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The Function and Mechanism of lncRNA Jpx in Mouse X-Chromosome Inactivation 

 

By 

 

Sarah Lauren Carmona 

 

Doctor of Philosophy in Biological Sciences 

 

 University of California, Irvine, 2018 

 

Assistant Professor Sha Sun, Chair 

 

 

 

Long noncoding RNA (lncRNA) have been identified in all eukaryotes but the functions 

and mechanisms of many lncRNA are unknown, and remain challenging to study in vivo. 

Mammalian X-Chromosome Inactivation (XCI) is regulated by lncRNA and has emerged as a 

model system in which to study lncRNA function. The “master regulator” of XCI is lncRNA 

Xist, which coordinates epigenetic silencing one of the two X chromosomes in females. While 

the primary Xist activating factor has been under debate, the lncRNA Jpx has emerged as a 

proposed activator. However, Jpx’s function and mechanism have been unclear due to 

conflicting findings in mouse embryonic stem cell models. 

I hypothesized that Jpx activates Xist expression in vivo, and that it would do so using 

both trans and cis genetic mechanisms. To test this, I utilized two transgenes, Tg(Jpx) and 

Tg(Jpx, Xist), to develop a novel Jpx transgenic mouse model and study the function of Jpx in 

mouse XCI. I found that transgenic Jpx mice were viable and fertile, although transgenic male 

viability was lower in certain Tg(Jpx) lines. Using RT-qPCR and Fluorescence in situ 

Hybridization (FISH) in mouse embryonic fibroblasts (mEFs) and post-implantation embryos, I 

observed a dose-dependent relationship between Jpx copy number and Xist expression in 
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transgenic mice. This suggests that Jpx is sufficient to activate Xist expression in vivo. Further, I 

analyzed Jpx’s allelic origin with RNA and DNA FISH and observed Jpx using both trans and 

cis mechanisms to activate Xist expression. RT-qPCR showed reduced X-linked gene expression 

in male and female Tg(Jpx) mEFs, suggesting that ectopic Xist can induce XCI. The presence of 

XCI in the male may explain the reduction in transgenic male viability. Overall, I have 

demonstrated that Jpx is a trans- and cis-acting Xist activator in mice. In the discussion, I have 

provided suggestions for future studies, including live cell imaging of the Jpx transcript and 

development of a Jpx knockout mouse model. The work presented here provides a framework 

for lncRNA functional studies in mice, and will help us understand how lncRNA regulate 

eukaryotic gene expression. 



1 

 

Chapter 1 

Introduction 

1.1 Sex determination and dosage compensation 

 Sex is determined using multiple methods within the animal kingdom. For some species, 

such as certain fish and reptiles, environmental cues like egg incubation temperature will 

determine the sex of the offspring (Crews, 2003; Warner and Shine, 2008). Other species such as 

flies, worms, and mammals, rely on a pair of sex chromosomes for sex determination (Payer and 

Lee, 2008). In mammals, these sex chromosomes are the X and Y. Female mammals have two X 

chromosomes (XX) while males have one X and one Y chromosome (XY). These X and Y sex 

chromosomes originated as a pair of autosomes, but diverged through acquisition of a sex-

determining gene on one of the two chromosomes (Charlesworth, 1996; Graves, 2006). Over the 

course of evolution, the X and Y chromosomes have further accumulated sex-specific mutations 

and become divergent, leading to an inherent imbalance of sex-linked gene products between 

genders. This genetic inequality is mitigated by dosage compensation, a process which balances 

gene products between sexes. Dosage compensation is not required for animals with alternative 

methods of sex determination, such as environmental cues. However, these animals are more 

sensitive to minute changes in their environment. Therefore, chromosomal sex determination is a 

more robust method of ensuring the viability of male and female animals. As such, several 

dosage compensation systems have evolved to balance sex-linked gene products in different 

animal species. 

Flies, worms, and mammals have developed unique methods of dosage compensation 

(Cline and Meyer, 1996; Lucchesi et al., 2005). In Drosophila, males (XY) upregulate expression 
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of X-linked genes two-fold to match that of females (XX). Inversely, C. Elegans hermaphrodites 

(XX) downregulate expression of X-linked genes on one X chromosome to match that of males 

(XO). In eutherian mammals, dosage compensation is achieved by X-Chromosome Inactivation 

(XCI) (Payer and Lee, 2008). In this process, females (XX) transcriptionally silence one X 

chromosome to balance their X-linked gene products with males (XY). It is essential for animal 

survival that these dosage compensation systems function properly. If the compensation 

mechanism is compromised, the genetically unbalanced animal will not be viable.  

In both the fly and mammalian systems, dosage compensation is coordinated by long 

noncoding RNA (lncRNA). Mammalian XCI has become a model system for understanding the 

structure, function, and regulation of lncRNA since multiple lncRNA regulate this process. In 

particular, the lncRNA Xist has been described as the ‘master regulator’ of XCI because it is the 

primary factor that coordinates X-linked gene silencing (Froberg et al., 2013; Payer and Lee, 

2008). 

 

1.2 Epigenetic regulation by long noncoding RNA 

LncRNA: an overview 

Human and mouse transcriptome analyses have painted a fascinating picture of 

mammalian gene regulation, and revealed that the majority of transcribed genes do not encode 

protein (Birney et al., 2007; Carninci et al., 2006; Djebali et al., 2012; Okazaki et al., 2002). 

Previously thought to be transcriptional noise, noncoding RNA are now recognized for their 

epigenetic gene regulatory potential (Mattick, 2007). In the last 10 years, long noncoding RNA 
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(lncRNA) have become a major research focus as the number of identified and functionally 

annotated lncRNA has grown. 

LncRNA are defined as non-protein coding transcripts longer than 200 nucleotides 

(Derrien et al., 2012). They share many similarities to mRNA, including transcription by RNA 

Polymerase II (Guttman et al., 2009). They also undergo transcriptional processing events such 

as splicing, 5’ capping, and 3’ polyadenylation (Quinn and Chang, 2016). One defining feature 

present in mRNA but lacking in lncRNA is an open reading frame (ORF) indicating the 

translation start site (Dinger et al., 2008). LncRNA genes can arise de novo in the genome, or 

evolve from pseudogenes (Carvunis et al., 2012; Tautz and Domazet-lošo, 2011; Zheng et al., 

2007). In the latter case, a protein coding gene loses its coding potential, but gains a functional 

role in gene regulation as a noncoding transcript. Evidence for pseudogenization can be found in 

the mammalian X-inactivation center (Xic), where a cluster of lncRNA genes have evolved 

functional roles in X-Chromosome Inactivation (XCI) (Jégu et al., 2017). Most notably, the Xist 

gene has acquired a central role in directing epigenetic silencing of X-linked genes during XCI 

(Fig. 1.1) (Duret et al., 2006; Penny et al., 1996). While lncRNA are generally expressed at 

lower levels compared to mRNA, they exhibit much greater cell-, tissue-, and developmental 

stage-specificity (Cabili et al., 2011; Derrien et al., 2012). Functional roles for lncRNA are now 

being analyzed within the context of epigenetics, animal development, and human disease 

(Batista and Chang, 2013; Khorkova et al., 2015). To this end, lncRNA have become important 

biomarkers for specific cancers, and their expression levels can help determine prognosis (Chen 

et al., 2013; Qi and Du, 2013; Wapinski and Chang, 2011). 

Many lncRNA have been identified at this point, yet functional annotation has been 

ascribed to few (Mallory and Shkumatava, 2015). LncRNA genes generally exhibit poor 
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conservation at the primary sequence level (Cabili et al., 2011; Hezroni et al., 2015; Wang et al., 

2004), so a direct connection between lncRNA sequence, structure and function is often unclear 

(Johnsson et al., 2014). Instead, RNA secondary structures have been shown to define functional 

outcomes (Ilik et al., 2012; Novikova et al., 2012a; Smola et al., 2016). Secondary structures, 

such as stem-loops, are generally conserved and have been identified as functionally relevant in 

the mammalian Xist (Fang et al., 2015; Liu et al., 2017; Smola et al., 2016) and Drosophila roX1 

lncRNA (Byron et al., 2010; Ilik et al., 2012; Quinn et al., 2014). These secondary structures can 

be predicted by computational analyses (Burge et al., 2013; Volders et al., 2013), or 

experimental techniques (Guo et al., 2016). Little is known about the role of tertiary structure in 

lncRNA function (Novikova et al., 2012b). 

Functional outcomes have been characterized for few lncRNA (Mallory and Shkumatava, 

2015). At this time, lncRNA have been described as able to bind RNA, DNA, and protein. They 

can act as scaffolds, conformational switches, or guides which lead proteins to target genes 

(Mercer and Mattick, 2013). The genetic or molecular mechanisms which these lncRNA use to 

enact their function are even less understood. 

 

Model systems for assaying lncRNA function and mechanism 

The majority of our knowledge regarding lncRNA structure, function and mechanism has 

come from computational modeling, biochemical probing, cultured cell studies, and mouse 

models. Several lncRNA are commonly used as models systems to understand how lncRNA may 

regulate gene expression, including mammalian Xist, H19, Hotair, and the Drosophila roX1/2.  
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The lncRNA Xist is the primary factor that coordinates X-Chromosome Inactivation 

(XCI) to achieve dosage compensation in mammals (Froberg et al., 2013; Payer and Lee, 2008). 

XCI has served as an excellent model system in which to study lncRNA function, mechanism, 

and regulation. This is because multiple lncRNA are involved in XCI, thereby demonstrating 

several functional roles for lncRNA. Xist, for example, interacts directly with the SHARP protein 

and Polycomb Repressive Complex 2 (PRC2) subunits (Chu et al., 2015; McHugh et al., 2015). 

These interactions can be used to study lncRNA-protein interactions. XCI also allows for 

analysis of lncRNA promoters, developmental timing, and mechanism of action. The Xist gene is 

regulated by other lncRNA, such as Jpx and Tsix, and proteins such as NANOG and RNF12 (van 

Bemmel et al., 2016; Jégu et al., 2017). Regulatory mechanisms at the Xist gene locus therefore 

provide an avenue to study specific lncRNA mechanisms, and how lncRNA and proteins may 

work together to coordinate gene expression. Finally, Xist is an imprinted gene, so XCI provides 

the opportunity to study epigenetic inheritance (Peters and Robson, 2008).  

Differentiation of female mouse embryonic stem cells (mESCs) is commonly used to 

model XCI (Lee, 2010). Undifferentiated ESCs begin with two active X chromosomes and, 

through differentiation, undergo XCI to silence one X by about differentiation day 12. Different 

stages of XCI can be isolated for study during this differentiation process, allowing for lncRNA 

functional studies at the relevant time point during development. Since lncRNA are highly cell-, 

tissue-, and developmental stage-specific, this model system allows for study of lncRNA in the 

proper context. Thus, mammalian XCI is an excellent model system in which to study lncRNA 

function and mechanism. 

Other lncRNA systems can also provide valuable functional insight for lncRNA, and help 

us further understand specific functions for lncRNA in XCI. For example, the gene encoding 
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lncRNA H19 is an imprinted gene expressed from the maternal allele (Bartolomei et al., 1991). 

H19 functions both in controlling fetal growth (Gabory et al., 2009) and as a tumor suppressor 

gene (Yoshimizu et al., 2008). Studies using lncRNA H19 as a model have uncovered the 

existence of an imprinting control element (Gabory et al., 2009; Ripoche et al., 1997). This has 

helped us understand how epigenetics are inherited, and why the maternal and paternal copies of 

a gene may not be functionally identical (Gabory et al., 2010). Further, research on H19 will 

ultimately help us understand imprinting mechanisms, such as those used by Xist in 

extraembryonic tissues. 

Next, the lncRNA Hotair has been used as a model to study lncRNA mechanism, 

especially cis- and trans-diffusible gene regulatory roles. Hotair was initially characterized as a 

trans-acting lncRNA affecting homeobox (Hox) gene expression and development of the spine 

and wrist (Li et al., 2013; Rinn et al., 2007). However, recent reports which re-analyzed Hotair 

function in mice found a cis-acting mechanism with separate spinal morphology (Amandio et al., 

2016). These conflicting mechanistic findings are discussed in greater detail in Chapter 4. Since 

Hotair is a relatively small, 2-exon lncRNA whose deletion shows obvious morphological 

defects in mice, Hotair has served as an attractive model system for lncRNA functional studies. 

These findings will help us understand lncRNA genetic mechanisms and can be applied to 

mechanistic roles for lncRNA in the Xic (such as Jpx) during Xist activation. 

 Finally, the lncRNA roX1 and roX2 regulate dosage compensation in male Drosophila 

(Ilik and Akhtar, 2009). Although these lncRNA differ in size and sequence, they are 

functionally redundant (Franke and Baker, 1999; Stuckenholz et al., 2003). This allows for study 

of functional cooperation by lncRNA. Fly dosage compensation also offers an abundance of 

lncRNA-protein interactions as the roX lncRNA must bind to MSL proteins to form the dosage 
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compensation complex and direct gene silencing. In terms of dosage compensation mechanisms, 

Drosophila balance X-linked gene expression by a two-fold increase X-linked genes in the male 

(Ilik and Akhtar, 2009). Interestingly, the mammalian system also experiences a two-fold 

increase of X-linked gene expression of the single X in the male and of the active X in the 

female (Payer and Lee, 2008). This X-linked upregulation takes place by an unknown 

mechanism and is likely necessary to balance X-linked gene dosage with that of autosomes. 

Therefore, understanding how flies achieve X-linked gene balance may uncover new insight into 

mammalian dosage compensation. 

