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ABSTRACT 
X chromosome inactivation (XCI), the mammalian form of dosage compensation, is a canonical 

example of epigenetic regulation and involves the transcriptional repression of nearly an entire 

chromosome (Xi) while preserving the transcriptional activity of its homologue (Xa) in females. 

Since the initial report describing a dense nuclear cytological feature in female feline neurons 

and Mary Lyon’s subsequent hypothesis of random X chromosome inactivation as a means of 

compensating for the lack of two X chromosomes in males, XCI has yielded decades of insights 

into the mechanisms of epigenetic regulation. This dissertation focuses on the three-dimensional 

organization of the Xi and the functional potential of large tandem repeats. The large X-linked 

tandem repeat, DXZ4, adopts a euchromatic conformation on the Xi in contrast to the largely 

heterochromatic chromosome and is able to form CTCF-dependent interactions with other 

euchromatic repeats exclusively on inactive X chromosome in females. We demonstrate here 

that DXZ4 has a critical role in maintaining the three-dimensional organization of the Xi as well 

as the separation of multi-megabase domains containing different types of heterochromatin. 

While characterizing the genomic interval of DXZ4, we uncovered transcriptional activity 

corresponding to two novel, long non-coding RNAs (lncRNAs) which originate on opposite 

sides of the DXZ4 and are transcribed antisense to one another. Both of these lncRNAs traverse 

the array in human embryonic stem cells (hESCs). Developmentally associated transcription 

suggests a potential connection between their transcription activity and maintenance of a 

heterochromatic DXZ4 on the Xa and male X prior to differentiation. Mouse and human 

genomes largely share the same gene content in accordance with Ohno’s law; however, the 

mouse genome has undergone rearrangements involving large syntenic blocks and has acquired 

several multi-megabase, lineage-specific regions of repetitive DNA that are absent in human. To 

further our understanding of the mouse inactive X chromosome and highlight another difference 

between human and mouse XCI, we characterized an approximately 20-Mb repeat that, similar 

to DXZ4, displays marks of euchromatin on the Xi and conversely displays marks of 

heterochromatin on the Xa. Overall, this work gives new insight into the function and epigenetic 

regulation of macrosatellites as well as the relationship between higher-order chromatin 

organization and heterochromatin maintenance of the Xi. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 Dissertation Overview 

 
Each of the substantive chapters within this dissertation represents a portion of previously 

published work. These chapters are separated into the following sections: introduction, results, 

discussion, methods, and figures and tables. All genomic coordinates given are from either 

human genome build 19 (Consortium 2001) or the mouse genome build mm9 (Waterston et al. 

2002). Chapter one introduces X chromosome inactivation, higher-order organization of 

chromatin, and the X-linked macrosatellite DXZ4. Chapter two describes the consequences of 

deleting DXZ4 from the inactive X chromosome (Xi) in humans which include changes to 

heterochromatin distribution and disruption of three-dimensional organization (Darrow et al. 

2016). Chapter three describes and characterizes two novel long non-coding RNAs, DANT1 and 

DANT2, which are transcribed across the DXZ4 array and may play a role in maintaining the 

euchromatic state of DXZ4 in hESCs (Figueroa et al. 2015). Chapter four shifts away from 

DXZ4 to describe a large tandem repeat present on the mouse X chromosome, but absent in 

humans. This chapter briefly highlights differences in synteny between human and mouse X 

chromosomes while exploring a euchromatic, X-linked macrosatellite in mouse (Darrow et al. 

2014). Lastly, chapter five summarizes the findings of this dissertation.  

 

1.2 Background 

 

1.2.1 X chromosome inactivation within Mammalia 

X chromosome inactivation (XCI) is the method employed by placental mammals to balance the 

genetic material between females, who have two X chromosomes, and males, who are 

hemizygous for the X (Lyon 1961). In the absence of XCI, females are subject to double the 

amount of X-linked products from the over 1000 genes and non-coding RNAs that reside on the 

mammalian X chromosome (Ross et al. 2005).  Early during female embryonic development all 

but one of the X chromosomes in each cell is epigenetically repressed through a series of events 

initially triggered and reliant upon the expression and in cis association of the X-inactivation-
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specific-transcript (XIST), an X-linked long non-coding RNA (lncRNA) required for silencing 

(Brown et al. 1991, 1992; Brockdorff et al. 1992). The choice of which X chromosome to silence 

in each cell of the embryonic tissue is random, and the silencing of the chosen homologue is then 

maintained in subsequent cell divisions (Lyon 1961). After expression of XIST from the chosen 

Xi, the eviction of RNA polymerase II from the chromosome territory is closely followed by the 

loss of histone acetylation (Jeppesen and Turner 1993; Belyaev et al. 1996; Boggs et al. 1996, 

2002; Chadwick and Willard 2003a), recruitment of histone methyltransferases (de Napoles et al. 

2004; Zhao et al. 2008), deposition of covalent histone modifications (Plath et al. 2003; 

Chadwick and Willard 2003a; Brinkman et al. 2006), association of heterochromatin proteins 

(Chadwick and Willard 2003b, a; Dixon-McDougall and Brown 2016), methylation of CpG 

islands (Mohandas et al. 1981; Venolia et al. 1982; Keohane et al. 1996), shift to late replication 

(Willard 1977, Chadwick and Willard 2007), and compaction of chromatin to form a DAPI-

dense structure at the periphery of the nucleus referred to as the Barr body (Barr and Bertram 

1949). All layers of repression imposed during XCI initiation must be faithfully maintained in 

subsequent cell divisions, and often the requirements for maintenance differ from those of 

initiation, a revelation that further complicates the unraveling of an already intricate process 

(Clemson et al. 1998; Csankovszki et al. 1999). XCI was first described in mouse and because it 

has proven to be favorable model for understanding the sequence of events during early 

embryonic development and ease of genetic manipulation, most of the field is built upon findings 

from mouse.  

 

Random and imprinted XCI.  

Significant mechanistic differences exist between human and mouse XCI and one of those is the 

additional round of imprinted inactivation that mouse preimplantation embryos undergo prior to 

random XCI (Moreira de Mello et al. 2010; Sado and Sakaguchi 2013; Petropoulos et al. 2016). 

During imprinted XCI, the paternally derived X chromosome (Xp) is always silenced while the 

maternal X remains active and is resistant to inactivation. Imprinted XCI takes place in all 

marsupial tissues and the extraembryonic tissue (trophectoderm and primitive endoderm) of 

examined rodent species (Table 1.1) (Takagi and Sasaki 1975; Wake et al. 1976; Okamoto et al. 

2011; Vaskova et al. 2014). In contrast, humans (Moreira de Mello et al. 2010; Petropoulos et al. 

2016) and most placental mammals experience random XCI in all tissues (Okamoto et al. 2011; 
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Migeon 2016). In the preimplantation embryos of mouse (Takagi and Sasaki 1975), rat (Wake et 

al. 1976; West et al. 1977), and at least two species of vole (Shevchenko et al. 2009; Vaskova et 

al. 2014), the Xp is initially silenced in all cells through imprinted XCI and that state is 

maintained in the extraembryonic tissue, even though in embryonic tissue both X chromosomes 

are reactivated and undergo a second wave of XCI that is random (Okamoto et al. 2004). An 

initial report looking at bovine XCI described a two-wave system similar to mouse; however, 

their conclusion that imprinted XCI took place in extraembryonic tissue relied upon expression 

pattern of a single gene (Xue et al. 2002). Later application of allele-specific RNA-seq found 

random XCI in both extraembryonic and embryonic tissues (Chen et al. 2016). A similar 

situation occurred among studies for horse, donkey, and mule where the initial reports 

(Hamerton et al. 1969, 1971) conflicted with more a comprehensive analysis (Mukherjee et al. 

1970; Wang et al. 2012). 

Imprinted XCI in extraembryonic tissue is not apparent in humans (Moreira de Mello et 

al. 2010; Petropoulos et al. 2016) and initial evidence of its occurrence outside of Rodentia in 

what few other species have been examined is not strong or unsupported by the recent 

application high-throughput sequencing methods (Okamoto et al. 2011; Wang et al. 2012; Chen 

et al. 2016). Based on the confinement of imprinted XCI to Rodentia, current evidence supports 

the convergent evolution of imprinted XCI, rather than retention of an ancestral mechanism 

employed in marsupials. Xist expression is required for both imprinted and random XCI in mice, 

although gene repression may occur on a more individual basis on the Xp during imprinted XCI 

(Williams et al. 2011). It is tempting to speculate that in lineages displaying an elevated rate of 

genomic rearrangement, imprinted XCI could provide extra selective pressure for the ability to 

inactivate the X chromosome, which is critical for the viability of female embryos (Goto and 

Takagi 1998, 2000). 

 

Conserved synteny of X chromosomes.  

Despite the large-scale chromosomal rearrangements among the autosomes of mammals, the X 

chromosome of placental mammals and to a lesser extent those of marsupials, has retained the 

same gene content in accordance with Ohno’s law. Ohno propposed that the X chromosome in 

mammals is conserved and that rearrangements that have occurred are mostly intrachromasomal 



4 

and encompass large syntenic blocks (Fig. 1.1) (Ohno 1967; Zhao et al. 2004; Wilson and 

Makova 2009).  

Within Mammalia, there are three forms of dosage compensation corresponding to the 

three clades (Table 1.1) (Escamilla-Del-Arenal et al. 2011; Whitworth and Pask 2016). 

Prototheria (monotremes), is the most ancestral group and employs a complex form of dosage 

compensation with little resemblance to XCI that involves five pairs of sex chromosomes (Brien 

et al. 2004). The other Mammalian subclass, Theria, is further divided into Metatheria 

(marsupials) and Eutheria (placental mammals) (Wilson and Makova 2009). 

The human X consists of several evolutionary strata (Pandey et al. 2013). The X-added 

region (XAR) extends from chrX: 0-46.88 Mb on the human X chromosome and includes the 

pseudoautosomal region (PAR) which is not subject to XCI and pairs with the Y chromosome in 

males during cell division (Ross et al. 2005). The XAR is X-linked in eutheria but is autosomal 

in marsupials. An ancestral X-conserved region (XCR) extends from chrX: 47 Mb - Xqter and is 

present on the marsupial X chromosome, but not monotremes (Veyrunes et al. 2008). Outside of 

mammaila, the first 20 Mb of chromosome 4 in chicken corresponds to a syntenic block 

encompassing the XAR and most of the PAR (Fig 1.1) and XCR corresponds  to a syntenic block 

(chrX:103-123 Mb)  on chicken chromosome 1 (Ross et al. 2005) (Fig. 1.1). 

Rodents have an elevated rate of genomic rearrangement and an analysis of six rodent 

species revealed genomic re-shuffling rates among Muroidea species, including mouse and rat, 

as 2-5 times higher than other placental mammals (Capilla et al. 2016). Extensive 

rearrangements of the X chromosome between mouse and human are reflective of this elevated 

rate (Fig. 1.1). In Rodentia, the X chromosome contains the third lowest number of evolutionary 

breakpoints (Capilla et al. 2016).  

Although the gene content is largely preserved on the mouse X chromosome, it has 

acquired extensive blocks of repetitive DNA often corresponding to evolutionary breakpoints 

(Armengol et al. 2003; Mueller et al. 2008, 2013). In general, evolutionary breakpoints are often 

characterized by regions of repetitive DNA such as tandem repeats (Armengol et al. 2003; Ruiz-

Herrera et al. 2006; Farré et al. 2011; Horakova et al. 2012a) or segmental duplications (Bailey 

and Eichler 2006). We characterize one of these repetitive regions located at 120 Mb on the 

mouse X chromosome in chapter four of this dissertation (Darrow et al. 2014). These large 

ampliconic sequences (up to 20 Mb) often occur at breaks in synteny between mouse in human 
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(Armengol et al. 2003; Mueller et al. 2013). Interestingly in mouse, the approximately 3 Mb 

region around the macrosatellite, Dxz4, involves five syntenic blocks that all have breakpoints 

coinciding with either tandem repeats or segmental duplications on the human X (adjacent genes: 

PRKX, TBL1X, PRRG1, RAB39b, PLS3/DXZ4).  

 

1.2.2 Distribution of heterochromatin and XIST on the Xi 

Several lncRNAs are integral components of XCI in placental eutherians (Brown et al. 1991, 

1992; Brockdorff et al. 1992; Lee 2012) and marsupials (Grant et al. 2012). Xist is expressed 

from the future Xi during the initiation of XCI, remains associated in cis, and forms what is 

referred to as the Xist cloud over the Xi territory that is visible with RNA-FISH (Clemson et al. 

1996). Xist is conserved in mammals and the spliced form, which ranges form 17-20 kb, contains 

six repetitive sequences referred to as repeats A-F (Brockdorff et al. 1991; Marahrens et al. 1997; 

Wutz et al. 2002; Yen et al. 2007). These repeats form secondary structure and are capable of 

interacting with several proteins (Zhao et al. 2008), although the validity and importance of these 

interactions is subject to debate. There is not a consensus as to which trans factors Xist interacts 

with nor which factors require these interactions for localization to the Xi; however, it is clear 

that Xist expression from the Xi is involved in initiating the accumulation of repressive histone 

modifications beginning with histone H3 tri-methylated at lysine 27 (H3K27me3) and 

ubiquitination of lysine 119 on histone H2A (H2AK119u) (Brockdorff 2017). 

 

XIST and proteins enriched on the Xi 

In mouse, expression of Xist is required for recruitment of the polycomb repressive complex 1 

(PRC1) (Schoeftner et al. 2006) and PRC2 (Silva et al. 2003; Zhao et al. 2008), which are 

responsible for H2AK119u and H3K27me3 (Czermin et al. 2002; Silva et al. 2003; Plath et al. 

2003) on the Xi, respectively. Xist was initially reported to recruit PRC2 directly through 

interactions with the repeat A domain on the lncRNA (Zhao et al. 2008) or through the 

intermediary Jarid2 (da Rocha et al. 2014; Kaneko et al. 2014). Contrary to these finding, two 

studies using super resolution microscopy reported that despite close proximity, Xist and PRC2 

subunits (Ezh2, Suz12, and Eed) are spatially distinct in the Xi territory (Moindrot et al. 2015; 

Cerase 2016). 
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There is also question as to whether H3K27me3 (catalyzed by Ezh2) is required for 

recruitment of PRC1 and deposition of H2AK119u or if the relationship is reversed (Schoeftner 

et al. 2006; Blackledge et al. 2014; Cooper et al. 2014). One study found that while a subunit of 

PRC2, embryonic ectoderm development (Eed), was required for recruitment of some subunits 

of PRC1, in the absence of Eed the catalytic subunit of PRC1, Ring1b, was still recruited to the 

Xi and able to mediate H2AK119u in the absence of H3K27me3 (Schoeftner et al. 2006). This 

along with the failure to detect the interaction of PRC2 subunits with Xist by several groups 

employing different techniques involving isolation of Xist-protein complexes followed by mass 

spectrometry (Chu et al. 2015; McHugh et al. 2015; Minajigi et al. 2015), suggests Xist and 

PRC2 may not interact or at the least may act through an intermediary rather than directly. It is 

also possible that the interaction between PRC2 and Xist is highly time dependent and transient 

in nature and after initial recruitment they no longer physically interact.  

In a recent review, Brockdorff clarifies several conflicting findings and presents a 

unifying model supporting recruitment of non-canonical PRC1 complexes involving YY1 

binding protein  (RYBP) (Tavares et al. 2012; Gao et al. 2012; Rose et al. 2016) via direct Xist 

interaction and subsequent deposition of H2AK119u1 by the catalytic subunit Ring1b. PRC2 

cofactor, Jarid2, then recognizes H2AK119 on the Xi and Ezh2 mediated deposition of 

H3K27me3 soon follows (Kalb et al. 2014). Canonical PRC1 complexes are then in turn 

recruited by H3K27me3 through PRC1 CBX subunits, completing the positive feedback loop for 

establishing H3K27me3 (Cao et al. 2002; Morey and Helin 2010; Brockdorff 2017).  

