avner, 1998; Luikenhuis et al., 2001).  It has also been suggested that it is the act of Tsix 

transcription in the antisense direction that regulates Xist, not the expression of the 

transcript (Shibata and Lee, 2004).  Another level of Tsix regulation on Xist was 

suggested since it has been shown that Xist and Tsix can form duplexes that are formed 

into small RNAs (sRNAs) dependent on Dicer (Ogawa et al., 2008).  Without Dicer, Xist 

RNA does not accumulate on the X chromosome and H3K27Me3 is not formed on the Xi 

(Ogawa et al., 2008), although it should be noted that since Dicer has other activities this 

might be an indirect effect. 

Prior to inactivation, Tsix RNA is seen as small pinpoints in RNA FISH on both 

female X chromosomes and on the single X in males.  This RNA disappears as the Tsix 

gene is silenced and the cells move through inactivation (Panning et al., 1997; Sun et al., 

2006).  A homozygous deletion of Tsix results in what has been called “chaotic choice” 

(i.e. some cells having zero, one, or two Xi) (Lee, 2002, 2005).  Also there has been some 

suggestion that Tsix RNA may play a role in the correct localization of the Xist RNA 

(Morey et al., 2001), loosely supported by Xist demethylation experiments, where Xist 

RNA is reactivated and expressed yet does not correctly localize to the X chromosome 

(Clemson et al., 1998).  

Human TSIX is not as well studied as its murine ortholog.  It has also been 

shown that TSIX is expressed from the Xi and colocalizes with XIST expression from the 
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Xi.  Therefore, it has been suggested that the shorter human TSIX does not play a role in 

the regulation of XIST (Migeon et al., 2001; Migeon et al., 2002). 

 

1.3.2 Players in random X-inactivation: XX colocalization, ncRNA 
genes, activators and repressors 

1.3.2.1 Colocalization of X chromosomes prior to X inactivation 

In mouse ES cells, there are two locations on the X chromosome that have been 

shown to briefly colocalize at the homologus location inter-chromosomally early in 

development.  Using bacterial artificial chromosomes (BACs) around Xist and Xpct, 

DNA FISH was performed at various time points through cell differentiation, and the 

proximity of the homologous BAC locations from the two X chromosomes was 

measured.  It was noted that there is a brief period where the distance between the X 

chromosomes was very small, termed colocalization or pairing.  From the several BACs 

tested, only two showed that they colocalized to their homologous region (Figure 7).  

The timing when colocalization occurred most frequently was at day 2 of differentiation, 

around the time of Xist up-regulation and prior to histone modification.  There were two 

known regions that colocalize to their homologous location, one over the Tsix/Xite 

region (Masui et al., 2011; Xu et al., 2007; Xu et al., 2006) and another over the Xpct gene 

(Augui et al., 2007; Bacher et al., 2006)(Figure 6).  Cells showing colocalization of the X 

chromosomes were more likely to also show expression of Xist RNA through 

DNA/RNA FISH than cells that were not seen with the X chromosomes colocalized (Xu 

et al., 2006).  It is intriguing to theorize that the brief pairing of the two X chromosomes 

aids in the recognition or “counting” of the chromosomes prior to X inactivation, by 

allowing “crosstalk” between the two X chromosomes. 
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Figure 6: Elements within the region around Xist/Tsix 

Expanded region of the mouse X chromosome around Xist and Tsix, with 
direction of transcription denoted by the arrows.  The black arrows show known ncRNA 
genes; all other genes are grey.  The regions of known colocalization prior to 
inactivation, Xpr and the Xite/Tsix pairing region, are shown as red bars at the top.  Scale 
and locations are based on mm9 assembly. 

 

Deletion of the 5’ end of the Tsix gene on one X chromosome does not effect 

colocalization, whereas the double deletion of 5’ end of the Tsix gene on both X’s 

abolishes colocalization.  The deletion of Xite (a ncRNA gene just proximal to Tsix, 

Figure 5) on one chromosome delays timing of colocalization to day 4 of differentiation 

in ES cells, instead of day 2 (Xu et al., 2006).  A deletion of a 65 Kb region immediately 3’ 

of Xist, which deletes Tsix, Xite, and Tsx, abolishes colocalization. Adding back only a 16 

Kb region, which completes Tsix, restores colocalization.  This suggests that only the Tsix 

gene is really needed for colocalization, but that correct timing of pairing during the 

early stages of X inactivation depends on both Tsix and Xite.  The binding factor CTCF 

and transcriptional activity by Pol II are necessary for colocalization at the Tsix/Xite 

pairing area (Xu et al., 2007). 

A second reported colocalization region covers the Xpct (Slc16a2) gene ~200 Kb 

distal to Xist (Figure 5).  Like the Tsix/Xite region, this region also pairs inter-

chromosomally at the same time as Xist upregulation.  Also, the Xpct region is sufficient 
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to induce colocalization with the endogenous region, when introduced as a multicopy 

transgene (Augui et al., 2007; Bacher et al., 2006). 

 

1.3.2.2 non-coding RNAs 

The Xic region is marked by a number of ncRNA genes (reviewed in (Lee, 2009; 

Romito and Rougeulle, 2011)).  Various estimations put the number of long ncRNA 

genes in the human genome from 5,000 to 12,000 ((Jia et al., 2010; Washietl et al., 2005) 

and Ensembl genome browser http://useast.ensembl.org/index.html). Besides the two 

main ncRNA genes in X inactivation (Xist and Tsix) there are several other ncRNA genes 

within the region (Figure 6, black arrows), many of which appear to act as activators or 

repressors of Xist or Tsix.  Several ncRNA genes were predicted in a comparative study 

of the region surrounding Xist between several species: Cnbp2 (Zcchc13), Ftx, Jpx (Enox: 

Expressed neighbor of Xist), and Ppnx (Chureau et al., 2002).  Ftx and Jpx were both 

confirmed as ncRNA genes and identified as activators of Xist (Chureau et al., 2011; 

Johnston et al., 2002; Tian et al., 2010). Xite, another ncRNA gene, was originally 

identified as a positive regulator of Tsix (Ogawa and Lee, 2003).  There has been some 

evidence that DXPas34, a 34 bp repeat that is just within the 5’ end of Tsix (see Figure 6), 

generates a ncRNA in both directions and can both repress and activate Tsix (Cohen et 

al., 2007).  The highly conserved repeat A in Xist exon 1 has seen some evidence that it 

generates a distinct ncRNA (RepA) (Zhao et al., 2008).  Recently, Tsx has been suggested 

to produce an ncRNA (Anguera et al., 2011).  A deletion of Tsx does not seem to effect 

random inactivation, but Tsx has other functions in the cell development of many cell 

types (Anguera et al., 2011). 
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Figure 7: Coding and non-coding regulators of Xist and Tsix within the region 

Expanded region of the mouse X chromosome around Xist and Tsix, from Figure 
6.  Small red and green arrows denote regulatory (negative or positive, respectively) 
interactions between genes.  DXPas34 is shown by a small orange box.  Scale and 
locations are based on mm9 assembly. 

 

1.3.2.3 Other activators and repressors 

As seen in the previous section, there are many ncRNAs that act as activators and 

repressors of Xist and Tsix (Figure 7), yet there are additional activators that are not 

ncRNAs (reviewed in (Gendrel and Heard, 2011)).  Rnf12 (Rlim) has been seen to act in 

trans as an activator of Xist.  A human RNF12 BAC can induce Xist expression as a 

transgene, while a deletion of Rnf12 delayed the onset of inactivation (Barakat et al., 

2011; Jonkers et al., 2009).  Rex1 (Reduced expression protein 1) is a trans-acting activator 

of Tsix (Navarro et al., 2010).  Also the pluripotency factors Oct4, Sox2, and Nanog have 

been seen to work in trans directly on Xist as repressors (Navarro et al., 2008). 

 

1.3.2.4 Potential for a human locus influencing X inactivation ratios 

In humans, several studies have been done with families with skewed X 

inactivation ratios to look for evidence of a possible cis-acting genetic effect that 
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influences the randomness of X inactivation.  Having a skewed X inactivation ratio 

(≥80:20) in phenotypically unaffected females occurs in only about 10% of the human 

female population (Amos-Landgraf et al., 2006).  One study of two families found a 

mutation in the XIST promoter on the preferentially Xi that correlated with a skewed X 

inactivation ratio as great as 95:5 (Plenge et al., 1997).  This XIST promoter mutation, 

however, is not common and has not been found in other families with highly skewed X 

inactivation ratios (Bicocchi et al., 2005; Pereira and Zatz, 1999; Plenge et al., 1997).  

Another study found a separate family with three females over two generations who 

have an extremely skewed inactivation ratio (≥ 95:5) towards the Xa being the same X 

chromosome (Bicocchi et al., 2005).  Bicocchi et al. posited that there is something on the 

active X chromosome that allows it to be the preferentially active X rather than the 

inactive X silenced since the silenced chromosome came from separate fathers.  

Although little work was done to test this (Bicocchi et al., 2005), they did examine the 

XIST promoter region and did not find the mutation reported by Plenge et al.  

Another study, using over 500 mostly French Canadian mother and neonate 

pairs, failed to show that mothers could consistently have offspring with the skewed 

inactivation phenotype (scored in this study as ≥ 75:25 ratios).  Moreover, mothers with 

non-skewed X inactivation ratios bore offspring with skewed X inactivation ratios at the 

same rate as a mother with skewed inactivation ratios (Bolduc et al., 2008).  While 

interesting, the results of this study could reflect secondary selection or a disruption of a 

regulatory element in inactivation.  Also without knowledge of the lineage of the 

paternal X chromosome in this study, it is difficult to draw conclusions about the 

preference of one X chromosome to be inactive or active. 
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1.3.2.5 Models for Xce 

The Xce works in cis on the X chromosome, but what the Xce is and how it 

participates in X inactivation remains to be elucidated.  There are several possible 

mechanisms by which the Xce could affect the choice step of X inactivation.  These 

models provide a conceptual framework for the genomic analyses that form the basis for 

my thesis work. 

1) The Xce could be a gene, coding or non-coding, that could regulate the 

transcription of Xist or Tsix to skew X inactivation.  Such a gene would have to work in 

cis for this to be the Xce.  Therefore, it is not likely that the gene is a protein-coding gene.  

It could be possible that Xce represents yet another ncRNA that is involved with X 

inactivation.  

A limitation of this model is that Xce is unlikely to be as simple as a deletion of 

the gene in one mouse strain.  A pure lack of a gene from one strain would seem 

unlikely to produce the subtle shift in X inactivation ratios that are seen between mice 

strains (e.g. Figure 2).  We also know that in Xce homozygous strains that X inactivation 

is a random choice (Cattanach and Isaacson, 1965; Cattanach and Papworth, 1981; 

Chadwick et al., 2006; Plenge et al., 2000).  This would be difficult if a mouse strain was 

missing a regulatory gene for X inactivation.  

If Xce is a gene, therefore, it seems possible that there is a just a slight allelic 

differences of the gene between the mice with different Xce alleles.  Having a slightly 

less capable regulatory element when in the heterozygous mouse would in theory 

control X inactivation, while in the homozygous form the two weak genes would just 

compete (in terms of choice) normally.  
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2) A commonly hypothesized model for Xce is that it corresponds to variation at 

a regulatory site or a binding site, rather than a gene. It is hypothesized that there is an 

autosomal factor that plays a role in X chromosome choice (Brown and Chandra, 1973; 

Lyon, 1971) based on the data summarized previously (Gartler et al., 2006; Jacobs et al., 

1979).  Therefore, under this model, there is some regulation occurring between 

autosome number and number of inactive Xs.  Autosomal mutations in mice have been 

reported to affect patterns of X inactivation through the Xce effect (Chadwick and 

Willard, 2005; Percec et al., 2002; Percec et al., 2003).  The Xce could thus be a binding site 

for one or more trans-acting autosomal factor(s).  There could be Xce strain differences 

that lead to different binding affinities for such a factor(s).  In a strain homozygous at 

Xce, in which such hypothetical binding sites on the two X chromosomes would be equal 

in affinity, then the X inactivation ratio would be predicted to be random, while in a 

heterozygous mouse, there could a difference in binding for the autosomal factor 

leading to a skew in X inactivation ((Percec et al., 2003) has a nice diagram of this 

model). 

3) Along similar lines as the second model, the Xce region on the X could play a 

role in pairing and colocalization of the X chromosomes prior to X inactivation, as 

discussed earlier in section 1.1.2.1.  At least two regions on the X chromosome colocalize 

at the onset to or just prior to initiation of X inactivation (Augui et al., 2007; Bacher et al., 

2006; Masui et al., 2011; Xu et al., 2007; Xu et al., 2006).  The Xce could play a role either 

in the affinity of chromosome binding or as a separate chromosomal binding site 

altogether.  Under this Xce model, Xce could be involved in helping the pairing regions 

of the X chromosome to recruit a trans factor while not binding to the trans factor 

directly.  Envisioning that there is a separate binding site for the autosomal factor, the 
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Xce could configure/fold/loop the DNA to present the binding site to be bound by the 

autosomal factor.  Therefore in a homozygous setting both chromosomes aid in 

recruitment and X inactivation is random, whereas in a heterozygous mouse the 

configuration would be imbalanced, with less helping of the autosomal factor on one 

chromosome to yield a skew in X inactivation ratios.  While this is not the most 

parsimonious model, it is intriguing since there are regions on the X chromosome that 

are able find their homologous site on the other X chromosome.  

At the outset of my thesis work, none of these models could be ruled out, and 

further experiments are needed to answer these questions.  Generating more mice 

seemed unlikely to produce new crossovers within the region that has low 

recombination (Chadwick et al., 2006).  Thus, in this thesis I looked at the Xce candidate 

region with an unbiased genome-based approach concerning the above models.  Since 

we cannot know in advance the type of element the Xce is, I used a comparative 

approach to look at all variations within the region that are different among mice with 

different Xce alleles.  This way I can detect the Xce at the sequence level, regardless of 

what type of element it is. 

 

1.4 Genomic elements that may play a role in Xce 

1.4.1 Cis-acting elements 

The Xce candidate region from Chadwick et al. was based on a QTL mapping 

strategy, which crossed strains of mice with different Xce alleles to generate F1s and 

back-crossed these for several generations.  The generated mice were genotyped across 

the genome, and their measured X inactivation ratios were used to find a region with a 

high LOD score (Chadwick et al., 2006). 
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 There are several QTL studies that have found that one large QTL can mask 

several smaller QTLs or loci (Farber and Medrano, 2007; Prevorsek et al., 2010; Sanders 

et al., 2011; Spach et al., 2010; Studer and Doebley, 2011).  There are even some that show 

that multiple different variants within a region can act cooperatively to generate one 

phenotype (Babbitt et al., 2010).  Therefore within the one detected Xce QTL there might 

be multiple QTLs corresponding to several variants that might together or separately 

contribute to the skewed X inactivation phenotype.  Thus, the possibilities remain open 

within this region, especially since there is no recombination between the mice to tease 

apart what is functionally important or not. 

Previous studies have shown that some cis-acting elements (enhancers, for 

example) can be identified via conserved sequence (Bejerano et al., 2004; Bejerano et al., 

2006; Birney et al., 2007).  However, not all conserved elements have a function while 

some non-conserved elements are functional (Fisher et al., 2006).  For example, some 

transcription factor binding sites change in orthologous cis-regulatory modules 

(Dermitzakis and Clark, 2002). From ENCODE (Encyclopedia of DNA Elements) data, 

the non-exonic non-promoter cis-elements were found more often through alignment 

tests with various species to human rather than through constrained (purifying 

selection) tests (King et al., 2007).  Even with a lack of conserved sequence, some human 

enhancers can drive zebrafish expression (Fisher et al., 2006).  Therefore, utilizing only 

conserved sequences to identify cis-regulatory regions would be insufficient (reviewed 

by: (Weirauch and Hughes, 2010)).  It is not self-evident whether the Xce is a conserved 

sequence element, a species-specific sequence, or a functional locus specific to mouse.  

Therefore, a more comprehensive study to compare within mouse strains with known 
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Xce alleles to find Xce-associated variants appears to be the option least dependent on a 

particular model. 

 

1.4.2 Segmental duplications 

Segmental duplications are segments of DNA ≥ 1Kb in length, with ≥ 90% 

identity to each other, and are duplicated in low copy number within complex genomes 

(Bailey and Eichler, 2006).  Segmental duplications are different than the high copy 

numbers of repetitive elements or copy number variants, which are either smaller, less 

identical, or in higher copy numbers.  In mouse, segmental duplications are most often 

intrachromosomal, found in tandem or less than 1 Mb away from each other (She et al., 

2008), while in most primates the majority of the segmental duplications are 

interchromosomal and interspersed (reviewed in (Bailey and Eichler, 2006)).  

A large inverted segmental duplication has been found in the region around the 

XIC in humans (Lafreniere et al., 1993), and overall there is a higher proportion of large 

inverted segmental duplications on the human X chromosome than on autosomes 

(Warburton et al., 2004).  Warburton et al. also speculated that the large inverted repeats 

from Lafreniere et al. could form secondary structures (relevant perhaps to model 3 of 

the Xce, as outlined in section 1.1.3.3) (Warburton et al., 2004).  Previous studies have 

shown that ~5% of the mouse genome consists of recent large segmental duplications, 

about the same as found in the human genome (Bailey et al., 2004; She et al., 2008).  Yet, 

the mouse X chromosome has a higher proportion of segmental duplications than the 

human X (12.8% to 7.8% respectively) (She et al., 2008).  Some repetitive elements can 

carry functional binding sites (Bourque et al., 2008), and segmental duplications can 

carry repetitive elements (LINEs and LTRs) or genes in mice (She et al., 2008).  Thus, 
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relevant to considerations of models for Xce, genes and binding sites located within 

segmental duplications could differ in copy number among different individuals 

carrying different forms of those segmental duplications. 

 

1.5 Thesis overview 
The objective of Chapter 2 of this thesis is to characterize the previously determined 

Xce candidate region to identify candidate variants for eventual functional studies of the 

Xce locus. I looked broadly at the Xce candidate region in the assembled mouse genome 

sequence (C57BL/6J, Xceb) to look for characteristics of genome organization.  I then 

looked for variants within the region that correlated with the different Xce alleles to 

determine an Xce-associated haplotype block.  I report that only the telomeric end of the 

candidate region has variants (SNPs, segmental duplication region, and insertions and 

deletions) that are variable between Xce alleles.  The centromeric portion of the region is 

devoid of variants that show a correlation with the different Xce alleles.  The large 

segmental duplications found in the central 450 Kb of the region were also studied for 

copy number variation in mice carrying different Xce alleles.  I also looked at copy 

numbers of the DXPas34 repeat to see if there was any correlation with Xce allele type.  