Together, these model systems provide a framework in which to understand the 

functional roles and mechanisms of action for unknown lncRNA. However, many questions 

regarding specific lncRNA function persist within each model. In particular, the regulatory 

mechanisms controlling Xist expression in XCI has remained unclear. Another lncRNA, Jpx, has 

emerged as a potential Xist activation factor, but its role in XCI has been under debate based on 

conflicting data from mouse embryonic stem cell models. In this thesis, I address this 

controversy by establishing the first transgenic mouse model in which to study the function and 

mechanism of lncRNA Jpx at the organismal level.  

 

1.3 Mammalian X-Chromosome Inactivation 

XCI: an overview 

Mammalian X-Chromosome Inactivation (XCI) balances X-linked gene dosage between 

males and females by epigenetic silencing of one X chromosome in females. The process was 

discovered by Mary Lyon, who predicted the random inactivation and heterochromatinization of 
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a single X-Chromosome in female mice (observed as a Barr Body) (Lyon, 1961, 1971). Since its 

initial characterization, two forms of XCI have been characterized in mouse and embryonic stem 

cell (ESC) models: random XCI (rXCI) in the embryo proper and imprinted XCI (iXCI) in 

extraembryonic tissues (Wutz, 2011). The process can be conceptualized beginning in 

spermatogenesis, where the single X chromosome in the male is silenced for iXCI. The zygote 

inherits this silenced paternal X chromosome (Xp). Upon differentiation into a blastocyst, Xp 

undergoes a reactivation process in the inner cell mass. Shortly after, one of the two X 

chromosomes will randomly be selected for inactivation for rXCI. While the majority of XCI 

research has concentrated on rXCI in the embryo proper, many questions remain regarding this 

process. For example, what mechanisms control X chromosome reactivation? Once both X 

chromosomes are active in the early epiblast, what is the trigger for rXCI? Then, how is gene 

silencing regulated and what determines which genes escape inactivation? Meanwhile in the 

trophoblast, Xp remains silenced for the duration of gestation. While less is known about iXCI, 

the process shares some mechanisms with rXCI including coordinated gene silencing by Xist. 

Both lncRNA and proteins contribute to XCI, but the ‘master regulator’ of XCI is 

lncRNA Xist (Fig. 1.1) (Brockdorff et al., 1992; Brown et al., 1992; Jégu et al., 2017). The Xist 

gene is located in the X inactivation center (Xic) near the center of the X chromosome. Other 

lncRNA genes involved in XCI flank the Xist gene. The mouse Xist transcript is 15kb 

(Brockdorff et al., 1992) (human XIST is 17kb (Brown et al., 1992)) and can be divided into 

functional regions characterized by repeating sequences. For example, the repeat A (RepA) 

sequence within Xist’s 5’ region recruits the Polycomb Repressive Complex 2 (PRC2) during 

XCI (Zhao et al., 2008). Once transcribed, the Xist lncRNA recruits and binds to the PRC2 

complex. This process is facilitated by the bivalent DNA- and RNA-binding protein YY1, which 
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binds to Xist at its repeat C region (RepC) on the chromatin and the transcript (Jeon and Lee, 

2011). Xist then spreads across the X chromosome in cis (on the same chromosome from which 

it is transcribed) (van Bemmel et al., 2016), recruiting the PRC2 complex in the process. PRC2 

then adds H3K27me3 and other histone marks to induce chromatin condensation and long-term 

gene silencing (Gaydos et al., 2014). Thus, Xist regulates epigenetic silencing of an X 

chromosome by coordinating the addition of repressive histone marks at specific gene loci. This 

activity ensures long-term, stable gene silencing throughout the animal’s lifetime. 

During spreading, Xist utilizes the three-dimensional architecture of the X chromosome 

to efficiently spread across the length of the X in cis (on the same chromosome) (Engreitz et al., 

2013). Xist interacts with many proteins during this process (Chu et al., 2015; McHugh et al., 

2015), including nuclear lamin proteins which it uses to anchor the condensing X and create a 

silencing compartment (Nora et al., 2012). Silencing begins with gene-rich regions near the Xist 

transcription site in the Xic. Xist-mediated silencing is more efficient at short ranges from the 

Xic (Loda et al., 2017), which is likely based on transcript half-life. Later, gene-poor regions are 

pulled into the silencing compartment. Four separate models exist to describe how escaping 

genes avoid silencing (Jégu et al., 2017), including physically separating escapee genes from the 

Xist “core” (Chow et al., 2010).  

Xist’s expression must be tightly regulated due to its fantastic gene silencing potential. 

Activation and inhibition of Xist expression are coordinated by lncRNA and proteins neighboring 

Xist in the Xic. The primary Xist inhibitory factor is the lncRNA Tsix (Lee and Lu, 1999). Tsix 

prevents Xist transcription in several ways, including modifying the Xist chromatin structure; 

recruiting DNA methyltransferase (Dnmt3a) to prevent Xist gene expression; and by blocking 

recruitment of PRC2 to newly transcribed Xist (Sado et al., 2005; Stavropoulos et al., 2001; Sun 
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et al., 2006; Zhao et al., 2008). Tsix itself is under regulation by lncRNA Xite and the chromatin 

insulating factor REX1 (Navarro et al., 2010; Ogawa and Lee, 2003).  

Intriguingly, deleting Tsix from male mouse embryonic stem cells does not lead to Xist 

upregulation (Lee and Lu, 1999). This suggests that “competence factors” are necessary for 

activating Xist, in addition to the “blocking factors” which inhibit Xist expression. Two Xist 

activating factors have been proposed: the lncRNA Jpx and the E3 Ubiquitin ligase RNF12. 

 

1.4 Xist activating factors and their mechanisms 

Xist activation and the number of XCI events in a cell are determined by the ratio of X 

chromosomes to autosomes (X:A) (Barakat and Gribnau, 2012). The cell calculates this ratio by 

counting the number of X-encoded “numerators” and autosomal-encoded “denominators.” A 

normal female cell will have two X chromosomes and two of each autosome, leading to a single 

XCI event on one of the two X chromosomes. Male cells, on the other hand, have one X 

chromosome per each pair of autosomes. With a ratio of 0.5, a male does not activate Xist 

expression and initiate XCI. Using this ratio, the cell is able to compensate for certain 

chromosomal abnormalities, such as the XXY karyotype in patients with Klinefelter’s syndrome. 

In this case, the cell will initiate XCI on one of the two X chromosomes to balance X-linked 

gene dosage. Chromosome and gene copy numbers therefore play large roles in orchestrating 

Xist activation. 

A “Two Factors Model” has been used to describe Xist activation on a molecular level, in 

which competence factors induce XCI on the future inactive X (Xi) while blocking factors 

inhibit XCI on the future active X (Xa) (Lee and Lu, 1999; Starmer and Magnuson, 2009; Sun et 
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al., 2013). The two competence factors that have been described in the most detail are lncRNA 

Jpx and protein RNF12. Due to conflicting observations between research groups, the primary 

Xist activating factor is under debate. As discussed below, both Jpx and RNF12 appear to 

activate Xist expression based on mESC models. However, RNF12 has recently been described 

as unnecessary for Xist expression in the mouse embryo (Shin et al., 2014). In this thesis, I 

provide transgenic mouse models to investigate the role of Jpx in mouse XCI, and resolve the 

debate regarding Jpx as an Xist activating factor in vivo. 

 

The role of RNF12 in XCI 

RNF12 (also called RLIM) is an E3 Ubiquitin ligase that has been shown to activate Xist 

expression in mESC models (Barakat et al., 2011). The Rnf12 gene is located approximately 

500kb upstream of Xist. Rnf12 is expressed prior to XCI, correlating with a decrease in the 

pluripotency factor NANOG and subsequent Xist activation (Barakat et al., 2011). To promote 

Xist expression, RNF12 targets and Ubiquitinates REX1, a chromatin insulating factor which 

blocks Xist expression by binding to the Xist promoter (Fig. 1.2) (Gontan et al., 2012). Once 

tagged with Ubiquitin, REX1 is removed from the Xist promoter and degraded by the 

proteasome. Interestingly, deleting Rnf12 from mESCs did not prevent XCI. In both 

heterozygous and homozygous Rnf12 deletion mutants, Xist expression could still be detected 

from differentiating mESCs (Barakat et al., 2011; Jonkers et al., 2009). XCI was delayed, 

however, suggesting that RNF12 does indeed play a role in XCI initiation. RNF12’s role in XCI 

has also been described by several conditional knockout studies in the mouse embryo (Shin et 

al., 2010, 2014; Wang et al., 2017). The knockout was performed by using a Sox2-driven Cre 

recombinase to conditionally delete Rnf12 from the mouse epiblast. With this method, Rnf12 
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activity was specifically deleted in the embryo proper, where random XCI takes place; imprinted 

XCI in extraembryonic tissues was unaffected. These knockout studies have characterized 

RNF12 as a competency factor specifically for imprinted XCI. Random XCI proceeds in an 

RNF12-independent manner (Wang et al., 2017). The mechanistic differences between Xist 

activation in rXCI and iXCI are unknown, and will require further investigation. Thus, while 

RNF12 has been described as an Xist-activating factor in mESC models, careful study in the 

mouse has revealed that RNF12 does not specifically activate Xist in rXCI. 

 

The role of Jpx in XCI 

The lncRNA Jpx has also been proposed as an Xist activator in mESCs and, based on the 

work presented in this thesis, has been shown to activate Xist expression in the mouse. The Jpx 

gene (Just Proximal to Xist; also called Enox) is approximately 10kb upstream of Xist, is 

transcribed in the opposite direction, and contains no open reading frame (Chow et al., 2003; 

Chureau et al., 2002; Johnston et al., 2002). Initial studies found that Jpx was not 

developmentally regulated and was not expressed exclusively in either sex, implying that Jpx 

was a pseudogene. However, a later study which inserted an Xist-Tsix-Xite transgene into mESCs 

was unable to activate Xist (Lee et al., 1999). Xist expression could only be restored when the 

transgene included the region upstream of Xist (including Jpx). In addition, a chromosome 

conformation capture study reported Jpx within Xist’s chromatin hub, implying a functional role 

in Xist regulation (Tsai et al., 2008). These studies led to speculation that Jpx may be an Xist 

activating factor. 
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Jpx is expressed in both female and male ESCs, and its expression in females increases 

approximately 10- to 20-fold over the course of ESC differentiation (Tian et al., 2010). Jpx is 

specifically expressed prior to Xist expression, suggesting that it is indeed developmentally 

regulated. During XCI, Jpx escapes inactivation by Xist since it is continuously expressed from 

both alleles in the female cell. This is consistent with RNA Fluorescence in situ Hybridization 

(FISH) experiments, which showed Jpx adjacent to the Xist RNA cloud instead of inside it (a 

characteristic of genes escaping XCI) (Clemson et al., 2006; Namekawa et al., 2010). Jpx is 

relatively conserved in its 5’ region (Chureau et al., 2002), and a heterozygous deletion of the 5’ 

region—including Jpx’s first two exons and a CpG island in its promoter region—is lethal to 

female ESCs (Tian et al., 2010). Jpx knockout cells displayed morphological abnormalities, 

which increased in severity after initiation of XCI on differentiation day 4. The cells also failed 

to induce Xist expression and therefore did not undergo XCI. This viability phenotype could be 

rescued by addition of a BAC transgene containing Jpx. These data suggest that Jpx is necessary 

for proper Xist expression. In contrast, a deletion of Rnf12 does not prevent XCI, but instead 

delays XCI by two days (Jonkers et al., 2009). The cell must be sensitive to Jpx copy number, 

since one endogenous copy of Jpx was not sufficient to rescue the effect in the heterozygous 

mutant. Interestingly, deleting Jpx has no effect on male ESC viability (Tian et al., 2010). This 

suggests a female specific effect, consistent with a role for Jpx in female XCI. Therefore, Jpx 

and Tsix likely hold antagonistic roles in activating and repressing Xist expression, respectively. 

Jpx has been shown to influence Xist expression in mESCs using both trans and cis 

genetic mechanisms (Fig. 1.2). Jpx’s trans mechanism was demonstrated when the Jpx deletion 

phenotype was rescued with a BAC transgene (Tian et al., 2010). In this experiment, the Jpx 

transgene integrated into an autosome but was able to rescue endogenous Xist expression. 
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Therefore, Jpx must be a trans-diffusible molecule. This finding is in alignment with the 

discovery that a trans-diffusible molecule is necessary for Xist activation (Barakat et al., 2014). 

Further, posttranscriptional knockdown of Jpx RNA with small hairpin RNA (shRNA) 

recapitulates the deletion phenotype, suggesting that Jpx is a noncoding RNA that functions in 

trans to influence Xist expression and XCI. Additionally, Jpx was shown to act in cis by allele-

specific RT-qPCR in Jpx knockout cell lines. A small subpopulation of cells survived Jpx 

knockout and completed differentiation. Allele-specific PCR then revealed an allelic skewing of 

Xist activation, and Xist was specifically expressed from the X chromosome with the remaining 

Jpx allele (Tian et al., 2010). Therefore, Jpx is able to function using both trans and cis 

mechanisms to activate Xist expression in mESCs. 

It is puzzling why the remaining Jpx gene in the heterozygous knockout cells could not 

activate Xist in trans to avoid cell death. This would suggest that the cell is sensitive to Jpx copy 

number and gene dosage. Jpx has been shown to influence Xist in a dose-dependent manner, 

since a Jpx transgene retrofitted with a strong promoter can induce a corresponding increase in 

Xist expression (Sun et al., 2013). This activity may be explained by Jpx’s molecular mechanism 

within Xist activation (Fig. 1.2). Jpx has been shown to bind the zinc-finger protein CTCF, 

primarily with Jpx’s first three exons (Sun et al., 2013). The Xist promoter region contains three 

binding sites for CTCF (Navarro et al., 2006; Pugacheva et al., 2005), and CTCF occupancy is 

inversely correlated to Xist expression (Sun et al., 2013). Specifically, CTCF binds Xist’s P2 

promoter and blocks its transcription (Sun et al., 2013). To initiate Xist expression, Jpx binds this 

CTCF and removes it from the Xist promoter (Fig. 1.2). Jpx and the Xist P2 promoter compete 

for CTCF binding. When Jpx is inactive, CTCF occupies the P2 promoter. However, when Jpx is 

highly expressed at the start of XCI, Jpx binds CTCF and frees the P2 promoter to allow Xist 
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transcription. Thus, Jpx functions in a dose-dependent manner to directly bind CTCF and remove 

it from the Xist promoter, allowing Xist transcription to proceed. 