 Xist may also be involved in the deacetylation of histones H3 and H4, through its 

interaction with histone deacetylase 3 (HDAC3) (Chu et al. 2015; McHugh et al. 2015; Minajigi 

et al. 2015; Moindrot et al. 2015), one of the first changes seen at the Xi upon Xist expression. 

Although super resolution microscopy shows a spatial separation of Xist and PRC2 subunits, 

Smeets et al. found overlap of Xist and matrix scaffold attachment factor A (SAF-A/HNRNPU), 

a nuclear matrix component (Fackelmayer et al. 1994) previously found to overlap with 

H3K27me3 regions of the Xi and is required for Xist localization to the Xi and with a possible 

role in facilitating higher-order chromatin organization . 

Structural maintenance of chromosomes hinge domain-containing protein 1 (SMCHD1) 

(Blewitt et al. 2005) is enriched on the human (Nozawa et al. 2013) and mouse Xi and required 

for random and imprinted XCI in mouse (Blewitt et al. 2008). SMCHD1 interacts with both 
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H3K27me3 and H3K9me3 regions through HBiX1 and heterochromatin protein 1 gamma 

(HP1g/CBX3) although interdependence of these proteins for localization to these 

heterochromatin domains requires further elucidation (Nozawa et al. 2013; Keniry et al. 2016).  

 

Heterochromatin and euchromatin of the inactive X. 

Association of XIST with the Xi is not uniform and it colocalizes with the gene-dense regions 

that underlie H3K27me3 during interphase (Chadwick 2007; Marks et al. 2009). XIST during 

metaphase in human dissociates from the chromatin (Smith et al. 2004), but mouse Xist remains 

attached to the mitotic chromosome (Duthie et al. 1999; Chadwick and Willard 2003a). 

Localization of XIST to the Xi is an accepted marker of the chromosome territory 

(Brown et al. 1992; Jonkers et al. 2008) Although Xist remains associated with the Xi territory, 

the regions of interaction differ depending on the organism, cell type, and time of examination 

relative to initiation of XCI (Pinter 2016). In mouse and vole, Xist remains associated with the 

mitotic Xi and tends to associate with gene-dense regions (Duthie et al. 1999; Smith et al. 2004; 

Chadwick 2007; Engreitz et al. 2013). The regions of association during metaphase are assumed 

to be the same as those during interphase. Xist preferentially interacts with H3K27me3-dense 

regions and is mostly excluded from areas of H3K9me3 (human) and histone H3 dimethylated at 

lysine 9 (H3K9me2) (mouse), which correlate well with lamin-associated domains (LADs) 

(Chadwick and Willard 2001, 2002a, 2003b; Smith et al. 2004).  

H3K9me3 and H3K27me3 are representatives of the two non-overlapping types of 

heterochromatin visible on the metaphase Xi (Chadwick and Willard 2004; Chadwick 2007). 

One type consists of H3K27me3, XIST association, H4K20me1, macroH2A1/2, and H2AK119u 

(Fig. 1A; red bands) and the other consists of H3K9me3, HP1g, and H3K20me3 (Fig. 1.1A; 

green bands) (Duthie et al. 1999; Chadwick and Willard 2001, 2004; Boggs et al. 2002; Smith et 

al. 2004; Chadwick 2007; Terrenoire et al. 2010; Vaskova et al. 2014). In human, the presence of 

these multi-megabase bands is variable from cell to cell, and is cell type dependent with the 

exception of the H3K27me3 band in humans that extends from approximately chrX:100 -115 Mb 

(Chadwick 2007). Immunofluorescence and scoring of three independent female cell lines 

(RPE1, HME1, T-335) showed that although banding was variable, when they were present the 

size and location of the bands is consistent. The diploid female cell line derived from retinal 

pigment epithelium (RPE1) displays one of the most extreme examples of banding and 
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highlights the linear isolation of the two types of heterochromatin (Chadwick and Willard 2002a, 

2003a, 2004; Chadwick 2007). Except for the PAR and a handful of histone H3 dimethylated at 

lysine 4 (H3K4me2) decorated regions (Boggs et al. 2002), the banding pattern extends the entire 

length of the Xi in RPE1 (Chadwick and Willard 2004).  

Although the linear distinction between the two heterochromatin types is obvious during 

metaphase, during interphase, the Xi adopts a bipartite three-dimensional organization in which 

regions of similar heterochromatin composition are sequestered together into distinct domains 

rather than associating with linearly adjacent chromatin (Fig.1A, right panel) (Chadwick and 

Willard 2004). This three-dimensional organization of the Xi is especially obvious in RPE1 due 

to the complete heterochromatin banding along the length Xi (Chadwick 2007).  

Chadwick and Willard suggest that by clustering regions that require H3K27me3, the 3D 

organization of the Xi guides or even constrains XIST association with the appropriate Xi 

regions (Chadwick and Willard 2004). The importance and relationship between the linear 

banding and the H3K27me3 and H3K9me3 bipartite organization of the Xi territory during 

interphase is an area of active investigation and we address this in chapter two of this 

dissertation. 

 

DXZ4 forms long-range interactions with other euchromatic repeats on Xi.  

While characterizing covalent histone modifications on the metaphase Xi two groups (Boggs et 

al. 2002; Chadwick and Willard 2002a) found multiple H3K4me2 signals outside of the PAR. 

Chadwick et al. mapped the most intense of these to the differentially methylated macrosatellite, 

DXZ4 (Giacalone et al. 1992; Chadwick and Willard 2002a; Chadwick 2008). Two previously 

undescribed large tandem repeats are responsible for H3K4me2 signals located at 56 Mb (X56) 

and 130 Mb (X130) on the Xi. These three large tandem repeats are all decorated with H3K4me2 

(Fig. 1.1B), display CpG hypomethylation, and are bound by CTCF (Chadwick 2008; Horakova 

et al., 2012), YY1 (Moseley et al. 2011) and RAD21 (subunit of the Cohesin Complex) (Zeng et 

al. 2009) (Fig. 1.2D). Horakova et al. and others have found very long-range (>15 Mb), robust 

interactions between all three of these repeats, and these interactions are only present on the Xi 

in females and are negatively impacted with the knockdown of CTCF (Horakova et al., 2012; 

Rao et al., 2014). Conversely, on the Xa and in males, these same repeats display a 

heterochromatic configuration where they are decorated with H3K9me3, bound by 
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heterochromatin protein 1 gamma (HP1g), and do not interact with one another (Chadwick 2008; 

Horakova et al., 2012).  DXZ4, the largest and best characterized of these repeats is composed of 

12-120, 3-kb monomers arranged head-to-tail (Giacalone et al. 1992; Warburton et al. 2008; 

Tremblay et al. 2010; Schaap et al. 2013) and on the Xi lies at the boundary between two large 

regions of differing heterochromatin composition (Fig. 1.2C) (Chadwick & Willard 2003). While 

the repetitive nature of DXZ4 is conserved within Mammalia, sequence conservation is only 

found around the CTCF binding site (McLaughlin and Chadwick 2011; Horakova et al. 2012a) 

suggesting functional significance for both the repetitive organization as well as the CTCF 

binding site within each monomer of DXZ4.  

 

DXZ4, X56, and X130 transcripts and names.  

The novel euchromatic repeats were initially named based on their approximate genomic 

coordinates (hg19): chrX:56 Mb (X56) and chrX:130 Mb (X130) (Table 1.2). DXZ4, X56 and 

X130 all have associated lncRNAs. The lncRNA transcribed across X130 was first described in 

human (Horakova et al. 2012b) and was subsequently identified in a functional screen for 

lncRNAs involved in murine adiposeness (Sun et al. 2013), and named Functional Intergenic 

Repeating RNA Element (Firre: previously 6720401G13Rik) (Hacisuleyman et al. 2014). The 

transcript that traverses X56 has a short, 71 amino acid open reading frame and was first 

described along with X130 (Horakova et al. 2012b). The tandem repeat was then renamed in the 

publication associated with chapter two of this dissertation as inactive-X CTCF-binding contact 

element (ICCE) (Horakova et al. 2012b; Darrow et al. 2016). The X56 transcript was shortly 

after found to have coding potential and produce a non-polyadenylated mRNA encoding a small 

7-kDa peptide dubbed, Negative Regulator Of P-Body Association (NBDY), which associates 

with mRNA decapping proteins necessary for non-sense mediated decay of mRNA (Silva and 

Romão 2009) and localizes to P-bodies in the cytoplasm (D’Lima et al. 2016). Interest in the two 

lncRNAs identified in chapter three, DANT1 and DANT2, of this dissertation largely stems from 

the common association of long non-coding transcripts associated with macrosatellite DNA 

(Cabianca et al. 2012) and their potential to regulate the epigenetic state of local chromatin 

through a variety of mechanisms (Zhao et al. 2008; Lee 2012). Chapter two examines the 

importance of the long-range interactions among these repeats and any reference to X56/ICCE 
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and X130/FIRRE refer to the tandem repeats themselves, not the associated lncRNAs, unless 

otherwise specified.  

 

1.2.3 Three-dimensional organization of the Xi 

The altered three-dimensional organization of the Xi relative to the Xa and autosomes led to its 

initial discovery as a condensed chromatin mass found only in females (Barr and Bertram 1949). 

Aided by technological advances, our interpretation of this chromatin mass has evolved over the 

years,. We now appreciate that the initial perception of the Xi as a highly compacted spherical 

structure was far too simplistic and a persisting gap in our understanding of XCI is the 

relationship between the 3D organization and continued transcriptional repression of the Xi. The 

past decade has yielded advancements in high-throughput sequencing technologies (Gibcus and 

Dekker 2013) and increases in optical resolution of microscopy approaches that have rejuvenated 

interest in the structure of the Barr body and provided new tools to address persisting question 

(Fraser et al. 2015).  

 

Describing the three-dimensional organization of chromosomes: Microscopy and Hi-C. 

Chapter two of this dissertation involves the use of Hi-C to examine the higher-order 

organization of the Xi. Terminology used to describe the higher-order structures uncovered 

sometimes differs between research groups (Gibcus and Dekker 2013; Bonev and Cavalli 2016; 

Schmitt et al. 2016b). To clarify the usage of these terms in this dissertation, we have provided 

the following definitions. 

Proximity ligation of chromatin, known as chromosome conformation capture, based 

techniques provide information about the spatial arrangement of chromatin within the nucleus by 

examining DNA-DNA interactions. 3C, the original technique, assays interactions between two 

loci within the nucleus (Dekker et al. 2002). Subsequent variations take advantage of high-

throughput sequencing following the isolation of DNA contacts. These include 4C (queries all 

regions interacting with a single locus) (Simonis et al. 2006), 5C (determines all interactions 

occurring within a multi-megabase region, high-resolution landscape of topologically associating 

domains) (Dostie et al. 2006), and Hi-C (examines all chromatin interactions genome-wide) 

(Lieberman-Aiden et al. 2009). Each of these techniques has multiple variants that were reported 

in close succession with the ones listed. 
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Topologically associating domains (TADs): These are approximately 0.5-1 Mb contiguous 

domains of interacting chromatin that appear as well-defined regions of contact formation 

(triangles or squares along the diagonal depending on the method of display) on 5C and Hi-C 

maps (Dixon et al. 2012; Nora et al. 2012). While TADs are well conserved across species and 

cell types (Schmitt et al. 2016a), sub-TAD structures are subject to changes during development 

(Nora et al. 2012) and are more tissue-specific (Phillips-Cremins et al. 2013). Rao et al., identify 

similar, but smaller structures using Hi-C and refer to them as contact domains (median length, 

185kb). These structures are smaller than TADs, but depending on the research group, these 

terms are sometimes used interchangeably. Calling TAD boundaries is dependent upon the 

resolution achieved by the Hi-C experiment and the method of determining TAD boundaries 

(Bonev and Cavalli 2016). TAD boundaries are often enriched for CTCF, YY1, and ZFN143 

(Rao et al. 2014) and removal of the CTCF binding site can impact the delineation of TADs 

(Nora et al. 2012).  

 

Compartmentalization: TADs often interact with each other to form compartments corresponding 

to a shared epigenetic state. These interactions appear as a plaid pattern off of the diagonal on a 

Hi-C contact map. This term was adopted by Aiden-Lieberman et al. to describe the partition of 

the genome into two compartments, A and B, corresponding to active and repressed chromatin.  

Additional epigenetic states associated with compartments were identified in their following 

study (Rao et al. 2014).  

 

Superdomains: Rao et al. described the two large domains that encompass the Xi as 

superdomains. The scale of these domains is unique to the Xi, and these superdomains are 

present on Hi-C maps of human and mouse despite the shuffling of syntenic blocks. The 

macrosatellite DXZ4 sits at the boundary between these domains in both species.  

 

Bipartite organization: Deng et al. refer to the linear partition of the human and mouse Xi into 

superdomains as the bipartite organization of the Xi. This does not correspond to the original use 

of that term to describe the partition of the human Xi into two regions that during interphase that 

are defined by non-overlapping regions of H3K9me3 and H3K27me3 and correspond to the 

alternating bands on the metaphase Xi (Fig. 1.2A, C) (Chadwick and Willard 2004; Chadwick 
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2007). Any references we make to a bipartite organization of the Xi in this dissertation are about 

the heterochromatin-type defined structure visible with microscopy and immunofluorescence in 

the nucleus of RPE1 cells. 

 

Three-dimensional organization of the Xi.  

The concept of interphase chromosomes occupying spatially distinct territories within the 

nucleus was first proposed over one hundred and thirty years ago (Rabl 1885). Chromosomes 

during interphase are organized into chromosome territories (Cremer and Cremer 2010) that are 

easily visualized with DNA-FISH paired with whole chromosome paint (Cremer and Cremer 

2010) and defined by Hi-C (Lieberman-Aiden et al. 2009). Chromosome territories are further 

organized into euchromatic and heterochromatic areas of high-contact referred to as 

compartments A and B (Lieberman-Aiden et al. 2009) which were subsequently refined to reveal 

a more epigenetically defined compartmentalization patterns (Imakaev et al. 2012; Rao et al. 

2014).  

The Xi is often described as a compact, DAPI-dense region located at the periphery of the 

nucleus. It is however not the compactness of the Xi, but rather the more spherical shape (Eils et 

al. 1996) and interspaced regions of highly compacted heterochromatin (Rego et al. 2008; 

Smeets et al. 2014) of the chromosome territory that create a pronounced cytological feature 

despite a volume difference of only 1.2-fold relative to the flatter and elongated Xa (Teller et al. 

2011).  

Recent microscopy based studies reveal the Xi territory during interphase as one of high 

variability, ranging from an elongated conformation, similar to the Xa, to a tight, spherical 

structure (Teller et al. 2011; Smeets et al. 2014; Smith et al. 2014; Wang et al. 2016; Cremer et 

al. 2017). All of these conformations occur within a single population of cells and could reflect 

cycle-cycle linked conformation changes or cell-to-cell variability, higher-order chromatin 

folding plasticity, or a combination of all three. The variability of these conformations is unique 

to the Xi and may present difficulties when interpreting population-based assays such as Hi-C 

and ChIP-seq. 

 Rao et al. were the first to use allele-specific Hi-C to examine the structure of the Xi and 

found that the Xi territory was divided into two large domains in both mouse and human, 

referred to as super domains (Rao et a., 2014). In human, they encompass approximately chrX:1-
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115 Mb and chrX:115-156 Mb (end) (hg19) and in mouse they extend approximately chrX:1-73 

Mb and chrX:73-171 Mb (end) (mm9). DXZ4 sits at the boundary between these two 

superdomains in human, macaque, and mouse (Fig. 1.3). This conservation of DXZ4 as a 

boundary is unexpected due to the shuffling of syntenic blocks between these species the content 

of the superdomains between mouse and human is not the same. Additionally, they observed the 

long-range interactions among tandem repeats, X56/ICCE and X130/FIRRE that we had 

previously reported using DNA-FISH and 3C. The size of these large superdomains was 

exclusive to the Xi, whereas the Xa displayed TADs and compartmentalization patterns on par 

with autosomes.  

The organization of the Xi territory revealed through immunofluorescence as a bipartite 

feature defined by heterochromatin type does not fit with the location of the two superdomains, 

which bisect the Xi at DXZ4. Given this discrepancy, in chapter two we sought to investigate the 

importance of DXZ4 by deleting it from the Xi. 