In Chapter 3, the genomic features from the murine Xce candidate region were 

compared to the syntenic region among different species to explore conservation or 

common themes within the region.  While I found that a pattern of extended segmental 

duplications in the orthologous region near the Xic/XIC is shared among different 

mammalian species as distant as human and elephant, it appears that sequences within 

the segmental duplications are not well conserved but the placement of the segmental 

duplications are.  Finally, the human XIC was also looked at in the same patient cell 
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lines that Lafreniere et al. used 20 years ago to refine the region necessary for 

inactivation in humans with new markers (Lafreniere et al., 1993).  This region was 

refined from 1200 Kb to a 843 Kb region that excludes XPCT and RNF12, which is 

significant because of their reported roles in inactivation in mice (discussed in section 

1.1.2.3) (Barakat et al., 2011; Jonkers et al., 2009).  

While many questions about X inactivation still remain, this thesis helps to uncover 

and guide future experiments for X inactivation in both mice and human. 
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2.  Genomic characterization of the Xce region in mouse  
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2.1 Introduction 
As introduced in Chapter 1, the distribution of X inactivation ratios (i.e., the 

relative percentage of paternal Xi: maternal Xi) varies by chance within a population of 

females ((Amos-Landgraf et al., 2006; Percec et al., 2002; Percec et al., 2003; Plenge et al., 

2000)), yet a genetically determined shift from the predicted 50:50 ratio of the poplutaion 

was discovered in mice by Cattanach and colleagues in the 1960’s and attributed to a cis-

acting locus, the X chromosomal element (Xce) (Cattanach, 1961; Cattanach and Isaacson, 

1965, 1967), that maps to the Xic region (Cattanach et al., 1970; Chadwick et al., 2006; 

Courtier et al., 1995; Simmler et al., 1993).  At least three alleles at Xce (denoted Xcea, 

Xceb, and Xcec) have been described in different mouse strains, based on the degree of 

skewing of the X inactivation ratio in heterozygous females (Ashworth et al., 1991; 

Cattanach, 1974; Cattanach and Williams, 1972; Johnston and Cattanach, 1981).  In an 

Xcea/Xcec heterozygote, the X-chromosome carrying the Xcea allele will be inactivated 

more often than the Xcec X-chromosome. Similarly, in an Xceb/Xcec heterozygote, the Xceb 

X-chromosome will be inactivated preferentially to the Xcec X-chromosome.  The shift of 

X inactivation ratios, or skewing, can be as extreme as 80:20 in heterozygotes for the Xcec 

and Xcea X chromosomes (Plenge et al., 2000).  The genomic and molecular basis for and 

nature of the Xce locus remains unclear.  

Using sequence data to identify cis-acting genomic elements is a particular 

challenge, because few such elements have been defined at the sequence level and there 

are few distinctive features that appear characteristic or predictive of these elements 

(reviewed by (Weirauch and Hughes, 2010)).  Previous work using QTL mapping 

localized Xce to a recombination-deficient candidate interval of ~1.85 Mb that includes 
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the Xist and Tsix genes (Chadwick et al., 2006).  Here, I examine the genomic 

organization of this region further, searching for features of genome sequence and 

structure that vary consistently among strains of mice known to carry different Xce 

alleles.  I describe both large-scale and small-scale differences among different strains in 

order to refine the Xce candidate interval and to delineate genomic differences that can 

then be evaluated for their involvement in the early stages of X chromosome 

inactivation. 

 

2.2 Results 
A previous study of X inactivation ratios in mice from Xcea x Xcec and Xceb x Xcec 

crosses localized the Xce locus to a candidate region that spans ~1.85 Mb, which includes 

the Xist and Tsix genes (Chadwick et al., 2006).  Using additional DNA markers, I 

refined the positions of informative crossovers, particularly near the 5’ end of Xist, in 

which three independent crossovers map within a 28 Kb window (Figure 8A).  The new 

markers delineate a minimum 1.53 Mb interval that lacks evidence of any recombination 

events in the ~650 mice tested, prompting Chadwick et al. to suggest the possibility of 

unusual genomic features to explain the significant reduction in recombination 

compared to the genome average (Chadwick et al., 2006). 

To examine this hypothesis further, I explored genome variation of several types 

across the candidate region.  First, I characterized large genomic variation, including 

extensive segmental duplications and large insertions and deletions, in the Mus musculus 

domesticus C57BL/6J (B6, Xceb) genome compared to Mus musculus castaneus (CAST/EiJ, 

Xcec).  Second, I examined smaller-scale genomic variations, including small indel and 

SNP differences, among nine strains of mice that have previously been tested for their 



 

40 

Xce genotypes (Cattanach, 1994; Plenge et al., 2000) and whose genome sequences are 

available (Keane et al., 2011; Yalcin et al., 2011).  Lastly, I explored copy number 

differences at the DXPas34 locus, which lies within the 5’ end of Tsix (Chao et al., 2002) 

and which is differentially methylated in the genomes of mice of different Xce genotypes 

(Courtier et al., 1995). 

 

Figure 8: Refined murine Xce candidate region  

A. Schematic of the murine X chromosome, with the Xce candidate 
region shown as a bar containing Xist and Tsix and other genes within 
the region. The expanded grey zones denote the locations of 
crossovers from the mice defining the area, and the blue bar shows the 
region lacking any recombination in ~650 mice (from Chadwick et al., 
2006). This region is from 98.800000 Mb to 100.800000 Mb on the 
mouse genome assembly (mm9). 

B. Location of families of segmental duplications, which are arbitrarily 
colored by the duplication pair and the direction of the arrow is 
relative to the pair partner.  

C. Expanded view of the segmental duplications. Segmental duplications 
are numbered from centromere to telomere within each family. 
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2.2.1 Large-scale variation 

2.2.1.1 Families of segmental duplications 

Using the reference sequence of the B6 genome, seven families of large (>5 Kb) 

segmental duplications were identified within the Xce candidate region through 

Miropeats analysis and Dotter plots, as described in materials and methods.  One set of 

segmental duplications was found at the centromeric end of the candidate region, while 

six families of segmental duplications map in a cluster spanning ~450 Kb near the 

middle of the candidate region (Figure 8 B,C; Figure 9).  Most of the families are slightly 

AT-rich, with the duplicated region spanning ~5-35 Kb with 89-100% sequence identity 

between duplicated sequences (Tables 3, 4).  Overall, the repeat content of six of the 

duplicated regions ranged from ~9-41%; only one family of segmental duplications 

(Orange) had significantly higher total repetitive DNA content (61-67%) than the 

average for the mouse genome or the rest of the Xce candidate region (Table 3).  All of 

the detected segmental duplications map at least 300 Kb from Xist or Tsix, which lie 

telomeric within the Xce candidate region (Figure 8B). 

 

2.2.1.1.1 Variation among different mouse strains 
 

To explore if there is a characteristic difference in segmental duplication copy 

number between strains of mice that carry different Xce alleles, Southern blot 

hybridization was carried out with genomic DNA from two Xcea strains (A/J and 

BALB/cByJ), two Xceb strains (B6 and DBA/2J), and M. musculus castaneus (CAST/EiJ, 

Xcec) (Figure 10, Table 3).  While the M. musculus castaneus genome carries different copy 
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numbers for three of the families (Orange, Green and Red) than all of the M. musculus 

domesticus strains tested, no consistent differences at this level of resolution were found 

comparing the two Xcea strains to the two Xceb strains (Table 3). 

 

Figure 9: Miropeats analysis of the Xce candidate region  

Top shows the Miropeats output for a 2Mb region overlaying the 1.82Mb Xce 
candidate region (shown as thick grey bar below) at a threshold score of 1000. The 
Segmental duplications are indicated using the color scheme from Figure 8. Below is a 
schematic of the Xce candidate region showing the genes Xist and Tsix as black arrows 
and other genes as grey arrows. Locations in Mb are from mm9 and are indicated below. 

 

2.2.1.1.2 Isolation and characterization of BACs containing segmental duplications 
 

To examine the organization and variability within the segmental duplications 

more thoroughly, I isolated bacterial artificial chromosomes (BACs) that span the Xce 

candidate interval by screening BAC libraries obtained from the CAST/Ei  (Xcec), 

BALB/cByJ (Xceb), and 129S6/SvEvTac (Xcea) genomes (Table 6).  The BACs were then 

BAC-end sequenced and aligned to the B6 reference genome.  While the majority of 

isolated BACs appeared to align as predicted (both in terms of orientation and size), I 
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identified 1-2 BACs from each library that did not align to the reference genome 

assembly (Table 6).  For these BACs, the ends of the BAC aligned in the same direction 

(instead of opposite directions, as they should), aligned in opposite directions compared 

to the B6 alignment, or localized to positions in the B6 reference assembly that predicted 

a size much different from that of the BAC itself. 

There are several possible explanations for these results: there could be a 

rearrangement within each anomalous BAC; due to sequence divergence between the 

genomes then possible concerted evolution between the segmental duplications, the 

placement of the BAC ends misaligns to the other member of the pair in the segmental 

duplication family in the B6 genome; or misalignment reflects additional and/or 

rearranged copies of the segmental duplication family in the non-B6 genome.  While 

these results were not strong enough to draw firm conclusions, they do raise suspicions 

about differences in the organization of this segmental duplication region in different 

mouse strains, as has been noted for other segmental duplications around the mouse 

genome (Graubert et al., 2007; Li et al., 2004; Snijders et al., 2005). 

There are several possible explanations for these results: there could be a 

rearrangement within each anomalous BAC; due to sequence divergence between the 

genomes then possible concerted evolution between the segmental duplications, the 

placement of the BAC ends misaligns to the other member of the pair in the segmental 

duplication family in the B6 genome; or misalignment reflects additional and/or 

rearranged copies of the segmental duplication family in the non-B6 genome.  While 

these results were not strong enough to draw firm conclusions, they do raise suspicions  
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Table 3: Repeat content of the segmental duplications in B6 found within the Xce candidate region 

 

 Red 1 Red 2 Red 3 Red 4 Red 5 
1.82 Mb Xce 

Candidate Region Genome* 
Size Kb 17.2 16.4 18.1 14.6 18.4 1820  
GC level 45% 45% 46% 47% 47% 43% 42% 
SINES 6% 7% 7% 7% 6% 12% 8% 
LINES 4% 3% 9% 1% 1% 20% 19% 
LTRs 8% 8% 2% 10% 2% 12% 10% 
DNA Elements 0% 0% 0% 0% 0% 1% 1% 
Unclassified 0% 0% 0% 0% 0% 0% 0% 
Total Repeats 18% 18% 18% 18% 9% 45% 39% 
*Data from Waterson, et al. 2002      

 

 

 Grey 1 Grey 2 Orange 1 Orange 2 Blue 1 Blue 2 Green 1 Green 2 Purple 1 Purple 2 Teal 1 Teal 2 
Size Kb 5.9 5.9 8.6 8.6 5.4 5.1 27.1 25.1 9.7 9.9 26 35 
GC Level 53% 53% 43% 43% 41% 42% 47% 47% 49% 49% 44% 46% 
SINES 7% 6% 5% 8% 0% 0% 3% 3% 3% 3% 1% 2% 
LINES 0% 0% 42% 22% 18% 6% 10% 10% 13% 13% 5% 10% 
LTRS 0% 0% 20% 32% 21% 23% 10% 5% 10% 9% 28% 29% 

DNA Elements 2% 2% 0% 0% 0% 0% 1% 1% 5% 5% 1% 1% 

Unclassified 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
Total Repeats 9% 9% 67% 61% 39% 30% 23% 19% 31% 31% 35% 41% 
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Table 4: Sequence identities within families of segmental duplications within 
Xce candidate region by Blat 

 Input   Input 
Output 1 2 

 Output Red 1 Red 2 Red 3 Red 4 
Red 

5 
Grey 1   98.90  Red 1   97.5 95.8 96.3 94.2 
Grey 2 98.60   Red 2  97.2  94.6 94.6 93.3 
Orange 1   96.10  Red 3  94.8 94.7  94.2 95.2 
Orange 2  96.40   Red 4  94.4 94.3 90.0  90.7 
Blue 1   96.50  Red 5  94.2 94.6 96.8 95.9  
Blue 2  96.70         
Green 1   97.00        
Green 2  97.10         
Purple 1   100.0        
Purple 2  99.9         
Teal 1   99.2        
Teal 2  99.0         

 

about differences in the organization of this segmental duplication region in different 

mouse strains, as has been noted for other segmental duplications around the mouse 

genome (Graubert et al., 2007; Li et al., 2004; Snijders et al., 2005) 

Consistent with this possibility, it is also interesting that, in the CAST/Ei library 

screen, 51 BACs were identified when only 28 BACs were expected, meaning that there 

was a 1.8-fold increase over the number predicted by the reported depth of the library.  I 

also noticed that there is a slight increase of BAC depth (10 BACs) among the CAST/Ei 

BACs isolated over some families of segmental duplications (Orange 1, Blue 1 and Green 

1) when aligned to the B6 genome (Figure 11), whereas the rest of the region has 

coverage of 6 BACs or lower.  This excess was only seen for CAST/Ei BACs and was not 

seen with the BALB/cByJ or the 129S6/SvEvTac BACs (Figures 12 and 13, Table 5).  It is 
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Figure 10: Representative Southern blots of a B6 probe over the green and 
purple segmental duplication regions  

The segmental duplications are shown as colored arrows, black hashes are 
locations in Mb from mm9.  The location of probes used for Southern blots are shown as 
colored circles relative to the segmental duplication each probes.  SacI fragments are 
shown as brackets above the probe locations.  

 

Table 5: Estimated copy number of segmental duplications based on results of 
genomic Southern blots 

  Strains  Grey Orange Blue Green Red Purple Teal 
A/J 2 2 2 2 6 3 2 Xcea  BALB/cByJ  2 2 2 2 6 3 2 
C57BL/6J  2 2 2 2 5 2 2 Xceb  DBA/2J  2 2 2 2 6 3 2 

Xcec  CAST/EiJ  2 3 2 3 4 2 2 
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notable that the excess corresponds to the Orange and Green segmental duplications 

because, from the Southern analysis (Table 3), I also predicted an additional Orange and 

Green segmental duplication in the CAST genome, which could be in the same region 

that this excess of identified BACs.  Combined, these data are consistent with the 

suggestion that this genomic region is a volatile one with potential differences in copy 

number, orientation and/or organization among different strains of mice.  

 

2.2.1.1.3 Next-generation sequencing of BACs and read depth analysis 
 

To explore this possibility further, I carried out low-coverage sequencing of the 

CAST/Ei BACs. From a total of 51 CAST/Ei BACs isolated from the region (Table 6), 21 

were selected on the basis of BAC-end sequencing and preliminary alignment to the B6 

reference assembly for next-generation sequencing by 454.  The BACs were sequenced at 

an estimated average of 1.5x coverage followed by individual de novo assembly (see 

methods and materials).  Overall, I obtained 18.2 Mb of sequence; on average there were 

157 contigs per BAC for a total 3314 contigs of an average size of 610 bp for the 21 BACs. 

Finally, these sequences were then compared to the high-coverage sequence of 

CAST/EiJ released by the Mouse Genomes Project during the course of my experiments 

(24.6x coverage, with paired-end Illumina reads) (Keane et al., 2011; Yalcin et al.).  The 

two sequence datasets are complementary, as my newly isolated and sequenced BACs 

could be directly confirmed to be from the Xce candidate region by sequence content 

and as the de novo assembly of the CAST/Ei BACs avoided the potential bias of aligning 

sequence reads back to the B6 reference assembly (as was done in the Mouse Genomes 

Project).  
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Table 6: Summary of BAC library screening 

 

 

 

 

 

 Library Parameters BACs from Xce Region 

Strain Name 
Ave BAC 

Size Coverage 
Expected # 

of BACs 
Isolated 
BACs 

BACs with 
anomalous 
alignment 

454 
Sequencing 

129S6/SvEvTac RP22 155 5 X 62 74 2 - 
BALB/cByJ CH28 170 3 X 33 36 2 - 
CAST/EiJ CH26 170 2.5 X 28 51 1 21 
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Figure 11: Alignment of the CAST/Ei BACs to the B6 genome on the University of California at Santa Cruz (UCSC) 
browser via BAC-end mapping 

Screen shot of the UCSC browser with the segmental duplications as the top row.  The CAST/Ei BACs, in orange, are 
placed by the sequencing of the ends of BACs and alignment to the B6 reference genome.  The light yellow BAC is the one 
BAC from the CAST/Ei library that has the BAC ends aligned in the wrong direction.  Genes within the region are indicated 
in blue below the CAST/Ei BACs. 
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Figure 12: Alignment of the BALB/cByJ BACs to the B6 genome on the UCSC browser via BAC-end mapping 

Screen shot of the UCSC browser with the segmental duplications on the top row.  The BALB/cByJ BACs, in blue, are 
placed by the sequencing of the ends of BACs and alignment to the B6 reference genome.  The light green BACs are the two 
BACs from the BALB/cByJ library that have the BAC ends that are aligned in the wrong direction and that predict a size 
different from the BAC itself.  Genes within the region are indicated in the row below the BALB/cByJ BACs. 
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Figure 13: Alignment of the 129S6/SvEvTac BACs to the B6 genome on the UCSC browser via BAC-end mapping 

Screen shot of the UCSC browser with the segmental duplications on the top row.  The 129S6/SvEvTac BACs, in 
green, are placed by the sequencing of the ends of the BACs and alignment to the B6 reference genome.  The dark green BACs 
are the two BACs from 129S6/SvEvTac library that have BAC ends in the wrong direction.  Genes within the region are 
indicated in the row below the BACs. 
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Although limited by the low sequence coverage, my de novo assembled contigs 

showed no obvious chromosomal rearrangements or inversions compared to the B6 

reference genome.  I also studied read depth of the segmental duplications from each 

sequenced BAC.  A significant increase or decrease in read depth of the segmental 

duplications would suggest differences in copy number in the BAC relative to the 

reference assembly. 