Interestingly, a separate study has reported conflicting results on Jpx’s function and 

mechanism in mESCs. While the aforementioned study performed a targeted deletion of Jpx 

(including the promoter and first few exons), a separate study deleted a large, 500kb deletion of 

the genomic region upstream of Xist (Barakat et al., 2014). However, despite deleting both Jpx 

and Rnf12, no major viability defect was observed. Xist expression was significantly decreased in 

these Jpx-Rnf12 double knockout compared to a knockout of Rnf12 by itself. A transgene 

containing Rnf12 was able to rescue Xist expression only up to approximately 65% of the 

wildtype levels, suggesting that Jpx is needed for full activation of Xist in female mESCs. The 

same group later introduced a transgene containing both Jpx and Ftx (another gene proximal to 

Jpx, and reported to positively influence Xist expression (Chureau et al., 2011)) into mESCs 

(Barakat et al., 2014). This transgene failed to induce Xist expression, although Jpx expression 

levels were not reported. Nevertheless, this group reported a minor, cis role for Jpx in Xist 

activation. Since publication of this conflicting data in 2014, the XCI community has questioned 

whether Jpx holds a functionally significant role as an Xist activator. 

 

The efficacy of ex vivo functional studies for lncRNA 

The conflicting arguments for Jpx’s function in XCI have all been based on experiments 

performed in mESC models. However, culture conditions have been shown to influence data 

output within XCI research. Retinoic Acid (RA) is commonly used to induce cell differentiation 

in culture (Breitman et al., 1980). But differentiating ESCs with RA has been shown to skew 



16 

 

XCI in several ways. RA represses OCT4, which in turn leads to increased Xist expression in the 

wrong context (such as in male cells, which normally do not express any Xist) (Ahn and Lee, 

2010). RA also directs ESC lineage to specify Rlim (the gene encoding RNF12) pathways. 

Normally over the course of differentiation, ESCs will follow an Rlim-independent pathway 

during random XCI in the embryo. Meanwhile in embryonic tissues, imprinted XCI is Rlim-

dependent. RA directs ESC differentiation such that cells always follow an Rlim-dependent 

pathway in both tissues (Wang et al., 2017). Oxygen levels in culture also affect XCI (Lengner et 

al., 2010). Embryos are typically exposed to low oxygen levels in utero, about 2-8% (Fischer and 

Bavister, 1993), but cells grown in culture generally experience greater oxygen levels. When 

cultured in 7.5% O2, differentiating ESCs showed approximately a two-fold increase in Xist 

expression in Rlim-dependent tissues (Wang et al., 2017). XCI kinetics were also affected, as 

imprinted XCI happened slower than in wildtype ESC differentiation. These examples indicate 

that differentiating ESCs are highly sensitive to culture conditions, and specific environmental 

cues can skew XCI in mESCs. 

It is known that ex vivo (cultured cell) studies may not accurately model in vivo (live 

animal) systems. For example, as noted with RNF12, observations on RNF12’s role as an Xist 

activator were conflicting between mESC and live animal models. RNF12 was required to 

activate Xist expression in differentiating mESCs (Barakat et al., 2011, 2014). Yet in a mouse 

model, RNF12 was not required for Xist expression and random XCI in the mouse embryo (Shin 

et al., 2014). Several functional studies of other lncRNA also reflect differences between 

cultured cell and live animal models. Studies which examined the role of H19 in cancer cells 

reported conflicting results, both oncogenic (Barsyte-lovejoy et al., 2006; Matouk et al., 2007) 

and tumor suppressor (Dao et al., 1999; Frevel et al., 1999). Only upon deletion of H19 in a 
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mouse did a tumor suppressor role become clear (Yoshimizu et al., 2008). In another example, 

the role of lncRNA Malat1 had been extensively characterized in several cancer cell lines, and 

was found to regulate cell cycle progression, apoptosis and cancer metastasis (Gutschner et al., 

2013). However, three independent studies deleting Malat1 from mice found no contribution of 

Malat1 to cancer phenotypes (Eissmann et al., 2012; Nakagawa et al., 2012; Zhang et al., 2012). 

Therefore, while culturing cells is a faster, cheaper alternative to animal models, it may not 

accurately reflect lncRNA function at the organismal level. Based on the conflicting arguments 

on Jpx’s function in mESCs, I decided to test if Jpx would have a functional role as an Xist 

activator in mice. 

 

1.5 Establishment of transgenic mouse models to determine Jpx’s function and mechanism 

in vivo 

Experimental design for the Jpx transgenic mouse models 

The debate on Jpx’s function and mechanism within the mESC model system prompted 

analysis of Jpx in a mouse model. Prior to the work presented in this thesis, no mouse model 

existed for analyzing Jpx’s function in vivo. Therefore, to resolve Jpx’s function and mechanism 

in vivo, I developed a transgenic mouse model using two Jpx transgene constructs. Based on 

Jpx’s proposed mechanism in mESCs, several points were taken into consideration when 

designing the Jpx mouse model. First, I decided not to delete Jpx in the mouse. In one study, a 

Jpx deletion in mESCs was haploinsufficient and led to death of female ES cells during 

differentiation (Tian et al., 2010). I therefore hypothesized that a mouse which was missing even 

one copy of Jpx would not be viable. On the other hand, increasing Jpx copy number by addition 
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of a transgene had led to an increase in Xist expression in mESCs (Sun et al., 2013). No obvious 

morphological phenotype was reported in these ES cells. Therefore, in order to develop a viable 

model for initial study of Jpx in the mouse, I chose a gain-of-function approach and established 

transgenic Jpx mice.  

In the present study, I added extra copies of the Jpx gene into the mouse genome to 

develop transgenic Jpx mice. This gain-of-function mouse model was designed to answer several 

questions. First, how does increasing Jpx copy number affect mouse viability? What is Jpx’s role 

in mouse XCI? Do Jpx and Xist maintain the same dose-dependent relationship in vivo as 

observed ex vivo? Which genetic mechanisms (trans or cis) might Jpx use to influence Xist? 

Does Jpx have a role in mouse development outside of XCI? 

To address these questions, I developed transgenic mice by integrating BAC transgenes 

into mouse pronuclei. The two transgenes, termed Tg(Jpx) and Tg(Jpx, Xist), were developed by 

subcloning a region of the Xic (containing either Jpx or Jpx and Xist together) into BAC vectors, 

which are vectors capable of handling large DNA constructs. These regions were subcloned to 

specifically study function of the Jpx gene, either in isolation or coupled with its proposed target 

Xist (Fig. 3.1). The subcloning process is described further in Chapter 2 and (Sun et al., 2015). 

To mimic an increase in gene copy number from the same animal origin, endogenous sequences 

(those identical to the normal genes on the X chromosome) were used in the transgenes. 

However, one issue with this approach is that transgenic sequences were indistinguishable from 

the endogenous. Therefore, since the transcripts were identical, RT-qPCR or RNA Fluorescence 

in situ Hybridization (FISH) alone could not distinguish endogenous from transgenic expression. 

As described in Chapter 3, corresponding RNA and DNA FISH had to be performed using a 

combination of fluorescent probes to demonstrate transgenic Jpx expression. The transgene also 
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contained the regions just up- and down-stream of Jpx to ensure inclusion of Jpx’s endogenous 

promoter and any necessary regulatory regions. While Doxycycline-inducible systems have been 

used to study Xist function in transgenic human iPSCs (Jiang et al., 2013), the inducible system 

may not mimic wildtype expression levels. Therefore, to ensure that all endogenous machinery 

was influencing Jpx expression in my transgenic mice, I used endogenous Jpx sequences and 

promoters within the transgenes. 

When generating transgenic mice, the transgene can be integrated randomly or at a 

targeted site. For this mouse model, I chose the traditional route and generated mice by 

pronuclear injection of transgenic DNA. While faster and cheaper, pronuclear injection also 

leads to random integration of transgenic DNA into the mouse genome (Ohtsuka et al., 2012). 

Frequently, multiple copies of the transgene are integrated into the same locus. Therefore, 

multiple transgenic mouse lines had to be analyzed in this study to rule out a positional effect 

(due to the transgene integration site or a repeat-induced gene silencing effect). Yet, random 

integration of multiple transgene copies into the mouse genome was also necessary for the 

experimental design of this study. Random integration predicts autosomal integration, rather than 

on a sex chromosome, which allowed for analysis of Jpx’s genetic mechanism. Specifically, I 

analyzed the trans effect of Jpx on endogenous Xist loci (for Tg(Jpx)), and the cis effect of Jpx 

on transgenic Xist at the transgenic integration site (for Tg(Jpx, Xist)). The integration of 

multiple transgene copies at a single site also allowed for analysis of a dose-dependent 

relationship between Jpx copy number and resulting Xist expression. Once transgenic lines were 

established, I performed RT-qPCR and FISH on transgenic embryonic fibroblasts and post-

implantation embryos to study the function of Jpx in vivo. 
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The Tg(Jpx) and Tg(Jpx, Xist) transgenes can model Jpx’s trans and cis genetic mechanisms 

In addition to testing a functional role for Jpx in Xist activation and XCI, the Jpx 

transgenic mice were designed to analyze Jpx’s genetic mechanism. Genetic mechanism defines 

the spatial relationship between a lncRNA’s gene locus and the target gene locus, and is 

classified as cis or trans (Lee, 2012; Wray et al., 2003). Alternatively, molecular mechanisms 

typically describe biochemical processes, involving proteins or other binding partners. A cis 

genetic mechanism describes lncRNA activity at proximal distances, usually in the same locus or 

on the same chromosome. In my model, Tg(Jpx, Xist) depicts Jpx activity in cis, since Jpx can 

act locally on nearby transgenic Xist. Many lncRNA function in cis, with the lncRNA gene locus 

antisense or adjacent to its target gene (Guil and Esteller, 2012; Kapranov et al., 2007; Lee, 

2012). Xist is classically defined as using a cis mechanism when targeting and silencing genes on 

the X chromosome (van Bemmel et al., 2016). During early embryonic development, at the start 

of XCI, one X chromosome in females is randomly chosen to be inactivated. Xist is then 

transcribed from and spreads along this chromosome in cis (Wutz et al., 2002). Importantly, Xist 

only functions in cis such that the remaining, active X chromosome, is unaffected. Xist retains a 

cis mechanism even when placed in a different chromosomal environment by means of a 

transgene (Lee and Jaenisch, 1997; Lee et al., 1996). In one study, the Xic (including the Xist 

gene) was inserted into one copy of chromosome 21 in human trisomy 21 induced pluripotent 

stem cells (iPSCs) (Jiang et al., 2013). When induced by Doxycycline, Xist coated the 

chromosome in cis and silenced genes on chromosome 21. Thus, when the Tg(Jpx, Xist) 

transgene is inserted into an autosomal locus, I expect that transgenic Xist RNA will induce 

autosomal gene silencing in cis, around the transgene insertion site.  
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Alternatively, a trans genetic mechanism describes lncRNA activity at distal loci. 

Typically, lncRNA which act in trans must move or diffuse across the nucleus from their site of 

transcription to the target locus. In my model, Tg(Jpx) depicts Jpx activity in trans, since the 

transcript must travel from the autosomal insertion site to endogenous Xist loci. In other systems, 

the lncRNA Hotair has been used to illustrate lncRNA activity in trans, since it is transcribed 

from the mouse HoxC cluster and can affect HoxD gene expression (Rinn et al., 2007). 

Interestingly, a more recent study which re-evaluated Hotair’s mechanism in mice has suggested 

that Hotair acts in cis, and described no activity trans (Amandio et al., 2016). Jpx’s genetic 

mechanism in mESCs has similarly been under debate. First, a heterozygous Jpx deletion results 

in female cell death unless rescued by a Jpx transgene (Tian et al., 2010). This would suggest 

that Jpx functions in trans to activate Xist expression. Interestingly, the few cells which survived 

cell death (without the transgene rescue) had activated Xist specifically on the chromosome with 

the remaining Jpx gene, as determined by allele-specific PCR. This suggests that Jpx is able to 

activate Xist using cis mechanisms. Therefore, experiments which can specifically isolate and 

test a lncRNA’s trans or cis mechanism will be necessary to fully resolve both Hotair’s and 

Jpx’s mechanism of action.  