 
 

1.3 Goals and Implications  

 

The scope of this dissertation spans multiple areas of study in an effort to further our 

understanding of the functional importance and epigenetic regulation of large tandem repeats. 

With the exception of several regions that display a euchromatic configuration, the Xi is subject 

to transcriptional repression through nearly chromosome-wide packaging into heterochromatin. 

The identity of these euchromatic regions, the importance of maintaining this state, and how their 

opposing epigenetic states relative to the rest of the largely heterochromatic Xi is maintained are 

question we address. On the human Xi, two of these euchromatic regions correspond the pseudo 

autosomal region, which is not subject to dosage compensation and pairs with the Y 

chromosome during meiosis. One of the other regions corresponds to the XIST locus, which is 

critical for gene silencing during initiation of XCI. The lncRNA XIST remains associated with 

the Xi territory in somatic cells and repression of XIST from the Xa is critical for normal 

transcriptional activity of X-linked genes. The obvious importance of differential regulation of 

XIST suggests possible functionality for other regions of the Xi that are regulated in a similar 

manner. We describe the importance of three large tandem repeats underlying other euchromatic 

signals on the human Xi. One of these is the macrosatellite, DXZ4, and we report here that 
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through its long-range interactions with two other euchromatic tandem repeats DXZ4 is critical 

for maintaining the unique three-dimensional organization of the Xi relative to the Xa and 

autosomes. We also describe two novel lncRNAs implicated in maintaining the epigenetic state 

of DXZ4 in hESCs. Lastly, we characterize a large, euchromatic repeat on the mouse Xi that, 

like DXZ4, is euchromatic on the Xi and heterochromatic on the Xa. The research presented in 

this dissertation confirms the critical role of DXZ4 on the Xi and explores the relationship 

between three-dimensional organization, heterochromatin maintenance, and CTCF-mediated 

long-range chromatin interactions. We also highlight syntenic differences between human and 

mouse and discuss the importance of appreciating lineage-specific variations of XCI. 
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1.4 Figures and Tables 

 

 
 
Figure 1.1 The X chromosome retains the majority of its gene content within Mammalia. 
Comparisons of synteny for available species were generated with the web application, Synteny 
Portal at 150-kb resolution and then modified in Adobe Illustrator (Lee et al. 2016). The human 
X chromosome (blue) is used as a reference and the X chromosome of the indicated species is 
always to the left unless otherwise indicated. The X chromosome in humans is approximately 
156 Mb (hg19) and all other chromosomes are drawn to scale. 
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Figure 1.2 DXZ4 adopts opposing conformation on the Xi and Xa.  
A) Immunofluorescence staining of a RPE1 metaphase chromosome and nucleus during 
interphase. H3K27me3 – red; H3K9me3 – green; arrowheads indicate the location of DXZ4 and 
the Xi. B) Immunofluorescence staining of a RPE1 metaphase chromosome and nucleus during 
interphase. H3K4me2 – green; DAPI – blue; on the metaphase Xi arrowheads indicate the 
location of DXZ4 and the other large tandem repeats with which it forms long-range interactions, 
X56/ICCE and X130/FIRRE, on the Xi (Horakova et al. 2012b; Hacisuleyman et al. 2014; 
Darrow et al. 2016). The last panel shows the absence of H3K4me2 from the Xi territory with 
the exception of a single foci corresponding to DXZ4 and frequently the other tandem repeats 
(Horakova et al. 2012b). C) Depiction of the H3K27me3 and H3K9me3 banding pattern in RPE1 
cells (Chadwick and Willard 2004; Chadwick 2007). D) DXZ4 genomic interval. E) Epigenetic 
state of DXZ4 on the Xi and Xa. black circles represent H3K9me3 (Xa) H3K4me2 (Xi); black 
arrows represent transcription from the bidirectional promotor; green ring – depicts the three 
subunits of the core cohesion complex.  
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Figure 1.3. Examples of Hi-C contact maps of the inactive X chromosome. A) Unphased 
map of the female B-lymphocyte cell line GM12878. Despite representing signal from the Xi 
and Xa, the large superdomains are readily apparent and indicated by the dashed blue boxes. The 
plaid pattern within yellow box is an example of compartmentalization. Compartmentalization in 
this cell line is largely due to the Xa signal (Original data: Rao et al. 2014; Reanalyzed: Darrow 
et al. 2016). B) Unphased map of rhesus macaque (Darrow et al. 2016). C) Phased maps of Xi 
(left) and Xa (right) in Patski cells. D,E,F) Phased maps of Xi and Xa generated with data from 
the indicated labs and sources (Darrow et al. 2014; Minajigi et al. 2015; Deng et al. 2015). 
Resolution: 500 kb. Large white regions are repetitive areas where reads were unable to be 
mapped: (A,B) centromere,  (C-F) large ampliconic regions spanning up to 22 Mb (Mueller et al. 
2008, 2013; Capilla et al. 2016). 
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Table 1.1. Comparison of dosage compensation within Mammalian subclasses.  
Mammalia is composed of two subclasses, Prototheria (monotremes) and Theria. Theria is 
further broken down into two infraclasses, Metatheria (marsupials) and Eutheria (placental 
mammals). While  different vatiations of X chromosome inactivation are employed in the 
infraclasses Metheria and Eutheria, there are marked differences in dosage compensation 
between the subclasses Prototheria and Theria (Brien et al. 2004; Veyrunes et al. 2008).  
 

Mammalian 
subclasses Examples Distribution Dosage compensation 

M
on

ot
re

m
e 

 
Prototheria  
            

Platypus and 
four echidna 
species 

Australia and New 
Guinea 

Complex dosage compensation, not 
resembling XCI found in Theria. Female 
platypuses have five pairs of X 
chromosomes and males have five pairs of 
X and Y. X any Y have homology to bird 
Z and W chromosomes. Inactivation of X-
linked genes occurs at the level of 
individual genes rather than on a 
chromosome scale. 

M
ar

su
pi

al
 

 
Theria 

   Metatheria 
                           

Kangaroo, 
sugar glider, 
koala, 
wombat 

270 species Australia 
69 species South 
America 
1 species North 
America (opossum) 

Imprinted XCI. Paternal X chromosome 
always inactivated via lncRNA RSX. Both 
sexes show upregulation of X-linked genes 
from the Xa. 

Pl
ac

en
ta

l 

        Eutherian  
 

Human, 
mouse, cow, 
rabbit, mole, 
manatee, 
elephant 

Global 

Random XCI. Random inactivation of 
maternal or paternal X chromosomes in 
each cell during early embryogenesis via 
lncRNA XIST. Initial paternal inactivation 
followed by reactivation and random 
inactivation reported in mouse, rat, and 
vole extraembryonic tissue, but not 
apparent in human, cow, horse, rabbit, or 
donkey. Upregulation of X-linked genes 
from the Xa reported in mouse. 

 
 
Table 1.2. Aliases of X-linked euchromatic tandem repeats and associated transcripts.  
Organism Tandem 

repeat Associated transcripts Flanking genes Genomic coordinates 
(hg19 or mm9) 

Human X56/ICCE LOC550643/LINC01420/NBDY  UBQLN2 and SPIN3 chrX:56,755,718-56,844,004 
 

 DXZ4 DANT1, DANT2 (LOC642776) 
 PLS3 and AGTR2 chrX:114,957,297-115,085,422 

 
 X130 LOC286467 OR13H1and 

MST4/MASK/STK26 
chrX:130,845,679-130,964,671 

 
     
Mouse Dxz4 4933407K13Rik 

 Rab39b, Pls3 chrX:72,970,797-73,010,038 

 X130 Firre (6720401G13Rik) Olfr1324, Mst4 chrX:47,916,297-47,988,498 
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CHAPTER 2 

 

DELETION OF DXZ4 ON THE HUMAN INACTIVE X CHROMOSOME 

ALTERS HIGHER-ORDER GENOME ARCHITECTURE 

 
2.1 Introduction 

 

During interphase, the Xi is mostly transcriptionally silent and adopts an unusual 3D 

configuration known as the Barr body (Barr and Bertram 1949; Lyon 1961). Despite the 

importance of XCI, little is known about its 3D conformation (Fraser et al. 2015). Recently two 

studies showed that during interphase the Xi in humans and mouse is divided into two broad 

domains, ceremoniously dubbed superdomains (Fig. 1.2.2A), such that pairs of loci in the same 

superdomain tend to co-localize (Rao et al. 2014; Deng et al. 2015). The presence of 

macrosatellite DXZ4 (Giacalone et al. 1992) at the boundary of these two superdomains (Rao et 

al. 2014) when paired with our observations of female-specific, CTCF-dependent long-range 

interactions among DXZ4 and two other tandem repeats on the human Xi (Horakova et al. 

2012b), suggest a functional role for DXZ4 in maintaining the 3D organization of the Xi. 

However, these superdomains (Fig 1. 3) identified in the immortalized lymphoblastoid cell line, 

GM12878, do not correspond to the alternating regions of H3K27me3 and H3K9me3 that stripe 

the Xi (Chadwick and Willard 2004; Chadwick 2007) and self-associate to form a bipartite X 

chromosome configuration during interphase in hTERT-retinal pigment epithelial cells (RPE1) 

and other cell types (Fig 1.2A,C) (Chadwick and Willard 2003a). Despite the difference in 

chromatin organization between the RPE1 Xi and other human cell lines (Chadwick and Willard 

2003a; Rao et al. 2014; Deng et al. 2015), the shuffling of syntenic human and murine blocks 

(Armengol et al. 2003; Zhao et al. 2004; Ross et al. 2005) and organizational differences of the 

murine Dxz4 array (Horakova et al. 2012a), DXZ4 appears to have a conserved role as a 

boundary element for histone modification distribution and chromatin compartmentalization in 

human and mouse (Rao et al. 2014; Deng et al. 2015). We combine, genome editing, 

microscopy, and Hi-C to study the structure of the Xi, focusing on the role of DXZ4. Deleting 

DXZ4 on the Xi leads to a disappearance of the heterochromatin-defined bipartite organization 
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of the Xi, and causes local changes to histone modification distribution accompanied by a shift in 

replication timing and arrangement of large subdomains corresponding to the heterochromatin 

banding pattern to one of small compartments closely resembling the Xa. 

 

2.2 Results 

 

2.2.1 Deletion of DXZ4 from the active and inactive X chromosome 

We designed a pair of TALENs (a class of nucleases with a customizable DNA-binding motif) 

that target two unique inverted repeats flanking the DXZ4 locus (Fig. 2.1A). Simultaneous 

cutting at both ends of the locus resulted in the loss of the intervening DNA, including DXZ4 

(Fig. 2.1B). We isolated clones of RPE1 that lacked DXZ4 on either the Xi (RPE1-ΔDXZ4i) or 

the Xa (RPE1-ΔDXZ4a) and produced 390-kb and 295-kb deletions respectively (Fig 2.1B). We 

isolated additional ΔDXZ4i and ΔDXZ4a clones using a dual-guide, CRISPR/Cas9 editing 

strategy with guide RNAs designed to regions more internal than those targeted by the TALENs 

(Fig 2.1C). The 277-kb deletion products generated by CRISPR/Cas9 were identical in all 

isolated clones. We initially screened positive clones by amplifying across the deletion product 

(Fig 2.1E) and TA cloned and sequenced the deletion PCR product from positive clones to 

determine the exact nature of the DXZ4 deletion for RPE1-ΔDXZ4a and RPE1-ΔDXZ4i. 

Assignment of the deletion to Xa or Xi was achieved by FISH analysis on metaphase 

chromosomes using a direct-labeled DXZ4 probe in combination with a second X-linked direct-

labeled BAC probe for either X130/FIRRE or PLS3, the gene immediately proximal to DXZ4 

(Fig. 2.2A). RPE1 cells have a large X:10 translocation on the Xa, enabling differentiation of the 

metaphase Xi and Xa  (Chadwick and Willard 2003a) (Fig 2B). We also relied upon a single 

nucleotide polymorphism (SNP) immediately proximal to the array, but within the deleted 

interval, to verify the intact DXZ4 allele (Fig 2.2B, C). 

 

2.2.2 Changes to the organization of the bipartite Xi structure 

In wild-type RPE1, the Xi forms a distinctive bipartite structure when stained for H3K27me3 

and H3K9me3 (Chadwick and Willard 2003a, 2004) (Fig 1.2A). This structure is visible in 

approximately 30% of cells at a given time and is likely cell-cycle dependent (unpublished). We 

initially examined RPE1-ΔDXZ4i and RPE1-ΔDXZ4a cells for alterations to this structure.  
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The Xi territory in RPE1-ΔDXZ4i no longer displayed a bipartite structure in any of the cells 

examined, while the RPE1-ΔDXZ4a and wild-type RPE1 were unaffected. Interestingly, 

although the bipartite structure no longer formed, the regions decorated with H3K27me3 and 

H3K9me3 still showed some degree of overlay, suggestive of other factors influencing the 3D 

organization in the absence of DXZ4. 

 

2.2.3 Altered heterochromatin composition in the region adjacent to DXZ4 

We then examined the linear distribution of heterochromatin and found that the 15-Mb band of 

H3K27me3 proximal to DXZ4 located at approximately chrX:110-115 Mb (X100-115) 

(Chadwick and Willard 2004; Chadwick 2007) (Fig. 1.2C) was severely diminished or 

completely absent (Fig. 2.3B) and was now decorated by H3K9me3 (Fig 2.3C). The H3K9me3 

band distal to DXZ4, located at approximately chrX:115-128 Mb (X115-128) did not appear 

altered nor did any of the other heterochromatin bands. 

 

2.2.4 Hi-C shows loss of compartmentalization at regions flanking DXZ4 and corresponds 

to change in heterochromatin distribution 

Given the disparities between the heterochromatin-driven bipartite Xi structure present in wild-

type RPE1 cells (Fig 1.1A) and the large, linearly separated Hi-C superdomains described in 

mouse, macaque, and human (Fig 1.3A) (Rao et al. 2014; Deng et al. 2015), we decided to 

perform Hi-C in order to reconcile these seemingly mutually-exclusive structures and to further 

investigate changes in the organization of chromatin after deletion of DXZ4. 

 Our collaborators used in situ Hi-C (ligation of chromatin performed in an intact 

nucleus, rather than in solution) to create contact maps of both mutant cell lines (RPE1-ΔDXZ4i 

and RPE1-ΔDXZ4a), and we then compared these maps to the those of wild-type RPE1.  

We first examined the Hi-C contact maps generated using reads from both the Xi and Xa 

and found that instead two large superdomains as previously reported in the lymphoblast cell line 

GM12878, there were several large-scale domains that were on the order of 10-20 Mb. 

Additionally, these maps showed a high degree of compartmentalization of these domains (Fig 

2.4A).  

Next, we generated allele-specific maps to determine if the compartmentalization was 

occurring on the Xa or Xi, or both. The phased maps confirmed that the domains in the range of 
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10-20 Mb were confined to the Xi (Fig 2.4 C) and that the Xa displayed TADs with tight patterns 

of compartmentalization on par with autosomes (Fig. 2.4B). Phasing reveals a slight division of 

the Xi into superdomains, but the dominant structures were the 10-20 Mb domains which interact 

with one another as compartments, visible as a plaid pattern off of the diagonal (Fig. 2.4C) 

Compartmentalization is not obvious in the phased GM12878 contact maps (Rao et al. 2014). 

DXZ4 resides at the boundary between two domains corresponding to X100-115 and X115-128.  

Remarkably, when DXZ4 was deleted, we found the dissolution of these multi-megabase 

domains, into smaller regions resembling TADs and an accompanying compartmentalization 

pattern typically found on autosomes (Fig. 2.4C). In ΔDXZ4i, interactions between the genomic 

interval of DXZ4 and X130/FIRRE are lost (Fig. 2.4D), supporting our previous finding that 

DXZ4 is involved the long-range interaction with X130/FIRRE (Fig. 2.4D) (Horakova et al. 

2012b). 