There were a few segmental duplications that had an increased read depth 

coverage compared to the two B6 BACs that were sequenced as controls (Table 5).  Read 

depth coverage was calculated by (number of reads * average read size)/(segmental 

duplication length.).  Then this was then normalized to the expected read depth 

coverage per BAC based on the total sequenced base pairs of the BAC /(the estimated 

BAC length); therefore the coverage should be one for each segmental duplication (or 

portion of the segmental duplication) in the family the BAC covers.  While most of the 

segmental duplications were sequenced at approximately the expected depth (that is, as 

predicted by the content of the B6 genome; Table 7) there are a few segmental 

duplications in particular BACs that have > 64% more (or less) reads than predicted 

(Table 7, dark orange boxes).  By this criterion, the Grey, Orange, Green, and Teal 

segmental duplications have a read depth higher than predicted in at least half of the 

BACs that span (all or part) of that particular family of segmental duplication.  For this 

analysis, a 64% excess was used as the cut-off since it is twice the level of variation in 

depth seen for any of the segmental duplications in the B6 BACs, which were sequenced 

as controls.  These results are interesting, since again the Orange and Green segmental 

duplications are suggested to be in excess in the CAST genome.  This correlates with the 

Southern analysis where I predicted an additional Orange and Green segmental 
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duplication, and with the noticeable excess of BAC coverage seen from the BAC end 

mapping of the CAST/Ei library.  Therefore, there are three lines of evidence that 

suggest differences between the B6 mouse and the CAST/Ei mouse in the region over 

the Orange and Green segmental duplications. 

 

2.2.1.2 Analysis of insertions/deletions  

Comparing the de novo CAST/Ei contigs to the B6 reference assembly, regions in 

which large (>1 Kb) gaps indicated a deletion in CAST compared to B6 were identified.  

I discovered six such regions within the Xce candidate interval (Table 8); these deletions 

were also reported by the Mouse Genomes Project (Keane et al.; Yalcin et al.).  Three of 

the deletions were further confirmed experimentally by direct PCR analysis of the 

CAST/Ei and B6 BACs. Insertions into the CAST genome relative to B6 were detected 

using the Mouse Genomes Projects paired-end reads, which revealed sites that would 

otherwise be unnoticeable by merely aligning de novo contig sequences with the B6 

reference sequence. Two such insertions (of lengths 276 and 1198 bp) were confirmed by 

PCR and sequencing of CAST/EiJ and B6 genomic DNA over these regions (Table 8). 
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Table 7: Normalized read depth coverage of the segmental duplications per 

sequenced BAC.   

See Figure 10 for CAST/Ei BAC alignment on the B6 genome. NC-not calculated 

BAC Name  Segmental Duplications 
  Grey Orange Blue Green Red Purple Teal 
B6 BACs         

Expected  1 1 1 2   
Actual  1.24 1.05 1.10 1.63   B6-149P4 
% difference  24% 5% 10% -19%   
Expected   1 1.1 5 2  
Actual   1.24 1.43 4.38 2.65  B6-76A20 
% difference   24% 30% -12% 32%  

CAST BACs         
Expected 2       
Actual 2.49       Cast-194N7 
% difference 25%       
Expected 0.00       
Actual 0.07       Cast-118A20 
% difference NC       
Expected        
Actual         Cast-166K19 
% difference        
Expected        
Actual        Cast-146G19 
% difference        
Expected        
Actual        Cast-212O2 
% difference        
Expected        
Actual        Cast-83E19 
% difference        
Expected        
Actual        Cast-136B3 
% difference        
Expected        
Actual        Cast-233A6 
% difference        
Expected  1.00 1.00 0.45    
Actual  1.68 1.13 0.61    Cast-189C17 
% difference  68% 13% 36%    
Expected  1.00 1.00 0.45    
Actual  1.55 0.97 1.24    Cast-125E6 
% difference  55% -3% 175%    
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BAC Name  Segmental Duplications 
  Grey Orange Blue Green Red Purple Teal 
CAST BACs         

Expected  1.00 1.00 1.00    
Actual  1.55 1.43 1.78    Cast-122K2 
% difference  55% 43% 78%    
Expected  1.00 1.00 1.00 2.00   
Actual  1.12 1.02 1.84 0.81   Cast-28A6 
% difference  12% 2% 84% -59%   
Expected  1.00 1.00 1.00    
Actual  1.71 0.84 1.36    Cast-210D2 
% difference  42% -19% 27%    
Expected  1.00 1.00 1.00 2.50   
Actual  1.75 1.19 2.15 1.52   Cast-21N4 
% difference  75% 19% 115% -39%   
Expected   1.00 1.00 4.00 1.50  
Actual   1.02 2.05 2.97 2.21  Cast-30M8 
% difference   2% 105% -26% 48%  
Expected    1.00 4.38 2.00  
Actual    1.38 3.87 2.99  Cast-56F18 
% difference    38% -12% 49%  
Expected  1.00 1.00 1.00   1.66 
Actual  1.77 1.22 1.20   2.54 Cast-38J8 
% difference  77% 22% 20%   53% 
Expected       1.00 
Actual       1.81 CAST-20F2 
% difference       81% 
Expected        
Actual        Cast-181M24 
% difference        
Expected        
Actual        Cast-213A21 
% difference        
Expected        
Actual        Cast-137H14 
% difference        

BACs are in centromere to teleomere order based on the B6 genome. 
Reads counts of >5 for all copies of the segmental duplication were included. 
Dark Orange boxes denote % differences > ± 64% 
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Table 8: Mouse Genomes Project- structural variations between Xce strains 

   Xcea Xceb Xcec     

Chr  Start End 129S1 129P2 129S5 AJ Balbc C3H CBA DBA CAST Size Confirm Primers  
X 98891586 98891788         DEL     
X 98999729 98999731         INS     
X 99010427 99010454         INS     
X 99034288 99034648         DEL     
X 99096930 99096932         INS     
X 99195673 99195675         INS     
X 99249876 99250372         DEL     
X 99326438 99326637         DEL     
X 99329941 99331145         DEL     
X 99331840 99331842         INS     
X 99337002 99337388         DEL     
X 99367646 99367648         INS     
X 99372439 99372441         INS     

X  99376057 99376058         INS† 276 + 457.458 Other 
DNA 

X 99399702 99399929         DEL     
X 99490272 99490283         INS     
X 99495242 99495585         DEL     
X 99506322 99507812     DEL         
X 99644651 99644995         DEL     
X 99660397 99662837         DEL 2440 + 445.446 LINE 
X 99686643 99686858         DEL     
X 99721643 99721789         DEL     
X 99756048 99762659         DEL 6611 + 447.448 LINE 
X 99777486 99777488         INS     
X 99777921 99780658         DEL 2737 + 449.450 LINE 
X 99781075 99781273         DEL     
X 99783277 99783469         DEL     
X 99929003 99929130         DEL     

X 99991350 99993497         DEL    SEG 
DUP 

X 100146347 100146365         INS     
X 100252805 100252814     INS    INS     
X 100302559 100303217         DEL     
X 100358169 100360921         DEL     
X 100395932 100396105         DEL     
X 100428281 100428283 INS  INS           
X 100428819 100428821        INS      
X 100436540 100436542 INS             
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   Xcea Xceb Xcec     
Chr Start End 129S1 129P2 129S5 AJ Balbc C3H CBA DBA CAST Size Confirm Primers  
X 100443491 100443493         INS     
X 100445104 100445106         INS     
X 100447355 100447546         DEL     
X 100462432 100462663         DEL     
X 100467112 100467315         DEL     
X 100470554 100470760        DEL      
X 100470555 100470762         DEL     

X 100480865 100480866         INS 1198 + 
510.511 
513.514 

516 
SINE 

X 100494351 100494368 INS INS INS INS  INS INS INS      
X 100494986 100494987 INS INS INS INS INS INS INS   356 + 484.485 LTR 
X 100511720 100512125         DEL     
X 100574229 100574435         DEL     
X 100597877 100598071         DEL     
X 100613005 100613175         DEL     
X 100620155 100620332  DEL   DEL DEL DEL   177 
X 100620165 100620342 DEL  DEL DEL      177 

+ 480.481  

X 100651597 100652243       DEL       
X 100651571 100652248 DEL             
X 100651597 100652267  DEL            
X 100651597 100652275   DEL           
X 100651561 100652275        DEL      

X 100651563 100652291    DEL          
X 100651596 100652293         DEL     
*This table is based on the structural variant output files from the Mouse Genomes Project and includes confirmed and the other believable 
structural variants within the Xce candidate region. 
†This insertion was found via the Mouse Genomes Project lookseq data viewer (http://www.sanger.ac.uk/ cgi-
bin/modelorgs/mousegenomes/lookseq/index.pl?show=1:10000000-10000000,paired_pileup&win =100&lane=129S1. bam&width=700) and was not in the mouse 
genomes project structural variant output file 
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2.2.2 Small-scale variation  

As QTL mapping seems unlikely to further localize Xce within the 

recombination-deficient candidate interval identified by Chadwick et al. (Chadwick et 

al., 2006), I next turned to population-based association analysis, searching for localized 

small-scale sequence differences (single nucleotide polymorphisms (SNPs) and small 

insertion/deletion polymorphisms (indels)) among mouse strains that carry different 

Xce alleles.  The Mouse Genomes Project dataset (Keane et al.; Yalcin et al.) includes 

sequences from 17 strains of mice, of which nine have previously been tested for X 

inactivation ratios and assigned an Xce genotype.  Of these, seven strains are Xcea (129P2, 

129S1/SvImJ, 129S5, A/J, BALB/cJ, C3H/HeJ, and CBA/J) and two are Xceb (DBA/2J 

and the already sequenced B6), in addition to CAST/EiJ (Xcec) (Cattanach, 1994; Plenge 

et al., 2000).  

 

2.2.2.1 SNPs associated with Xce genotype 

Over 90% (6845) of the 7588 SNPs reported in the Xce candidate region 

distinguish CAST/EiJ from the other nine strains and are widely distributed across the 

interval, reflecting the wild-derived inbred mouse M. musculus castaneus as the most 

divergent mouse of the group (Frazer et al., 2007; Yang et al., 2007).  Of the remaining 

743 SNPs that differ among domestic Mus strains, 89% (of the 743 SNPs) show allelic 

patterns that do not correlate with the reported Xce genotypes of various strains (Figure 

14, line [3]).  However, 85 SNPs (~1.1% of the total SNPs 7588; see Table 7) show a 

consistent difference between Xcea-carrying strains and Xceb-carrying strains and thus 

appear to be Xce-associated (Figure 14, line [4]).  Notably, these SNPs are not evenly 

distributed across the candidate interval.  No Xce-associated SNPs were found in  
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Table 9: 85 SNPs that show a correlated Xce allele difference between the Xcea 
and Xceb mice.  

Validated SNPs were tested in genomic DNA to confirm the SNP location 
(materials and methods).  

Chromosome Location Validated  Chromosome Location Validated 
chrX 99928287   chrX 100062517  
chrX 99928537   chrX 100062914  
chrX 99928869   chrX 100064630  
chrX 99963505 +  chrX 100067833  
chrX 99966761   chrX 100067877  
chrX 99970811   chrX 100074725  
chrX 99971266   chrX 100075661  
chrX 99972198   chrX 100078493  
chrX 99972209   chrX 100082150  
chrX 99973201   chrX 100084265  
chrX 99974192   chrX 100090765 + 
chrX 99976625   chrX 100093349  
chrX 99976871   chrX 100094717  
chrX 99985361   chrX 100096000  
chrX 99985700   chrX 100098372 + 
chrX 99986216   chrX 100098695 + 
chrX 99986679   chrX 100099663 + 
chrX 99987033   chrX 100102202 + 
chrX 99989940   chrX 100102599  
chrX 100007736   chrX 100103545  
chrX 100007817   chrX 100105280  
chrX 100008549   chrX 100111836  
chrX 100010188   chrX 100113500  
chrX 100011205   chrX 100113502  
chrX 100013137   chrX 100119750  
chrX 100017929   chrX 100131695 + 
chrX 100020270   chrX 100170137  
chrX 100020391   chrX 100313396  
chrX 100020672   chrX 100394277  
chrX 100023056   chrX 100430446  
chrX 100023057   chrX 100436698  
chrX 100023091   chrX 100456484  
chrX 100023907   chrX 100456487  
chrX 100030443   chrX 100456504  
chrX 100030459   chrX 100497871  
chrX 100033618   chrX 100499229  
chrX 100033644   chrX 100584239  
chrX 100034821   chrX 100587016 + 
chrX 100038352   chrX 100620326  
chrX 100058679   chrX 100620329  
chrX 100061755   chrX 100622399 + 
chrX 100061778   chrX 100639680 + 
    chrX 100654413 + 
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Figure 14: Genomic differences over the Xce candidate region 

Location of various classes of variants found among mouse strains over the Xce 
candidate region, as shown at the bottom.  Small indels that are different among strains 
carrying the three Xce alleles are shown as the green marks in line [1].  Structural 
variants that distinguish between Xcea and Xceb are shown in line [2]; the black mark 
indicates a deletion and the purple mark is a 356 bp insertion.  All SNPs (658 SNPs) that 
are different within Xce allele groups are indicated as red bars in line [3].  The 85 SNPs 
that distinguish Xcea mice from Xceb mice are shown as blue bars in line [4].  A subset of 
those SNPs that do not overlie segmental duplications (Seg Dups) or repetitive DNA is 
shown in line [5] (11 SNPs). 

the centromeric ~1050 Kb of the interval, indicating that Xce is unlikely to map within 

this region (Figure 14, line [4]).  In contrast, a cluster of 69 Xce-associated SNPs is 

localized within the segmentally duplicated region, while 16 Xce-associated SNPs are 

located near the telomeric end of the region, seven of which are found within 100 Kb of 

the Tsix and Xist genes (Figure 14, line [4]). 

Copy number variations of the segmental duplications between strains can cause 

an increase in variation around the segmental duplications, as described previously 

(Simpson et al., 2010).  To avoid potential complications from considering SNPs that lie 

within the segmental duplications themselves or within other repeat sequences, 

therefore, I also considered just the subset of SNPs that are in unique sequence in the 

genome.  Of these, there are 11 SNPs that are Xce-associated and they map, again, to 
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within the segmental duplication region and near Xist/Tsix (Figure 14, line [5]).  All 11 of 

these SNPs were validated experimentally (indicated in Table 9) with genomic DNA 

from representative Xcea, Xceb and Xce c strains (see Materials and Methods). 

To examine sequence variation across the entire candidate interval and its 

possible relationship to the Xce genotype, I compared average sequence divergence 

comparing genotypes at all SNPs in the region among the seven Xcea strains and the two 

Xceb strains available.  As seen in Figure 15, the average sequence divergence among Xcea 

and Xceb strains is <0.02 percent; however, the amount of diversity is non-randomly 

distributed across the region, with two peaks of increased sequence divergence, one 

over the segmental duplication region and a somewhat smaller one between that region 

and the telomeric end of the candidate interval (Figure 15).  To explore the extent to 

which these sequence differences are associated with Xce genotype, I calculated a 

measure conceptually similar to the fixation index (Fst) used in population genetics as a 

measure of population differentiation, comparing the diversity within particular 

subpopulations relative to the entire population (Hartl and Clark, 2007).  In Figure 15 

(green line), I plot this measure as the percentage of all SNPs that are associated with 

Xce.  For most of the candidate interval, this percentage is very low, consistent with a 

lack of any association; however, it peaks at ~25-30% over the segmental duplication 

region, with a smaller secondary peak of 10-15% near the Tsix and Xist genes, suggesting 

a role for sequence variation in these regions with the Xce effect.  The region over Tsix 

and Xist is also interesting due to an increase in SNPs of one of the strains of mice tested 

here, DBA/2J (Xceb).  
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Figure 15: Percent difference of the Xcea and Xceb mice versus the percent of 
Xce SNPs over total SNPs in 100 Kb sliding windows over the Xce candidate region in 
relation to Xist and Tsix  

Left axis: The average percent difference in sequence identity of the Xcea (n=7) 
and Xceb (n=2) strains in 100 Kb windows with a 50 Kb slide is shown by the black line 
with error bars (SD) compared to the mean of the entire candidate region (dashed line).  
Right axis: The green line represents the percent of Xce SNPs to all SNPs within 100 Kb 
windows. Schematic of the Xce candidate region including genes and segmental 
duplications is shown at the bottom.  Black hashes over grey bar indicate locations in Mb 
from mm9. 

In summary, therefore, all Xce-associated SNPs localize to the telomeric half of 

the candidate region, and I conclude from this analysis that sequence variants 

responsible for the cis-acting Xce locus likely lie within this region, either near the 

segmental duplicated region and/or at the Tsix and Xist loci (Figure 15).  It is important 

to acknowledge that the number of strains available in our data set that carry the Xceb  

(B6, DBA/2J) and Xcec (CAST/EiJ) alleles is quite small.  Long-term, it will be important 

to test additional strains of mice for the Xce phenotype in order to include them in 

comparisons of the type I have illustrated here. 
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2.2.2.2 Insertion/deletion polymorphisms 

Using the same strategy, I next looked at small indels (<100bp) across the Xce 

candidate region.  As seen with SNPs, the majority of indels across the region (1259 of 

1626 total, 77%) were detected only in CAST/EiJ.  Of the 1626 indels seen, only 16 (1%) 

differed between the Xcea and Xceb strains and are Xce-associated, and seven of these 16 

showed a three-way difference among the three Xce alleles (Table 10, in bold, and Figure 

14, line [1]).  Thirteen of the 16 Xce-associated indels abut homopolymers of at least 5 bp 

in the B6 reference assembly, while the remaining three are next to short repeating 

sequences of 2-4 bp.  Eleven of the indels lie within repetitive elements (Table 10). 

In addition, two larger Xce-associated structural variants were found (Figure 14, line [2] 

and Table 8).  One is a 177 bp deletion in Xcea strains (relative to Xceb) and is directly 3’ to 

the Tsx gene, which has recently been reported to produce a ncRNA (Anguera et al., 

2011).  This deletion involves two SINEs, which have recombined to delete out non-

complex DNA in the middle.  The other larger Xce-associated indel is a 356 bp insertion 

in Xcea strains (relative to Xceb) and is located 22 Kb centromeric to the 5’ end of Cdx4 

(Table 6).  Both of these structural variants were confirmed experimentally by PCR and 

sequencing (Materials and Methods).  The 2 large structural variants, the 16 small indels, 

and the 85 SNPs that correlated with Xce alleles were studied for placement within 

known UCSC genes.  Only one synonymous SNP was in an exon of Dmrtc1a.  2 variants 

were within 3’ UTRs and several (18) variants within introns of genes, although none 

was at splice junctions.  
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Table 10: Small indels among Xce strains 

The seven indels that show three way differences are in bold. 