With the Tg(Jpx) transgenic mouse model, I have provided the means to resolve Jpx’s 

trans mechanism in vivo. Based on random insertion of the transgene, I would expect Tg(Jpx) to 

integrate into an autosome. Transgenic Jpx therefore must act in trans if it affects endogenous 

Xist expression. The Tg(Jpx, Xist) transgene is also able to model trans activity, since transgenic 

Jpx has the option to activate Xist expression at endogenous sites (trans activity) or within the 

transgene (cis activity). Neither the trans nor cis mechanisms can be studied independently in 

Tg(Jpx, Xist), since both mechanisms are possible. While Tg(Jpx, Xist) can provide evidence of 



22 

 

cis activity, future work will be required to observe Jpx’s cis activity in isolation. Therefore, with 

these mouse models, Tg(Jpx) can model Jpx’s trans mechanism within Xist activation, while 

Tg(Jpx, Xist) can model Jpx activity in trans and cis. Using these mouse models, I have 

demonstrated that Jpx is able to activate Xist expression in mice using both trans and cis 

mechanisms. 
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Figure 1.1: Xist activity within mammalian X-Chromosome Inactivation. Cells in the female 

epiblast undergo X-Chromosome Inactivation (XCI) to balance X-linked gene expression 

between male and female individuals. At the start of XCI, Jpx is expressed from the future 

inactive X chromosome (Xi) and activates Xist expression, while Tsix is expressed from the 

future active X chromosome (Xa) and represses Xist. As development and XCI proceed, Xist is 

expressed and spreads along Xi in cis. Xist recruits PRC2 to stably silence X-linked genes 

through repressive histone marks. By the end of XCI, genes on Xi have been silenced while 

genes on Xa remain active.  
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Figure 1.2: Genetic and Molecular Mechanisms of Jpx and RNF12 at the Xist locus. A) 

Molecular mechanisms of Jpx and RNF12. Based on mESC studies, RNF12 activates Xist 

expression using trans mechanisms (from a separate chromosomal locus). Meanwhile, Jpx is 

able to activate Xist expression in cis (at the same chromosomal locus) and in trans. B) Genetic 

mechanisms of Jpx and RNF12. Xist expression is blocked by multiple chromatin insulator 

proteins, including REX1 and CTCF. To initiate XCI, RNF12 Ubiquitinates REX1 for 

degradation by the proteasome. Concurrently, Jpx binds to CTCF and removes it from the Xist 

promoter, allowing Xist transcription to proceed. 
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Figure 1.2 
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Chapter 2 

Materials and Methods 

2.1 Materials and Methods 

Ethics Statement 

 Mice were housed at the University of California, Irvine and handled according to 

Institutional Animal Care and Use Committee (IACUC) guidelines. Animal Use Protocol 

number: 2013-3109. 

Transgenic embryonic stem cells 

The Tg(Jpx, Xist) transgene was subcloned from BAC 388K20, a BAC8 transgene 

(Augui et al., 2007; Sun et al., 2015) via ET-Cloning. The transgene was introduced into male 

(J1) and female (16.7) ES cells by electroporation, and positive clones were picked under 

neomycin antibiotic (G418, Geneticin, Gibco, Life Technology) selection. DNA FISH was used 

to confirm stable transgene integration. Control cells were obtained from a parallel 

electroporation procedure using a pSKYneo+ plasmid, which does not contain any X 

chromosome sequence but provides the same neomycin resistance to selected clones. Mouse ES 

cells were differentiated as described previously (Sun et al., 2013). Briefly, female ES cells were 

grown on male embryonic fibroblast feeders and in the presence of Leukemia Inhibitory Factor 

(LIF). To differentiate ES cells into Embryoid Bodies (EBs), LIF was removed from the media. 

Cells were imaged every 4 days from 0-12 days of differentiation. 

Generation of transgenic mice 
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The Tg(Jpx) and Tg(Jpx, Xist) transgene constructs were subcloned from a BAC8 

transgene (Augui et al., 2007; Sun et al., 2015). DNA was purified using a Macherey-Nagel 

NucleoBond Xtra BAC kit. Pronuclear injection of DNA into B6SJLF1/J donor embryos was 

performed at the UCI Transgenic Mouse Facility. Transgenic founder animals were crossed with 

C57BL/6J wildtype mice to establish individual transgenic lines. Crosses performed were 

WT/WT x TG/WT (TG: Transgenic; founders of both sexes were obtained and used as 

transgenic donors). Mice were identified as transgenic by genomic PCR on toe DNA digested 

overnight in 100uL Lysis buffer + Proteinase K. Two primer sets were used in PCR: BAC8 

(primes to the vector sequence to determine if the mouse is transgenic (Sun et al., 2015)) and 

UBEX/Y (primes to the UBEX or UBEY gene to determine mouse sex (Senner et al., 2011)). 

For primer sequences, see Table 3.1. 

Quantitative PCR 

To determine transgene copy number, genomic DNA was isolated and purified from 

lysed toe tissue and primed for genomic Jpx and Xist genes. Presence of the transgene was also 

confirmed by priming to the BAC8 vector (Sun et al., 2015). Transgene copy number was 

determined by normalizing the genomic Jpx and Xist copy numbers to the X-linked Hprt gene 

(internal control) and comparing to the wildtype male or female samples. To measure RNA 

expression, cultured E13.5 mEFs or minced embryo tissue (E7.5/ 8.5) were homogenized in 

TRIzol Reagent (Invitrogen); chloroform and isopropanol were used to extract and precipitate 

RNA; and the RNA was treated with TURBO DNaseI (Life Technology) before reverse 

transcription with Maxima Reverse Transcriptase (Thermo Fisher). For E7.5 tissues with very 

low RNA yield, reverse transcription was instead performed using a SuperScript III Reverse 

Transcriptase (Thermo Fisher). qRT-PCR was then performed on a BioRad CFX96 Real-Time 
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PCR system. Jpx and Xist primers targeted mature transcripts. Gapdh expression was used as an 

internal control (Payer et al., 2013). For primer sequences, see Table 3.1. 

Mouse embryonic fibroblast (mEF) extraction 

Mouse mating was timed such that embryos were extracted on embryonic day 13.5 

(E13.5). Once the pregnant dame was sacrificed, her uterine horns were removed and placed in 

PBS 1x on ice. Each pup was then removed from the uterus, placenta, and finally the yolk sac. 

Using forceps, each pup’s head was removed and used for genotyping (with the BAC8 and 

UBEX/Y primers). The organs (lungs, heart, liver, GI tract) were removed and the body cavity 

(containing fibroblasts) was diced and stored overnight in 0.25% Trypsin-EDTA (Gibco, Life 

Technologies) at 4oC. The next day, tissue chunks were digested for 20 minutes at 37oC and 

filtered through a 70μm nylon Falcon cell strainer (Fisher). The cells were then plated on a 10cm 

plate and passaged once to select for live mEFs. Half of the culture was then resuspended in 

TRIzol Reagent for RNA extraction and qRT-PCR while the other half was cryopreserved or 

cultured further for FISH. 

Post-implantation embryo extraction 

 Mouse mating was timed such that embryos were extracted on embryonic day 7.5 (E7.5) 

or day 8.5 (E8.5) as described in (Behringer et al., 2014). Briefly, whole embryos were isolated 

from the pregnant mother’s uterus and separated from the decidua. If present, Reichert’s 

membrane was removed by quickly placing the embryo in 0.25% Trypsin-EDTA, then pulling 

the sticky membrane apart with forceps. Using a scalpel and a dissecting microscope, the embryo 

was cut to separate the embryo proper from the extra-embryonic tissues. For embryos used in 

FISH, the embryo proper was minced well with the scalpel and soaked in 0.25% Trypsin-EDTA 
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(Gibco, Life Technologies) for approximately 1 hour at 4oC. The embryonic tissues were then 

digested for 10 minutes at 37oC and homogenized via pipetting, then cytospun onto two slides 

per embryo and fixed in 4% paraformaldehyde. For embryos used in qRT-PCR, the embryo 

proper was homogenized directly in TRIzol Reagent (Invitrogen). RNA was extracted as 

described above. E8.5 RNA was treated with TURBO DNaseI (Life Technologies) before 

reverse transcription with Maxima Reverse Transcriptase (Thermo Fisher Scientific). E7.5 RNA 

was reverse transcribed using SuperScript III First Strand Synthesis kit (Thermo Fisher 

Scientific). qRT-PCR was then performed as described above. 

Fluorescence in situ Hybridization (FISH) 

Fluorescent Cyanine3 (Enzo Life Sciences) and Fluorescein (eEnzyme) probes were 

made using a Nick Translation Kit (Roche) and column purified (GE Healthcare). RNA FISH, 

DNA FISH, and combined RNA-DNA FISH were performed as described in (Lee and Lu, 1999; 

Namekawa and Lee, 2011; Zhang et al., 2007). For each procedure, cells were cytospun onto 

slides and fixed in 4% paraformaldehyde. Cells grown in culture were diluted to 100,000 cells 

per spot on the slide. Early embryo samples were split in half after digestion with Trypsin/ 

homogenization and spun onto two slides, each with one spot of cells.  

RNA FISH: probes incubated with cells on slides for 16 hrs at 37oC, and FISH images 

were collected on a Zeiss LSM 700 or LSM 780 confocal microscope and analyzed with 

Volocity software (PerkinElmer); the cell positions for each RNA FISH image were recorded so 

that the same cells were imaged for the sequential DNA FISH. DNA FISH: cells on the same 

slides were treated with RNase A to degrade RNA, followed by treatment with 70% formamide 

2XSSC at 80oC to denature DNA; probes hybridized 16 hrs at 42oC and DNA FISH images were 

collected on the same microscope and analyzed with Volocity.  
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Combined RNA-DNA FISH: performed as described previously (Lee and Lu, 1999). 

Briefly, slides were treated with 70% formamide 2XSSC at 80oC to denature DNA, without any 

RNase A treatment, followed by probe hybridization for 16 hrs at 42oC. Combined RNA-DNA 

FISH images were collected on a Nikon Eclipse 90i microscope and analyzed with Volocity.  

Statistical analyses  

Binomial test: compare transgenic and wildtype mouse viability; Female vs. Male and 

TG vs. WT outcomes are expected at equal ratios based on the breeding scheme WT/WT x 

TG/WT; N mice used is listed in Fig. 3.2C. Paired student t-test: compare female and male 

average viability ratios; N mice used is listed in Fig. 3.2C. One tailed, unpaired student t-test: 

compare WT and TG expression levels; analysis performed on average expression of ≥2 mEF 

littermates (N. animals in each category, see Fig. 3.2E); Standard error of the mean is also 

displayed in Figures 3.2D, 3.5B, 3.5C, 3.9D, 3.9E. Chi-square test: compare number of cells with 

and without Jpx or Xist RNA clouds in transgenic and wildtype mEFs; N cells and clouds 

counted is listed in Figs. 3.8B and 3.9A. 

Reagent and Mouse Strain Availability 

Sperm from the 10 transgenic mouse strains have been cryopreserved with the UCI 

Transgenic Mouse Facility. Two TG/WT males were provided for each line. Their fertility and 

ability to pass on the transgene was checked by mating the males with a WT/WT female and 

genotyping the pups. Transgenic lines can be reconstituted with the TMF by microinjecting 

sperm into B6SJLF1/J oocyte donors and backcrossing the lines with C57BL/6J, as was done to 

develop the line initially. 

Generation of transgenic Jpx-PP7 ES Cells 



41 

 

 In preparation for live cell imaging, the endogenous Jpx gene was tagged with the PP7 

repeat region in female Tsix TST +/- ES cells. The X129 chromosome in this line has a mutated 

copy of the Tsix gene, and will always induce Xist and undergo XCI (Ogawa et al., 2008). 

Endogenous Jpx was targeted using CRISPR with two separate guide RNA specific for genomic 

mouse Jpx. ES cells were transfected with the CRISPR/ Cas9 machinery using the following 

schema: transfection with donor DNA, followed by transfection with guide RNA and Cas9 the 

following day. Two samples underwent an additional round of transfection, either repeated over 

the course of two days or a single day of donor DNA + guide RNA and Cas9 transfection. The 

donor DNA plasmid contained the PP7 sequence surrounded by homologous sequences to Jpx’s 

Exon 3. Transfection was performed with Lipofectamine 2000 (Thermo Fisher) and 2.5μg donor 

DNA. Cas9 then cut the endogenous DNA at Exon 3 and inserted the PP7 donor DNA via 

homologous recombination. Individual colonies were picked to select for homogenous clones 

and were grown on 24-well plates until confluent. Half of the colony was then cryo preserved for 

future growth while the other half was spun down and reserved for RNA extraction and RT-

qPCR. 
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Chapter 3 

LncRNA Jpx induces Xist expression in mice using both trans and cis mechanisms 

3.1 Abstract 

Mammalian X chromosome dosage compensation balances X-linked gene products 

between sexes and is coordinated by the long noncoding RNA (lncRNA) Xist. Multiple cis and 

trans-acting factors modulate Xist expression; however, the primary competence factor 

responsible for activating Xist remains a subject of dispute. The lncRNA Jpx is a proposed 

competence factor, yet it remains unknown if Jpx is sufficient to activate Xist expression in mice. 

Here, we utilize a novel transgenic mouse system to demonstrate a dose-dependent relationship 

between Jpx copy number and ensuing Jpx and Xist expression. By localizing transcripts of Jpx 

and Xist using RNA Fluorescence in situ Hybridization (FISH) in mouse embryonic cells, we 

provide evidence of Jpx acting in both trans and cis to activate Xist. Our data contribute 

functional and mechanistic insight for lncRNA activity in mice, and argue that Jpx is a 

competence factor for Xist activation in vivo. 

 

3.2 Author Summary 

Long noncoding RNA (lncRNA) have been identified in all eukaryotes but mechanisms 

of lncRNA function remain challenging to study in vivo. A classic model of lncRNA function 

and mechanism is X-Chromosome Inactivation (XCI): an essential process which balances X-

linked gene expression between male and female mammals. The “master regulator” of XCI is 

lncRNA Xist, which is responsible for silencing one of the two X chromosomes in females.  

Another lncRNA, Jpx, has been proposed to activate Xist gene expression in mouse embryonic 
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stem cells; however, no mouse models exist to address Jpx function in vivo. In this study, we 

developed a novel transgenic mouse system to demonstrate the regulatory mechanisms of 

lncRNA Jpx. We observed a dose-dependent relationship between Jpx copy number and Xist 

expression in transgenic mice, suggesting that Jpx is sufficient to activate Xist expression in vivo. 

In addition, we analyzed Jpx’s allelic origin and have provided evidence for Jpx inducing Xist 

transcription using both trans and cis mechanisms. Our work provides a framework for lncRNA 

functional studies in mice, which will help us understand how lncRNA regulate eukaryotic gene 

expression. 