 

2.2.4 Xi subcompartments are closely associated with heterochromatin type 

Upon initial inspection of the Hi-C contact maps, we noted a correspondence between the extent 

of the subdomains in wild-type RPE1 and the location of the of H3K27me3 and H3K9me3 

banding along the length of the Xi (Fig. 2.5A, B) (Chadwick and Willard 2004; Chadwick 2007). 

To further explore this, our collaborators generated correlation matrices derived from the Hi-C 

contact maps of wild-type RPE1 and the mutants, which emphasize patterns of 

compartmentalization. The correlation matrices align remarkably well with the heterochromatin 

banding of wild-type RPE1 (Fig. 2.5A), further supporting that these linearly separated bands 

associate with one another during interphase. 

The largest domain was present on both the Xi and Xa and corresponds to previously 

identified band of H3K9me3 centered at Xq13. This band was consistent on the Xa in various 

cell types and present on both Xi and Xa of RPE1 (Chadwick 2007). Upon examining the 

regions adjacent to DXZ4, we found that the large domain spanning the interval X100-115 

corresponds to the prominent H3K27me3 band in RPE1 (Fig. 2.5A). In ΔDXZ4i, congruent with 

the disruption of the H3K27me3 band, the X100-115 domain is replaced by small alternating 

intervals on the scale of TADs (Dixon et al. 2012; Nora et al. 2012) (Fig. 2.5B). We identified a 

similar pattern of TAD formation at the domain corresponding to the undisrupted distal band of 

H3K9me3 at X115-128 (Fig 2.5B) 
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The pattern of the new TADs closely resembles those found on the Xa of wild-type RPE1 

and both mutants, and through visual inspection, appear to correlate with gene density (Fig. 

2.5C). These changes to the compartmentalization of the region surrounding DXZ4 are 

surprising because of the resemblance to the Xa compartmentalization and even more so because 

they are occurring in the presence of H3K9me3 and likely small regions of H3K27me3. The 

level of H3K27me3 X100-115 disruption is variable among the clones and in place of a large 

15Mb band, some metaphase spreads within a population show small regions of H3K27me3. 

Active X-like TAD formation in the absence of euchromatic marks paired with the gene density 

correlation, suggests that TAD formation is separate from transcriptional activity and possibly 

defined by intrinsic properties of genes. These findings suggest a decoupling of histone 

modifications and higher-order chromatin organization that may extend to other regions of the 

genome. We acknowledge that our immunofluorescence staining of metaphase chromatin yields 

a lower resolution compared to the Hi-C derived eigenvectors and look forward to further 

exploring this promising finding. 

 

2.2.4 Shift in replication timing at region of compromised chromatin 

The Xi replicates later in S-phase than the Xa and, on the Xi, replication of H3K27me3 regions 

occurs earlier than regions of H3K9me3 (Chadwick and Willard 2004). We sought to determine 

if the acquisition of H3K9me3 at X100-115 impacted replication timing. By using 5-Ethynyl-2’-

deoxyuridine (EdU) labeling, we found that not only does this new H3K9me3 band replicate 

after the unaffected H3K27me3 bands, but it is one of the last replicating regions in the genome. 

In addition to replicating later in S-phase, the Xi also replicates more rapidly than the Xa 

(Gómez and Brockdorff 2004). It is unclear if replication timing initiates at the disrupted interval 

at the same time as the adjacent H3K9me3 bands and requires a longer time to complete, or if the 

interval replicates at the same rate, but initiates later than other H3K9me3 regions (Fig 2.6). 

Although both the proximal X110-115 and distal X116-128 bands are impacted by deletion of 

DXZ4 and show TADs and compartmentalization pattern resembling the Xa and mirroring gene 

density (Fig. 2.5C), only X110-115 showed a change in the type of histone modification and 

replication timing. Our results indicate that the presence of H3K9me3 alone is not enough to 

dictate replication timing, despite the high correlation of the histone modification and regions of 

late replication (Rhind and Gilbert 2013).  
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2.2.5 Loss of DXZ4 on Xi does not have a major effect on Xi transcription  

Lastly, we examined the impact of DXZ4 deletion upon transcription and found no major effect 

on overall transcription of the Xi. RNA-seq showed expression changes exceeding 2-fold in only 

10 of 982 genes expressed genes, after FDR correction (Table 2.2). The altered genes had no 

obvious significance.  

 

2.3 Discussion 

 

2.3.1 Transcription 

When we deleted DXZ4, we did not observe a pronounced effect on either silencing or 

escape of X-linked genes. Impacting expression of genes already stably repressed through XCI is 

difficult without first reducing CpG methylation. Given that genes escaping XCI do not typically 

reach the abundance of their active allele, it is possible that a more precise approach would yield 

changes in expression. Also of note, RNA-seq was performed using polyA (+) selected RNA and 

would therefore not detect changes to non-polyadenylated RNA, and it is possible that non-

polyadenylated non-coding transcripts did undergo changes in expression. The lack of 

transcriptional changes could also be related to the timing of deleting DXZ4 after induction of 

XCI, although a recent study examining the impact of Dxz4 deletion in mouse did not observed 

consistent noteworthy transcriptional changes among clones (Giorgetti et al. 2016). The changes 

in replication timing and chromatin marks are both consistent with a transition to constitutive 

heterochromatin, suggesting that DXZ4 strongly influences the chromatin environment on the Xi 

towards a more repressive state and that if changes were to be found they would likely negatively 

impact the expression of genes already escaping inactivation. 

 

2.3.2 Relationship between chromatin composition, compartmentalization, and replication 

timing  

The intense H3K27me3 and H3K9me3 banding pattern in RPE1 appears to be the most severe 

example of such on the Xi (Chadwick 2007). Primary cells do not display the large regions of 

H3K9me3 to the same degree as cultured cells and there is some evidence to suggest that 

accumulation of large contiguous H3K9me3 regions may be an effect of cell culture in the 

presence of serum or growth stimuli (Zhu et al. 2013). A comparison of 29 different primary and 
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cultured cells, as part of the Epigenomics Road Map, showed a pronounced increase of large, 

variable domains of H3K9me3 (median size 1.4 Mb) especially in HUVEC (endothelial cells), 

NHEK (keratinocytes), NHLF (fibroblasts, SKM-cult (skeletal muscle), and to a lesser degree, 

HSMM (myoblasts) (Zhu et al. 2013). These H3K9me3 regions occupy the same compartment 

as nuclear lamina associating domains, and the authors propose that these regions are void of 

active chromatin marks are particularly susceptible to culture conditions, specifically the 

presence of growth stimuli (Zhu et al. 2013). 

Regardless of the possible underlying reasons of H3K9me3 accumulation on the Xi in 

RPE1 cells, this cell line further presents the opportunity to examine the relationship between 

compartmentalization, heterochromatin composition, and replication timing. The involvement of 

DXZ4 in the long-range interactions among repeats on the human Xi paired with disruption of 

the organization upon deletion of DXZ4, reveal this macrosatellite as an intriguing genomic 

element with a functional role on the Xi. The retention of DXZ4 boundary properties in the 

absence of the interactions with the other repeats remains to be examined as does the importance 

of copy number. The sequence containing the conserved CTCF site (Chadwick 2008; Horakova 

et al. 2012a) within each monomer has unidirectional insulator activity as was determined by a 

luciferase assay. Strong insulators may have applications for the restoration of boundaries that 

are impacted by genomic translocations and serve as a tool for probing TAD formation and 

maintenance.  

Removal of DXZ4 impacted heterochromatin distribution, local compartmentalization, 

replication timing, and 3D organization of the Xi. The most pronounced effects took place at the 

regions flanking DXZ4. Other regions on the p-arm also showed changes in 

compartmentalization, but we will leave in-depth analysis of those regions for a future study. The 

conversion of the H3K27me3 band to H3K9me3 was an easily discernable effect of DXZ4 

removal. Given that our analysis of histone modification distribution on the Xi relied upon 

immunofluorescence staining, we do not know the precise boundaries of these changes. The 

TALEN generated clone displayed a higher variability in the disruption of the H3K27me3 band 

compared to the CRISPR/Cas9 clones which showed a higher frequency and severity of 

H3K27me3 loss at X100-115. What accounts for the variability between these independent 

clones is unclear. It is not due to the extent of the deletion or mode of targeting, as precisely the 

same DNA sequence is removed in Clones 2 and Clone 3 using CRISPR-Cas9 (Fig. 2.1). 
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Although highly speculative, it is possible that the point during the cell cycle at which the 

deletion occurred could impact maintenance of heterochromatin, or could simply reflect cloning 

of cells that show variation in Xi heterochromatin in cell populations (Chadwick 2007). The 

changes in compartmentalization to both the H3K27me3 and H3K9me3 bands flanking DXZ4 

present the interesting possibility that the heterochromatin composition of both regions was 

disrupted, but because the X115-118 regions were already decorated with H3K9me3, the 

heterochromatin appeared unperturbed. The cause of this conversion and consequences require 

further investigation and consideration of the best way to differentiate among the driving forces 

of these mechanistically linked processes. While the superdomains are less pronounced in RPE1 

cells compared to GM12878 (Fig 1.2), DXZ4 still resides in between two large domains which 

correspond to the prominent banding of H3K27me3 and H3K9me3 flanking DXZ4 (Chadwick 

and Willard 2003b; Chadwick 2007). Interestingly, neither X56/ICCE nor X130/FIRRE resides 

at the precise boundary between the two types of heterochromatin on the Xi, suggesting that 

while these other tandem repeats are involved with the Xi-specific interactions and bound by 

CTCF and cohesion subunits, that they may not possess the same boundary element properties as 

DXZ4. Immunofluorescence staining paired with DNA-FISH places both repeats quite close to 

the edge of the bands, but inspection of ChIP-seq (not shown) and the boundaries revealed by the 

Hi-C eigenvectors suggest that on the Xi, these repeats do not sit at a boundary of 

heterochromatin types. On the Xa both repeats are within small compartments, containing largely 

the arrays. Perhaps the ability to serve as a local boundary and interact with other CTCF sites 

over large distances are not necessarily linked. One way to investigate this is to delete FIRRE 

and ICCE from the Xi, while leaving DXZ4 intact. If the loss of the interactions in this manner 

recapitulates the changes we see in the 3D organization of the Xi upon DXZ4 deletion but does 

not disrupt the distribution of heterochromatin, it would point towards to the boundary properties 

of DXZ4 and its involvement in the interactions with the other repeats as functionally separate.  

We have not yet determined if other characteristics of the H3K27me3 regions are still 

present, such as macroH2A, H4K20me1, H2AK119u (Chadwick and Willard 2003a). It is 

tempting to speculate that in the absence of H3K27me3, H3K9me3 is acquired as a default (Zhu 

et al. 2013) and the combination of the newly acquired H3K9me3 paired with the still present 

typical H3K27me3 chromatin characteristics on Xi, creates an abnormal hybrid chromatin state. 

Assuming that chromatin state was influencing replicating timing (Rhind and Gilbert 2013), the 
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hybrid chromatin was relegated towards a later replication timing as a byproduct of the inability 

to classify its unique chromatin composition. This scenario could account for the replication 

timing shift occurring at X100-115 but not X115-128. It is also interesting to note that 

H3K27me3 is not self-propagating, but is actively maintained on the Xi and may rely upon the 

3D organization of the Xi, unlike H3K9me3 at X115-128.  Removal of the other tandem repeats 

could further impact H3K27me3 outside of the X100-X115 band. 

 

2.4 Materials and Methods 

2.4.1 TALENs 

TALENs were assembled using FLASH essentially as described (Reyon et al. 2012). Activity at 

the proximal and distal inverted repeat sequence was assessed using the Surveyor assay 

(Transgenomic) (Guschin et al. 2010) with oligonucleotide sequences 

CAACCCCACAGGGAGAACT and ACTTTCATTTTCAGGTCAGAC for the proximal side, 

and CTTTTCTTCTCAGGTTACAGT and TCAATCACACAAGGGAAATGC for the distal 

side. 

  

2.4.2 CRISPR/Cas9 

Suitable gRNA targets were identified using Optimized CRISPR Design (http://crispr.mit.edu) 

and cloned into pSpCas9(BB)-2A-GFP (PX458) as directed (Ran et al. 2013). pSpCas9(BB)-2A-

GFP (PX458) was a gift from Feng Zhang (Addgene plasmid # 48138). Oligonucleotides were 

obtained from Eurofins Genomics. 

 

2.4.3 Isolation and characterization of RPE1-ΔDXZ4a and RPE1-ΔDXZ4i 

TALEN expression constructs were introduced into hTERT-RPE1 cells (Clontech Laboratories, 

No. C4000-1) using a 4D-NucleofectorTM (Lonza Group Ltd.). Twenty-four hours post-

Nucleofection, cells were seeded to 24-well plates at a density of 25 cells/well. At 50% 

confluence, 50% of cells from each row were pooled and genomic DNA isolated before 

screening for deletion of DXZ4 using oligonucleotides CAACAGCAATTTCAGTAAGGTG and 

GATCTGGTCAAAATCAGAGAT. Genomic DNA was isolated from cells in individual wells 

of positive rows and re-screened for DXZ4 deletions. Cells from positive wells were then seeded 

into 96-well plates at a density of 0.25 cells/well. Screening of pooled rows was performed as 
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above. TA cloning and sequencing the deletion PCR product determined the exact nature of the 

DXZ4 deletion for RPE1-ΔDXZ4a and RPE1-ΔDXZ4i. Assignment of the deletion to Xa or Xi 

was achieved by FISH analysis on metaphase chromosomes using a direct-labeled DXZ4 probe 

(Spectrum Red, Abbott Molecular) in combination with a second X-linked direct-labeled BAC 

probe (Spectrum Green, Abbott Molecular). Metaphase chromosome preparation and FISH were 

performed essentially as described previously (McLaughlin and Chadwick 2011). A pair of 

gRNAs (CCAGCGAAGACCTTACTCAA and GCCCTTTAAGCACCTACGAC) were cloned 

into pX458 and introduced into hTERT-RPE1 as above. Seventy-two hours later, GFP positive 

cells were collected using a BD FACSAria SORP flow cytometer and manually seeded at a 

density of 1 cell every 3-wells in 96-well plates. Screening for deletion of DXZ4 used 

oligonucleotides CGTCAGGCATACAGATGATAC and GATTCTACCGAGCAACTGGC. 

Assignment of deletion to Xa or Xi took advantage of dbSNP rs2301953 that resides within the 

deletion. DNA from deletion clones was amplified using oligonucleotides 

ATTCTTTCAGCCCTCACCTC and ACAAACCCTGATCTCGTGTC, and PCR products 

sequenced. Xa allele = G, Xi allele = C. Metaphase chromosomes were prepared as described 

previously (Chadwick and Willard 2004). EdU was added to cell culture media to 10µM for 3 

hours before addition of 25ng/ml KayoMAX Colcemid for an additional hour. Detection of EdU 

incorporation used the Click-iT EdU Alexa Fluor 555 imaging kit from Thermo Fisher Scientific 

according to the manufacturers recommendations. 

 

2.4.4 RNA-seq 

Total RNA was isolated using the NucleoSpin RNA kit according to the manufacturers 

recommendations (Machery-Nagel). RNA quality was assessed on a Bioanalyzer 2100 (Agilent 

Technologies) and quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific). RNA-

seq libraries were constructed in triplicate using 500ng of total RNA with the NEBNext Ultra 

Directional RNA Library Kit for Illumina, the NEBNext poly(A) mRNA Magnetic Isolation 

Module was used for isolation of polyadenylated mRNA and multiplexing used the NEBNext 

Multiplex Oligo for Illumina set (New England Biolabs). Libraries were assessed with a 

Bioanalyzer 2100 (Agilent Technologies) and qPCR using the Illumina Library Quantification 

kit (Illumina). Pooled libraries were loaded onto two lanes of an Illumina HiSeq 2000 for Rapid 

Run 2x100bp paired-end sequencing.  
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To perform allele-specific analyses, fastqs were first aligned to hg19 using STAR. The 

aligned reads were then split into maternal or paternal reads using our standard human diploid 

pipeline. We used kallisto (indexed to GRCh37 cdna) to calculate transcript abundances on the 

maternal and paternal allele of each sample. Differential expression of transcripts was evaluated 

using EdgeR, using all three samples from the two cell lines. In Table S3, we report significant 

transcriptional changes on the Xi between RPE1-WT and RPE1-ΔDXZ4i (significance required 

a fold change of at least 2 and an FDR less than 0.05.) 