Position 
(mm9)  Xcea strains* Xceb strains Xcec Sequence 

type 
100011410 A(C)7A A(C)8A A(C)7A  
100035801 G(C)10A G(C)11A G(C)11A LINE 
100039781 T(A)16G T(A)14G T(A)12G SEGDUP 
100094443 G(A)9T G(A)8T G(A)8T LTR 

100096092 G(T)6A G(T)5A G(T)6A Other 
Repeats 

100101096 T(A)7T T(A)7T T(A)8T  
100180424 A(C)8A A(C)9A A(C)9A SEGDUP 
100226555 C(T)9C C(T)10C C(T)9C  
100255818 C(A)15G C(A)14G C(A)17G SINE 
100434017 A(G)10A A(G)11A A(G)8A LINE 

100445941 G(TTTTC)2  
(TTTC)5 

G(TTTTC)1  
(TTTC)5 

G(TTTTC)1  
(TTTC)5 

Simple DNA 

100465770 T(TCC)10TTG T(TCC)9TTG T(TCC)7TTG Simple DNA 

100470866 A(T)13G A(T)12G A(T)12G  
100578516 C(A)14G C(A)13G C(A)15G SINE 
100687631 T(G)9C T(G)8C T(G)7C  
100695121 C(CA)12T C(CA)11T C(CA)15T SINE 
*Xcea:129P2, 129S1/SvImJ, 129S5, A/J, BALB/cJ, C3H/HeJ, and CBA/J  
Xceb: DBA/2J and B6; Xcec is CAST/EiJ     

 

2.2.3 DXPas34 copy number variation 

DXPas34, a 34 bp minisatellite repeat locus located at the 5’ end of Tsix (Chao et 

al., 2002) (Figure 16), has been shown to be hypermethylated on the active X 

chromosome and is differentially modified in male mice that carry different Xce alleles 

(Courtier et al., 1995).  Further, deletion of DXPas34 leads to an increase in the level of 
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Xist expression, which has been attributed to the deletion of a large part of Tsix (Vigneau 

et al., 2006).  To examine this locus and its potential association with Xce alleles at the 

sequence level, we determined the copy number of the DXPas34 repeat by direct 

sequence analysis of 11 mouse strains, including five Xcea strains (129/SvImJ, A/J, 

BALB/cByJ, C3H/HeJ, and CBA/J), three Xceb strains (B6, DBA/2J, and Ju/Ct), and 

three Xcec strains (C3H.pgk-1, CAST/EiJ, and SEG) (Tables 11 and 12).  

Not surprisingly, the wild-derived inbred mice had a different number of repeats 

(18 or 20) than the “classic” inbred strains, all of which had 28 to 30 repeats. In 

comparing our sequences to the Chao et al. sequences, we find that the Chao et al. 

sequences have an additional repeat in the same location as DBA/2J, although with a 

slightly different sequence, explaining why they report 29 core repeats and we see 28 in 

nearly all of the “classic” inbred strains (Chao et al., 2002).  There were no consistent 

copy number or sequence differences between the Xcea and Xceb strains, suggesting that 

DXPas34 is not associated with Xce; this conclusion is in agreement with previous 

reports that suggested that the Xce maps centromeric of DXPas34 (Simmler et al., 1993). 

2.2.4 Transcription factor binding sites  

One hypothesis for cis-acting genomic elements is that they correspond to single 

or clustered binding sites for various trans-acting factors, such as transcription factors (Li 

et al., 2010; Percec et al., 2003; Reddy et al., 2012).  As discussed in Chapter 1, the 

transcription factors CTCF, YY1, and Oct4 have been implicated in the colocalization 

(pairing) of and choice between the X chromosomes in early development at the time of 

initiation of X inactivation (Chao et al., 2002; Donohoe et al., 2009; Donohoe et al., 2007; 

Jeon and Lee, 2011), steps likely to be involved in determining the X inactivation ratio 

that is under genetic control of the Xce locus.  Therefore I examined whether any of the 
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Xce-associated SNPs, indels, or structural variants described above and shown in Figure 

14 overlap known or predicted binding motifs for CTCF, YY1, or Oct4 (see Materials and 

Methods).  While no Xce-associated variants were identified directly over a binding 

motif, one CTCF motif (out of 915 matches) is 3 bp away from the 356 bp indel near the 

Cdx4 gene and one YY1 (out of 566 matches) motif is 7 bp away from a one bp indel.  

 

 

Figure 16: Location of DXPas34 

Genes are shown by grey arrows, while Tsix and Xist are in black, as in previous 
figures.  DXPas34 is indicated in orange. 

 

 

 

Table 11: Copy number of 34 bp repeats at DXPas34 

  Strains  Copy 
number 

129/SvImJ  28 
A/J  28 
BALB/cByJ  28 
C3H/HeJ  28 

Xcea  

CBA/J  30 
C57BL/6J  28 
DBA/2J  29 Xceb  
Ju/Ct  28 
C3H.Pgk-a  18 
CAST/EiJ  18 Xcec  
SEG  20 
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Table 12: Sequence of DXPas34 in B6, with variants of CBA/J and DBA/2J listed  

Black indicated 100% match to the consensus, dark grey indicates >95% match, and light grey indicates >90% match. 

 

 

consensus C T A A A A T G C C T G C C A C C G G G G A C C T G G G c/a g/t A T C A 
1 . . . . . . . . . . . A . . . . . . . . . . . . . . . . C T . . . . 
2 . . . . . . . . . . . . . . . . . . . . T . - . . . . . A G G . . . 
3 . . . . . . . . T . . . . . . . G . . . T . . T . . . . C T . . . . 
4 . . . . . . . . . . . . . . . . . . . . T . T . . . . . C T . . . . 
5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . A G G . . . 
6 . . . . . . . . . . . . . . . . . . . . . . . . . . . T A G G . . . 
7 . . . . . . . . . . . . . . . . . . . . . . T . . . . . A G G . . . 
8 . . . . . . . . . . . . . . G T . . A . . . T . . . . . C T . . . . 
9 . . . . . . . . . . . . . . . . . . . . . . T . . . . . A G G . . G 

10 . . . . . . . . . . . . . . . . . . C T T . - . . . . . A G G . . . 
11 . . . . . . . . T . . . . . . . G . . . . . . T . . . . C T . . . . 
12 . . . . . . . . . . . . . . . . . . . . . . . . . . . T A G G . . . 
13 . . . . . . . . . . . . . . . . . . . . . . T . . . . . A G G . . . 
14 . . . . . . . . . . . . . . G T . . A . . . T . . . . . C T . . . . 
15 . . . . . . . . . . . . . . . . . . . . . . T . . . . . A G G . . G 
16 . . . . . . . . . . . . . . . . . . C T T . - . . . . . A G G . . . 
17 . . . . . . . . T . . . . . . . G . . . . . . T . . . . C T . . . . 
18 . . . . . . . . . . . . . . . . . A . . . . T . . . . . A G G . . . 
19 . . . . . . . . . . . . . . . . . . . . . . T . . . . . C T . . . . 
20 . . . . . . . . T . . . . . . . T . . . . . T . . . . A A G . . . G 
21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . . . 
22 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . . . 
23 . . . . . . . . T . . . . . . . T . . . . . T . . . . A A G . . . G 
24 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . . . 
25 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . . . 
26 . . . . . . . . T . . . . . . . T . . . . . T . . . . A A G . . . G 
27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . . G 
28 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C T . . . . 

CBA/J                                   
15 . . . . . . . . . . . . . . . . . . .  . . T .  . . . . A G G . . . 
16 . . . . . . . . . . . . . . G T . . A . . . T . . . . . C T . . . . 

DBA/2J                                    
23 . . . . . . . . T . . . . . . . T . . . . . . . . . . . C T . . . . 
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Taking into account that transcription factors may have a binding area that 

extends beyond the strictly defined binding motif (Bourque et al., 2008), I next searched 

for binding motifs within 100 bp of the identified Xce-associated variants.  A total of 13 

such expanded motif regions (nine for CTCF, three for YY1 and one for Oct4/Sox2 (out 

of 460 matches)) were found within 100 bp of an Xce-associated variant (Table 13).  One 

CTCF binding motif that is 93 bp from a small indel lies 9 Kb from the 5’ end of Xist (2 

Kb from Jpx), four CTCF binding motifs lie between Cdx4 and Nap1l2, and the other 10 

sites overlap the region of segmental duplications.  Finally, we note that there is a 

predicted CTCF binding site in the SINE insertion at 100.480865 Mb that distinguishes 

the Xcec-carrying CAST/EiJ strain from the Xcea- and Xceb-carrying strains.   

If evenly distributed the 100bp window around CTCF sites would cover 11% of 

the Xce region, YY1 would cover 6.5%, and Oct4/Sox2 would cover 5.4%.  If the 103 

variants that distinguish Xce alleles (85 SNPs, 2 structural variants, and 16 indels) were 

also randomly distributed we would expect to see 11 variants within the CTCF 

expanded motif regions, 7 variants within the YY1 expanded motif regions, and 6 

variants within the Oct4/Sox2 expanded motif regions.  Therefore the observations of 10 

variants over CTCF expanded motif regions, 4 variants over YY1 expanded motif 

regions and 1 variant over Oct4/Sox2 expanded motif regions are not surprising yet this 

does not rule out any functional significance for any of the observed expanded motif 

regions.  

 

2.3 Discussion 
The apparently random choice between the two X chromosomes in female nuclei 

early in development is one of the tenets of the original Lyon hypothesis (Lyon, 1961) 
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and has long been thought to involve cis-acting interactions at the X inactivation center 

(Xic) (Brockdorff et al., 1991a; Brockdorff et al., 1991b; Brown et al., 1991b; Brown and 

Chandra, 1973; Cattanach et al., 1991; Lafreniere et al., 1993).  Cattanach’s description 

and characterization of alleles at the Xce locus provided essential evidence that the 

randomness of X chromosome choice was under genetic control and that heritable 

variation in or near the Xic could shift or skew the likelihood that a given X chromosome 

would be chosen to be the future Xi (Cattanach, 1970, 1994; Cattanach and Isaacson, 

1967; Cattanach et al., 1970; Cattanach et al., 1969; Cattanach and Rasberry, 1991; 

Cattanach et al., 1991; Cattanach and Williams, 1972; Johnston and Cattanach, 1981).  

Notwithstanding the importance of those seminal observations for shaping models of X 

inactivation choice and, more generally, of cis-regulated epigenetic silencing, the 

molecular and genomic basis for the Xce effect has remained unknown for over 40 years. 

Previous studies have localized the Xce locus to a recombination-poor region of 

~1.8 Mb at or near the Xic on the mouse X chromosome (Cattanach et al., 1991; 

Chadwick et al., 2006; Simmler et al., 1993).  In light of the challenges of identifying cis-

acting regulatory elements in complex genetic systems (reviewed by (Weirauch and 

Hughes, 2010)), here I adopted an unbiased genomic approach to characterize the Xce 

candidate region and to search for sequence features or variants that are associated with 

the known Xce alleles.  Throughout this portion of my thesis research, I used the 

simplifying assumption that mice that have been previously assigned the “same” Xcea or 

Xceb allele (based on the extent of skewing of the X inactivation ratio in female offspring 

(Cattanach, 1994; Plenge et al., 2000)) would have the same variant.  Since Xce allele 

assignments have generally relied on comparison of the distribution of X inactivation 
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Table 13: Transcription factor binding site locations within 100 bp of an Xce-associated variant 

CTCF Binding Sites  Distance Variant   
Motif Location Motif  Away (bp) Type Variant Location 

99928227 99928245 AGGCCACTAGAGGGTGCAA 41 SNP  99928287 
99985729 99985747 TCCCAACAATAGGGAGGCA 29 SNP  99985700 
100020447 100020465 TGTCCACAGGAGGCAGTCG 56 SNP  100020391 
100102160 100102178 CACCTCCAAGAAGGAGGAG 23 SNP  100102202 
100119833 100119851 TGGCTACCAGGAGTTAGCA 83 SNP  100119750 
100394223 100394241 CGCCAAGAAGTGGTTGCTG 35 SNP  100394277 
100465817 100465835 TGGACCTGGGGGGCAGGGA 47 Indel 100465769 100465770 
100494965 100494983 CTCCCCTAAGGAGGGGTTG 3 Insertion 100494986 100494987 
100499130 100499148 TGCCTCCAAGGTGCTGGGA 80 SNP  100499229 
100687519 100687537 AGGGTAGCAGAGGCAGGGA 93 Indel 100687630 100687631 
      
Oct4/Sox2 Binding 
Sites  Distance Variant  

Motif Location Motif  Away (bp) Type Variant Location 
100090703 100090717 CTTTCTCTTTGTATA 47 SNP  100090765 
      

YY1 Binding Sites  Distance Variant  
Motif Location Motif  Away (bp) Type Variant Location 

100102495 100102504 CAGCCATGTT 94 SNP  100102599 
100082243 100082252 GAGCCATCTT 93 SNP  100082150 
100011393 100011402 GAGCCATCTT 7 Indel 100011409 100011410 
99928805 99928814 GCGCCATCTT 54 SNP  99928869 
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ratios from multiple crosses to tester mice that carry the extreme Xcec allele (rather than, 

for example, direct crosses between the two strains being compared), we recognize the 

formal possibility that different strains may carry different versions of the apparently 

“same” allele or that some strains may carry altogether different alleles of intermediate 

strength (Plenge et al., 2000).  Nonetheless, this approach has allowed us to identify a 

number of both large- and small-scale Xce-associated variants within the candidate 

interval, all of which cluster to a region of 850 Kb in the vicinity of the various Xic non-

coding RNA genes, including Tsix and Xist (Figures 14 and 15).  This genomic approach 

has, therefore, refined the likely position of the Xce locus and produced several 

sequence-based candidates for the Xce locus, thereby informing future studies to address 

functionally how the cis-acting Xce locus influences the choice step of X inactivation. 

A particularly notable and intriguing feature of this region is a cluster of large 

inverted and non-inverted segmental duplications that lie ~350 Kb centromeric of the 

Xist and Tsix genes and together span nearly 500 Kb within the Xce candidate region. 

Analysis of genomic DNA from a number of strains suggests that there are copy number 

or structural differences for at least four of the segmental duplications among different 

strains (Figures 10-13, Table 7).  While none of these copy number differences appears to 

correlate strictly with particular Xce alleles, they could contribute to the unusual 

recombination landscape in this region (Chadwick et al., 2006).  In addition, because the 

existence and position (although not the sequence) of these segmental duplications is 

relatively well conserved among various mammalian X chromosomes from human to 

elephant (discussed in Chapter 3), it is tempting to posit a role for this extended region 

in the pairing of the X chromosomes at the time of initiation of X inactivation and/or in 

the three-dimensional conformation of the Xi at the periphery of the nucleus after X 
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inactivation (Augui et al., 2007; Bacher et al., 2006; Chaumeil et al., 2006; Splinter et al., 

2011; Xu et al., 2007; Xu et al., 2006). 

Genes within segmental duplications can also change their copy number as the 

segmental duplications vary.  This could allow the new copies to increase expression, 

become a pseudo-gene, or gain a new function (Bailey and Eichler, 2006).  In the 

segmental duplications of this region, there is a gene within the purple segmental 

duplication. Dmrtc1c is a member of the DMRT family, a family of sexual regulators that 

share a DNA binding motif, the DM domain.  Yet Dmrtc1c (DMRT like family 1c) is 

suggested to not carry the DM domain by sequence comparison to the human 

ortholgues (Veith et al., 2006).  There are suggestions of an increase in copy number of 

the purple segmental duplication by Southern analysis in A/J, BALB/cByJ and DBA/2J 

genomic DNA and by read-depth analysis in the sequenced CAST/EiJ BACs (Table 5).  

While it is tempting to posit that this gene might play a role X inactivation, no Dmrtc1c 

expression was found in mouse adults or embryos, and thus the gene was posited to be 

a pseudogene (Veith et al., 2006).  An alternative and more plausible hypothesis 

regarding the potential effect of the segmental duplications is that changes in copy 

number could move either the genes nearer to regulatory elements or regulatory 

elements closer to the genes they effect in cis (Blekhman et al., 2009). 

 

2.3.1 Xce-associated genome variants and the nature of the Xce effect 

In this chapter, I have searched for sequence variants (SNPs, indels, and CNVs) 

among various strains carrying different Xce alleles, focusing in particular on variants 

that are associated with previously determined Xce genotypes.  Using a combination of 

genomic approaches, including Southern analysis and BAC isolation, sequencing and 
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assembly, in addition to comparing recently released datasets from the Mouse Genome 

Project (Keane et al., 2011; Yalcin et al., 2011), I have reported a set of 85 SNPs (11 of 

which are found in strictly single-copy DNA), 16 small indels, and 2 larger structural 

variants that define distinct Xcea and Xceb haplotypes (Figure 14).  As mentioned 

previously, all of these Xce-associated variants are confined to a region of 850 Kb at the 

distal end of the previously defined Xce candidate region (Chadwick et al., 2006) and 

thus point to the likely interval within which the Xce locus lies.  

How might any of these variants contribute to the Xce effect? Given the 

probabilistic nature of X chromosome choice, the Xce phenotype corresponds to a 

modest adjustment in the likelihood of choosing one X over the other.  This phenotype 

does not skew completely towards one chromosome or the other; therefore, it seems 

unlikely that variants at Xce result in a complete binary switch on or off of a critical 

effector gene.  Instead it suggests that heterozygosity for different Xce alleles results in a 

small imbalance or inequality at a cis-acting regulatory or binding site that in turn 

produces an effect on the expression of a factor or gene involved in X inactivation and 

shifts the balance of the X chromosome carrying one or the other allele towards an 

inactive state.  In terms of our current understanding of the mechanisms of X 

inactivation, such a cis-acting regulatory site might influence the nature of interactions of 

the two X chromosomes prior to choice and/or expression of one of the many non-

coding RNA genes that populate the Xic (Augui et al., 2007; Xu et al., 2007).  

While I have examined a small number of transcription factor binding sites that 

are or could be influenced by the Xce-associated variants described here, it is important 

to emphasize that the Xce effect need not correspond to just a single variant that 

distinguishes the various alleles.  As is common to approaches that depend on QTL 
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mapping of naturally occurring variants, the phenotype in question may instead be 

determined by a haplotype of closely linked variants.  Indeed, detailed study in various 

organisms of a number of complex traits initially identified by QTL mapping has 

revealed clusters of variants that can contribute to the trait, rather than just a single 

variant (Babbitt et al., 2010; Farber and Medrano, 2007; Studer and Doebley, 2011).   