 

3.3 Introduction 

Mammalian gender is determined by a pair of sex chromosomes (females are XX while 

males are XY), leading to an inherent imbalance of X-linked gene products between the sexes. 

Gene dosage is compensated by X-Chromosome Inactivation (XCI), a process which 

transcriptionally silences one X chromosome in females during early embryonic development 

(Payer and Lee, 2008). XCI is primarily carried out by a cluster of long noncoding RNA 

(lncRNA) located on the X chromosome in a region known as the X-inactivation center (Xic) 

(Horvath et al., 2011; Lee, 2012). The master regulator of XCI is the lncRNA Xist, which 

coordinates X-linked gene silencing by spreading across the future inactive X (Xi) (Brockdorff et 

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

How Xist is selectively activated in female individuals, but not in males, remains an 

essential, unresolved question in the field. A “Two Factors Model” has been used to describe 

XCI initiation and Xist regulation, in which competence factors trigger XCI on Xi while blocking 
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factors prevent XCI on the active X (Xa) (Lee and Lu, 1999; Starmer and Magnuson, 2009; Sun 

et al., 2013). To determine the number of XCI events, the cell counts the number of X 

chromosomes relative to autosomes – the X:A ratio (Barakat and Gribnau, 2012). Male cells 

(X:A = 1:2) typically do not induce XCI while female cells (X:A = 2:2) normally induce one 

XCI event. When the X:A ratio is disturbed, for example in genetic aneuploidies such as a male 

XXY (X:A = 2:2), the male cell initiates an XCI event to maintain proper X chromosome dosage 

(Barakat and Gribnau, 2012). Chromosome counting involves a genetic component, as the X 

chromosome count and subsequent XCI events must be influenced by a trans-diffusible factor 

(Barakat et al., 2014; Sun et al., 2013). A Self-Enhanced Transport (SET) model has also been 

proposed to describe XCI activation, in which Xist exhibits an ultrasensitive (switch-like) 

response to a competence factor followed by a self-enhanced positive feedback mechanism to 

maintain Xist expression at the initiation of XCI (Li et al., 2016a). 

While the primary Xist activating factor is under debate, two competence factors have 

been described. One candidate is E3-Ubiquitin ligase RNF12 (also known as RLIM), which 

activates Xist expression by targeting and degrading the Xist blocking-factor REX1 (Gontan et 

al., 2012). In mouse embryonic stem cell (mESC) models that recapitulate XCI during 

embryonic development, Rnf12 expression correlates with downregulation of the pluripotency 

factor NANOG and subsequent Xist activation (Barakat et al., 2011). However, deleting Rnf12 

from mESCs does not prevent XCI from occurring. In one study, a heterozygous Rnf12 deletion 

reduced the rate of XCI initiation, but Xist RNA clouds were still detected in differentiating 

mESCs (Jonkers et al., 2009). A later study achieved a homozygous Rnf12 deletion yet still 

detected sporadic Xist expression from mESCs (Barakat et al., 2011). Further, when Rnf12 was 

conditionally deleted from mouse embryos, no effect on Xist expression or XCI was observed 
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(Shin et al., 2014). In mice, RNF12 has since been shown to control Xist activation during 

imprinted XCI, a form of XCI in extraembryonic tissues which does not involve the same X-

chromosome counting process as random XCI in the embryo (Shin et al., 2010, 2014). A most 

recent study characterizing Rnf12 and XCI in mouse extraembryonic tissues and embryo proper 

revealed Rnf12 downregulation prior to random XCI in the embryo. (Wang et al., 2017). 

Together, these studies suggest that additional X-encoded factors can activate Xist expression 

and initiate XCI in mESCs and in the mouse embryo. 

Another proposed Xist activator is Jpx, a functional lncRNA whose gene is located just 

proximal to Xist. Jpx escapes inactivation and has been found to activate Xist expression by 

binding to and removing CTCF protein from the Xist promoter (Sun et al., 2013; Tian et al., 

2010). Jpx appears necessary for XCI in a mESC model, in which a heterozygous Jpx deletion 

compromised the overall Jpx and Xist expression and led to lethality in differentiating female ES 

cells (Tian et al., 2010). Intriguingly, the surviving female cells maintained Xist induction 

preferentially associated with the remaining Jpx allele in cis (on the same chromosome). 

Importantly, a transgene containing Jpx, Tg(Jpx), was able to restore Xist expression and rescue 

the female cell viability, supporting a trans-acting role of Jpx for Xist activation in mESCs (Tian 

et al., 2010). Using the mESC system, another study reported a large deletion of a 500kb 

genomic region upstream of Xist, which includes both Jpx and Rnf12 but nevertheless caused no 

major defects to the cells (Barakat et al., 2014). Interestingly, the overall Xist expression was 

significantly decreased in the heterozygous Δ(Jpx-Rnf12) differentiating mES cells compared to 

the cells with heterozygous deletion of Rnf12 by itself. A transgene containing Rnf12 was able to 

rescue the Xist expression in these heterozygous Δ(Jpx-Rnf12) cells but only up to ~65% of the 
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wildtype level (Barakat et al., 2014). These observations suggest that Jpx is needed for full 

activation of Xist in mESCs.  

Further, when the Tg(Jpx) transgene was inserted into wildtype mESCs, Xist was 

ectopically expressed in both male and female cells, indicating that Jpx itself is capable of 

activating Xist in trans (Sun et al., 2013). However, a different transgene (containing Jpx and 

Ftx) failed to induce Xist expression in mESCs (Barakat et al., 2014; Monkhorst et al., 2009), 

although Jpx expression levels in these cells were not noted. The current debate on an active role 

of Jpx in XCI, and the effects of transgenic Jpx on Xist expression in mESCs, prompts the 

establishment and characterization of Jpx transgenic mouse models. In this study, we provide 

findings from novel transgenic mice to elucidate the relationship between Jpx and Xist activities 

in vivo.  

Specifically, to test if Jpx is a competence factor for Xist activation in mice, we asked if 

additional copies of Jpx would induce Xist expression in vivo. We further questioned what 

genetic mechanism Jpx acts through: a trans (distal) or cis (local) regulatory control. We utilized 

a pair of overlapping transgene constructs to develop a novel transgenic mouse model, in which 

we monitored the Xist response to Jpx expression from a trans (on a different chromosome) or 

cis (on the same chromosome or within the transgene) origin. By characterizing phenotypic 

consequences of the transgenes, particularly expression patterns of Jpx and Xist in mouse 

embryonic cells, we determined the function and genetic mechanism of Jpx on Xist activation in 

vivo.   

 

3.4 Results 
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Jpx transgenes induce Xist expression in mESCs using both trans and cis mechanisms 

Two transgene constructs have been generated to characterize the regulatory interaction 

between Jpx and Xist in mice: Tg(Jpx) is a 90kb BAC that contains the Jpx gene and flanking 

genomic DNA; Tg(Jpx, Xist) is a 120kb BAC that includes both Jpx and Xist genes in their 

endogenous cis positioning (Fig. 3.1A). Using mESC models, a previous study inserted Tg(Jpx) 

into an autosome and observed ectopic Xist upregulation from the X chromosome in both female 

and male mESCs, suggesting a trans mechanism for Jpx in activating Xist (Sun et al., 2013). The 

same Tg(Jpx), when introduced in the Jpx-deletion mESCs, was capable of rescuing the Xist and 

cell viability defect, which is also consistent with the proposed trans activity of Jpx (Tian et al., 

2010). In the present study, we first introduced Tg(Jpx, Xist) into mESCs to test possible 

mechanisms of Xist activation by Jpx. As shown in Figure 3.1, a single-copy Tg(Jpx, Xist) 

insertion in an autosome was sufficient to induce ectopic Xist upregulation in female ESCs. 

Expression of both endogenous and transgenic Xist were observed, suggesting both trans- and 

cis- effects of Jpx in activating Xist. Such effects were detected in multiple independent 

transgenic mESC lines, including both female and male cells carrying single-copy Tg(Jpx, Xist) 

insertion (Fig. 3.7). Stable integration of the transgene into a random autosomal site was verified 

by combined RNA-DNA Fluorescence in situ Hybridization (FISH) as in Figure 3.1B. 

In particular, we describe the Xist expression pattern observed in Tg(Jpx, Xist) female 

mESCs upon differentiation. Combined RNA-DNA FISH was performed to visualize the 

characteristic Xist RNA “cloud” associated with the “pinpoint” DNA locus (Lee and Lu, 1999; 

Tian et al., 2010). As shown in Figure 3.1B, upregulation of Xist, observed as an enlarged 

domain (green Xist cloud), was associated with the endogenous DNA locus (red Xpct pinpoint). 

By Day 2 of mESC differentiation, significantly more Xist clouds were observed in Tg(Jpx, Xist) 
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cells compared to control cells (Figs. 3.1C and 3.7A). In a small subset of cells we observed 

three distinct Xist clouds: one at each endogenous site and one at the transgenic integration site. 

These results support that Tg(Jpx, Xist) is functionally active in mESCs. Furthermore, ectopic 

Xist expression as two clouds at both endogenous sites demonstrate a trans- effect from the 

autosomal-integrated Tg(Jpx, Xist). In addition, an Xist cloud from the Tg(Jpx, Xist) transgene 

suggests the activation of Xist by its upstream Jpx located in cis within the same transgene. Such 

Xist upregulation was observed in multiple transgenic female cell lines, up to differentiation day 

8 (Figs. 3.7 B-D), suggesting stable activation of the transgenic Xist. Ectopic Xist upregulation 

and transgenic Xist expression were also observed in male mESCs transfected with Tg(Jpx, Xist) 

(Fig. 3.7A, 3.7E, and 3.7F). Therefore, effects of Tg(Jpx, Xist) in mESCs indicate both trans- 

and cis- acting roles of Jpx on Xist. 

 

Jpx transgenes cause reduced viability of transgenic male mice 

By introducing Tg(Jpx) or Tg(Jpx, Xist) as transgenes in mice, we next asked if Jpx 

would be sufficient to induce Xist expression and whether increasing Jpx gene copy number 

leads to any observable abnormality in live animals. Transgenic mice were generated by 

microinjecting BAC DNA into mouse pronuclei and were recovered as founder animals for 

independent lines. Figure 3.2A summarizes a total of ten transgenic mouse lines obtained, five 

for Tg(Jpx) and five for Tg(Jpx, Xist), with copies of transgenes randomly integrated in the 

genome. All transgenic founder mice appeared morphologically normal, fertile, and were able to 

transmit the transgene to the next generation. Stable integration and inheritance of the transgenes 

were verified by genotyping offspring along five generations of outcrossing. For each transgenic 

line, a single autosomal integration site was detected by DNA FISH localizing the transgene in 
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mouse fibroblasts, as exampled in Figures 3.3 and 3.4. Five representative lines, with transgene 

copy numbers ranging from one to fifteen, were characterized to address the regulatory effects of 

Jpx on Xist in this study.  

Transgenic animals of both sexes were born in each line, yet with variable frequencies as 

compared to wildtype littermates. In Figure 3.2B, we plotted the ratios of transgenic to wildtype 

(TG : WT) animals born within each line and found an overall difference between the male 

(TG/WT ratio average = 0.81) and female (TG/WT ratio average = 1.00). A paired student t-test 

indicated a significantly lower representation of transgenic males (the one-tailed P = 0.01). The 

male viability defect was most obvious in two independent Tg(Jpx) lines, 95.4 and 95.8, in 

which nearly 50% fewer transgenic males were born (Figs. 3.2B and 3.2C). A male-specific 

viability defect suggests possible influence to the X chromosome: transgenic Jpx may be 

activating the single endogenous Xist on the only male X chromosome. Ectopic activation of Xist 

may lead to inappropriate silencing of X-linked essential genes in the male. By contrast, the 

same effect to endogenous Xist in the female could be modulated between its two X’s, thus 

minimizing the potentially deleterious consequence of silencing both X chromosomes. 

 

Transgene copy number is positively correlated with Jpx and Xist expression 

We compared Jpx and Xist expression levels in five transgenic lines with different copy 

numbers of the transgene. To specifically focus on gene activities in embryonic tissues, we 

isolated mouse embryonic fibroblasts (mEFs) from embryonic day 13.5 (E13.5). As shown in 

Figure 3.2D, both Jpx and Xist transcript levels increased with increasing transgene copy 

number, reflecting a dose-dependent gene regulation. At the same time, higher Jpx levels 
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correlated with increased Xist expression, suggesting positive regulation of Jpx on Xist in these 

transgenic animals. In particular, Xist expression was detected in male mEFs of transgenic lines 

95.4, 93.7, 04.2 and 05.2, whereas wildtype males normally have no Xist expression in any 

somatic cell (Fig. 3.2D). A control qRT-PCR reaction performed without reverse-transcriptase 

(RT minus) confirmed that Xist amplification detected in the Tg(Jpx) male was indeed of Xist 

RNA (Fig. 3.8A). We also noted variability in Jpx and Xist expression between littermate 

animals of the same genotype, and between litters of the same lineage (Fig. 3.2D, standard 

errors). Thus, littermates of wildtype and transgenic animals were used for all comparisons, 

except for noted situations (Fig. 3.2E; denoted by ‘+’) when wildtype littermates were not 

available and an average of wildtype samples was used in analysis.  

In Tg(Jpx, Xist) transgenic animals, increased Xist expression was observed from both 

females and males in line 05.2. While this ectopic Xist likely derives from the transgene, the 

transcripts cannot be distinguished from endogenous Xist by nucleotide sequence or the qRT-

PCR assay in this analysis. In contrast, Tg(Jpx) does not contain Xist, and thus the observed  

induction of Xist expression in 95.4 and 93.7 transgenic males must be exclusively trans-

activation of the endogenous Xist (the only copy on the male X chromosome) by the transgenic 

Jpx (from the autosomal Tg(Jpx)). Therefore, these data demonstrate that increasing Jpx gene 

copies induces Xist expression in mice, and that transgenic Jpx can activate the endogenous Xist 

in trans. 