 

2.4.5 Immunofluorescence 

Indirect immunofluorescence was performed essentially as described previously (McLaughlin 

and Chadwick 2011). Rabbit anti-H3K27me3 (07-449) was obtained from EMD Millipore. 

Rabbit anti-H3K9me3 used for metaphase analysis (07-523) was obtained from EMD Millipore, 

whereas interphase analysis used rabbit anti-H3K9me3 from Active Motif (39161). Direct 

immunofluorescence utilized the Zenon Alexa Fluor 555 Rabbit IgG labeling kit from Thermo 

Fisher Scientific according to the manufacturers recommendations. Conjugate secondary 

antibodies (Alexa-Fluor®) were obtained from Life Technologies Corporation. DNA was 

counterstained using the VECTASHIELD® mounting medium with DAPI from VECTOR 

Laboratories. Imaging was performed as described above. Metaphase chromosome 

immunofluorescence as described previously (Chadwick and Willard 2004). 

 

2.4.6 Hi-C Data Pipeline and generation of contact maps 

Read files were processed as described (Rao et al. 2014; Darrow et al. 2016). 

 

2.4.3 In Situ Hi-C Protocol 

This was performed as described previously (Rao et al. 2014). 
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2.5 Figures and Tables 
 

 
Figure 2.1. Deletion of DXZ4 with TALENs and CRISPR/Cas9. 
A) A single pair of TALENs designed within an inverted region on both sides of the DXZ4 array 
was used to excise DXZ4. B) DDXZ4 TALEN generated clones. C) gRNAs were designed to 
direct Cas9 cutting on each side DXZ4. D) All CRISPR/Cas9 generated clones has identical 
deletions. E) Pools of cells were initially screen for the deletion prior to isolation of individual 
clones. 
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Figure 2.2. Validation of DXZ4 deletion on Xi and Xa. 
A) Metaphase chromosome spreads of RPE1 (left), RPE1-DDXZ4a (middle), and RPE1-DDXZ4i 
(right) stained with DAPI and merged with direct labeled FISH signals for DXZ4 (red) and the 
PLS3 or FIRRE locus (green). Bottom panels show enlarged Xi and Xa in the RPE1 and 
TALENs generated single-cell clones. B) Shows the proximal side of DXZ4 location of the 
proximal CRISPR/Cas9 gRNA. The allele containing the deletion was additionally confirmed in 
the CRISPR/Cas9 clones by amplifying across a SNP (rs2301953) on the proximal side of 
DXZ4. C) Chromatograms of the parental RPE1 and deletion clones show both G and C present 
in the RPE1, while deletions from the inactive X (RPE1-DDXZ4i) contain only a G and deletion 
from the active X chromosome contain only a C (RPE1-DDXZ4a). 
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Figure 2.3. Deletion of DXZ4 impacts 3D organization and heterochromatin distribution. 
A) Immunofluorescence staining of interphase parental and RPE1-DDXZ4i. Red - H3K27me3; 
green - H3K9me3. B) Indirect immunofluorescence showing the distribution of H3K27me3 
(green) at metaphase Xi in RPE1 and three independent RPE1-ΔDXZ4i clones; DAPI shown in 
blue. The white arrowhead indicates the location of the DXZ4-proximal H3K27me3 band in 
RPE1 cells and its absence in the DXZ4 mutants. C) Indirect immunofluorescence (H3K9me3 - 
green) combined with direct immunofluorescence (H3K27me3 - red) showing H3K9me3 
occupation of the former DXZ4-proximal H3K27me3 band on RPE1-ΔDXZ4i Xi. 
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Figure 2.4. Hi-C contact maps show loss of compartments. 
A) Unphased contact maps representing signal from both Xa and Xi. B) Phased contact maps of 
the active X chromosome and inactive X chromosome. (RPE1, left panel; RPE1-DDXZ4a, 
middle panel; RPE1-DDXZ4i, right panel; Resolution: 500 kb) C) Expanded view of DXZ4 and 
X130/FIRRE regions. (Resolution: 50 kb) The color scale of all contact maps goes from 0 (white) 
to red. 
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Figure 2.5. Deletion of DXZ4 disrupts compartmentalization and distribution of histone 
marks. A) Correlation matrix derived from the contact map of the wild-type RPE1 Xi 
chromosome reveals two distinct long-range contact patterns, indicating two subcompartments 
(first column, numbered left to right). These patterns are reflected in its principal eigenvector, 
which is shown to the right of the matrix. The color of the eigenvector indicates its sign and thus 
the long-range pattern exhibited by the corresponding locus (Resolution: 500 kb.) One of these 
subcompartments correlates well a representative metaphase Xi chromosome showing the 
distribution of H3K27me3 (green, indirect immunofluorescence). B) A correlation matrix 
derived from the contact map of the RPE1-ΔDXZ4i Xi chromosome (first column); its principal 
eigenvector (second column); a representative RPE1-ΔDXZ4i metaphase Xi chromosome 
showing the distribution of H3K27me3 (green, indirect immunofluorescence) merged with DAPI 
(blue) (fourth column). The X100-115 subdomain is altered, and corresponding changes are seen 
in metaphase histone mark distribution. C) Expanded eigenvectors of RPE1-Xa and RPE1-Xi. 
Removal of DXZ4 compromised intervals X100-115 and X115-128 adopt a configuration 
similar to the wild-RPE1 Xa. The red line shows gene density (UCSC browser). Yellow 
highlight in (A, B) corresponds to highlight in (C) 
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Figure 2.6 Shift in replication timing of the 15-Mb band proximal to DXZ4 
Metaphase Xi from RPE1 and RPE1-ΔDXZ4i showing the pattern of EdU incorporation. Left 
panel highlights difference in replication timing of the X100 to DXZ4 interval between wild-type 
RPE1 and RPE1-ΔDXZ4i. The replicating regions shown in both wild-type RPE1 and the mutant 
correspond to H3K9me3 bands (Chadwick and Willard 2004; Chadwick 2007) with the 
exception of the indicated region in RPE1-ΔDXZ4i that corresponds to the altered H3K27 band 
proximal to DXZ4.  Center panel shows later replicating regions and a white arrow indicates the 
location of the Xi. The altered interval in RPE1-ΔDXZ4i is one of the latest replicating regions 
throughout the genome. Right panel shows metaphases after addition of EdU post S-phase. 
Phases of the cell cycle are depicted in the green boxes. Purple lines indicate the time of Edu 
incorporation in relation to S-phase and G2.  
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Table 2.1.  X-linked gene expression changes by RNA-seq. Transcription after deletion of 
DXZ4 were detected at only a few genes and did not correspond to regions which underwent 
compartment changes. Asterisks indicate cancer/testis loci (Cheng et al. 2011) 

Gene Coordinates (hg19) Ensemble identifier Log-fold change 

PLCXD1 200401-207424 ENST00000448477 -2.927 
PPP2R3B 308346-334779 ENST00000381625 -6.255 
ZBED1 2404455-2419008 ENST00000381223 4.862 

FRMPD4 12156585-12742642 ENST00000380682 9.148 
TRAPPC2 13733656-13752664 ENST00000519382 -5.061 
TRAPPC2 13730363-13752754 ENST00000359680 -6.547 
SPANXC* 140335596-140336629 ENST00000358993 7.603 
SPANXD* 140785568-140786896 ENST00000370515 6.323 
MAGEC1* 140991680-140997174 ENST00000285879 6.226 

HAUS7 152713124-152736089 ENST00000370211 -5.171 
TREX2 152713336-152736045 ENST00000370212 5.639 
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CHAPTER 3 

 

TWO NOVEL DXZ4-ASSOCIATED LONG NONCODING RNAS 
 

3.1 Introduction 

 

Long non-coding RNAs represent an important layer in epigenetic regulation. One of the 

classical examples of lncRNA involvement in epigenetic regulation is the X inactive specific 

transcript (XIST) in the recruitment of PRC2 and other protein partners to initiate X chromosome 

inactivation (Lee 2012). Despite displaying features of constitutive heterochromatin, male DXZ4 

and the female Xa allele are actively transcribed into non-coding RNAs (ncRNA) of various 

sizes (Chadwick 2008; Tremblay et al. 2011). What the purpose of the ncRNA is and if it has a 

role in maintaining the chromatin state of the DXZ4 is unknown, although novel small RNA 

species originating from DXZ4 (Chadwick 2008) may mediate Argonaute-dependent DNA 

methylation at the tandem repeat (Pohlers et al. 2014). A lncRNA at D4Z4, a macrosatellite on 

chromosome 4, is involved in facioscapulohumeral muscular dystrophy (FSHD), and is 

implicated in facilitating the switch toward a more euchromatic organization for the 

macrosatellite in FSHD (Cabianca et al. 2012). Therefore, consistent with their role in 

developmentally regulating chromatin states (Gendrel and Heard 2014), lncRNAs are suitable 

candidates for directing macrosatellite chromatin packaging. Here I describe the characterization 

of two novel lncRNAs, DXZ4 Associated Non-coding Transcript, proximal (DANT1) and DXZ4 

Associated Non-coding Transcript, distal (DANT2), which are transcribed antisense to one 

another and in hESCs, the transcripts traverse the entire DXZ4 array.  

 

3.2 Results 

 

3.2.1 LncRNA expression in the region surrounding DXZ4 

Pair-wise alignment of DNA sequence at and around DXZ4 clearly show the tandem 

arrangement and location of macrosatellite and the presence of numerous closely related DXZ4-

like sequences located distal and inverted relative to the main array (Fig. 3.1A). Examination of 

annotated spliced expressed sequence tags (ESTs) and messenger RNA (mRNA) in the 
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immediate vicinity surrounding DXZ4 revealed two clusters of spliced ESTs. One cluster 

originates immediately proximal to DXZ4, and these are transcribed toward the array before 

terminating within 0.6 kb of the first DXZ4 monomer at the proximal edge (Fig. 3.1B, fourth 

row). One member of this cluster is derived from hESCs (CD173052), whereas the other two are 

from a breast tumor (AI024771) and pooled germ cell tumors (AI653207). The second cluster 

originates approximately 80-kb distal to DXZ4 (Fig. 3.1B, fifth row). These ESTs come from 

male brain (BM925596), an unknown adult source (BX642309) and a rhabdomyosarcoma 

(BE298956 and BC003645). All four ESTs are transcribed toward DXZ4, but intriguingly, 

BM925596 traverses the entire DXZ4 array before splicing to an exon <400 bp upstream of the 

beginning of the proximal cluster, indicating that the two putative transcriptional units overlap 

and are anti-sense relative to one another. The ESTs from the distal cluster all share the same 

first exon, as do ESTs for the proximal transcript. We validated that the DNA sequences 

immediately upstream of each EST cluster possessed promoter activity, that they overlap DNaseI 

hypersensitive sites and are marked by the presence of H3K4me3 and H3K27ac (UCSC browser, 

not shown). We sought to further characterize the transcripts and establish if there was coding 

potential or if these transcripts represented lncRNAs. Using Open Reading Frame Finder, 

available within the National Center for Biotechnology Information suite 

(http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi), the largest potential ORF for any of the proximal 

transcript splice isoforms was 204 nucleotides, whereas for distal transcript splice isoforms the 

longest ORF was 282 nucleotides. To determine if any of the short ORFs has any coding 

potential, the sequence of each isoform was entered into the Coding-Potential Assessment Tool, 

software that can reliably determine if a sequence has coding potential (Wang et al. 2013). None 

of the isoforms showed any coding probability using the standard default settings for human 

sequences.  Therefore, we conclude that these represent novel lncRNAs. We refer to the 

proximal transcripts as DXZ4 Associated Non-coding Transcript, proximal (DANT1) and the 

distal transcript as DXZ4 Associated Non-coding Transcript, distal (DANT2). 

 

3.2.2 Validation of DANT1 and DANT2 

For transcripts driven by the distal promoter, the only exon present consistently in all 

ESTs is the first. Similarly, the proximal cluster shows alternative splicing with the presence or 

absence of exon-2. Therefore, to assess total expression regardless of differential splice isoforms, 
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we performed qRT-PCR with primers contained entirely within exon-1 of either the proximal 

EST cluster or distal EST cluster (Table 3.1). Consistent with our own and publically available 

RNA-seq data (Fig. 3.2A), the proximal transcript was only detected in hESCs and was 

extremely low to undetectable in all somatic samples tested (Fig. 3.2B, top panel). In contrast, 

the distal transcript could be detected in all cell types examined (Fig. 3.2a, bottom panel), and 

shows some variation in expression level between samples tested, although this may reflect 

differences in the cell type and passage of samples used.  

The RNA-seq profile suggests, that like DANT2, the proximal lncRNA generates an 

array-traversing transcript (ATT) with the longest DANT1 transcript entirely contained within, 

but anti-sense to, the longest predicted DANT2 transcript. Therefore, in order to validate these 

transcripts and the non-ATT annotated ESTs, we performed a series of RT-PCR analyses.  

Initially, we performed RT-PCR with primers located in exon 1 and 3 of the short non-

ATT EST CD173052 and confirmed the presence of this transcript in hESC (Fig. 3.3A). The 

EST entry for CD173052 terminates with a polyA sequence that is not present in the 

corresponding genomic DNA locus, suggesting that this transcript is polyadenylated. Using 

oligo-dT primed 3’ rapid amplification of cDNA ends (RACE), we confirmed that this transcript 

is indeed polyadenylated and therefore terminates before the DXZ4 array (data not shown).  

In order to determine if in addition to this short transcript, DANT1 also exists as an ATT 

isoform as the RNA-seq profile suggests, we looked at annotated ESTs within the DANT1 RNA-

seq profile on the distal side of DXZ4. We postulated that if those ESTs that overlap the (+)-

strand RNA-seq profile are genuinely part of DANT1, then it should be possible to physically 

link these ESTs to the DANT1 promoter by RT-PCR using a primer anchored in the ESTs and a 

primer in exon-1 of DANT1. We focused on a cluster of 16 EST entries within a unique 3-kb 

region located 17-kb distal to the edge of the main DXZ4 array. This region shares extensive but 

inverted DNA sequence identity to DXZ4, including the promoter and CTCF site, and is well 

represented in the DANT1 and DANT2 RNA-seq profiles in hESC. We performed RT-PCR with 

a forward primer anchored in exon-1 of DANT1 and a reverse primer anchored in this EST 

cluster. This RT-PCR confirmed that DANT1 does indeed generate ATT, and identified two 

alternatively spliced isoforms that contain or do not contain the second annotated exon (Fig. 

3.3A, B). Therefore, we conclude that DANT1 produces both non-ATT and ATT transcript 

isoforms. 
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Next, we sought to validate DANT2 and to determine if, like DANT1, it too produces both 

non-ATT and ATT isoforms. We started by attempting to validate the existence of DANT2-ATT 

by performing RT-PCR with a forward primer anchored in exon-1 and a reverse primer located 

in BM925596 exon-2, which is located upstream of the DANT1 promoter (Fig. 3.3A, B). This 

transcript was readily detected in hESCs, validating the existence of DANT2-ATT (Fig. 3.3B, 

PCR-3 and PCR-6). Interestingly, the RT-PCR resulted in several bands. These were TA-cloned 

and sequenced, revealing the existence of several novel spliced isoforms of DANT2-ATT, 

including one that spliced into the DXZ4 array itself (Table 3.2). 

Notably, with the exception of exon-1, none of the DANT2-ATT isoforms included any of 

the exons contained in the other ESTs located in the distal interval between the DANT2 promoter 

and the DXZ4 array (See BX642309, BC003645 and BE297956 in D-EST of Fig. 3.3A). By RT-

PCR, the existence of these spliced DANT2 transcripts were also validated (Fig. 3.3). 

 

3.2.2. Tissue distribution of DANT1 and DANT2 transcripts. 

So far, these data indicate that both DANT1 and DANT2 generate ATT isoforms, that DANT1 

also produces short polyadenylated non-ATT isoforms and that both lncRNAs show highly 

variable exon inclusion. Furthermore, since males are hemizygous for the X chromosome and 

both the DANT1 and DANT2 ATTs could be detected in the same male hESC sample, 

transcription is occurring in both directions across DXZ4. Whether this is occurring 

simultaneously or mutually exclusively in different cells cannot be determined from these 

experiments.  