This model seems particularly attractive given the nature of the Xic, in which 

numerous loci – many of which are cis-acting non-coding RNA genes spread over a 

region of several hundred Kb – have now been implicated in various stages in the 

initiation and promulgation of X inactivation (see reviews: (Lee, 2011; Romito and 

Rougeulle, 2011)).  Thus, in principle, all or any subset of the sequence variants we have 

described that distinguish one Xce haplotype from another, established by ancient 

patterns of linkage disequilibrium but now largely frozen in time due to the 

recombination-poor nature of the region, could serve to distinguish the Xce haplotypes 

functionally in heterozygous females. Such heterozygotes, in whom the two X 

chromosomes would be ‘mismatched’ for the entire array of variants across the interval, 

could exhibit altered structure or expression of one or more critical factors involved in 

the choice stage of X inactivation, thus tipping the balance between one or the other X.  

Perhaps relevant to this model is the observation that M. musculus castaneus and M. 

spretus, the two mouse strains that show the most extreme ratios of X inactivation in 

heterozygotes with Xcea or Xceb mice (Ashworth et al., 1991; Cattanach, 1994; Cattanach 

and Rasberry, 1991), are also the strains that show the greatest overall sequence 

divergence from M. musculus domesticus with 0.39 and 0.98 percent divergence 

respectively over the 1.82 Mb region, whereas M. musculus domesticus mice have on 

average 0.012 percent divergence to each other (Figure 15). 
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Both the previous QTL mapping experiments and the current sequence 

comparisons were carried out without any a priori bias as to the nature of the Xce locus 

or its mechanism of action.  By delineating a confined linkage disequilibrium block that 

is associated with the Xce effect, these data serve to focus attention on a series of 

sequence variants not only in the vicinity of the Xist, Tsix and other non-coding RNA 

genes, but also slightly outside of the region normally looked at for X inactivation 

effectors.  That point notwithstanding, it is important to stress that the Xce mapping 

studies have relied on demonstration of skewed X inactivation ratios in mice 

heterozygous for all or part of the X chromosome (Cattanach and Isaacson, 1967; 

Cattanach and Papworth, 1981; Chadwick et al., 2006; Simmler et al., 1993); thus, they do 

not rule out the possibility that other regions on the X, including regions outside of the 

major Xce candidate region identified by QTL mapping, may have additional minor 

effects and/or act in a redundant manner to sequences described here.  

To further test predictions of the models presented here on the nature of the Xce 

locus and its effect on X inactivation, future experiments might take a comparative 

genomics approach to examine the orthologous region in other mammalian genomes, as 

I present in Chapter 3.  In addition, longer term efforts might be concentrated on 

functional comparisons of specific candidate variants across the interval and, more 

broadly, on testing the ability of experimental constructs containing various 

combinations of variants in the Xce-associated haplotypes to shift X inactivation ratios in 

embryonic stem cells or in the resulting mice, as I discuss in Chapter 4. 
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2.4 Materials and Methods 

2.4.1 Source of genomic DNA 

Genomic DNA from five mice with recombination events used by Chadwick et 

al. (Chadwick et al., 2006) to define the Xce candidate region (B6CAST F2 #224, 

BALBCAST N4 #189, BALBCCAST F2 #76, B6CAST F2 #307, B6CAST F2 #280) were all 

retested with new markers to refine the recombination regions.  Genomic DNA from 

inbred lines (129S1/SVImJ Stock #2448, A/J #646, BABL/cByJ #1026, C3H/HeJ #659, 

CBA/J #656 C57BL/6J # 664, DBA/2J #671, CAST/EiJ #928) were purchased from 

Jackson Laboratory, Bar Harbor Maine. Genomic DNA from SEG, Ju/Ct, and C3H.pgk-a 

strains for DXPas34 testing were a gift from Philip Avner, Institut Pasteur, Paris, France.  

 

2.4.2 Southern blots 

Southern blots were performed by standard procedures. In brief, 10 µg of 

genomic DNA was digested with a restriction enzyme (EcoRI, BglII, KpnI, AflII, SacI, 

SphI, SpeI, and BlpI; New England Biolabs, Ipswich, MA) according to the 

manufacturer’s protocols.  Digested DNAs were run on a 0.5X TBE pulsed field gel 

using a CHEF Mapper (Bio-Rad, Hercules, CA).  The gels were transferred onto nylon 

Zeta Probe GT membrane (Bio-Rad, Hercules, CA) by alkaline transfer with 1.6N NaOH.  

To generate probes for hybridization, each primer set was amplified from B6 genomic 

DNA and was gel purified with Zymoclean Gel DNA Recovery Kit (Zymo Research, 

Irvine, CA).  Purified DNA was labeled with [α-32P] using the High Prime DNA labeling 

Kit (Roche Diagnostics Corporation, Indianapolis, IN).  Blots were pre-hybridized with 

ExpressHyb Hybridization Solution (Clonetech Laboratories Inc., Mountain View, CA), 

probed with 5 million cpm per ml of ExpressHyb and hybridized overnight.  Hybridized 
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blots were imaged for at least 12 hours using a Phosphorimager (Amersham Biosciences, 

Piscataway, NJ).  Each probe was applied to blots of at least two different enzyme 

digests; in most cases, they were applied to three different blots.  Two PCR-amplified B6 

probes were used per segmental duplication, except for the Orange segmental 

duplication, which had only one probe due to its highly repetitive DNA content (Table 

3).  

 

2.4.3 BAC isolation and characterization 

PCR primer pairs were spaced an average of ~100 Kb (max 158 Kb) apart across 

the 1.82 Mb Xce candidate region.  To generate probes for library screening, primer pairs 

were amplified from B6 genomic DNA.  The PCR products were purified using the High 

Pure PCR Product Purification Kit (Roche Diagnostics Corporation, Indianapolis, IN).  

Purified products were individually labeled as above.  BAC library membranes from the 

CAST/Ei (CHORI-26; BACPAC Resources Center; CHORI, CA), 129S6/SvEvTac (RPCI-

22; BACPAC Resources Center; CHORI, CA), and BALB/cByJ (CHORI-28; BACPAC 

Resources Center; CHORI, CA) genomes were hybridized as described (Horvath et al., 

2003). Hybridized membranes were imaged for at least 12 hours using a 

Phosphorimager (Amersham Biosciences, Piscataway, NJ), and the positive hits were 

called manually.  

Called BACs were ordered from BACPAC Resources Center, CHORI, CA. BACs 

were prepped with R.E.A.L Prep 96 Plasmid Kit (Qiagen, Valencia, CA).  BAC-end 

sequencing reactions were conducted using 10 µL of R.E.A.L. Prep 96 Plasmid Kit 

(Qiagen, Valencia, CA).  The template was heat denatured at 95˚C for 5 minutes, 

followed by the immediate addition on ice of 3 µL BigDye v3.1 (Applied Biosystems, 
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Foster City, CA), 3 µL 5X reaction buffer, 0.5 mM primer, 0.75 mM MgCl2, and water to a 

final volume of 20 µL.  Cycle sequencing was performed using 100 cycles of 95˚C for 15 

seconds, 50˚C for 15 seconds, followed by 60˚C for 4 minutes and a final hold at 4˚C.  

Primers T7 and SP6 were used for BAC end sequencing.  All BACs were BAC-end 

sequenced from the vector and BLASTed back to the B6 reference genome (mm9, from 

UCSC (http://genome.ucsc.edu/).  A handful of BACs from each library were sized by 

restriction enzymes NotI, SacI, and EagI. No BACs were found to be miss-sized. 

From these results, 21 CAST/Ei BACs spanning the Xce candidate region were 

selected for 454 sequencing.  Next-generation sequencing was performed by the Duke 

University IGSP Genome Sequencing & Analysis Core Resource on the GS FLX Titanium 

platform (Roche Applied Science, Penzberg, Germany). 

BAC sequences were assembled into contigs using the 454 Newbler Assembler 

(Roche Life Sciences).  The de novo CAST assemblies were then mapped back to the B6 

reference genome by BLASTn (Altschul et al., 1990). 

 

2.4.4 DXPas34 analysis 

The DXPas34 locus was amplified from genomic DNA by PCR using primer 

pairs 126 and 127 (Table 14).  The products were digested with DraI, gel-purified, and 

cloned by TA-cloning.  The cloned genomic fragments were PCR-amplified and 

sequenced by dideoxy termination. Resulting sequences were aligned with MEGA 

(Tamura et al., 2007) software using ClustaW (Thompson et al., 1994). 
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Table 14: Primers 

Primers  Sequence  
CBS126  TGGGTGAGATGCGGGCTAAGG   
CBS127  AGGCTTTCCCTGATGTGAGTGTGTG   
CBS445  AGTCCTTTGTCCTTTGCTACTCC 
CBS446  ATGTTATGGTCTAGGCAGTGGTG 
CBS447  CACTCCATAATCAGTCACCACAG 
CBS448  GTTCACCAAGTGTCTTCAGATCC 
CBS449  ACAGCTGCTTCTGTAGCCTGTC 
CBS450  GTACAGCCAGCTCGTATTCTCAG 
CBS457  CAGTCTGCTTTGAAACTTTTGG 
CBS458  TGCGGAGGAAGATACAGATACAG 
CBS480  AGTCATCTACAGGCCAACTAGGG 
CBS481  ATTACCCACCGGAGCTAATGAC 
CBS484  TGAGGGAAAGTGAAGAAGTATGC 
CBS485  GTGTGGCTATCATCAAAGAGGAC 
CBS510  ACTAAGGAGAGGCAGGGAATG 
CBS511  CAAGCCTGCCATTCTGTAAAC 
CBS512* AGTCAAGGAACCCTGTCTCG 
CBS513* AGAAATGGCCTCTTCCCAAC 
CBS516* CCACAACAGACACTTTGGCTAG 
*Used to amplify an insertion in CAST, not present in B6  

 

 

2.4.5 Computational analyses of genomic sequences  

RepeatMasker (Update 04.19.2011, Smit, AFA., Hubley, R. & Green, P. 

RepeatMasker Open-3.0. 1996-2010 http://www. repeatmasker.org) was used to screen 

for repetitive sequences in the B6 reference assembly from UCSC 

(http://genome.ucsc.edu/).  Miropeats (Parsons, 1995)and Dotter Plots (Sonnhammer and 

Durbin, 1995) were used to identify segmental duplications in repeat-masked B6 

sequence. 
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The Wellcome Trust Sanger Institute Mouse Genomes Project database (Keane et 

al.; Yalcin et al.) includes genome sequences from 17 strains of mice. Their assembly was 

performed in two ways: reads were mapped back onto B6 and also de novo assembly was 

done by assembling reads that mapped to B6 in 1 Mb intervals.  Both data sets were 

looked at for CAST/EiJ, but for multiple strain comparisons, I looked at reads mapped 

back to B6 via LookSeq and the SNPs, indels, and structural variation calls made by the 

Mouse Genomes Project.  Information on the Mouse Genomes Project is available at 

www.sanger.ac.uk/resources/mouse /genomes/ and downloads: ftp://ftp-

mouse.sanger.ac.uk/.  

The online UCSC BLAT Search Genome tool was used on the DNA of the 

segmental duplications found in the Xce region to search for sequence matches within 

their own genome (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start). 

BLASTall was used to count the number of CAST/Ei BAC sequencing reads per 

segmental duplication under the command line parameters of –p blastn –m 8 –v 8 –b 8 -

q -1 –G 1 –E 2 _f “m D” –U (Altschul et al., 1990). 

Regulatory sequence analysis tool (RSAT) (rsat.ccb.sickkids.ca/) under the 

matrix-scan mode was used to search the B6 reference sequence over the Xce candidate 

region with matrices found either in the JASPAR database (jaspar.cgb.ki.se/)  (CTCF; 

ID:MA0139.1 and Oct4/Sox2; ID:MA0143.1) or in previous papers (YY1 (Faulk and Kim, 

2009)). 

 

2.4.6 Validation of SNPs and structural variation calls 

 I validated, by either PCR and sequencing or PCR and enzyme digest, 11 of the 

11 Xce-associated SNPs using genomic DNA from A/J, BALB/cByJ, B6, DBA/2J, and 
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CAST/EiJ.  I confirmed the 177 bp deletion via PCR in the genomic DNA of A/J, 

BALB/cByJ, B6, DBA/2J, CAST/EiJ, and only the Xcea mice have the deletion.  I 

confirmed the 356bp insertion is in the Xcea mice via PCR and sequencing of three 

129S6/SvEvTac and three BALB/cByJ BACs, but the insertion is not present in one B6 

BAC or two CAST/Ei BACs spanning this region. 
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3. Comparative genomic landscape of regions of the X 
chromosome involved in X inactivation 
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3.1 Introduction 

Mechanisms of sex chromosome dosage compensation vary widely between 

different vertebrate species.  In the therian lineage, dosage compensation is performed 

by X chromosome inactivation, a process by which the majority of the genes on one X 

chromosome in the female are silenced (inactive X, Xi) to create a transcription level 

matching that of the single X chromosome in males.  While X inactivation is a conserved 

process in therians, there are significant differences between eutherian (placental) and 

metatherian (non-placental) mammals.  Metatherians, such as opossum, undergo 

paternal (or imprinted) X chromosome inactivation where the paternal X chromosome is 

preferentially inactivated in both the extra-embryonic tissues and the embryo proper 

and in the absence of an XIST homologue (Hore et al., 2007; Richardson et al., 1971; 

Sharman, 1971).  In contrast, all eutherians, including humans, other primates, and 

rodents, undergo random inactivation in the embryo, as introduced in Chapter 1, 

although mice have paternal X inactivation in the extra embryonic tissues (Takagi and 

Sasaki, 1975).  Random inactivation of the placental embryo is initiated from a region on 

the X chromosome called the X-inactivation center (XIC in humans and Xic in mice), 

thus implicating this region as the key chromosomal element in distinguishing random 

from imprinted X inactivation during mammalian evolution.  This invites a comparative 

genomic approach to explore the organization and evolution of this region throughout 

mammalian lineages. 

In distant lineages, the Cdx4 to Xpct region around Xist is split in marsupials. 

Both the North American (D. virginiana) and South American (M. domestica) opossum 

have a portion of the genic block, from Cdx4 to Lnx3 (an ancestor to XIST), at one end of 
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the X chromosome, while the other portion, including Xpct and Rnf12, maps to the other 

end of the X chromosome (Davidow et al., 2007; Hore et al., 2007; Mikkelsen et al., 2007; 

Shevchenko et al., 2007).  Similar to what was observed on the opossum X chromosome, 

Hore et al. found that the syntenic region (without Lnx3) in a monotreme, the platypus, 

was in two pieces.  However, both of these regions were found on an autosome, 

chromosome 6, instead of on one of the five X chromosomes (Hore et al., 2007).  To the 

extent that the X inactivation center region is the major cis-acting determinant for X 

inactivation (as discussed in Chapter 1), this suggests that the cis-acting nature of X 

inactivation evolved at some point between the divergence of the platypus and opossum 

lineages, approximately 210 million years ago (Grutzner and Graves, 2004; Hore et al., 

2007). 

In chicken (G. gallus), the homolog to XIST, Lnx3, is within an orthologous 

continuously syntenic block on chromosome 4 (Duret et al., 2006).  Having the syntenic 

block in one piece in the chicken, dog, cow, mouse and human genomes suggests that 

the Cdx4 to Rnf12 region was in a continuous block in the ancestral vertebrate (Hore et 

al., 2007).  

For the first portion of this chapter, I will explore the larger syntenic region 

implicated in X inactivation in placental species from the standpoint of random X 

inactivation, extending the analysis of the Xce region on the mouse X chromosome 

presented in Chapter 2.  I was especially curious to determine if the segmental 

duplications within the Xce region in mouse are retained in other mammalian genomes, 

since the gene order around Xist has remained syntenic.  

In the second half of the chapter, I will focus on the X inactivation center itself in 

greater detail.  As introduced in Chapter 1, the XIC/Xic region plays a critical role in 
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random X inactivation.  Since the original proposal in 1963 of an X inactivation center as 

the initiation region for random X inactivation (Lyon, 1963; Russell, 1963), a definitive 

Xic/XIC region has been sought. Several mouse translocations and chromosomal 

deletions have been used or created to identify the minimal region to initiate an 

inactivation response, which led to delineation of a candidate Xic region of 

approximately 6 Mb (Brockdorff et al., 1991b; Cattanach et al., 1991; Rastan, 1983; Rastan 

and Robertson, 1985; Takagi, 1980).  More recently, the Xic has been studied by a series 

of transgenic male embryonic stem (ES) cell lines that were able to induce inactivation 

only when a transgene containing Xist/Tsix and the surrounding region was in arrays of 

multiple copies in cis (Heard et al., 1996; Heard et al., 1999; Lee et al., 1999b; Lee et al., 

1996; Matsuura et al., 1996).  It is interesting to note that more copies were needed to 

achieve inactivation as the size of the transgene diminished (e.g. 450 Kb transgene in ~3-

4 copies (Lee et al., 1999b), 320 Kb transgenes, 2-6 copies (Heard et al., 1999), and 80kb 

transgenes, >10 copies (Lee et al., 1999b)).  This suggests that transgenes do not fulfill all 

of the attributes of the Xic and thus may not accurately define the minimal size needed 

to induce random X inactivation, making up for a lack of some required element by an 

increased copy number.  

As described in Chapter 1, the human XIC has been defined by patient deletions 

and chromosomal rearrangements to a region up to ~1200 Kb in size (Brown et al., 

1991b; Lafreniere et al., 1993; Leppig et al., 1993).  The markers used at that time resulted 

in ~200 and ~400 Kb of uncertainty on the boundaries of the XIC.  To further define the 

XIC, in the second portion of this chapter I revisit these chromosomes and refine the 

locations of their breakpoints to show the boundaries of the necessary region on the 

human X chromosome for random inactivation. 
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3.2 Results 
 

3.2.1 Gene order around XIST 

The gene order immediately around the XIST locus is conserved between mice 

and human (Figure 17A), and several studies have looked in detail at this region in 

vertebrates (Delgado et al., 2009; Hore et al., 2007; Shevchenko et al., 2007).  

Notwithstanding the conserved gene order, the size of the region containing the genes 

CDX4, XIST, and XPCT (SLC16A2) varies about three-fold among between species 

whose genomes have been sequenced (Figure 17B).  Using the assemblies from UCSC 

(builds are noted in materials and methods) to compare the syntenic regions in several 

genomes, the span on the elephant X chromosome is the largest at 1495 Kb, and human 

and chimp are next in size with a distance of 1095 Kb and 1185Kb.  This region is slightly 

more condensed in dog and cow (745 Kb, and 965 Kb respectively) and is smallest on the 

mouse and rat X chromosomes (505 Kb and 545 Kb) (Figure 17B).  In cow and elephant, 

these genes are in the same order on the X chromosome although this region is inverted 

(relative to the chromosome) compared to the other species.  The current elephant build 

is in scaffolds, yet the elephant region around XIST is syntenic to human but inverted.  