 

Jpx utilizes a trans mechanism to activate Xist expression in Tg(Jpx) mice 
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To clearly distinguish between transgenic and endogenous gene activation, we performed 

sequential RNA and DNA FISH on Tg(Jpx) E13.5 mEFs. This technique allowed independent 

visualization of Jpx and Xist transcripts and of the genomic transgene integration site (Fig. 3.3A). 

Sequential FISH on the same cell allowed us to associate an RNA cloud with its corresponding 

DNA locus on the endogenous or transgenic allele (Figs. 3.3A and 3.3B: closed arrowhead, 

endogenous; open arrowhead, transgenic). On its own, DNA FISH was also used to confirm the 

correct ploidy and X chromosome number in each cell. In high transgene copy lines (such as line 

93.7), the transgenic DNA locus often appeared much larger and was distinct from the smaller 

endogenous loci, as visualized by the ‘Jpx+Xist’ probe (Fig. 3.3A, middle column). To confirm 

endogenous alleles when the transgene was not obvious, we used a second probe, ‘Rnf12,’ to 

target the X chromosome outside the transgene sequence (Fig. 3.1A), which co-localized with 

endogenous Jpx and Xist but not with the transgenic allele (Fig. 3.3A, right column). Taken 

together, sequential RNA and DNA FISH allowed us to identify the expression pattern of Jpx 

and Xist in Tg(Jpx) mEFs.  

Wildtype mEFs typically displayed Jpx RNA FISH foci larger than a single pinpoint, 

which we denote as a dot-like ‘cloud’ to signify the expression of Jpx from the gene locus. As 

shown in Figure 3.3, wildtype female mEFs displayed one Jpx RNA cloud and one Xist RNA 

cloud, each corresponding to an endogenous gene locus; wildtype male mEFs displayed one Jpx 

RNA cloud at the endogenous Jpx gene locus and showed no Xist RNA. In contrast, additional 

Jpx RNA clouds were observed in female and male Tg(Jpx) transgenic mEFs (Figs. 3.3A and 

3.3B), consistent with our finding of increased Jpx expression when Jpx gene copies are 

increased (Fig. 3.2). Since the total number of cells expressing Jpx remained comparable 

between wildtype and transgenic (Fig. 3.8B), the data suggest that the increase in Jpx expression 
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measured by qRT-PCR was due to increased Jpx expression at the individual cell level. We then 

quantified the Jpx cloud allelic origin in Figure 3.3C and found robust Jpx expression from the 

transgene—on average, 25% of female Jpx clouds and 50% of male Jpx clouds were 

transgenic—reaffirming that the BAC transgene contains all regulatory elements sufficient for 

Jpx expression in mice, and that transgenic expression is likely responsible for the observed 

increase in Jpx transcript levels. 

Xist expression in Tg(Jpx) E13.5 mEFs was also affected by the increase in Jpx copy 

number (Figs. 3.3A and 3.3B). FISH on transgenic female mEFs revealed only one Xist RNA 

cloud—originating from one of the two endogenous X chromosomes—even in the presence of 

supernumerary Jpx expression (Fig. 3.3A, middle panels). This indicates that Tg(Jpx) E13.5 

transgenic females maintain proper dosage compensation with only one silenced X chromosome, 

which is in agreement with our finding of normal viability in these females (Fig. 3.2B). The 

increase in Xist expression detected by qRT-PCR (Fig. 3.2D) suggests enhanced Xist 

transcription from Xi, likely affected by Jpx acting in trans from the transgenic site. In 

comparison, an ectopic Xist cloud was observed on the only X chromosome in Tg(Jpx) male 

cells (Fig. 3.3A, lower panels; Figs. 3.3B and 3.8B). This observation is consistent with the 

detected Xist transcripts and viability reduction observed in such transgenic males (Figs. 3.2B 

and 3.2D). Overall, by combining RNA and DNA FISH results in the same cells, we confirmed 

the autosomal integration of transgenes and the allelic association of Jpx and Xist transcripts. 

Transgenic Jpx induced endogenous Xist expression in both male and female mEFs, thus 

demonstrating a trans mechanism of activation in mice. 

 

Jpx activates Xist expression using both cis and trans mechanisms in Tg(Jpx, Xist) mice 
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The Tg(Jpx, Xist) transgene includes Jpx and Xist genomic sequences in their 

endogenous cis positioning, as illustrated in Figure 3.1A. DNA FISH in Tg(Jpx, Xist) mEFs 

confirmed the single-site autosomal integration of transgenes, and sequential RNA and DNA 

FISH resolved the allelic origin of Jpx and Xist transcripts in individual cells (Fig. 3.4A). As the 

only two genes contained in Tg(Jpx, Xist), Jpx using cis mechanisms to regulate Xist expression 

would lead to expression of both genes from the same transgenic allelic locus. Indeed, we 

observed activation and co-localization of Jpx and Xist RNA associated with the transgenic site 

in both female and male Tg(Jpx, Xist) mEFs (Fig. 3.4A: open arrowheads). Significantly more 

transgenic female cells expressed Jpx compared to wildtype controls (Figs. 3.4B and 3.8B). This 

increase in Jpx activity is likely due to expression from the transgenic locus, as approximately 

30% of all Jpx clouds in Tg(Jpx, Xist) females were transgenic in origin (Fig. 3.4C). 

Consequently, transgenic Xist clouds represented close to 30% of all observed Xist clouds in 

Tg(Jpx, Xist) females (Fig. 3.4C). The percentage of detectable Jpx clouds in transgenic male 

cells was comparable to wildtype, and males maintained a 50/50 split between endogenous and 

transgenic Jpx activation (Figs. 3.4C and 3.8B). Importantly, more than 75% of Xist clouds in 

males were transgenic, contributing to a significantly higher percentage of Xist clouds detected in 

transgenic male cells compared to wildtype controls (Figs. 3.4C and 3.8B). These data are 

consistent with our observation of increased Jpx and Xist expression in Tg(Jpx, Xist) males (Fig. 

3.2D). 

Endogenous Xist was also affected in Tg(Jpx, Xist) transgenic mEFs: we observed three 

Xist clouds in a female cell and two Xist clouds in a male cell, representing ectopic Xist 

activation on the X chromosome (Fig. 3.4A: arrowheads, Fig. 3.4B). Within one cell, ectopic 

Xist activation from the endogenous X chromosome is consistent with a trans regulatory 



55 

 

response from the autosomal transgene, while the concurrent Xist and Jpx expression from the 

transgenic allele suggests a cis activation of Xist by the flanking Jpx. We also note that the 

endogenous Jpx may induce transgenic Xist expression through a trans mechanism in the same 

cell. When we examined the allelic origin of ectopic Xist, as a single Xist cloud in the male or a 

second cloud in the female, we found that an Xist cloud was more often associated with the 

transgene than with the endogenous X chromosome (Figs. 3.8C and 3.8D), suggesting that 

transgenic Xist activation contributes to the increase of Xist expression observed in Tg(Jpx, Xist) 

mice (Fig. 3.2D). Tg(Jpx, Xist) has thus demonstrated Jpx activation of Xist expression in vivo, 

and revealed the possible mechanism as cooperating both cis and trans activities. 

 

Ectopic Xist silences X-linked genes in Tg(Jpx) mice 

We next asked if the observed ectopic Xist expression would induce additional XCI and 

silence X-linked genes in our transgenic animals. We performed quantitative expression analysis 

(qRT-PCR) for seven X-linked genes, which are located across the length of the X-chromosome 

at positions of various distance from Xist (Fig. 3.5A). Of these seven genes, Cask, Rnf12, Atrx, 

and Diaph2 are genes subject to XCI in females (Fig 3.5A, boxed grey) while Kdm6a, Eif2s3x, 

and Mid1 are genes known to escape XCI in mice (Engreitz et al., 2013; Yang et al., 2010). As 

shown in Figure 3.5B, we observed an overall reduction of X-linked gene expression in Tg(Jpx) 

E13.5 mEFs from the line 95.4 compared to wildtype mEFs. A significant reduction of Diaph2 

expression was observed in Tg(Jpx) line 95.4 for both female and male mEFs. Particularly in the 

males, four out of the seven X-linked genes, including Cask, Rnf12, Diaph2 and Mid1, were 

significantly downregulated in line 95.4. Such a decrease of X-linked gene expression indicates a 

gene silencing effect, most likely from the ectopic Xist expression, in the Tg(Jpx) 95.4 transgenic 
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animals. An overall downregulation of X-linked genes may lead to developmental disadvantages, 

which is consistent with the lack of transgenic males observed in line 95.4 (Fig. 3.2B). By 

contrast, there was no reduction of X-linked gene expression in the mEFs of Tg(Jpx) line 93.7, 

consistent with a normal survival rate of transgenic animals in this line (Fig. 3.2B). These data 

demonstrate that ectopic Xist expression induced by Tg(Jpx) indeed has functional consequence 

in silencing X-linked genes, which may lead to physiological defects affecting male viability in 

mice. 

Tg(Jpx, Xist) mEFs did not display the same X-linked gene silencing effect. Instead, an 

overall increase of X-linked genes was observed in both male and female E13.5 cells from 

Tg(Jpx, Xist) line 05.2 (Fig. 3.5C). We noted that ectopic Xist expression in Tg(Jpx, Xist) mEFs 

was observed with higher frequency on the autosomal transgene than the endogenous X 

chromosome (Figs. 3.8C and 3.8D). Therefore, Xist upregulation in Tg(Jpx, Xist) cells may 

preferably affect autosomal genes flanking the transgene integration site rather than silencing the 

endogenous X chromosome. Transgenic Xist in an autosome has been shown to be capable of 

silencing autosomal genes in cis (Loda et al., 2017). At the same time, robust transgenic Xist 

expression can also squelch the endogenous Xist (Jeon and Lee, 2011), potentially affecting the 

X-linked gene silencing. Upregulation of X-linked genes with XCI deficiency is compatible with 

mouse survival (Yang et al., 2016). This is also consistent with the observed viability of Tg(Jpx, 

Xist) animals (Fig. 3.2B).  

 

Ectopic Xist expression in transgenic female and male early embryos 
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 XCI occurs in the mouse embryo between embryonic days 5.5 (E5.5) and 6.5 (E6.5) 

(Monk and Harper, 1979). We asked whether the effects of transgenic Jpx on Xist could be more 

apparent in the early embryos around the completion of XCI. To address this question, we 

extracted post-implantation E7.5 and E8.5 embryos, wildtype and transgenic littermates, from 

Tg(Jpx) lines, 93.7 and 95.8, and Tg(Jpx, Xist) line 04.2 (Figs. 3.6 and 3.9). Specifically, we 

analyzed cells isolated from the embryo proper, where random XCI occurs (Mak et al., 2004). As 

shown in Figure 3.6, compared to the wildtype male and female embryonic cells, transgenic male 

and female E7.5 embryonic cells showed ectopic Xist expression. Notably in Tg(Jpx) transgenic 

female cells, we observed two Xist clouds present in up to 25% of cells (Figs. 3.6A and 3.6C). 

Occurrence of two Xist clouds in a cell was never observed in any Tg(Jpx) female E13.5 mEF 

(Fig. 3.3B). These data further support a trans- effect of Jpx (from the autosomal transgene) in 

activating both Xist alleles on the X chromosomes, which may lead to cell death during early 

embryogenesis. Ectopic expression of endogenous Xist was also observed in Tg(Jpx) transgenic 

male E7.5 cells, consistent with the pattern in E13.5 mEFs, which confirms the trans- acting 

effect of Jpx on Xist activation in these embryos.  

Also consistent with the expression pattern of Jpx and Xist in Tg(Jpx, Xist) E13.5 mEFs, 

Tg(Jpx, Xist) female and male E7.5 embryonic cells showed expression of both endogenous and 

transgenic Jpx clouds, which were associated with up to two Xist clouds, one endogenous and 

one transgenic (Figs. 3.6B-D; Fig. 3.9A). We note that even with limited cell samples obtained 

from E7.5 embryos, ectopic Xist RNA was clearly present in the early embryonic cells from 

transgenic mice – confirming our observation of ectopic Xist expression in E13.5 transgenic 

mEFs. Together, these data suggest a mechanism in which Jpx is sufficient to induce Xist 



58 

 

expression in trans (from autosomal transgenic Jpx to the endogenous Xist on X chromosomes) 

and is capable of activating Xist in cis (locally within a transgene).  

 

3.5 Discussion and Conclusion 

Our findings suggest a model in which Jpx is a competence factor that initiates Xist 

expression in mice (Fig. 3.10). By using a combination of transgenes, we demonstrated that 

increasing Jpx copy number is sufficient to activate Xist expression in mice. The Jpx transcript is 

a trans-acting factor which, when increased by addition of the Tg(Jpx) transgene in an autosome, 

is capable of activating endogenous Xist on the X chromosome in both male and female mice. In 

addition, Jpx has been described as a member of the Xist topologically associated domain (TAD) 

(Nora et al., 2012; Tsai et al., 2008), indicating cis regulatory activity for Jpx inducing Xist 

locally within the same chromosomal locus (van Bemmel et al., 2016). This is consistent with 

our observation of co-localized Jpx and Xist transcripts from the Tg(Jpx, Xist) transgene in mice, 

suggesting that Jpx activates Xist expression in cis within the transgene. Together, our 

observations in Tg(Jpx) and Tg(Jpx, Xist) mice illustrate Jpx inducing Xist expression, and 

support Jpx as a competence factor directly influencing X chromosome counting and XCI 

initiation. 