Given the heterogeneity in DANT1 and DANT2 transcripts, we extended our analysis to 

assess their existence in a panel of twenty different human tissues. The short DANT1 transcript 

that is readily detected in hESCs was of particularly low abundance, and could only be 

confidently detected in prostate, testis, trachea and spinal cord (Fig. 3.4 DANT1-short). In 

contrast, the ATT form of the DANT1 transcript could not be detected in any tissues (Fig. 3.4, 

DANT1-ATT), and is therefore hESC-specific. The DANT2 hESC validated transcript (Fig. 3.3, 

PCR-4), that includes an exon that is antisense to DANT1-ATT was only detected in cerebellum 

(Fig. 3.3). Finally, DANT2-ATT was particularly abundant in nervous tissue (cerebellum, whole 

brain, fetal brain and spinal cord), as well as a few other tissues. Therefore, even though qRT-

PCR to exon-1 of DANT2 can be detected in all samples examined, the ATT form of DANT2 is 
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not universal, indicating that DANT2 expression in the majority of tissues and cell types is non-

ATT. Notably, transcription of DANT2 occurs from the same strand as the most abundant DXZ4 

transcript. Therefore, even though each DXZ4 monomer contains a promoter, it is feasible that 

some proportion of DXZ4 transcript corresponds to unspliced DANT2-ATT. Given that DANT2 

and the major DXZ4 transcript are being transcribed in the same orientation, it is also possible 

that expression of DANT2 and DXZ4 may be associated in some way, with the expression of one 

influencing the expression of the other. To begin to test this, we determined the expression of 

DXZ4 and total DANT2 in the 20 different tissues by qRT-PCR. Interestingly, in most tissues, 

the relative levels of DANT2 correlate well with the relative levels of DXZ4 a preliminary 

observation that warrants further investigation. 

 

3.3 Discussion 

 

Here we described two novel lncRNAs associated with the macrosatellite, DXZ4. The first 

lncRNA, DANT1, originates immediately proximal to DXZ4, and consists of alternatively 

spliced polyadenylated and non-polyadenylated transcripts that terminate either prior to entering 

the macrosatellite (DANT1-short) or on the opposite side of the array (DANT1-ATT). While very 

low levels of DANT1-short can be detected in some tissues, high levels of this isoform and 

expression of DANT1-ATT are unique to hESC. 

The second lncRNA, DANT2, originates 80 kb distal to DXZ4 and is primarily non-

polyadenylated. Like DANT1, DANT2 is abundant in hESC, is not developmentally regulated as 

DANT2 continues to be transcribed in a wide variety of somatic cell and tissue types. However, 

while differentiation does not appear to alter promoter activity, isoforms of the transcript are 

impacted. DANT2-ATTs splice to an exon immediately upstream of the DANT1 promoter and are 

readily detected in hESC, but not somatic cell lines. The most notable exception is nervous tissue 

where the DANT2-ATT is detected. Given that constitutive heterochromatin is acquired at DXZ4 

on differentiation, it is conceivable that this blocks DANT2 transcription across DXZ4 in those 

cell types that lack this transcript. Therefore, the detection of DANT2-ATT in some somatic cell 

types suggests that perhaps the chromatin state of DXZ4 differs in these tissues. Given that 5-

hmC is more abundant in the central nervous system (Globisch et al. 2010), 5-hmC may be a 

characteristic of DXZ4 in nervous tissue. Therefore, the chromatin of the macrosatellite may 
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more closely resemble what was observed in hESC and reflect a role for DANT2 and DXZ4 in 

these tissues. 

Interestingly, analysis of spliced isoforms of DANT1 and DANT2 revealed significant 

heterogeneity in exon content. With exception of exon-1 of both transcripts and exon-3 of the 

DANT1-short isoforms, few exons are common to the different DANT1 and DANT2 isoforms 

detected. Perhaps this reflects opportunistic splicing, whereby inclusion of an exon occurs if a 

suitable splice donor and acceptor are present in the primary transcript, while inconsistent 

inclusion would reflect poor matches with other sequence elements involved in splicing, 

reducing the overall frequency of retention in the various isoforms. The variable splicing may 

also suggest that the act of transcription at this locus is potentially more important than the RNA 

product itself. 

Pair-wise alignment of the genomic interval around DXZ4 revealed that in addition to the 

main homogenous tandem repeat, many regions distal to the macrosatellite share high sequence 

identity to DXZ4, but are inverted relative to the array. Despite differences in their transcription, 

the inverted promoters of DANT1 and DANT2 also share high sequence identity, suggesting that 

they are derived from a common ancestral sequence. Presumably, the ubiquitous expression of 

DANT2 and the hESC-specific transcription of DANT1 is encoded where the two promoters 

differ. Although primate DXZ4 and murine Dxz4 are expressed (Chadwick 2008; McLaughlin 

and Chadwick 2011; Tremblay et al. 2011), Dxz4 lacks an obvious promoter element within the 

repeat units. Instead, a single promoter is located distal to the array driving an ATT that 

terminates on the proximal side of the mouse macrosatellite (Horakova et al. 2012a). Like 

DANT2, this transcript splices into an exon contained within a DXZ4 monomer and similar to 

both DANT1 and DANT2, various DXZ4 isoforms can be detected. The transcriptional unit of the 

DANT1-ATT is entirely contained within the transcriptional unit of the DANT2-ATT, and DXZ4 

is embedded within both. 

In conclusion, similar to the FSHD-associated macrosatellite (Cabianca et al. 2012), we 

have identified two novel lncRNAs associated with DXZ4, therefore lncRNAs may be common 

to macrosatellites in general. Given that the D4Z4 associated lncRNA impacts the chromatin 

state of the FSHD macrosatellite, it is conceivable that DANT1 and/or DANT2 play some role in 

modulating the developmental regulation of chromatin at DXZ4. 
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3.4 Materials and Methods 

3.4.1 Novel transcripts 

Sequences associated with this study have been deposited with GenBank (Table 3.2). The 

HUGO Gene Nomenclature Committee (HGNC) approved gene names and symbols DANT1 and 

DANT2. 

 

3.4.2 Cells 

Human Telomerase immortalized cell lines hTERT-RPE1 (X4000-1 46,XX retinal pigment 

epithelia) and hTERT-BJ1 (C4001-1 46,XY foreskin fibroblast) were originally obtained from 

Clontech, but are now available from the American Type Culture Collection (ATCC). Human 

embryonic Stem Cell lines H9 (WA09, 46,XX) and H1 (WA01, 46,XY) were obtained from 

WiCell Research Institute.  The following human cells lines were obtained from ATCC: primary 

skin fibroblast cells CCD-1139Sk (CRL-2708, 46,XY) and CCD-1140Sk (CRL-2714, 46,XY); 

male colorectal adenocarcinoma cell lines DLD-1 [CCL-221] and HCT116 (CCL-247); fetal 

lung fibroblasts IMR-90 (CCL186, 46,XX) and WI-38 (CCL-75, 46,XX).  

 

3.4.3 Standard and quantitative reverse transcription PCR 

Total RNA was isolated and reverse transcribed as previously described (Horakova et al. 2012b). 

Standard reverse transcription PCR (RT-PCR) was performed as previously described (Horakova 

et al. 2012b).  Human tissue cDNA samples were prepared as described previously (Tremblay et 

al. 2010). Quantitative PCR was performed on a Bio-Rad CFX96 Real-Time System with a 

C100TM Thermal Cycler using EvaGreen qPCR Mastermix (Mastermix-S, Applied Biological 

Materials), using the oligos in Table 3.1, and normalized to GAPDH expression. For qrtPCR the 

samples were analyzed generally using the ΔΔCT method (Livak and Schmittgen 2001), except 

that the Cq values instead of CT values were used. Briefly, the expression of reference gene for 

each sample was normalized against the reference gene by subtracting the Cq value of the from 

the Cq value of the reference gene to generate the ΔCq.  ΔCq for each sample was then 

normalized to the ΔCq values of the reference sample (H9) to give the ΔΔCq. The fold difference 

in expression was then determined by taking the log10 of each sample. There average expression 

ratios and standard deviations were then determined. 
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3.5 Figures and Tables 
 

 
Figure 3.1. DXZ4 is located on the X chromosome and flanked by ESTs. 
A) Beneath the ideogram is a pairwise alignment of the DXZ4 interval corresponding to 
nucleotides 114,955,568 to 115,088,136 bp (hg19). B) UCSC tracks displaying the same 
genomic interval. B) Top panel shows the localization of DXZ4 monomers, below this are the 
annotated repeats, next are all ESTs, and the bottom two panels shows ESTs for DANT1 
(proximal) and DANT2 (distal) 
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Figure 3.2. Characterization of DANT1 and DANT2 lncRNAs. 
A) Genomic interval chrX:114,955,242- 115,088,266 (hg19) showing the extent of repeat 
masked (RM) DNA, the location of all ESTs, and the RNA-seq data for the DXZ4 interval 
showing strand-specific sequencing for male hESC (H1), male umbilical vein endothelial cells 
(HUVEC), and female EBV transformed B-lymphocytes (GM12878) (Parkhomchuk et al. 2009). 
Sense-strand data is shown at the top, and antisense data is on the bottom. The (+) and (-) 
represent data from polyA(+) and polyA(−) RNA sources, respectively. For each profile, the y-
axis is from 0 to 300 reads. B) Graphs showing the expression of DANT1 (top) and DANT2 
(bottom) lncRNA as determined by qRT-PCR in the various samples indicated. Primers used for 
qRT-PCR were contained within exon 1 of each gene amplifying a 57- or 100-bp amplicon, 
respectively (Table 3.1). Data represents the mean of triplicate qPCR reactions, and error bars 
indicate standard deviation. qRT-PCR data is normalized to GAPDH levels and graphed relative 
to expression in a female hESC sample (H9).  
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Figure 3.3. Validation of the DANT1 and DANT2 short and array-traversing transcripts 
(ATT). A) Schematic map of the DXZ4 interval is shown at the top and below are the maps of 
the transcripts in the gray boxes with (+) or (-) indicating strand of origin. Primers used to 
validate transcripts are shown below in the white boxes. B) Representative RT-PCR results using 
the primers indicated in (A). 
 

 

 
Figure 3.4. Detection of DANT1 and DANT2 transcripts in a variety of human tissues. RT-
PCR. The (+) and (−) for each sample indicate with and without reverse transcriptase, 
respectively. Sample key: bone marrow (BM), cerebellum (CE), whole brain (WB), fetal brain 
(FB), fetal liver (FL), heart (HE), liver (LI), lung (LU), prostate (PS), salivary gland (SG), 
skeletal muscle (SM), spleen (SP), testis (TE), thymus (TH), trachea (TR), uterus (UT), colon 
(CO), small intestine (SI), spinal cord (SC), and stomach (ST). Molecular weight marker sizes 
are indicated to the left of both gels.  
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Table 3.1. Primers used for RT-PCR and qRT-PCR. 
Column four corresponds to Fig 3B. 
Primer Name Sequence Assay Transcript detected 

qrtDANT2-F1 CCTAGCTGAGGCTGCGC qrtPCR NA 
qrtDANT2-R1 GAGTCGCGTTGCCGCAG qrtPCR NA 

qrtDANT1cd-F3 GGGCATCCTACCCCATATC qrtPCR NA 

qrtDANT1cd-R3 AAGGCCCAGTCCGCTCTAC qrtPCR NA 

DANT1-Fwd CATATCTGAGGTGCGACTGC rtPCR PCR-1; PCR-2 

DANT1-Rev TCACCACAGAACTTATGTGAG rtPCR PCR-1 

Distal ESTs-Fwd1 ATGCCCATGGCCTTGAGATG rtPCR PCR-4 

Distal-ESTs-Rev1 GATCCAACATGGCATGTGAG rtPCR PCR-2 

DANT2-Fwd1 AACGCAGATCAGAGGTAGTC rtPCR PCR-3; PCR-4; PCR-5 

DANT2-Rev1 AAACCTGCGAGTCGCTGTC rtPCR PCR-3; PCR-6 

BE297956-Rev AACCCTAGGATCTGGAGATG rtPCR PCR-5 

BM925596Ex2Fwd CTTCCCAAGACCAGACACTG rtPCR PCR-6 

GAPDH-q-Fwd CCCAATACGACCAAATCCGT qrtPCR NA 

GAPDH-q-Rev TCTCTGCTCCTCCTGTTCGA qrtPCR NA 

GAPDH-Fwd GAAGGTGAAGGTCGGAGTC rtPCR NA 

GAPDH-Rev GAAGATGGTGATGGGATTTC rtPCR NA 
 
 
Table 3.2. Accession numbers of DANT1 and DANT2 transcripts. 
Transcripts identified by RT-PCR followed by TA-cloning and sequencing.  
 

Transcript NCBI Accession 
Number Length (bp) 

 
DANT1 

 
NR_147172.1 

 
916 

 NR_147173.1 824 

 KM192213.1 871 

 KM192212.1 779 

   DANT2 NR_132337.1 336 

 KM192217.1 641 

 KM192216.1 426 

 KM192215.1 309 

 KM192214.1 238 

 NR_130730.1 2101 
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CHAPTER 4 
 

A REGION OF EUCHROMAIN COINCIDES WITH AN EXTENSIVE 

TANDEM REPEAT ON THE MOUSE (MUS MUSCULUS) INACTIVE X 

CHROMOSOME 
 

4.1 Introduction 

 

Features of euchromatin are largely absent from the human Xi, with a few notable exceptions 

(Boggs et al. 2002; Chadwick and Willard 2002). The first is a signal located in the subtelomeric 

region of Xp (Boggs et al. 2002; Chadwick and Willard 2002) that may correspond to the Xp 

PAR (Pearson and Bobrow 1970); a portion of the Xi that is shared with the Y chromosome 

(Page et al. 1987) that is not dosage compensated (Carrel and Willard 2005), and performs an 

important role in X-Y pairing during meiosis (Hunt and LeMaire 1992; Mohandas et al. 1992; 

Perry et al. 2001). Other exceptions include a prominent signal centered at Xq23 (Boggs et al. 

2002; Chadwick and Willard 2002)  and several other reproducible signals along the arms of Xp 

and Xq (Chadwick 2008; Horakova et al. 2012b). The DNA sequence underlying these 

euchromatic signals has only been determined for the most extensive signals and intriguingly, 

each of these corresponds to large tandem repeat sequences that appear to be euchromatic on the 

Xi and heterochromatic on the Xa (Chadwick 2008; Horakova et al. 2012a). We sought to 

determine if similar euchromatic signals might be a feature of the mouse Xi. 

 

4.2 Results 

 

4.2.1 Euchromatin regions of the mouse Xi 

Metaphase chromosomes were prepared from female mouse fibroblast cells and the distribution 

of the euchromatin marker H3K4me2 was determined by indirect immunofluorescence. As 

expected, most chromosomes show substantial H3K4me2 signals, with the exception of one or 

two chromosomes (Fig. 4.1A) that show two consistent bands of H3K4me2. The most distal of 

these bands resides in the subtelomeric region of the chromosome (Fig. 4.1A). If these 

chromosomes correspond to the Xi, then like in humans, the most distal band might be the mouse 
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PAR that occupies approximately 0.7 Mb of subtelomeric mouse X (Perry et al. 2001). The 

second signal is located approximately three quarters of the way down the X chromosome, 

centered at XE3 (Fig. 4.1B). 

Most spontaneously immortalized mouse embryonic fibroblasts rapidly become tetraploid 

(Todaro and Green 1963) and, therefore, female cells can have more than one Xi. To confirm 

that the hypo-H3K4me2 chromosomes are indeed the Xi, metaphase chromosomes were stained 

for H3K4me2 alongside H3K27me3, an established marker of the heterochromatic Xi (Silva et 

al. 2003; Plath et al. 2003)(Plath et al. 2003). As is also observed at the human Xi (Chadwick and 

Willard 2004), the hypo-H3K4me2 chromosome showed extensive, reproducible banding of 

H3K27me3 (Fig. 4.2A), along with a H3K4me2 signal at the peripheral edge of a major 

H3K27me3 band (Chadwick 2007) (Fig. 4.2B). These data confirm the hypo-H3K4me2 

chromosome is the Xi. 