Rodriguez Delgado et al. through BAC placement to the elephant X chromosome has 

mapped 17 human X-linked genes in the same order as on the human X chromosome 

(Delgado et al., 2009).  Therefore, I believe this scaffold maps to the elephant X 

chromosome, and it is possible the scaffold is flipped the wrong way and the true 

elephant orientation is not inverted.  For the rest of this thesis, I will use the reverse 
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complement of the cow and elephant UCSC orientation for the examination of this 

region.  

 

 

 

Figure 17: Phylogenetic tree of the species investigated and gene order 

A. Phylogenetic tree of the species investigated and the gene order in the region 
near the X inactivation center.  

B. The gene order and size of the region immediately around Xist.  The genes are 
noted by the color to the key at the bottom and the transcription direction is noted by 
arrow direction.  
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3.2.2 Comparison of the orthologous murine Xce region in placental 
mammals 

To extend the analysis of the Xce region in Chapter 2, I looked to explore the 

larger Xce region between mouse and six other placental species to compare the genomic 

elements within the region. Syntenic regions of human, chimp, rat, dog, cow and 

elephant were downloaded from the UCSC Genome Bioinformatics website based on 

the mouse Xce region.  I expanded our region of interest slightly (from 1.82 to 2.4 Mb in 

mouse; it includes the genes Ogt to Xpct) in order 1) to include more of the region 5’ of 

Xist since there are several elements that have shown to play a role in random X 

inactivation (X pairing region (Xpr), Jpx, and Ftx; discussed in Chapter 1 section 1.1.2.1) 

and 2) to make sure there was conserved sequence at the end points to anchor our 

sequence when looking between the different species (Augui et al., 2007; Chureau et al., 

2011; Tian et al., 2010).  All sequences were repeatmasked based on their individual 

repeatmasking files (materials and methods).  The repeat content of the syntenic Xce 

regions show that mouse and rat regions have the least amount of repetitive elements 

(42% and 45%, respectively), while the syntenic elephant region had the most, at 73%. 

This was mostly due to a large difference in LINEs for rodents and elephant, where the 

rodents had the fewest LINEs (17% and 18%), and elephant had over 60% LINEs (Table 

15). 
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Table 15: Repetitive DNA content of the syntenic Xce region 

 Human Chimp Mouse Rat Dog Cow Elephant Mean 
Size Kb 3300 3307.2 2400 2330.5 2228.5 2960.1 3992 2959.7 

GC 42% 41% 43% 43% 41% 41% 40% 41% 
SINEs 13% 10% 15% 14% 11% 14% 4% 12% 
LINEs 41% 34% 17% 18% 42% 41% 61% 36% 
LTR 9% 8% 11% 10% 3% 5% 8% 7% 
DNA 

elements: 2% 2% 1% 1% 2% 2% 1% 2% 

Unclassified: 1% 1% 0% 2% 0% 0% 0% 1% 
Total 

interspersed 
repeats: 

67% 55% 45% 45% 59% 61% 74% 57% 

 

To compare the segmental duplications we found in the mouse Xce region to 

sequences in the syntenic region on the human, chimp, rat, dog, cow and elephant X 

chromosomes, I ran the repeatmasked sequences through Miropeats both with self-

comparison to look for segmental duplications (Figure 18A) and inter-species matching 

(Figure 18B) at a threshold of 1000 (see materials and methods).  The threshold of 

Miropeats is the limit where within a sequence the number of base pair matches minus 

the mismatches needs to be greater than in order to be called a “hit”.  Therefore for a 

threshold of 1000 the minimum sequence length that could be matched would be 1 Kb, 

which would show the segmental duplications that have a mate pair within the region.  

Segmental duplications are defined as being a low copy number variation that is ≥ 1 Kb 

and ≥ 90% sequence identity (Bailey and Eichler, 2006).  

I have found the individual sequences and placement of the segmental 

duplications within each species in Figure 18A. Yet, the sequence between species is not 
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Figure 18: Miropeats of seven placental mammals within the Xce region  

A. Self scanning Miropeats, set at a threshold of 1000  

B. Inter-species Miropeats, showing the highly conserved sequences between 
species.  The segmental duplications found in A. are not highly conserved but there are 
single copy regions (corresponding to exons in Nhsl2 and Ercc6l) that are conserved 
through all the species.  
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as highly conserved (Figure 18B).  Human comparison to chimpanzee has many hits, but 

the only hits to the other species is within the exons of two genes Nhsl2 and Ercc6l.  This 

is not surprising considering how divergent the distant species are.  While human to 

chimpanzee has a 1 – 5% difference (Mikkelsen, 2005) human to mouse only has a 69% 

identity (Waterston et al., 2002).  Dog has a 0.193 nucleotide divergence rate compared to 

0.162 in human to their last common ancestor, while mouse has a nucleotide divergence 

rate of 0.372 to 0.137 for human to their last common ancestor (Lindblad-Toh et al., 

2005).  Yet it is interesting that the position of where the segmental duplications lie 

within the region of each species is similar (Figure 18A).  There is an additional 

segmental duplication in the mouse Xce region that was not detected in my previous 

work in Chapter 2 (labeled Indigo for this work).  This segmental duplication was 

detected because this region is larger than the region used in Chapter 2, to encompass 

more of the known elements for X inactivation.  All of the segmental duplications found 

in Figure 1A were characterized for repeat content and pair partner direction (Table 16).  

Placement for the given color names of the segmental duplications is shown in Figure 

19.  Also in closer examination of the segmental duplications in mouse, we did not 

detect the Orange segmental duplication that was seen in Chapter 2.  This loss of 

segmental duplication is because these segmental duplications are only being discovered 

through Miropeats, where as the segmental duplications in Chapter 2 were detected 

through Miropeats, Dotter plots, and personal examination of the sequences.  To be 

consistent between the species in this analysis, I will only use the exact location output 

given by Miropeats.  Therefore, the mouse Orange segmental duplication will be left off 

and the reason why the sizes of the segmental duplications differ from Chapter 2. 
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Table 16: Repeat contents and pair direction of the segmental duplications in each species 

hg19 Brown 1 Brown 2 
Dark 
Red 2 

Dark 
Red 2 

Black 
1 

Black 
2 

Lavender 
1 

Lavender 
2   

 Inverted Inverted Inverted Inverted   
Size (Kb) 60.4 64.1 45.0 50.3 80.4 80.0 9.5 9.5   
%GC 45% 45% 42% 42% 44% 44% 50% 50%   
SINEs 8% 8% 7% 7% 5% 5% 2% 2%   
LINEs 44% 47% 52% 57% 52% 52% 25% 25%   
LTR 7% 7% 6% 6% 3% 3% 0% 0%   
DNA elements 0% 0% 0% 0% 2% 2% 0% 0%   
unclassified 0% 0% 0% 0% 0% 0% 0% 0%   
total interspersed 
repeats 59% 62% 66% 70% 62% 62% 27% 27%   
           

panTro3 Lime 1 Lime 2  rn4 
Dark 

Grey 1 
Dark 

Grey 2 
Dark 

Purple 1 
Dark 

Purple 1 
Light 
Red 1 

Light 
Red 2 

 Direct   Inverted Direct Inverted 
Size (Kb) 8.0 8.6   1.2 1.2 1.2 1.2 6.9 10.4 
%GC 32% 31%   53% 53% 52% 52% 45% 46% 
SINEs 5% 6%   0% 0% 0% 0% 1% 1% 
LINEs 1% 6%   0% 0% 0% 0% 0% 3% 
LTR 0% 0%   0% 0% 0% 0% 0% 0% 
DNA elements 0% 0%   0% 0% 0% 0% 3% 2% 
unclassified 0% 0%   0% 0% 0% 0% 0% 0% 
total interspersed 
repeats 6% 12%   0% 0% 0% 0% 4% 5% 
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mm9 Grey 1 Grey 2 Blue 1 Blue 2 Green 1 Green 2 Purple 1 Purple 2 Teal 1 Teal 2 
 Inverted Inverted Inverted Inverted Inverted 
Size (Kb) 2.8 2.8 2.6 2.6 17.3 15.8 5.0 5.0 21.2 21.6 
%GC 52% 52% 43% 43% 47% 48% 53% 53% 48% 48% 
SINEs 8% 8% 0% 0% 2% 2% 3% 3% 0% 0% 
LINEs 0% 0% 0% 0% 9% 10% 4% 4% 5% 4% 
LTR 0% 0% 0% 0% 13% 6% 0% 0% 18% 18% 
DNA elements 0% 0% 0% 0% 0% 0% 0% 0% 1% 1% 
unclassified 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
total interspersed repeats 8% 8% 0% 0% 24% 18% 8% 8% 23% 23% 
           
mm9 Red 1 Red 2 Red 3 Red4 Red 5 Indigo 1 Indigo 2    
 Direct Direct Direct Direct Inverted Inverted    
Size (Kb) 12.4 11.9 9.4 5.8 10.9 1.6 1.6    
%GC 46% 46% 47% 45% 48% 51% 51%    
SINEs 10% 10% 1% 1% 0% 9% 9%    
LINEs 1% 1% 0% 4% 2% 0% 0%    
LTR 2% 1% 0% 0% 0% 0% 1%    
DNA elements 0% 0% 0% 0% 0% 0% 0%    
unclassified 0% 0% 0% 0% 0% 0% 0%    
total interspersed repeats 12% 12% 1% 5% 2% 9% 10%    
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CanFam2 
Blue 

Grey 1 
Blue 

Grey 2 Violet 1 Violet 2 Maroon 
1 

Maroon 
2  BosTau6 Sky 

Blue 1 
Sky 

Blue 2 
 Inverted Inverted Direct   Direct 
Size (Kb) 2.6 2.6 4.7 4.7 5.7 5.7   2.6 2.6 
%GC 60% 60% 39% 39% 53% 53%   48% 48% 
SINEs 0% 0% 2% 3% 11% 11%   0% 0% 
LINEs 0% 0% 7% 7% 0% 0%   11% 10% 
LTR 3% 3% 0% 0% 0% 0%   0% 0% 
DNA elements 0% 0% 0% 0% 0% 0%   0% 0% 
unclassified 0% 0% 0% 0% 0% 0%   0% 0% 
total interspersed 
repeats 3% 3% 10% 10% 11% 11%   11% 10% 
           

BosTau6 Tan 1 Tan 2 Hot 
Pink 1 

Hot 
Pink 2 Moss 1 Moss 2 Yellow 

1 
Yellow 

2 Beige 1 Beige 2 

 Direct Inverted Driect Direct Direct 
Size (Kb) 1.1 1.1 1.7 1.7 1.2 1.2 1.1 1.1 1.0 1.0 
%GC 36% 35% 45% 45% 52% 52% 57% 57% 52% 52% 
SINEs 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
LINEs 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
LTR 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
DNA elements 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
unclassified 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
total interspersed 
repeats 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
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loxAfr3 
Gold 

1 
Gold 

2 
Pink 

1 
Pink 

2 
Plum 

1 
Plum 

2 
Olive Green 

1 
Olive Green 

2 
Olive Green 

3 
 Direct Direct Inverted Direct Inverted Direct 
Size (Kb) 3.7 3.7 1.5 1.5 1.1 1.1 6.3 6.2 6.3 
%GC 41% 41% 46% 46% 53% 53% 57% 56% 56% 
SINEs 4% 4% 0% 0% 0% 0% 1% 1% 1% 
LINEs 0% 0% 0% 0% 0% 0% 0% 0% 0% 
LTR 0% 0% 0% 0% 0% 0% 0% 0% 0% 
DNA 
elements 0% 0% 0% 0% 0% 0% 0% 0% 0% 

unclassified 0% 0% 0% 0% 0% 0% 0% 0% 0% 
total 
interspersed 
repeats 

4% 4% 0% 0% 0% 0% 1% 1% 1% 
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Figure 19: Location of color designations for the intra species segmental duplications 

Color designations are used in Table 16 and for the rest of this thesis. 
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Segmental duplications are a common features in all mammalian genomes 

examined for segmental duplications (Bailey and Eichler, 2006; Sharp et al., 2005; She et 

al., 2008).  Segmental duplications account for 4-5% of the human, chimp, mouse, and 

dog genomes (She et al., 2008; She et al., 2004) (Nicholas et al., 2009), whereas the cow 

and rat genomes have a slightly smaller percentage of segmental duplications (3.1% and 

2.9%, respectively), although these numbers may increase as the genome assemblies 

progress (Liu et al., 2009; Tuzun et al., 2004).  

I also looked at the percent identity of the segmental duplications that were seen 

in all the species to their pair partner (Table 17) by using BLAT to compare them to their 

individual genome.  On average the segmental duplications found are at 98% identity to 

their pair partner(s).  The majority of the segmental duplications have very high percent 

identity, the notable exceptions are the mouse Red family of segmental duplications.  

While the percent identity is not below the cut off of 90%, it is interesting that they and 

the other family of repeat, cow Olive Green family of 3 copies, is also lower than most of 

the other segmental duplications. 

From the inter-species Miropeats analysis (Figure 18B), I see little evidence of 

sequence similarity between the segmental duplications from species to species.  To 

further test if the segmental duplications were indeed species-specific, I ran each species 

pair wise in Miropeats at a lower threshold of 100.  This will allow for shorter sequences 

with high percent identity to be detected between the species (Figures 19 and 20). 
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Table 17: Percent identity of the segmental duplications within each species to 
pair partner  

panTro3 Input      
Output 1 2      

Lime 1  99.9%      
Lime 2 99.6%       
        
hg19 Input  loxAfr3 Input 
Output 1 2  Output 1 2 3 
Brown 1  99.9%  Gold 1  100.0%  
Brown 2 99.9%   Gold 2 100.0%   
Dark Red 1  99.8%  Pink 1  99.9%  
Dark Red 2 99.9%   Pink 2 99.9%   
Black 1  99.8%  Plum 1  100.0%  
Black 2 99.9%   Plum 2 100.0%   
Lavender 1  99.6%  Olive Green 1  95.1% 96.4% 
Lavender 2 99.4%   Olive Green 2 95.8%  96.7% 
    Olive Green 3 96.6% 98.6%  
        
rn4 Input  CanFam2 Input  
Output 1 2  Output 1 2  
Dark Grey 1  98.7%  Light Grey 1  100.0%  
Dark Grey 2 98.8%   Light Grey 2 100.0%   
Dark Purple  100%  Violet 1  100.0%  
Dark Purple 99.8%   Violet 2 100.0%   
Light Red 1  99%  Maroon 1  100.0%  
Light Red 2 99%   Maroon 2 100.0%   
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mm9 input  BosTau6 input 
Output 1 2  Output 1 2 
Grey 1   99.90%  Sky Blue1  99.8% 
Grey 2 99.9%   Sky Blue 2 99.8%  
Blue 1   97.4%  Tan 1  97.5% 
Blue 2  97.4%   Tan 2 97.7%  
Green 1   97.1%  Hot Pink 1  99.3% 
Green 2  97.3%   Hot Pink 2 99.3%  
Purple 1   100.0%  Moss 1  98.8% 
Purple 2  100.0%   Moss 2 98.8%  
Teal 1   99.4%  Yellow 1  98% 
Teal 2  99.5%   Yellow 2 98%  
Indigo 1   99.4%  Beige 1  99.0% 
Indigo 2  99.4%   Beige 2 99.0%  

       
mm9 Input  

Output Red 1 Red 2 Red 3 Red 4 Red 5  

Red 1   97.8% 95.1% 93.3% 93.7%  

Red 2  97.5%  94.6% 94.5% 95.0%  
Red 3  94.7% 94.8%  96.2% 94.8%  
Red 4  94.7% 94.9% 90.0%  96.8%  
Red 5  94.5% 94.7% 97.5% 97.6%   

 

In Figure 20 I am showing all of the inter-species matches at a threshold of 100.  

However, since I am interested in sequences that are shared between the segmental 

duplications, in Figure 21 all of the inter-species matches are removed unless they are 

from a segmental duplication.  For both figures the intra-species comparison remained 

at a threshold of 1000.   
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Figure 20: Miropeats  for the Xce region in a pairwise matrix between all of the species 

Miropeats are in a pairwise matrix for all seven species for the Xce region.  The species across the top are always the 
top species in the Miropeats output in that column.  The species along the left side are always the bottom species for that row. 
Miropeats show the horizontal bar as an intra DNA comparison at a threshold of 1000, the cut off to select for segmental 
duplications.  The vertical lines between the horizontal bars represent the inter-species comparison at a threshold of 100.  The 
Miropeats pop out on the felt hand side is a blow up of dog to cow comparison.  
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Figure 21: Miropeats results for the Xce region in a pairwise matrix between all of the species showing only the 
segmental duplication inter chromosomal matches 

Miropeats are in a pairwise matrix for all seven species for the Xce region.  The species across the top are always the 
top species in the Miropeats output in that column.  The species along the left side are always the bottom species for that row.  
Showing the intra-chromosomal along the horizontal lines at a threshold of 1000.  The Miropeats interspecies lines are at a 
threshold of 100 and selected to show only those that hit a segmental duplication in either species.  The insert is close up of 
the comparison of dog to cow of the Xce region.   
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Table 18: Summary of the pairwise matches of the segmental duplication families 

A single match or multiple 
matches within one species None Single Single Double Double Single Both Both 
Match to a segmental 
duplication in difference 
species 

 No Yes No Yes No No Both 

Number of Species 
matched to  1 1 1 1 Multi Multi Multi 

Total number of segmental 
duplication families 5 10 1 3 3 3 2 2 

 

 
 



 

103 

From the Miropeats comparisons at a lower threshold, some interesting patterns 

arose such as the segmental duplication in chimpanzee matches to a single copy location 

in all other species (Figure 21).  This means that the DNA sequence is there in other 

species, yet is it not in a segmental duplication (Figure 21).  In fact, when comparing the 

locations of the segmental duplications and their matches to other species, the vast 

majority of the segmental duplications hit a region that was not in a segmental 

duplication (23 out of 29 families).  It was also interesting to note that most of the 

segmental duplication families matched to either no species or only one other species (22 

out of the 29 families) (Table 18 and 19). 