To distinguish between trans- and cis- genetic mechanisms in our mouse models, we 

emphasize the distinction between inter- and intra- chromosomal gene regulation. Therefore, an 

autosomal Jpx transgene activating the endogenous Xist on the X chromosome is a clear 

demonstration of trans- acting function of Jpx; whereas the activation of a transgenic Xist by its 

upstream Jpx within the same transgene locus is considered a cis- effect of Jpx. Our results 
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suggest that Jpx can activate Xist locally within the transgene; however, it is possible that Jpx 

RNA moves away from its site of transcription and returns to the target Xist locus. At the 

molecular scale, this mechanism would be considered trans acting; whereas the genetic effect is 

considered cis regulation. At the Xist promoter, the chromatin insulating factor CTCF has been 

shown to bind Jpx RNA, and together, act in a dose-dependent mechanism for transcriptional 

initiation of Xist in female mESCs (Sun et al., 2013). Titration of CTCF from the Xist promoter 

requires both copies of the Jpx gene and Jpx RNA transcribed from both X chromosomes in a 

female cell, consistent with a combination of both cis and trans mechanisms for Jpx RNA. For 

chromosomal configuration around the Xist locus, a change in CTCF occupancy could alter TAD 

boundary formation, which may facilitate a cis interaction between the Xist gene and flanking 

Jpx. As recently reported, other proteins in addition to CTCF may also play roles for the 

formation of TADs in the X chromosome (Barutcu et al., 2018). Additionally, unknown protein 

factors may be actively directing the trans activity of Jpx RNA between chromosomes. Future 

research in identifying Jpx-protein binding partners will help elucidate the possible molecular 

interactions, which are most likely developmentally regulated in mice.  

While we observed an overall positive correlation between Jpx copy number and 

expression levels, we did not observe an obvious increase of Jpx RNA FISH signals associated 

with high-copy Jpx transgenes, i.e. Tg(Jpx) 93.7 (Fig. 3.3A). A feedback mechanism may 

regulate the allelic expression of high-copy Jpx to inhibit unfavorable allelic overexpression in a 

cell. This possibility is also supported by the observed Jpx allelic expression in transgenic 

mESCs, in which addition of ‘Jpx/Ftx transgene’ actually decreased the endogenous Jpx 

expression (Barakat et al., 2014, Fig. S4A) (Barakat et al., 2014). In addition, the activation of 

Xist within the Tg(Jpx, Xist) transgene could also be complemented by the lack of a functional 
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Tsix, a suppressor of Xist (Lee and Lu, 1999; Tian et al., 2010), which might facilitate a 

preference of transgenic Xist expression over the endogenous Xist in the X chromosomes. It is 

also possible that the endogenous Jpx trans- activates the transgenic Xist, or works together with 

the transgenic Jpx to cooperate both trans and cis mechanisms when activating transgenic Xist 

expression in Tg(Jpx, Xist) animals.  

High percentages of transgenic Xist expression were observed in Tg(Jpx, Xist) E13.5 

mEFs (Fig. 3.4C). However, in earlier embryonic cells from E7.5, the majority of Xist clouds 

observed were endogenous in origin (Fig. 3.6D). To understand whether upregulation of the 

endogenous Xist induced XCI in early embryos, we performed qRT-PCR on seven X-linked 

genes in Tg(Jpx) lines 95.8 and 93.7. As shown in Figure 3.9B-E, there was no obvious decrease 

of X-linked gene expression in Tg(Jpx) E8.5 or E7.5 embryos. This is in contrast to the 

significant reduction of X-linked genes observed in Tg(Jpx) E13.5 mEFs (Fig. 3.5). It is possible 

that the additional silencing effect by ectopic Xist was achieved and only obvious at a later stage 

of the typical XCI developmental timing in mouse embryogenesis.   

Overall, our transgenic system provides an example linking ex vivo and in vivo studies of 

lncRNA function and mechanism. While gene knockout would be a conventional approach for 

functional determination, recent reports on the function of lncRNA Hotair revealed the 

complications of lncRNA deletion in mice (Amandio et al., 2016; Li et al., 2013, 2016b; Selleri 

et al., 2016). The debate on Hotair’s molecular mechanism and target genes also advocates for 

the use of transgenic mice when distinguishing cis- and trans- actions of lncRNA (Amandio et 

al., 2016). In this study, our transgenic mouse models help resolve Jpx’s function and mechanism 

while avoiding possible genomic instability brought about by large deletions of lncRNA genes. 
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Our study thus provides an example of lncRNA functional studies in mice and demonstrates that 

Jpx is sufficient to activate Xist expression using trans and cis mechanisms in vivo. 
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Figure 3.1. Jpx transgenes induce Xist expression in mESCs using both trans and cis 

mechanisms. (A) Map of the X-inactivation center (Xic) with 90kb Tg(Jpx) and 120kb Tg(Jpx, 

Xist) transgenes and the probes used for Fluorescence in situ Hybridization (FISH). (B) 

Combined RNA-DNA FISH for Xist (green, FITC) and Xpct (red, Cy3) on female mESC at 

differentiation days 0, 2, and 4. Top: Control female ESCs transfected with Tg(pSKYneo+), a 

plasmid that does not contain X-chromosome sequence but provides the same neomycin 

resistance as Tg(Jpx, Xist); bottom: Tg(Jpx, Xist) transgenic female mESC line #7, which has a 

single-copy Tg(Jpx, Xist) integrated in an autosome; right: schematic of Xist expression at Day 

4. Green wavy line, Xist RNA; Red dot, Xpct (X-Chr.) DNA locus; Open arrowhead: Tg(Jpx, 

Xist) transgenic site. Scale bar: 2µm. (C) Xist cloud frequency throughout differentiation. **, 

P<0.01; ***, P<0.001, from a chi-square test comparing total Xist cloud counts in wildtype and 

transgenic cells at each differentiation day. Sample sizes and additional Tg(Jpx, Xist) mESC 

lines are included in Figure 3.7. 
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Figure 3.1
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Figure 3.2. Transgene copy number is positively correlated with Jpx and Xist expression. 

(A) Transgenic Tg(Jpx) and Tg(Jpx, Xist) mouse lines generated in this study. F, female; M, 

male. In line 03.4, a semicolon separates different transgenic Jpx and Xist copy numbers. (B) The 

ratio of transgenic (TG) to wildtype (WT) mice for females and males obtained from five 

representative transgenic lines, arranged from low to high copy number for each transgene 

construct.**, P<0.01; ***, P<0.001, from a binomial test for the expected situation of equal TG 

and WT animals, independently for males and females. (C) Number of animals included in the 

analysis. (D) Jpx (red bars) and Xist (green bars) expression levels in mouse embryonic 

fibroblasts (mEFs) isolated from female embryos (top) and male embryos (bottom). Left panel: 

Tg(Jpx) mouse lines. Right panel: Tg(Jpx, Xist) mouse lines. Data plotted are average expression 

levels normalized to housekeeping gene Gapdh, ± standard error of biological replicates. A one-

tailed t-test was used to compare the expression in transgenic and wildtype samples. *, P<0.05; 

**, P<0.01; ***, P<0.001. (E) Number of embryos collected and used in the expression analysis. 

The ‘+’ denotes the number of wildtype animals used when wildtype littermates were 

unavailable; expression was averaged between such wildtype animals from separate litters. 
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Figure 3.2 
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Figure 3.3. Jpx utilizes a trans mechanism to activate Xist expression in Tg(Jpx) mice. (A) 

RNA FISH (left column) and corresponding DNA FISH (two columns on the right) in wildtype 

and Tg(Jpx) transgenic mEFs. Representative images shown of ectopic expression patterns 

observed in cells. Probes are described in Fig. 3.1A. For RNA: Jpx (red, Cy3) and Xist (green, 

FITC). For DNA: Jpx+Xist (red, Cy3) and Rnf12 (green, FITC). Right column: DNA FISH with 

two probes to distinguish the endogenous X chromosomal locus (overlapping red and green) 

from the transgenic insertion site (red only). Closed arrowhead: endogenous RNA transcripts 

(RNA FISH) and the endogenous X chromosomal loci (DNA FISH). Open arrowhead: 

transgenic RNA transcripts and the transgenic integration site. Scale bar: 5µm. (B) Percentage of 

cells with Jpx or Xist expression categorized by the number of RNA clouds detected. (C) 

Percentage of endogenous versus transgenic Jpx clouds counted in Tg(Jpx) mEFs. 
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Figure 3.3
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Figure 3.4. Jpx activates Xist expression using both cis and trans mechanisms in Tg(Jpx, 

Xist) mice. (A) RNA FISH (left column) and corresponding DNA FISH (two columns on the 

right) in transgenic Tg(Jpx, Xist) mEFs. Representative images shown of ectopic expression 

patterns observed in cells. Probes are described in Fig. 3.1A. For RNA: Jpx (red, Cy3) and Xist 

(green, FITC); for DNA: Jpx+Xist (red, Cy3) and Rnf12 (green, FITC). Right column: DNA 

FISH with two probes to distinguish the endogenous X chromosomal locus (overlapping red and 

green) from the transgenic insertion site (red only). Closed arrowhead: endogenous RNA 

transcripts (RNA FISH) and the endogenous X chromosomal loci (DNA FISH). Open 

arrowhead: transgenic RNA transcripts and the transgenic integration site. Scale bar: 5µm. (B) 

Percentage of cells with Jpx or Xist expression categorized by number of RNA clouds detected. 

(C) Percentage of endogenous versus transgenic RNA clouds for Jpx and Xist in Tg(Jpx, Xist) 

mEFs.  
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Figure 3.4 
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Figure 3.5. Ectopic Xist silences X-linked genes in Tg(Jpx) transgenic mice. (A) Map of X 

chromosome and genes for quantitative expression analysis in E13.5 mEFs. Genes boxed in grey 

(Cask, Rnf12, Atrx, Diaph2) are subject to XCI in mice; genes not boxed (Kdm6a, Eif2s3x, Jpx, 

Xist, Mid1) are known to escape XCI in mice. (B) Expression of X-linked genes in wildtype and 

Tg(Jpx) transgenic mEFs isolated from lines 95.4 and 93.7. Top: Expression in females. Bottom: 

Expression in males. (C) Expression of X-linked genes in wildtype and Tg(Jpx, Xist) transgenic 

mEFs isolated from line 05.2. Top: Expression in females. Bottom: Expression in males. Data 

plotted are average expression levels normalized to housekeeping gene Gapdh, ± standard error 

of biological replicates. A subset of embryos from Fig. 3.2E were used for analysis, N≥2 for each 

genotype. A one-tailed t-test was used to compare the expression in transgenic and wildtype 

samples. *, P<0.05; **, P<0.01, ***, P<0.001. 
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Figure 3.5 
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Figure 3.6. Ectopic Xist expression in transgenic female and male early embryos. (A, B) 

RNA FISH (left column) and corresponding DNA FISH (right column) in wildtype, transgenic 

Tg(Jpx) (A), and transgenic Tg(Jpx, Xist) embryos (B), extracted at embryonic day 7.5 (E7.5). 

Representative images shown of ectopic expression patterns observed in cells. Probes are 

described in Fig. 3.1A. For RNA: Jpx (red, Cy3) and Xist (green, FITC); for DNA: Jpx+Xist (red, 

Cy3) and Rnf12 (green, FITC). DNA FISH with two probes distinguishes the endogenous X 

chromosomal locus (overlapping red and green) from the transgenic insertion site (red only). 

Closed arrowhead: endogenous RNA transcripts (RNA FISH) and the endogenous X 

chromosomal loci (DNA FISH). Open arrowhead: transgenic RNA transcripts and the transgenic 

integration site. Scale bar: 5µm. (C) Percentage of cells with Jpx or Xist expression categorized 

by number of RNA clouds detected. (D) Percentage of endogenous versus transgenic RNA 

clouds for Jpx and Xist in Tg(Jpx) and Tg(Jpx, Xist) embryos. Number of E7.5 embryos and 

quantification are included in Figure 3.9A. 
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Figure 3.6 
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Figure 3.7. Ectopic Xist expression in male and female mESCs transfected with Tg(Jpx, 

Xist). (A) Quantitative analysis for Xist clouds in female Tg(Jpx, Xist) mESC line #7 as shown 

Fig. 3.1C, and male Tg(Jpx, Xist) mESC lines #5 and #9 as shown in Figs. 3.7 E and F. Charts 

include corresponding P values derived from a chi-square test to determine the difference 

between cloud counts in wildtype and transgenic cells at each differentiation day. (B) Combined 

RNA-DNA FISH for control mESCs at differentiation days 0, 2, 4, and 8. Female (top) and male 

(bottom) mESCs were transfected with a Tg(pSKYneo+) control plasmid. Probes used: Jpx+Xist 

(green, FITC) and Xpct (red, Cy3), as shown in Fig. 3.1A. (C) Combined RNA-DNA FISH for 

female Tg(Jpx, Xist) mESCs Line #2, at differentiation days 0, 4, and 8. Probes are as indicated 

in (B). Open arrowhead: Tg(Jpx, Xist) transgenic site. (D) Combined RNA-DNA FISH for 

female Tg(Jpx, Xist) mESCs Line #11 at differentiation day 8. Probes are as indicated in (B). 

Open arrowhead: Tg(Jpx, Xist) transgenic site. (E-F) Sequential RNA and DNA FISH on male 

Tg(Jpx, Xist) mESCs Line #5 (E) and Line #9 (F) at differentiation day 2. RNA FISH probe: Xist 

(green, FITC), DNA FISH probes: Xist (green, FITC) and Xpct (red, Cy3), as shown in Fig. 