 

4.2.2 An extensive mouse-specific complex repeat resides at XE3 

The DNA sequence underlying three of the H3K4me2 bands on the human Xi is composed of 

large tandem repeats (Chadwick and Willard 2003a; Chadwick 2008; Horakova et al. 2012b). 

One of several segmental duplications on the mouse X chromosome lies in the approximate 

vicinity of the H3K4me2 signal at XE3 (She et al. 2008) (Fig. 4.A). Considering the similar 

distribution pattern of H3K4me2 and H3K27me3 on the human and mouse Xi, we sought to 

characterize this region further. 

Close examination of a 10 Mb interval of XE3 revealed a gene-poor region that contained 

a regular pattern of satellite repeats and several gaps in the genome assembly (Fig. 4.3B). Highly 

repetitive regions of genomes are particularly challenging to assemble (She et al. 2004; Treangen 

and Salzberg 2011), and most large tandem repeats in the human genome assembly remain as 

gaps or under represent the actual repeat copy number (Warburton et al. 2008; Tremblay et al. 

2010; Schaap et al. 2013). Pairwise alignment of the DNA sequence exposed the presence of a 

large (approximately 2.7 Mb) complex region with extensive self-homology in the form of a 

tandem repeat that is inverted several times (Fig. 4.3C). Most of the inversion breakpoints 

correspond to assembly gaps in the mouse genome and, therefore, it remains a distinct possibility 

that the inversions may be an in silico artifact and instead this could be one large tandem repeat, 

as has been demonstrated for some duplicated regions of the human X chromosome on re-
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sequencing (Mueller et al. 2013). In humans, the most prominent H3K4me2 region on the Xi 

corresponds to the macrosatellite DXZ4 (Chadwick and Willard 2003a; Chadwick 2008), a near 

perfect tandem repeat of a GC-rich 3 kb sequence (Giacalone et al. 1992; Tremblay et al. 2011). 

Analysis of GC-content throughout the 10-Mb interval reveals that the regional sequence 

composition is comparable to the mouse genome average of 42.0% (Waterston et al. 2002), and 

the sequence underlying the actual repeat region is lower at 36.5%. Two of the most well 

characterized macrosatellites in the human genome have homologues in the mouse genome 

(Clapp et al. 2007; Horakova et al. 2012a) The syntenic region of XE3 corresponds to Xq21.3 in 

humans (Fig. 4.3D)(DeBry and Seldin 1996). With the exception of FAM133A, the order and 

orientation of genes in the interval is conserved, but the distance between the genes that flank the 

repeat region in mouse is substantially smaller in human, and there is a distinct lack of satellite 

repeats (Fig. 4.3E). Pairwise alignment of the human homologous region shows no evidence of 

tandem repeats (Fig. 4.3F) and pairwise alignment of the human and mouse sequence shows a 

break in homology in the vicinity of the mouse repeat region (Fig. 4.3G), strongly suggesting 

that this sequence is unique to the mouse genome.  

The complexity of the repeat region can be better appreciated on examination of just the 

~2.7 Mb interval (Fig. 4.4A). Two unique genes are located within the interval. The first is 

vomeronasal 2, receptor 121 (Vmn2r121), a member of an extensive family of G protein-coupled 

receptors (Pantages and Dulac 2000). The second is a putative protein-coding gene of unknown 

function named 3110007F17Rik. Neither gene has an obvious homologue in man based on 

sequence comparison to the human genome. In addition, each repeat unit contains three putative 

genes: Astx (Amplified spermatogenic transcripts X encoded), Srsx (serine-rich, secreted X-

linked) and Rps12 (Ribosomal protein S12). Astx is a spliced long noncoding RNA (lincRNA) of 

unknown function. Srsx encodes a putative secreted protein; a gene that may function in the 

testes due to its post-meiotic expression (Mueller et al. 2008). Rps12 is a pseudogene copy of the 

Ribosomal protein S12 gene located on mouse chromosome 10qA3. The arrangement of these 

three sequences combined with the pattern of repeats in the interval reveal the tandem and 

inverted nature of the sequence. Overall, the region is enriched for interspersed repeats (56.48% 

compared to the genome average of 38.6%) (Waterston et al. 2002).  

The region can be broken down into two repeat components: a short interspersed nuclear 

element (SINE) rich repeat and a large tandem repeat unit. The Astx gene can arbitrarily be used 
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to define the proximal edge of the large tandem repeat unit. Pairwise alignment of a single 240 

kb repeat unit against the interval shows the tandem arrangement of the DNA sequence and the 

location of at least some of the inverted copies at gaps in the sequence assembly (Fig. 4.4B). 

Close examination of this single repeat reveals it is enriched for long interspersed nuclear 

elements (LINE) (30.7% compared to 19.2% genome average), long terminal repeat elements 

(LTR) (25.8% compared to 9.9% genome average) and satellites (2.2% compared to 0.7% 

genome average). The satellite sequence is composed of the 120-base pair MurSAT1 and is not 

interrupted by any other repeats. The amount of the satellite sequence present between adjacent 

repeat units varies from 9 to 29 kb, and corresponds to the highest GC content region of the 

tandem repeat unit (Fig. 4.4C). 

Additional copies of Srsx and Rps12 can be found at other locations on the X 

chromosome. Sequence identity between Rps12 copies embedded within adjacent repeat units at 

XE3 range from 95.6% to 97.1%. A copy with 95.9% sequence identity resides at the X 

inactivation center (Xic), in the XD region, upstream of the Xist gene (Fig. 4.5A). Xist encodes a 

lncRNA that is transcribed exclusively from the Xi and associates with the chromosome territory 

in cis (Brockdorff et al. 1992). The Xic is required for XCI and contains numerous lncRNAs that 

influence this essential developmental process (Lee and Bartolomei 2013). The significance of a 

copy of Rps12 located within a region that is critical for XCI is not immediately obvious. A 

second 88.7% copy of Rps12 is found at XF3 between the Tsr2 and Wnk3 genes (Fig. 4.5B). No 

other copies reside on the X chromosome, but at least 10 full-length copies are found dispersed 

among the autosomes. Copies of Srsx embedded within the adjacent repeat units at XE3 share 

between 96.3% and 99.4% sequence identity. A single copy of 91.4% is found outside the repeat 

region at XF2 between the Htr2c and Il13ra2 genes (Fig. 4.5C), but is not found on any 

autosomes. 

Several SINE rich sequences are embedded within the region, located at the most 

proximal edge and between inversions of the tandem-repeat (Fig. 4.4B). The most proximal 

SINE rich repeat is AT-rich and covers 46 kb. It is composed of more than eighty B1 SINE 

elements, numerous simple repeats, and low complexity sequences flanked by a LINE and LTR 

element (Fig. 4.6A). Pairwise alignment of the sequence reveals that it is arranged into an 

extensive tandem repeat (Fig. 4.6B). The largest SINE repeat is an AT-rich sequence that spans 

70 kb and contains 138 B1 SINE elements interspersed primarily with simple repeats and low 
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complexity sequences (Fig. 4.6C). The SINE-rich region is flanked by a satellite repeat and LTR 

element. Pairwise alignment indicates that it is also arranged into an extensive tandem repeat 

(Fig. 4.6D).  

Given the gene content of the repeat region in mouse, the apparent absence of this 

sequence from the human X chromosome (Fig. 4.3G) is in conflict with Ohno’s law, which states 

that X-linked genes are conserved on the X chromosome between placental mammals (Ohno 

1967). However, recent testing of this supposition revealed that genes embedded in segmental 

duplications, such as that described here, appear to be an exception to this rule and frequently do 

not have homologues between human and mouse (Mueller et al. 2013).  

 

4.2.3 Portions of the repeat region are found throughout the Y chromosome 

Fluorescence in situ hybridization (FISH) using a direct-labeled bacterial artificial chromosome 

(BAC) clone from the repeat region indicates that the sequence is unique to XE3 in females (Fig. 

4.7A). However, FISH using the same probe on metaphase chromosomes from male mouse cells 

detects the Y chromosome (Fig. 4.7B).  Close examination of the male sex chromosomes shows 

a single signal on the X, but extensive banding throughout the length of the Y chromosome (Fig. 

4.7C). The probe paints the territory of the Y chromosome at interphase (Fig. 4.7D), with the 

example shown containing two X and three Y-chromosomes. Alignment of the Astx and Srsx 

sequences against the Y-chromosome reveal countless hits of >93% sequence identity scattered 

throughout the chromosome. Other sequences from within the tandem repeat that are not repeat 

masked have numerous highly homologous copies along the length of the Y chromosome (data 

not shown). 

 

4.2.4 The repeat coincides with a band of constitutive heterochromatin on the male X and 

female Xa 

Most tandem repeat sequences are arranged into constitutive heterochromatin (Martens et al. 

2005; Chadwick 2008; Zeng et al. 2009; Balog et al. 2011) characterized by the repressive 

histone modification; H3K9me3 (Boggs et al. 2002; Peters et al. 2002). In order to assess if the 

mouse repeat region is arranged into heterochromatin, the location of the repeat was determined 

by FISH using the BAC probe, and compared to the distribution of H3K9me3 on metaphase 

chromosomes. As expected, the centric and pericentric satellite repeats were intensely positive 



53 

for H3K9me3 (Martens et al. 2005), as was the entire Y-chromosome (Fig. 4.8, left panels). In 

addition to general staining along the arms of all chromosomes, the X chromosome showed an 

intense H3K9me3 band that was inseparable from the FISH signal. In females, like the male 

sample, the centric and pericentric satellite repeats were strongly positive for H3K9me3 (Fig. 

4.8, right panels). In addition, most, but not all FISH signals on the X chromosome were 

coincident with a band of H3K9me3. Whether this differential staining between female X 

chromosomes reflected differences in the chromatin state for the repeat on the Xa or Xi could not 

be determined from this experiment. 

 

4.2.5 The repeat region is coincident with the H3K4me2 signal on the Xi 

To determine if the repeat region is differentially packaged between the Xa and Xi, we stained 

metaphase chromosomes for the distribution of H3K4me2 coupled with DNA FISH to the repeat. 

As expected, all male metaphase chromosomes were extensively banded for H3K4me2 with the 

exception of the centric and pericentric regions and the Y-chromosome (Fig. 4.9A). Close 

examination of the male X chromosome showed that the repeat FISH signal localized to a gap in 

the H3K4me2 banding pattern (Fig. 4.9B), consistent with the interval being occupied by 

H3K9me3 (Fig. 4.8). Interestingly, a single band of H3K4me2 can consistently be observed on 

the Y chromosome, which may correspond to the Y PAR. 

With the exception of the Xi, all female metaphase chromosomes showed extensive 

H3K4me2 banding (Fig. 4.9C). The FISH probe denoted all X chromosomes and the Xi and Xa 

were distinguished by the H3K4me2 pattern. On the Xi, the FISH probe colocalized to the 

H3K4me2 signal at XE3 (Fig. 4.9D, top row), whereas the Xa was indistinguishable from the 

male X with the FISH probe localizing to a clear gap in the H3K4me2 banding (Fig. 4.9D, 

bottom row).  

 

4.3 Discussion 

 

The biggest challenge that remains is precisely defining the actual DNA sequence underlying the 

H3K4me2 signal. At least by immunofluorescence and FISH, the signals are coincident, but 

confirmation by chromatin immunoprecipitation combined with PCR would be desirable. 

However, given the highly repetitive nature of the sequence and the fact that most of the non-
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repeat masked sequences from the interval are 63% A-T and found throughout the Y 

chromosome, such an approach will be fraught with technical difficulties and the reliability of 

data obtained might be questionable. If the tandem repeat is indeed the source of the H3K4me2 

signal, then this could suggest that the genes embedded within the tandem repeat (Astx, Srsx and 

Rps12) are expressed from the Xi, but silent on the Xa given the H3K9me3 signal. However, 

determining if these genes escape XCI will also be technically challenging given the additional 

X-linked and autosomal copies of the genes. RNA FISH may detect signals coincident with Xist, 

but assigning the source of the signal to the tandem repeat and not elsewhere on the Xi would 

need additional supporting evidence such as allele-specific RT-PCR. But, given that gene copies 

in adjacent repeat monomers differ slightly and the tandem repeat sequence is not fully 

assembled, this approach will also be unreliable. Even though H3K4me2 is associated with 

transcription (Bernstein et al. 2005), at least for tandem repeats, the presence of this histone 

modification does not necessarily indicate that the genes are expressed, as is demonstrated by 

human DXZ4 that is characterized by H3K4me2 on the Xi and H3K9me3 on the Xa, yet RNA 

FISH signals are largely restricted to the heterochromatic Xa allele (Tremblay et al. 2011). 

 

4.4 Materials and Methods 

 

4.4.1 Cell culture 

Mouse male fibroblast cell line NIH/3T3 (CRL-1658) and female fibroblast cell line Balb/3T3 

(CCL-163) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, 

USA). Mouse female fibroblast cell lines BC06 (derived from a normal hybrid C57BL/6J x 

castaneous mouse) and B119T (derived from a Searle’s Translocation, T16H mouse) were 

obtained from Laura Carrel. BC06, B119T and Balb/3T3 were all maintained in Dulbecco’s 

modified Eagle’s medium containing 10% fetal calf serum supplemented with 1 x nonessential 

amino acids, 2mM L-glutamine, 100 U/ml penicillin and 0.1mg/ml streptomycin. NIH/3T3 cells 

were cultured in calf serum in place of fetal calf serum. Base media was obtained from Genesee 

Scientific (San Diego, CA, USA), all supplements from Life Technologies (Grand Island, NY, 

USA) except calf serum that was obtained from Hyclone (Thermo Scientific, Waltham, MA, 

USA). 

 



55 

4.4.2 Antibodies 

Rabbit polyclonal anti-H3K4me2 (07-030) and anti-H3K9me3 (07-523) were obtained from 

Millipore (Billerica, MA, USA). Mouse monoclonal anti-H3K27me3 (ab6002) was obtained 

from Abcam (Cambridge, MA, USA). Alexa Fluor 488-goat anti-rabbit and 555-goat anti-mouse 

were obtained from Life Technologies (Grand Island, NY, USA). 

 

4.4.3 Metaphase chromosome preparation 

Metaphase chromosomes were prepared by one of two methods, depending upon the 

downstream application. For FISH only, actively dividing cultures were treated for 45 minutes 

with 25ng/ml of KaryoMAX Colcemid (Life Technologies, Grand Island, NY, USA). Cells were 

collected and incubated for 15 minutes at 37°C in 75mM KCl. One-sixth volume of fixative (3 

parts methanol, 1 part acetic acid) was added before pelleting the cells. The cell pellet was 

washed five times with fresh fixative. Cells were stored in fixative at -20°C. Metaphase spreads 

were obtained from the cells by dropping approximately 30µl from 30cm onto a clean slide that 

is lying on a damp paper towel on a 37°C heat block. Slides were dried and left overnight before 

performing FISH. For FISH coupled with immunofluorescence, cells were treated with Colcemid 

as above before collecting and counting. Cells were resuspended at 5x104 cell/ml in 37.5mM 

KCl and incubated at room temperature for 13 minutes. Metaphase spreads were prepared by 

transferring 350µl to a Cytofunnel clamped to a Cytoslide and loaded into a Cytospin™4 

(Thermo Scientific, Waltham, MA, USA) and centrifuged at a setting of 1,900 x rpm for 10 

minutes. Slides were transferred to fixative for 10 minutes at room temperature (3.7% (v/v) 

formaldehyde, 0.1% (v/v) Triton X-100 in 1x phosphate buffered saline (PBS)), before washing 

twice for 2 minutes each in 1x PBS and proceeding with immunofluorescence. 