Table 19: Summary of the number of segmental duplication families to their 
matched sequences at a threshold of 100 

Matched to another 
segmental duplication No Yes  
 23 6  
    
Number of species matched Single Multiple None 
 17 7 5 

 

These segmental duplications were also run through the web version of BLAT off 

of the UCSC browser to see if there were additional copies of the segmental duplications 

outside of this region, there was one segmental duplication with a high copy number (>6 

inter-chromosomal hits) in cow (bosTau Hot Pink family in Tables 16 and 17, Figure 19).  

Also there was a nested repeat set in elephant that was not included in the segmental 

duplication repeatmasker break down (Tables 16 or 17).  To be consistent, this set was 

not included the tables for the inter-species matches either (Tables 18 and 19), but it was 

seen from Figure 20 that it does not have any matches to the other species (Figure 19: 

Elephant light orange box).  Therefore I conclude that the segmental duplications within 
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this region have similar DNA to the orthologous region in other species.  However, the 

copy number change of that piece of DNA is species-specific. 

There is sequence similarity of the segmental duplications to other species  (24 

out of 29) in the orthologus locations, although not consistently in the segmental 

duplications themselves.  Cheng, Z. et al. in comparing the segmental duplications in 

human to chimp had found that 33% of the human segmental duplications are human-

specific (Cheng et al., 2005).  I see about 80% of the segmental duplications are species-

specific but yet we are looking in a very small area when compared to the genome-wide 

test that Cheng et al. did.  Also the comparison here looked between several divergent 

species, which could increase the number of species-specific segmental duplications. 

I observe that the placement or locations of the segmental duplications were 

conserved although the sequence was not.  To see if the Xce region is unique in this 

respect, I looked at two other locations on the X chromosome.  One region near Hprt had 

very few segmental duplications within the region and did not have any conservation 

inter-species when looked with the high threshold of 1000 in Miropeats (Figure 22).  

Therefore the study of this region did not suit our purposes to scan another orthologous 

region to see if the locations of the segmental duplications are consistent.  

The second region that was studied was the region around Xkrx. This region was 

studied using the same approach that was used on the Xce region through Miropeats 

analysis.  In looking at this third region through Miropeats there does seem to be a trend 

that the segmental duplications are in similar regions when compared to different 

species.  This is not unlikely since another group has found that segmental duplications 

are more likely to form within 5Kb of an ancestral segmental duplication (Marques-

Bonet et al., 2009b).  One other region on the X chromosome, around the EMD gene, has 
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been studied in great detail (Caceres et al., 2007).  Caceres et al. saw that there was a 

conservation of segmental duplication placement yet the duplications around the region 

did not always carry the same DNA (Caceres et al., 2007).  Our results combined with 

other studies on segmental duplications suggests that the Xce region is not unique in 

terms of segmental duplications.  The segmental duplications within the Xce region are 

behaving like other regions in the mouse and other species.  Although the segmental 

duplication are not unique in organization, this does not mean that they are no longer a 

candidate for being important for X inactivation.  On the contrary, as discussed in 

chapter 1, for cis-acting elements it is common for them to not be conserved (Weirauch 

and Hughes, 2010).  The segmental duplications have generated different copies of the 

segmental duplications per species, which in turn can generate more variants within this 

region (Simpson et al., 2010).   

 

 

Figure 22: The intra-species segmental duplications within the region around 
Hprt 
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Figure 23: The segmental duplications within the region around Xkrx on the X 
chromosome  

A. is the Intra-species Miropeats at a threshold of 1000. 

B. Inter-species Miropeats, showing the highly conserved sequences between 
species. The segmental duplications founding A. are not highly conserved. 
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Lastly we looked to see if there was some evidence for concerted evolution 

between the segmental duplications.  One study has stated that <10% of the two copy 

segmental duplications genome-wide had evidence for conversion between human and 

chimp(Cheng et al., 2005), which is very different than the arms of the Y chromosome 

where concerted evolution is believed to be abundant (Cheng et al., 2005; Rozen et al., 

2003).  Caceres et al. saw that there were signatures of a duplication gene conversion in 

their region around EMD on the X chromosome in many species (Caceres et al., 2007). 

As an increase in GC content has been used previously to indicate a potential for 

concerted evolution (Caceres et al., 2007; Galtier, 2003), I looked at the GC content of the 

segmental duplications relative to the Xce region at large.  I saw that about half of the 

segmental duplications (14 out of 29 pairs) had a GC content of 15% greater than the Xce 

region as a whole (Table 17).  Yet, it is interesting to note that there were several other 

segmental duplications that had a higher percent identity and yet had a lower GC 

content and strikingly the one segmental duplication in chimpanzee had a 23% lower 

GC content than the larger region.  We cannot rule out that these segmental duplications 

are newer and have not built up their GC content through gene conversion.  Although 

these results are intriguing, more testing would need to be done to claim concerted 

evolution for the segmental duplications.  

Table 20: GC Content of the segmental duplications above the region average  

 Human Chimp Mouse Rat Dog Cow Elephant 
Pairs of segmental 
duplications 4 1 7 3 3 6 5 
Segmental duplications 
with a GC % >15% than 
the region average 

1 0 3 2 2 4 2 
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3.2.3 Refined mapping of the human XIC 

The human XIC was previously defined by the boundaries of three rearranged 

human X chromosomes (Brown et al., 1991b; Lafreniere et al., 1993; Leppig et al., 1993) 

(Figure 24).  Analysis of mouse-human somatic cell hybrid cell lines containing these 

chromosomes defined a minimum region that was essential for X chromosome 

inactivation to occur, where reciprocal translocations between the X and chromosome 14 

define the proximal boundary of the XIC and a duplication/deletion X defines the distal 

boundary.  The size of this region was estimated to be between ~600 Kb and ~1200 Kb 

(based on hg19 coordinates), with the uncertainty reflecting the availability of DNA 

markers used in the early 1990’s, prior to the completion of the Human Genome Project 

(Lafreniere et al., 1993).  

To resolve this uncertainty now that the complete X chromosome sequence is 

available, I created additional PCR primers along the X chromosome to assay the 

boundaries of these rearranged chromosomes for the presence or absence of a PCR 

product (Table 17).  These PCR assays further refined the XIC region to between 827 Kb 

and 843 Kb, with a boundary region of 11.7 Kb at the proximal end and 3.3 Kb at the 

distal end (Figures 25 and 26).  This region extends ~480 Kb from the 3’ end of XIST to 

~330 Kb from the 5’ end of XIST and includes the genes CDX4, LOC139201, CHIC1, 

TSIX, JPX (NCRNA00183/ENOX) and the 3’ end of FTX (AK311345/MIR374AHG).  

Notable exclusions are NAP1L2, ZCCHC13, XPCT (SLC16A2), and RNF12 (RLIM), where 

RNF12 has been suggested as a trans activator of Xist (Barakat et al., 2011; Jonkers et al., 

2009).  Also the murine orthologue of XPCT has been suggested as one of the two 

locations on the X chromosome that have been seen to pair with the homologous X 

chromosome just prior to the initiation of X inactivation (discussed in Chapter 1 sections 
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1.1.2.1 and 1.1.2.2) (Augui et al., 2007; Bacher et al., 2006).  The ability of these rearranged 

chromosomes to undergo X chromosome inactivation suggests that the sequences and 

elements necessary for X chromosome inactivation lies within this more defined region.  

The actual human XIC may, of course, be much smaller than this, but further refinement 

will require the description of patients carrying other rearranged or deleted X 

chromosomes with breakpoints within the currently defined candidate interval.  

In comparing the refined human XIC region to the orthologous region on the 

mouse X chromosome, I find several differences.  The human XIC region now excludes 

XPCT and RNF12 (RLIM), while the orthologous region in mouse contains the X pairing 

region (near Xpct), one of the two colocalization regions on the murine X, and Rnf12, an 

activator for inactivation (Figure 27) (Augui et al., 2007; Bacher et al., 2006; Jonkers et al., 

2009; Xu et al., 2006).  Because of the limitations of studying events in early human 

embryonic development, there are elements known from studies of mouse X 

inactivation that lack known human counterparts.  For example, X chromosome pairing 

and colocalization at the time of initiation of X inactivation (see Chapter 1) has not been 

studied in humans nor has a human Xite or DXPas34 been found (Chureau et al., 2002; 

Horvath et al., 2011).  The DNA for the murine gene Tsx (see Figure 27) is present in 

human but appears to be a non-expressed pseudogene and is not well conserved in 

other primates (Chureau et al., 2002; Horvath et al., 2011). 
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Figure 24: Schematic of rearranged X chromosomes in hybrid cell lines 

Hybrid cell lines W4-1A and t4-1a az-1 were generated from a balanced 
translocation with chromosome 14.  tSA70-D1-34az1f has a duplicated Xp arm [Xpter → 
Xp11.4] attached to the deleted Xq arm.  The inferred location of the XIC is shown by the 
horizontal diamond bar through Xq13.2. 

 

Table 21: Human XIC breakpoints 

PCR Location  
(Mb hg19) 

W4-
1A 

t4-1a 
az-1 

tSA70 
D1-

34az 1f 
Distances 

(Kb) 

429.430 72.563062 72.563234 - + +  
439.440 72.574942 72.575178 + - + 

11.7 

421.422 73.402469 73.402599 + - + 827.7 

435.436 73.405903 73.406084 + - - 
3.3  

842.7 
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Figure 25: Refinement of the human candidate XIC region 

A) Brackets show distances in kilobases below the XIC schematic and the PCR 
primers are noted above.  Below is a schematic of the rearranged chromosomes. The 
diamond bars indicate X chromosome included regions verified by PCR screening, the 
gray regions denote regions not screened due to lack of PCR primers, the diagonal 
region shows chromosome 14, and the hatched region is Xp11.4.   Positive and negative 
PCR results are shown by + and – signs on the chromosomes.   

B) Gel images of the PCR assays corresponding to the boundaries that were 
found from the screen 
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Figure 26: Refined human candidate XIC region 

Schematic of the region flanking the human XIST and TSIX loci, genes are 
indicated with transcriptional direction denoted by arrows.  Diamond bar indicates the 
refined candidate XIC region, with the small gray caps at the end denoting the regions of 
uncertainty.  This region on the human genome assembly (hg19) is from 72.400000 Mb to 
73.800000 Mb.  Brackets show distances in kilobases below. 

 

Figure 27: Comparison of refined human XIC Region to orthologous region in 
Mouse 

Region around the human XIST and TSIX loci, as shown in figure 5.  Syntenic 
region from the human X chromosome to the mouse X chromosome is shown by the 
dotted lines. Red bars labeled as Xpr and the pairing area above the mouse region 
denote the regions described previously in mouse to co-localize between the X 
chromosomes prior to induction of X inactivation (Xite/Tsix pairing and Xpr).  The 
mouse region corresponds to 100.500000 to 101.020000 Mb (mm9). 
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3.3 Discussion 

3.3.1 Comparison of the Xce in placental mammals 

Since we found copy number differences of the segmental duplications between 

different strains of mice (Chapter 2), the segmental duplications might be playing a 

unique role in X inactivation.  In the first part of this chapter, I have looked at the mouse 

Xce region and its orthologous counterparts in various placental mammals to determine 

if the position and sequence of segmental duplications was a consistent feature of the 

region in mammals with random X inactivation.  We were interested to see if segmental 

duplications in mouse were somehow unique to the Xce region.  In comparing the 

mouse Xce region to six other species, I have found that there are segmental duplications 

in similar positions (near Phka1 to Cdx4, and near Ogt) in six of the seven placental 

mammals studied.  The large segmental duplication found near PHKA1 in human has 

been previous identified by others looking at the XIC region (Lafreniere et al., 1993) or at 

the inverted segmental duplications on the X chromosome (Warburton et al., 2004).  

Finally, while there is some inter-species sequence similarity, sequence similarity 

between the segmental duplications is not common.  I have found that there are 23 

segmental duplication families that do not have a match to another segmental 

duplication in another species.  

Previous genome-wide studies have shown that chimp and human do share 66% 

of the autosomal segmental duplication sequences, yet 33% of this shared sequence is 

only duplicated in human (Cheng et al., 2005).  This is in line with what we saw within 

the Xce region where 18 of the segmental duplications had another hit in at least one 

other species, yet it matched in only one location that was not within a segmental 
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duplication.  The pattern of having some sequence similarity between the segmental 

duplications of an orthologous location has been tested before (Caceres et al., 2007) 

where they see a pattern where there are several species specific sequences in the 

segmental duplications, there is also some that are seen in multiple species.  Therefore, 

while there is sequence similarity of the duplicated sequences to another genome, the 

specific sequences that are in the segmental duplications might vary between the 

species. 

In questioning if having a conserved (to elephant) pattern of segmental 

duplication locations was unusual, we looked at two more regions on the X chromosome 

and compared their location pattern of segmental duplications.  One region lacked 

having segmental duplications and was therefore uninformative to this study. In the 

third region, near Xkrx, we also found that it had a conserved pattern of segmental 

duplications (Figure 23).  While the Xce does not seem to have anything unique about 

the segmental duplications, more work needs to be done on a genome wide 

comprehensive study of how conserved are the locations of the segmental duplications.   

This region in the middle of the Xce region is capable of creating segmental duplications 

in various species.  Therefore this region is volatile for segmental duplications, which 

can increase the amount of variation within the region by copy number variation but 

also with an increase of heterozygous SNPs (Simpson et al., 2010). 

 

3.3.2 Refinement of the human XIC 

In the second part of this study, I used patient samples to reassess the boundaries 

of the XIC region in humans, in order to refine the candidate interval that contains the 

necessary genomic element(s) for X inactivation.  Through PCR assays, I refined the 
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human XIC to an ~840 Kb region (Figure 26).  While comparisons between the mouse 

and human Xic/XIC regions are straightforward at a genomic level (Figure 27), their 

functional and developmental context highlights the significant differences between 

what is known about mouse and human X inactivation.  

The abnormal X chromosomes used to map the human XIC region were 

identified due to clinical presentations in live-born individuals; thus, the chromosomal 

abnormalities were selected for their ability to induce X inactivation in cis.  Any 

potential deletion or rearrangement of the X that would prevent X inactivation would 

never be detected in humans, because they would presumably be incompatible with life.  

This is in stark contrast to the study of mouse X inactivation, in which one can score 

embryonic lethality as a phenotype.  

In addition, since the human X chromosomes were from live-born propositi, they 

were obtained well after the original X chromosome inactivation had occurred.  These 

patients showed a complete skewing of the X inactivation (Allderdice et al., 1978; 

Pettigrew et al., 1991), but this result does not necessarily indicate a lack of choice since 

it is unknown if the skewing is due to the original choice of X chromosome inactivation 

or of secondary skewing due to cell fitness ((Plenge et al., 2002) and reviewed in 

(Belmont, 1996)).  Lastly, the X chromosomes in these patients were never tested for the 

ability to co-localize at the time of initiation.  These are, of course, inherent limitations of 

using patient-derived material. 

Thus, this refined XIC could be interpreted as the candidate interval for the 

minimal region necessary to undergo human random X chromosome inactivation, but it 

is not clear if this region is sufficient for all steps in X inactivation, as outlined in Chapter 

1.  Although cell line studies in humans have their limitations, this is currently the best 
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assessment one can provide in humans until and unless it becomes possible to 

manipulate human female embryonic or pluripotent stem cells in ways that are 

currently possible with murine ES cells (see Chapter 4).  This refinement based on 

human cell line analyses is the best estimate of the human XIC interval to date and 

provides a means for follow-up studies of genes and regions critical for the process of 

human X inactivation. 

 

3.4 Materials and Methods 

3.4.1 Computational 

For these analyses, I used the “essentially complete” mouse genome mm9 

assembly released in 2007, the “finished” human genome hg19 assembly released in 

2009, the 6x chimpanzee genome pantro3 assembly released in 2010, the 3x rat genome 

rn4 assembly released in 2004, the 7.6x dog genome canfam2 assembly released in 2005, 

the 9.5x cow genome bostau6 assembly released in 2009, and the 7x elephant genome 

loxafr3 assembly released in 2009.  DNA sequences were downloaded from the UCSC 

browser http://genome.ucsc.edu/.  Coordinates for the genomic DNA sequences used 

for each species are listed in Table 22.  It should be noted that both the cow and the 

elephant sequences for the Xce region and the elephant for Xkrx region were used in the 

reverse complement orientation for use in these studies, all other sequences used for 

these regions were used in the forward orientation.  

The online UCSC BLAT Search Genome was used on the DNA of the segmental 

duplications found in the Xce region to search for sequence matches within their own 

genome and to the other species genomes (http://genome.ucsc.edu/cgi-

bin/hgBlat?command=start) 
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Table 22: Listing of species specific genomic region coordinates for the three regions studied (in Mb) 

 Xce (Ogt - Xpct) region Hprt region Xkrx region 
assembly Chr. start end Chr start end Chr. start end 
hg19 X 70.460000 73.760000 X 131.750000 133.665000 X 101.600000 101.940000 
pantro3 X 70.964391 74.271478 X 133.240000 135.200000 X 101.250000 103.190000 
mm9 X 98.600000 101.000000 X 48.700000 50.400000 X 130.680000 132.350000 
rn4 X 89.476908 91.807414 X 138.250000 139.980000 X 121.600000 123.150000 
canFam2 X 58.515071 60.743551 X 106.570000 108.230000 X 77.920000 79.500000 
bostau6 X 81.743557 84.703648 X 16.370000 18.160000 X 54.850000 56.630000 
loxAfr3 Scaffold 24 27.096986 31.080986 Scaffold 100 2.470000 4.450000 Scaffold 130 0.570000 2.313108 

 

Table 23: Primer Sequences 

Primer  Sequence 5’ to 3’ Size  
429 TAAGCAATAGTGTGGCCTGTTG 
430 CCTGACTTCAAAGAGGATTTGG  

430 bp  

439 TCAGGTAACCATCATAATTCTCTGT  
440 TTACAACAGTCTTGAGTACCCACAT  

237 bp  

421 CCCTAACTCTTTGAGACTGATGC  
422 GAAAACAAGACTGCCACACATC  422 bp  

435 AAGAAGAGGAGAAACGTAGCTCTG  
436 GAACTCCTGTTTAGGAGTCTCCAC  

182 bp  

106 GGTAGGTACCAACAGAGTCCTAATC  
107 ACACCCTGGTTACAGTGAAGAATG  909 bp  
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Version 3.2.8 of repeatmasker was used with the repbase update 20110419 (Smit, 

AFA., Hubley, R. & Green, P. RepeatMasker Open-3.0. 1996-2010 http://www. 

repeatmasker.org).  As stated in the Results section (3.2.2.), each species was masked 

with their own species specific repeat databases labeled as follows: homo sapiens, pan, 

mus musculus, rattus, canis lupus familiaris, bos taurus, elephantidae), and all were run 

on sensitive mode.  Miropeats version 2.1 was used (Parsons, 1995) with varying 

thresholds (100, 500, 1000).  Threshold is a user-set limit, where the matched bases minus 

the mismatched bases must be greater than.  Therefore, the minimum region that can be 

identified with a threshold of 1000 is 1 Kb.  