 

4.4.4 Immunofluorescence 

Immunofluorescence was performed on fixed metaphase chromosomes as follows. Slides were 

blocked for 15 minutes in PBS containing 0.1% (v/v) Tween-20 (PBS-T) and supplemented with 

3% (v/v) bovine serum albumin (BSA). Slides were washed twice in 1x PBS before incubating 

with the primary antibody for 60 minutes. Primary antibodies were diluted 1:100 (anti-H3K4me2 

and anti-H3K9me3) or 1:50 (anti-H3K27me3) in PBS-T containing 1% (v/v) BSA. Slides were 

washed three times in 1x PBS before addition of the secondary antibody diluted 1:200 in PBS-T 
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containing 1% (v/v) BSA. Slides were washed once more, before fixing and washing as above. 

Samples were mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA) containing 

4’, 6-diamidino-2-phenylindole (DAPI). For immunofluorescence coupled with FISH, slides 

were treated as described below before addition of DAPI. 

 

4.4.5 Fluorescence in situ hybridization 

Samples were first dehydrated at room temperature by passing through 70% and 100% ethanol 

for 2 minutes each before air-drying. Samples were denatured at either 73°C for 3 minutes (3:1 

fixed samples) or 78°C for 10 minutes (formaldehyde fixed samples) in 70% formamide, 

300mM NaCl and 30mM sodium citrate. Samples were dehydrated by immersing for 2 minutes 

each in 70% and 100% ethanol and air-drying. The BAC clone used as the probe (RP23-404P6) 

was obtained from the BACPAC Resource Center (Children’s Hospital Oakland Research 

Institute, Oakland, CA, USA). The BAC DNA was directly labeled using the Nick Translation 

Kit and Spectrum-Orange dUTP (Abbott Laboratories, Abbott Park, IL, USA) according to the 

manufacturer’s instructions, and resuspended in Hybrisol VII (MP Biomedicals, Santa Ana, CA, 

USA) containing 250ng/µl mouse Cot-1 DNA (Life Technologies, Grand Island, NY, USA). The 

probe was denatured at 78°C for 5 minutes and blocked for 30 minutes at 37°C before 

hybridizing with the denatured sample overnight at 37°C. Samples were washed twice for 8 

minutes at 42°C in 50% formamide containing 300mM NaCl and 30mM sodium citrate followed 

by an 8-minute wash at 42°C in 300mM NaCl and 30mM sodium citrate, before addition of 

mounting media containing DAPI. 

 

4.4.6 Microscopy 

Samples were examined and images collected using either a Zeiss Axiovert 200M fitted with an 

AxioCam MRm and managed with AxioVision 4.4 software (Carl Zeiss Microscopy, Jena, 

Germany) or collected with a DeltaVision pDV. Delta Vision images were deconvolved with 

softWoRx 3.7.0 (Applied Precision, Issaquah, WA, USA) and compiled with Adobe Photoshop 

CS2 (Adobe Systems, San Jose, CA, USA).  
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4.5 Figures and Tables 

 
Figure 4.1. H3K4me2 signals on the mouse Xi. A) Indirect immunofluorescence showing 
distribution of the histone modification on female (B119T) metaphase chromosomes (green). 
DNA is counterstained with DAPI (blue). B) Images of metaphase hypo-H3K4me2 
chromosomes. White arrowheads indicate the bands of H3K4me2. 
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Figure 4.2. Spatial relationship of H3K4me2 and H3K27me2 on the Xi at metaphase.  
A) Indirect immunofluorescence showing the distribution of the histone modifications H3K4me2 
(green) and H3K27me3 (red) on female (B119T) metaphase chromosomes. DAPI is used to 
counterstain for DNA (blue). The white arrow indicates the location of the Xi. B) Close-up 
image of metaphase Xi. White arrowheads indicate the bands of H3K4me2. 
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Figure 4.3. Location of an extensive repeat at mouse chromosome XE3. 
A) Ideogram of the mouse X chromosome, indicating the approximate location of XE3. B) 
Transcript and genomic feature map of a portion of XE3 corresponding to bases 117,374,237–
127,009,849 of the X chromosome (mm9). A 2-Mb scale is shown at the top, under which 
labeled white arrows indicate the locations and orientations of the transcripts. Beneath this is a 
plot of the GC percentage for the interval. The red line indicates 50 % GC, and vertical white 
lines in the profile indicate gaps in the genome assembly. The bottom section shows the 
distribution and type of repeat element within the interval. C) Pairwise alignment of the DNA 
sequence of the mouse interval against the repeat-masked version of the same sequence using 
YASS (Noe and Kucherov 2005).Distance in Mb are indicated on the bottom x and right y-axis, 
whereas the transcript map is indicated on the top x and left y-axis. Sequences with direct 
sequence homology are shown in green, whereas inverted homology is represented in red. D) 
Ideogram of the human X chromosome showing the location of the syntenic region at Xq21.3. E) 
Transcript and genomic feature map of the syntenic region, corresponding to 91,011,179–
96,876,536 of the human X chromosome sequence (hg19). F) Pairwise alignment of the DNA 
sequence of the human interval against the repeat masked version of the same sequence. G) 
Pairwise alignment of the repeat masked mouse DNA sequence (x-axis) against the repeat 
masked human DNA sequence (y-axis). 
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Figure 4.4. Characterization of the repeat interval.  
A) Transcript and genomic feature map of the repeat region, corresponding to bases 
120,000,000–122,650,000 of the X chromosome (mm9). A 1-Mb scale bar is indicated at the top. 
Below this is a transcript map showing the location and direction of transcription of unique 
transcriptional units in the interval. The location and direction of transcription of transcriptional 
units contained within the repetitive region are indicated for Astx (blue), Srsx (red), and Rps12 
(yellow). Immediately below this is a map showing the location and type of repeats in the 
interval. Gaps in the sequence assembly are indicated by three black blocks below the repeat 
profile. B) Pairwise alignment of a single repeat unit (indicated by the red-filled arrow), aligned 
to the repeat masked sequence of the interval. Open arrows above the plot indicate the 
approximate location and orientation of repeat units as determined by direct (green) or inverted 
(red) DNA sequence homology. The large grey blocks above the alignment indicate the location 
of the SINE-rich repeat regions. The distance in Mb is indicated on the x-axis. Vertical black 
bars indicate gaps in the sequence assembly. C) Transcript and genomic feature map of a single 
repeat unit corresponding to bases 120,323,134–120,562,419 of the mouse X chromosome 
(Build mm9). The scale in kb is indicated at the top, followed underneath by the transcript map, 
repeat profile, and plot of percent GC for the interval. 
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Figure 4.5. Location of additional copies of Rps12 and Srsx on the mouse X chromosome. 
A) Ideogram of the mouse X chromosome indicating the approximate location of band XD. 
Below this is a transcript map of a 150-kb interval of the Xic corresponding to bases 
100,551,689–100,702,893 of the mouse X chromosome (mm9). White arrows indicate the 
location and orientation of transcriptional units. The yellow triangle indicates the location and 
orientation of Rps12. B) Ideogram of the mouse X chromosome indicating the approximate 
location of XF3. Below this is a transcript map of a 280-kb interval corresponding to bases 
147,481,035–147,763,522 of the X chromosome (mm9). C) Ideogram of the mouse X 
chromosome indicating the approximate location of XF2. Below this is a transcript map of a 468-
kb interval corresponding to bases 143,397,460–143,865,636 of the X chromosome (mm9). The 
red triangle indicates the location and orientation of Srsx. 
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Figure 4.6. Characterization of the SINE-rich repeats. 
A) At the top is a representation of the large repeat region indicating the repeat units (white 
arrows) and SINE-rich repeat locations (grey boxes). The first SINE-rich repeat is expanded 
immediately beneath this representing a 60-kb interval corresponding to bases 120,139,535–
120,196,460 of the mouse X chromosome. The type and location of repeat elements within the 
interval are indicated below the expanded grey block, as is the percentage GC content. B) 
Pairwise alignment of the non-repeat masked sequence against itself. Sequences with direct 
sequence homology are shown in green, whereas inverted homology is represented in red. The 
distance in kb is indicated on the x- and y-axis. C) Characterization of the second SINE-rich 
region corresponding to bases 121,306,276–121,402,706 of the mouse X chromosome. D) 
Pairwise alignment of the non-repeat masked sequence of the second SINE-rich region. 

 
 



63 

 
 
 
Figure 4.7. Cross-hybridization of the repeat region with the Y chromosome. 
A) Female (B119T) metaphase chromosomes (blue) indicating the location of three X 
chromosomes (X-labeled white arrowhead) based on hybridization with the BAC clone RP23- 
404P6 (red). B) Male (NIH/3T3) metaphase chromosomes (blue) indicating the location of one 
X chromosome (X-labeled white arrowhead) and the Y chromosome (Y-labeled white 
arrowhead) based on hybridization with the BAC clone RP23-404P6 (red). C) Close-up images 
of the RP23-404P6 hybridization pattern (red) on the male Y (top three panels) and X (bottom 
three panels) chromosomes merged with the DAPI signal (blue). D) Interphase male (NIH/3T3) 
nucleus showing the pattern of RP23-404P6 hybridizing signals (red) for the X and Y 
chromosomes (labeled accordingly). 
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Figure 4.8. Pattern of H3K9me3 relative to the repeat region. 
Image shows the pattern of H3K9me3 (green) on male (NIH/3T3), XY—left side, and female 
(B119T), XX—right side, metaphase chromosomes counterstained with DAPI (blue). The 
location of the repeat region is indicated by the hybridizing RP23-404P6 signal (red) 
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Figure 4.9. Pattern of H3K4me2 relative to the repeat region.  
A) Male (NIH/3T3) metaphase spread showing the H3K4me2 (green) and the location of the X 
and Y chromosomes based on RP23-404P6 FISH (red). Chromosomes are counterstained with 
DAPI (blue). B) Close-up of the male X and Y chromosome showing the distribution of 
H3K4me2 (green) relative to the repeat based on the RP23-404P6 FISH signal (red). C) Female 
(B119T) metaphase spread of H3K4me2 (green) and the location of the X chromosomes based 
on RP23-404P6 FISH (red). D) Female (BC06) Xi and Xa chromosomes showing the pattern of 
H3K4me2 (green) relative to the repeat based on the RP23-404P6 FISH signal. 
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CHAPTER 5 
 

CONCLUSION 
 

The research in this dissertation describes the characterization of a novel extensive tandem repeat 

on the mouse X chromosome and the functional analysis of a large tandem repeat on the human 

X chromosome. Many large tandem repeats within the mouse and human genome remain as 

gaps, are poorly assembled, or do not accurately represent the actual size of the repeat as a 

product of mapping difficulties (She et al. 2004; Treangen and Salzberg 2011; Schaap et al. 

2013). Here we report the first functional role of a macrosatellite repeat (DXZ4) and demonstrate 

its involvement in maintenance of XCI in humans and characterize a novel repeat in mouse that 

represents one of the few euchromatic signals on the mouse Xi, a feature shared with DXZ4. 

DXZ4 is a complex genomic element and we demonstrate that it has a role in maintaining 

both the 3D dimensional organization of the Barr body and local delineation of different 

heterochromatin types through its interaction with other CTCF-bound tandem repeats on the 

human Xi. Distinguishing between the role of DXZ4 as a facilitator of higher-order chromatin 

folding and a local boundary element will require further investigation, and it is possible that the 

roles are interrelated. We have previously demonstrated that despite sequence divergence and 

organizational differences, the tandem repeat structure and the CTCF binding site of DXZ4 are 

conserved in mouse and other Mammalian species. Coordinated repression on the scale of an 

entire chromosome is unique to the Xi and therefore in addition to implications specific to X 

chromosome inactivation, the research presented here lays the foundation necessary to further 

examine heterochromatin distribution and chromatin three-dimensional organization largely de-

coupled from the influence of gene expression.  

LncRNAs are a common feature of large tandem repeats and we characterize two novel 

lncRNAs, DANT1 and DANT2, that originate on opposite sides of DXZ4 and in hESC traverse 

the array. These lncRNAs could play a role in maintaining the distinct epigenetic states of DXZ4 

on the Xi relative to that of the Xa and male X. 

The Xi in humans and mouse is largely devoid of euchromatic marks. We report here that 

underlying a region of euchromatin on mouse Xi is a novel extensive tandem repeat that is absent 

in humans. Interestingly, this repeat is regulated in a similar manner to DXZ4 where on the Xi, it 

maintains a euchromatic configuration while on the Xa it is heterochromatic. Data presented in 
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this thesis demonstrate that precise custom deletions can be accomplished through genome 

engineering, and we report some of the largest deletions in human cells reported to date. 

Therefore, future experiments will seek to manipulate this novel mouse repeat to investigate if it 

too plays a role in Xi maintenance.   

While the use of mouse as model for XCI had yielded important insights, the continued 

reliance upon it and the assumption that equivalent mechanisms are employed throughout 

placental mammals requires critical evaluation. XCI involves the repression of an entire 

chromosome and this process employs many layers of epigenetic mechanisms whose 

interdependence has yet to be fully resolved. The intercellular variation of histone modification 

distribution, escaping genes, 3D organization, and other factors within in a single population of 

genetically identical cultured cells, indicates caution is required when comparing studies using 

different species, different cell types, and employing different methods with different scopes of 

resolution.  

The work presented here highlights both epigenomic variation and X chromosome 

genomic evolutionary differences between human and mouse while confirming the critical role 

of DXZ4 in humans. Overall, the research within this dissertation provides valuable insights into 

the importance of large tandem repeats on the human and mouse chromosomes. It is likely that 

other tandem repeats possess functional roles within the genome and our work provides the 

foundation for future studies as well as proof of principle that large scale genome engineering is 

possible. 

Future avenues of investigation could include the creation of a synthetic array containing 

only the CTCF sites within each DXZ4 monomer followed by integration of this array into 

Xq23/24, as well as additional genomic locations. This would serve to probe the potential for 

DXZ4 to act as a de novo boundary element and to refine important sequence elements within 

the array.   
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made outstanding progress in their research and is a leader in their program of 
study. 

 
2014 Interdisciplinary Symposium Grant – Awarded by the Florida State University 

Graduate School to provide funding for speakers from the National Science 
Foundation and National Institutes of Health during the Natural Science Graduate 
Symposium. 

 
2013 Brenda Weems Bennison Endowment – Awarded by the Florida State 

University Department of Biological Science to assist with bioinformatics 
training. 

 
2013 Dissertation Research Grant – Awarded by the Florida State University 

Graduate School on the basis of proposal merit to assist with dissertation related 
expenses. 

 
2013 Ermine M. Owenby Jr. Fund to Promote Excellence – Awarded by the Florida 

State University College of Arts and Sciences to assist with travel related 
expenses. 

 
2010 – 2011 Theodore R. and Vivian M. Johnson Scholarship – Awarded by the State 

University System of Florida on the basis of financial need and academic merit. 
 
2007 – 2011 Academic Scholars Award for full undergraduate tuition – Awarded by 

Florida Bright Futures Scholarship Program on the basis of academic merit 
 
TEACHING AND MENTORING EXPERIENCE 
 
2011 – 2017 Teaching Assistant 

Department of Biological Sciences, Florida State University 
Courses:   
• Immunology Lab (PCB4233L) 
• Busting Biological Myths (IFS2081) 
• Biology Lab II for Majors (BSC2011L) 
• Anatomy and Physiology (BSC2085) 
• Molecular Biology Lecture (PCB4024) 
• General Genetics Lecture (PCB3063) 
• Biology Lab I for Majors (BSC2010L) 
• Experimental Biology Lab (BSC3402) 
• Developmental Biology Lab (PCB4253) 
• Molecular Biology Lab (PCB4024) 
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2011 – 2016 Undergraduate Mentor 
  Department of Biological Sciences, Florida State University 

Trained and supervised three undergraduate students in basic molecular biology 
techniques. 
 

PROFESSIONAL ACTIVITIES 
 
2013 – 2017 The Cell and Molecular Biology Graduate Student Association, Florida State 

University Department of Biological Science. Founder, President 2013-2015. 
• Awarded Interdisciplinary Symposium grant 
• Headed Natural Sciences Graduate Symposium (NSGS) organization 

committee. 
• Organized two “Nautilus to Nucleus 5K” runs to fund NSGS 

 
2012 – 2016 Graduate Student Recruitment Committee, Florida State University 

Department of Biological Science. Graduate Student Representative. 