 

3.4.2 Hybrid Cell Lines 

The translocation between chromosomes X and 14 [t(X;14)] was previously 

described as t(X;14)(Xpter→Xq13::14q32→14qter;14pter→14q32::Xq13→Xqter) 

(Allderdice et al., 1978).  The translocation was generated in the mother and passed 

down to the proband.  The 14pter→14q32::Xq13→Xqter chromosome was late-

replicating in the proband, suggesting that it was inactivated (Allderdice et al., 1978).  

The Xpter→Xq13::14q32→14qter chromosome was not inactivated in either the mother 

or the proband (Figure 17).  Hybrids W4-1a and t4-1a-az1 were created from this X;14 

translocation previously (Willard and Riordan, 1985) (Lafreniere et al., 1991).  

Cell line tSA70-D1-34az1f was created with the rea(X) chromosome [(Xpter → 

p11.4::q13 → pter)] from a patient with a 46,X,rea(X) karyotype (Figure 17), in whom the 

abnormal X was seen as the only late-replicating X chromosome, indicating it as the Xi 

(Lafreniere et al., 1993; Leppig et al., 1993).  All cell lines were propagated under typical 
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cell culture conditions (Valley et al., 2006).  Cells were grown in alpha-MEM (cellgro), 

supplemented with 10% FBS (Hyclone) and 0.1 mg/ml penicillin and streptomycin.   

For all studies, DNA from these cell lines was extracted using a Qiagen 

(Valencia, CA) Puregene Cell Kit cat# 158767 using the manufacturer's recommended 

protocol.  

 

3.4.3 PCR  

Sequences of newly designed primers are listed in Table 23; all others used in this 

study were previously described (Lafreniere et al., 1993).  PCRs, when possible, were 

multiplexed with a primer set (106.107) that amplified from both mouse and hamster X 

chromosomes but not human, in order to ensure that there was DNA in all PCR 

samples.  The final concentrations for the PCR mix was: 10ng of DNA, 0.1U Taq, 1.5mM 

of MgCl2, 1X of buffer (20 mM Tris-HCl (pH 8.4) and 50mM KCl), 50µM of each dNTP 

and 0.4µM of each primer.  Taq polymerase, MgCl2 and Buffer were from Invitrogen 

(Carlsbad, CA) cat# 18038-018; dNTPs from Genesee Scientific (San Diego, CA) cat# 42-

406; primers ordered from Operon (Huntsville, AL) or IDT (Coralville, IA) with 

standard desalting.  I used an MJ Thermocycler, model PTC-100 for all amplification 

reactions with an initial denaturation step at 94°C for 2 min, followed by 35 cycles of 

(94°C for 10 sec, 60°C for 30 sec, 72°C for 2.5min), and a final extension at 72°C for 10 

min. 
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4. Conclusions and future work 
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4.1 Summary 
Even after 45 years of research, the exact nature of the Xce has yet to be 

determined.  This thesis aimed to provide a comprehensive analysis of the Xce candidate 

region previously identified (Chadwick et al., 2006).  I have studied the Xce effect using a 

comparative genomics approach, both among different strains of mice and among 

different species to explore genomic features that suggest candidates for the Xce.  

In Chapter 2, comparing the Xce region among strains of mice carrying different 

Xce alleles, I identified several different variants correlating with specific Xce alleles. A 

total of 85 such SNPs were identified, along with 11 small indels (<100bp) and two 

larger structural variants.  Most strikingly, I found copy number differences among the 

large segmental duplications found within this region.  While the last did not correlate 

with Xce alleles directly, it raises questions about the copy number stability of these 

segmental duplications among strains of mice and highlights the unusual nature of this 

region of the X chromosome, consistent with the hypothesis raised previously 

(Chadwick et al., 2006).  

Secondly, in work presented in Chapter 3, the segmental duplications within the 

mouse Xce candidate region were compared to the orthologous region in six other 

placental mammals.  I discovered that the patterns of segmental duplications were 

positionally conserved, although for the majority of the segmental duplications the 

sequence itself was not.  As discussed in chapter 1, for cis-acting elements it is common 

for them to not be conserved (Weirauch and Hughes, 2010).  The segmental duplications 

have generated different copies of the segmental duplications per species, which in turn 

can generate more variants within this region (Simpson et al., 2010) and perhaps a 

species-specific function (Bailey and Eichler, 2006).  
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As discussed in Chapter 2, the work here was performed with the underlying 

assumption, consistent with all previous mapping data, that there is one locus for Xce on 

the mouse X chromosome (Figure 28A).  Yet, it is possible that, in the context of this 

overall locus, there is more than one location at which variants might control the choice 

of X inactivation (Figure 28B).  We made the assumption that all of these Xce mice with 

the same Xce allele (genotyped only ‘virtually’ by measuring the X inactivation skewing 

phenotype) (Cattanach, 1972; Johnston and Cattanach, 1981; West and Chapman, 1978) 

would have the same underlying variant.  It could turn out that there are multiple 

locations that all have the same effect on choice of X inactivation, or that there are 

multiple sites and having some combination of the sites leads to certain level of skewing.  

Under this model, the Xcea strains and the Xceb strains might have a different number of 

such sites, some of which have a greater effect and/or are epistatic to the others.  If this 

is true, then it is also possible that the mice generated by Chadwick et al. could create the 

skewed phenotype yet are missing some of the other sites (Chadwick et al., 2006) (Figure 

28C).  

 

4.2 Future Studies 

4.2.1 Functional testing of Xce variants 

In this thesis, the Xce candidate region has been examined and compared both 

among different strains of mice and among a variety of other species.  Within this region 

I found several intriguing elements that correlate with known Xce alleles.  To conclude 

that any of these regions is important to choice of X inactivation, functional testing 

should be completed with either mice or with mouse ES cells.  This could be done in 

several ways: 1) more mice can be crossed to generate a possible recombination within 
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the Xce region; 2) more mice with different SNPs or copy number variants could be 

tested for Xce alleles therefore allowing an elimination of the possible variants this way; 

3) variations could be made in ES cells and allow the cells to differentiate and go 

through X inactivation and test for X chromosome inactivation skewing in cell culture. 

Crossing more mice to search for a recombination(s) within the Xce candidate 

region seems less than promising, since ~650 mice have been generated so far and none 

have a recombination within this region (Chadwick et al., 2006).  To pursue this line of 

experiments further, different strains of mice with known Xce alleles could be mated, 

then new crossovers might be generated and be able to limit the Xce region.  For 

example it is possible, that the mouse SEG (Xcec), which was derived from a wild mouse, 

could be lacking the repressiveness for recombination within the Xce candidate region.  

If this mouse is mated to the tester mice of B6 and BALB/cByJ it could possibly generate 

new crossovers in the recombination cold spot that was found in the middle of the Xce 

region (Avner et al., 1998; Chadwick et al., 2006).  Another possibility is that since both 

B6 and BALB/cByJ had a lack of recombination to CAST within in this region, they 

might be able to recombine when mated to each other.  Although crossing Xcea mouse to 

an Xceb mouse will result in an X inactivation phenotype that will not be as drastic as 

when either are mated to an Xcec mouse.  These line of experiments seems to be 

redundant since an Xce candidate region has already been defined and possible variants 

(Chapter 2) have been identified; therefore it would seem more promising to perform 

functional work on the candidate variants found here.  
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Figure 28: Models for possible differences in Xce sites 

A. Single site model with the different Xce alleles have different variants of 
the one site. 

B. Multiple site model, where the number of sites varies per Xce allele and 
may have different strength of affect on the Xce phenotype. 

C. Multiple site model, where the number of sites varies per Xce allele. 
Different combinations could affect Xce alleles and therefore not all might be in the Xce 
candidate region.  
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Other experimental options would be to find additional strains of mice that 

already have variants identified in this work and test these mice for Xce alleles. Testing 

these mice for their Xce strength will not only increase the number of mice with known 

Xce alleles but would also increase the number of mice to limit the differences between 

the alleles.  The more divergent the mice to be Xce allele tested, then more variants 

would be able to be categorized.  For example the M. spretus strain of mouse 

(SPRET/EiJ) has been posited to carry an Xced allele (Ashworth et al., 1991; Cattanach 

and Rasberry, 1991), yet even Cattanach had stated that more testing should be done on 

this strain.  While I did not include it within this thesis, it is a highly divergent strain 

(Petkov et al., 2004) that was also sequenced by the Mouse Genomes Project (Keane et 

al., 2011; Yalcin et al., 2011).  Further study of this mouse, combined with the available 

sequence data, could aid in the analysis of variants.  Also the mouse AKR/J strain, 

which I also did not include in these studies due to uncertainty about the Xce level 

(Plenge et al., 2000), seems worthy of additional attention, based on my observation the 

SNPs and variants of this mouse align more closely to Xceb mice, rather than Xcea or Xcec 

mice.  Therefore if the AKR/J mouse was more thoroughly tested for Xce alleles it would 

mean having a larger sample size for our Xceb mice, and possibly we could rule out some 

of the variants found in Chapter 2.  The Mouse Genomes Project sequenced 17 strains of 

mice, only 8 of which have known Xce alleles; thus, there are 9 more strains of mice have 

data on them that could be utilized if their Xce allele(s) were known (Keane et al., 2011; 

Yalcin et al., 2011).  This would be one way to test new mice and to further explore the 

variants found in Chapter 2. 

ES cells have been used as a model system for X inactivation by allowing the cells 

to differentiate and go through X inactivation (Evans and Kaufman, 1981; Martin and 
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Evans, 1975; Rastan and Robertson, 1985).  Also, inactivation patterns related to Xce 

skewing have been assayed in mice (Chadwick et al., 2006; Percec et al., 2002; Plenge et 

al., 2000; Shibata and Lee, 2004) and ES cells previously (Lee and Lu, 1999; Shibata and 

Lee, 2004)).  Manipulation of ES cells is easier then generating mice, also it is easier to 

test several million cells for X inactivation ratios than to test the number of mice to get 

the same number of cells through X inactivation.  

As discussed in Chapter 1 (section 1.1), there is estimated to be only 8-67 cells in 

the ICM when the cells of females undergo X inactivation (Amos-Landgraf et al., 2006; 

Cattanach and Isaacson, 1967; Krietsch et al., 1986); therefore it would be simpler to test 

a large number of ES cells then to test additional live mice (not even taking into account 

the amount of time it takes to generate the mice).  Therefore, F1 ES cells could be 

manipulated either through deletion, or homologous recombination with manipulated 

BACs to contain the different variants implicated in Chapter 2.  The engineered ES cells 

could be allowed to differentiate and skewing of X inactivation could be tested.  The 

modified X chromosomes will undergo X inactivation and the resulting X inactivation 

ratio could be tested by expression assays.  To test any of the Xce variants in general and 

the actual position of the Xce, one would look for a change in inactivation skewing, 

which could increase (become more skewed), decrease (go back towards random), or 

reverse (the opposite of the original Xce test type). 

For example, deleting one of the extra copies of the segmental duplications in an 

ES cell such that it would match the copy number of segmental duplications of a 

different Xce allele could test the impact, if any, of the large segmental duplications on X 

inactivation skewing.  A deletion of the additional Orange or Green segmental 

duplications on the CAST/EiJ X chromosome of an F1 ES cell line of 129 (Xcea)/CAST 
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(Xcec), which has been used previously (Lee and Lu, 1999), could generate an affect on 

the X inactivation ratio when the cell differentiates and proceeds through X inactivation.  

It would be more difficult to generate an extra copy of the segmental duplication 

through a transgene in a male line, though an additional copy could be placed near the 

endogenous segmental duplication in a similar way that the deletion could be generated.  

Another possibility is to use the F1 ES cells and force recombination between the 

X chromosomes to narrow down the functional Xce region.  An interchromosomal 

exchange of the larger 1.82 Mb Xce region could be generated by inserting loxP sites on 

both X chromosomes of a 129/CAST ES cell line and forcing recombination by the 

introduction of Cre recombinase.  A 129/CAST F1 hybrid has on average a skewed Xi 

pattern of 75:25 (Lee and Lu, 1999; Plenge et al., 2000).  Placing loxP sites in the same 

direction at the most proximal end of the 1.82 Mb region should swap the Xce locus to 

the opposite chromosome. Assaying Pctk and Idh3g, which are more proximal and have 

used previously to test for X inactivation ratios (Chadwick et al., 2006; Chadwick and 

Willard, 2005; Percec et al., 2003; Plenge et al., 2000) (Figure 29), should show that the 

CAST Pctk and Idh3g alleles have a higher X inactivation pattern than normally seen 

with a 129 allele in a normal F1 cell line.  Likewise the 129 alleles of these genes should 

have a lower X inactivation pattern seen with CAST alleles of a normal F1 cell line 

(assays developed in (Chadwick et al., 2006; Plenge et al., 2000)).  Genes distal to the 

recombination site, such as Pgk-1 (Figure 29), should show the normal patterns of X 

inactivation for a F1 cell line because they moved to the alternate chromosome with the 

Xce region, assay used in (Percec et al., 2002).  Placing the loxP sites in the same direction 

at the most distal end of the 1.82 Mb candidate region should not move the Xce locus. 

When Pctk and Idh3g are assayed for expression after inactivation, the X inactivation 
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ratio between the different alleles should stay the same as the un-manipulated F1 levels.  

The genes distal to the loxP sites, which have been relocated onto the other X 

chromosome, should have a reversal of the expected skewed X inactivation ratio of an F1 

129/CAST of 25:75.  

 

Figure 29: The location of genes to test for X inactivation ratios in relation to 
the Xce 

These forced recombinations between the X chromosomes would allow the X 

chromosome to be tested with multiple sites at one time and would get around the need 

for having very large transgenes or to do a single site mutagenesis at a time.  Several 

different cell lines could be generated, with different locations for the recombination on 

the X chromosome.  Allowing the ES cells to go through differentiations and monitoring 

the X inactivation ratio at two locations both proximal and distal to the break point will 

functionally test each section of X chromosome by monitoring changes between the 

expected skewed X inactivation ratio and the resulting ratio.  

 

4.2.2 Positional testing of segmental duplications 

An unusual pattern of segmental duplications was found within the Xce region 

(Chapters 2 and 3).  The positions of these segmental duplications were conserved 
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through several species dating back 105 MYA  (Bininda-Emonds et al., 2007; Delgado et 

al., 2009). By comparing this region to two other regions on the X chromosome, I showed 

that having a conserved position for segmental duplications is not uncommon ((Caceres 

et al., 2007) and data shown in Chapter 3), which would be consistent with the idea that 

segmental duplications occur within hotspots and can recur nearby other segmental 

duplications (reviewed by (Bailey and Eichler, 2006)).   

Several studies have discussed conservation of segmental duplications (Cheng et 

al., 2005; Marques-Bonet et al., 2009b).  Cheng et al. found that 95% of segmental 

duplications in chimpanzee are duplicated in humans, whereas 68% of the segmental 

duplications in humans are duplicated in chimpanzee.  They also discuss evidence that 

indicates that there has been an increase in segmental duplications in humans after the 

last common ancestor (LCA) to chimpanzee rather than a loss of segmental duplications 

in chimpanzee (Cheng et al., 2005). Marques-Bonet et al. (Marques-Bonet et al., 2009b) 

looked at segmental duplications in the macaque, orang-utan, gorilla, bonobo, 

chimpanzee and human genomes and found that newer segmental duplications usually 

arise in proximity to ancestral ones.   

Yet, to date, few studies have combined the study of position and sequence 

conservation of segmental duplications, as I have performed in this thesis. Caceres et al. 

looked at a location on the X chromosome and compared the segmental duplications 

between several different species.  They have found evidence of the region having some 

conserved segmental duplications and some species-specific duplications all within the 

same region  (Caceres et al., 2007).  As seen previously with low copy repeats (LCRs, 

which have lower percent identify than segmental duplications), they were seen to also 

generate multiple copy variants within one region in several different species as distant 
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as 80 MYA (Stankiewicz et al., 2004).  Further analysis needs to compare not only 

segmental duplications between multiple species, but also their locations and what other 

sequences might be around them.  These are obviously regions with a high amount of 

variability both with copy number and variation of the sequences within the segmental 

duplications (Caceres et al., 2007; Marques-Bonet et al., 2009b).  It has been posited that 

these segmental duplications would make some species-specific differences, especially 

since some segmental duplication can contain genes or transcription factor binding sites 

(reviewed in (Marques-Bonet et al., 2009a)).  This could allow the new copies to increase 

expression, become a pseudo-gene, or gain a new function (Bailey and Eichler, 2006).  

An alternative and more plausible hypothesis regarding the potential effect of the 

segmental duplications is that changes in copy number could move either the genes 

nearer to regulatory elements or regulatory elements closer to the genes they effect in cis 

(Blekhman et al., 2009).  Also when there are additional copies of the segmental 

duplications, there could also be an increase of these genes or transcription factor 

binding sites.  These studies could help in further knowledge of species-specific 

differences. 

 

4.2.3 Future testing for Xi ratios in humans  

Finally, as discussed a section 4.2.3, there are already some differences in TSIX, a 

the major player of murine X inactivation, between humans and mice.  More work needs 

to be done on the early stages of X inactivation in human.  It was previously difficult to 

study human X inactivation since ES cell have just become available for public funding 

and most of these human ES already have gone through X inactivation (Dvash et al., 

2010; Liu and Sun, 2009).  Induced pluripotent stem cells so far seem to have the same 
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properties as ES cells and can be induced to go through X inactivation (Hanna et al., 

2010).  Perhaps with work on human cells, the study of the early stages of human X 

inactivation will move forward.  This would allow questions about what elements of X 

inactivation are conserved or distinct between human and mouse to be answered.  

 

4.3 Conclusions  
Since the skewing phenotype was first witnessed in mice with an X; autosome 

translocation in Bruce Cattanach’s lab in 1965 (Cattanach and Isaacson, 1965), many 

studies (cited in this thesis) have strived to find the location and the function of the Xce 

locus.  The work described in this thesis has pointed to a number of genomic variants 

that could help direct and facilitate future experiments.  Hopefully, with this work and 

will allow for true elucidation of the Xce before another 45 years pass. 
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