3.1A. Open arrowhead: Tg(Jpx, Xist) transgenic site. Scale bar: 2µm. All Tg(Jpx, Xist) mESC 

lines are stable transgenic cells with single-copy Tg(Jpx, Xist) transgene integrated in an 

autosome. 
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Figure 3.7 
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Figure 3.8. Xist is expressed from both endogenous and transgenic sites in female and male 

mEFs. (A) qRT-PCR control reactions for Gapdh, Jpx, and Xist amplification and Ct values 

obtained with/without reverse transcriptase enzyme in E13.5 Tg(Jpx) transgenic male mEFs. (B) 

Number of mEFs included in the FISH analysis for Tg(Jpx) lines as shown in Fig. 3.3, and 

Tg(Jpx, Xist) lines as shown in Fig. 3.4. P value is from a chi-square test comparing the RNA 

cloud counts between wildtype and transgenic samples in each line. (C, D) Diagram of Xist 

expression patterns observed from transgenic Tg(Jpx, Xist) female (C) and male (D) mEFs. The 

percentage of observed clouds in each category is listed below the diagram. Cells are counted 

from two transgenic Tg(Jpx, Xist) lines: 04.2 and 05.2.  
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Figure 3.8 
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Figure 3.9. X-linked gene expression in early embryos. (A) Number of E7.5 embryonic cells 

included in the FISH analysis for Tg(Jpx) and Tg(Jpx, Xist) as shown in Fig. 3.6. P value is from 

a chi-square test comparing the RNA cloud counts between wildtype and transgenic samples in 

each line. (B) Number of embryos obtained as littermates and used for the expression analysis. 

(C) Map of X-Chromosome and genes for quantitative expression analysis in E7.5 embryos. 

Genes boxed in grey (Cask, Rnf12, Atrx, Diaph2) are subject to XCI in mice; genes not boxed 

(Kdm6a, Eif2s3x, Jpx, Xist, Mid1) are known to escape XCI in mice. (D) Expression of X-linked 

genes in E8.5 wildtype and Tg(Jpx) transgenic female embryos from line 95.8. (E) Expression of 

X-linked genes in E7.5 wildtype and Tg(Jpx) transgenic female and male embryos from line 

93.7. 
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Figure 3.9 
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Figure 3.10. Jpx activates Xist expression in transgenic mice. Summary and model for how 

Jpx activates Xist in wildtype (WT) and transgenic mice. The grey dashed arrows in WT 

represent the proposed mechanisms for Jpx activating Xist. Up to two endogenous Xist clouds 

were observed in Tg(Jpx) embryos, indicating trans activity by Jpx (black dashed arrows). In 

Tg(Jpx, Xist) embryos, up to three Xist clouds were observed: two endogenous and one 

transgenic. This suggests Jpx regulation of Xist using the proposed cis mechanism (grey dashed 

arrows) in addition to the trans mechanisms (black dashed arrows).  
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Figure 3.10 
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Table 3.1: List of primers used in the study. 

 

Procedure/ 

target 
Primer name Direction Primer Sequence Reference 

BAC8 

subcloning 

BAC8_68199 F GGTTTAGGCTCCATTCTTAAGACCTCAT (Augui et al., 

2007; Sun et 

al., 2015) BAC8_68407 R GGTCTACAGAGCTAGTTCCAAGACACCA 

BAC8 

subcloning 

BAC8_147016 F ATCCAGGACACCAGGATTCTCC (Augui et al., 

2007; Sun et 

al., 2015) BAC8_147200 R CATCTAGAAACACTAGCTTGAGAGG 

Identifying 

transgenic 

mice 

pBAC4 
F AGTTGGAACCTCTTACGTGCCGAT (Sun et al., 

2015) R ATGTGGTGTGACCGGAACAGAGAA 

Confirming 

sex of mice 
UBEX/Y 

F TGGTCTGGACCCAAACGCTGTCCACA (Senner et al., 

2011) R GGCAGCAGCCATCACATAATCCAGATG 

Jpx gene 

copy 

number 

JpxEx1 
F GCA CCA CCA GGC TTC TGT AAC (Tian et al., 

2010) 
R GGG CAT GTT CAT TAA TTG GCC AG 

Xist gene 

copy 

number 

XistP2Y F CTC GAC AGC CCA ATC TTT GTT (Jeon and 

Lee, 2011) XistP2C R ACC AAC ACT TCC ACT TAG CC 

Hprt gene 

(X-Chr.) 

Hprt_12848 F CTG CTA CTT CAA CTC CTG GTG TGC (Sun et al., 

2015) Hprt_12970 R AGG CGA ATT GGG ATG TAG CTC AG 

Jpx 

transcript 

mJpx76+ (Exon 

1) 
F TTAGCCAGGCAGCTAGAGGA 

(Sun et al., 

2013) mJpx225- 

(Exon 2) 
R AGCCGTATTCCTCCATGGTT 

Xist 

transcript 

XistBP2 F CCCGCTGCTGAGTGTTTGATA 
(Payer et al., 

2013) 

XistNS33 R CAGAGTAGCGAGGACTTGAAGAG 
(Stavropoulos 

et al., 2001) 

Gapdh 

transcript 
GapdhBP1 

F ATG AAT ACG GCT ACA GCA ACA GG (Payer et al., 

2013) R CTC TTG CTC AGT GTC CTT GCT G 

Mid1 Mid1FY 
F AGCCTGTGGAGTCCATCAAC (Yang et al., 

2010) R GCTTTCAGGCACTCATCACA 

Diaph2 
Diaph2_2943F F AAGCGCAGGCAAAGTTTCAG 

This thesis 
Diaph2_3203R R TCCATGTTTACTGTGTTCGGGT 

Atrx 
Atrx_264F F AGCCCATGAGTGGAAACAAGT 

This thesis 
Atrx_368R R CAAGTCGTGGAGAAGAACACG 

Rnf12 
Rnf12_518F F TAAAGAGGGTCCACCACCAC 

(Barakat et 

al., 2014) 

Rnf12_676R R GCTCTCCAGGACTGGTTTCC This thesis 

Eif2s3x EifFY 
F CTTTATCAGGGGCAGAGCAG (Yang et al., 

2010) R AGCCTCAGACACCCAGTGTT 

Kdm6a 
Kdm6a_4617F F ATCAACATGCTCCTCCATTACCA 

This thesis 
Kdm6a_4845R R GCTTTACGAGAGTCCTGGCA 

Cask 
Cask_2456F F TGGTGGCAGGGTAAACTGGA 

This thesis 
Cask_2698R R TGCTGGCAGTTTGACTACTTCT 
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Chapter 4 

Summary and Future Directions 

4.1 Summary 

In summary, I have developed transgenic mouse models to understand the role of 

lncRNA Jpx in mouse X-Chromosome Inactivation. Using transgenic mice with increased Jpx 

copy number, I have determined that Jpx is sufficient to activate Xist expression in vivo. 

Increasing Jpx copy number in mice does not lead to an obvious morphological phenotype. 

However, reduced viability of transgenic male mice was observed in certain Tg(Jpx) lines. At the 

molecular level, both Jpx and Xist expression levels are increased over wildtype levels in 

transgenic female and male mEFs. This relationship appeared dose-dependent, as increasing 

transgene copy number led to a corresponding increase of both Jpx and Xist expression in the 

five transgenic lines studied. In some transgenic lines, such as Tg(Jpx) line 95.4, ectopic X-

linked gene silencing was observed in male and female mEFs. This suggests that XCI may have 

been triggered in male animals, leading to inappropriate gene silencing and transgenic male 

death during early embryogenesis. Further, I have observed Jpx using both cis and trans 

mechanisms to activate Xist expression in transgenic mEFs and early embryos. In Tg(Jpx) male 

cells, I observed Xist clouds at the endogenous X chromosomal loci, suggesting that transgenic 

Jpx affected the endogenous Xist locus in trans. In Tg(Jpx, Xist) female and male cells, I 

observed Xist clouds at both the transgenic and endogenous loci. This suggests that Jpx used cis 

mechanisms to activate Xist expression locally at the transgenic site and trans mechanisms to 

activate Xist at endogenous sites.  
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My work provides two major contributions to the field: first, I have described evidence 

for Jpx as a competency factor in Xist activation within mouse XCI. This addresses a long 

standing unresolved question in the field regarding which factor is responsible for Xist activation 

and XCI initiation. In mESCs, Jpx’s role as an Xist activing factor was under debate based on 

conflicting data from separate groups. This work settles the debate and demonstrates that Jpx is 

able to activate Xist expression at the organismal level. Second, I have established the first 

mouse model in which to study Jpx function and mechanism. Prior to the work presented in this 

thesis, no mouse model existed to study the function of Jpx in vivo. Future studies will therefore 

have a platform to further study Jpx’s mechanism, including its regulation, transport, and binding 

partners. 

  

4.2 Future work 

Resolving Jpx’s genetic mechanism 

Several follow up studies may be proposed following this work. First, direct evidence is 

still lacking for Jpx’s trans and cis mechanisms in vivo. In my study, I have inserted a Jpx 

transgene into the genome and observed transcript activity at specific time points in fixed cells. 

However, since I was unable to distinguish between endogenous and transgenic Jpx transcripts, I 

had to infer the transcript origin based on corresponding RNA and DNA FISH. Therefore, the 

evidence I have provided for Jpx’s genetic trans and cis mechanisms in Chapter 3 is indirect. To 

resolve Jpx’s genetic mechanism, I plan to directly observe Jpx transcript movement in live cells. 

Specifically, I will use the PP7 system to observe Jpx movement in female mESCs. 
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LncRNA are generally challenging to study in cells and tissues. Since lncRNA are not 

translated, we cannot insert a GFP tag and directly track transcript movement or localization. 

Recently, the MS2 and PP7 systems have provided an opportunity for fluorescent labeling of 

RNA (Hocine et al., 2013). The PP7 transcript forms a repeating stem-loop pattern which is 

recognized by the PP7 coat protein (PCP). PCP itself can be coupled to fluorescent molecules 

such as GFP or mCherry. Ultimately, when an RNA transcript is ‘tagged’ with PP7, it can be 

recognized by fluorescent PCP and observed by fluorescence microscopy. Since the repeat 

region is integrated into each transcript’s sequence, live cell imaging is also possible (Lange et 

al., 2008). Several studies have already reported use of a tagged Xist-MS2 construct (which 

works using the same principles as PP7) to study Xist dynamics in cells (Barakat et al., 2014; Ng 

et al., 2011; Sunwoo et al., 2015). For this experiment, I ‘tagged’ Jpx with PP7, detected the 

transcript with PCP-mCherry, and observed the transcript movement with live cell imaging.  

To begin this study, the PP7 repeat region was cloned into a Jpx gene construct. We 

integrated PP7 into Jpx’s exon 3, just after the region necessary for proper CTCF binding and 

Xist activation (Sun et al., 2013). This will ensure that Jpx’s primary functional isoform will be 

modified. CRISPR was then used to insert this PP7 modification into the endogenous Jpx locus 

based on homologous recombination of endogenous and donor DNA. The modification was 

specifically performed on female Tsix TST +/- embryonic stem cells. These ES cells are a hybrid 

cell line containing X chromosomes from two separate mouse strain origins (X129 from Mus 

musculus strain 129S1 mice and Xcas from Mus castaneus mice). The X129 chromosome in this 

line has a mutated copy of the Tsix gene, rendering it inactive. Thus, the X129 chromosome will 

always induce Xist and undergo XCI since the Xist repressive factor is nonfunctional. This cell 

line was chosen to easily discern the Xist activation site/ Jpx target site. CRISPR may target 
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either Jpx on either the Xcas or X129 for PP7 integration. Therefore, if PP7 was inserted into the 

Xcas chromosome, Jpx must act in trans to activate Xist on the X129 chromosome. Alternatively, 

if PP7 was integrated into the X129 locus, Jpx would act in cis to induce Xist expression on the 

same chromosome.  

One challenge with this experimental setup is that PP7 could be inserted into one or both 

endogenous Jpx loci, and we would not know the integration status until confirmation by PCR or 

live cell imaging. Recently, a method known as SNP-CLING has been developed to perform 

allele-specific CRISPR modifications (Maass et al., 2018). This technique could be used in the 

future to specifically integrate PP7 in Jpx on either the X129 or Xcas alleles, allowing for directed 

study of Jpx’s trans or cis mechanisms. Another downfall of this system is that the PP7 sequence 

is quite large, which may in turn affect functional properties of the coupled lncRNA by 

disrupting its folding or targeting (Itzkovitz and Oudenaarden, 2011). Finally, it can be difficult 

with the PP7 system to discern true signal from background unbound PCP-mCherry proteins, 

especially in the case of lowly expressed transcripts. Therefore, if need be, a newer system 

known as RNA Mango has recently been developed and can be used in place of PP7 

(Dolgosheina et al., 2014). RNA Mango uses a fluorescently labeled aptamer to bind specific 

transcript sequences, and has higher affinity than PCP to PP7. Using either method, we should be 

able to detect the Jpx transcript and track its movement in live cells (Autour et al., 2018). 

Thus far, the lab has developed the donor plasmid containing PP7 flanked by Jpx Exon 3 

homologous sequences. As described in Chapter 2, I have transfected this construct into TST ES 

cells using several strategies (such as a two-day versus one-day transfection) to increase the 

CRISPR modification efficiency. Once PP7 positive clones were identified by PCR, I transfected 

the cells with PCP-mCherry for Jpx transcript visualization. The cells were differentiated to 
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specifically study Jpx activity at differentiation day 4, the time point when Jpx is most active at 

the start of XCI. My preliminary data suggest that modification and transfection were successful, 

although I have not yet resolved Jpx’s movement through the nucleus. Next, the Jpx transcript 

will be tracked through the cell, specifically comparing the site of transcription and target site, to 

observe Jpx’s genetic mechanism. Based on my FISH data from mouse embryonic fibroblasts, I 

anticipate that Jpx would use both trans and cis mechanisms to activate Xist. 

  

Jpx movement: passive or active? 

Live cell imaging can also address another question regarding Jpx’s movement through 

the nucleus. Does Jpx move to target Xist sites by passive diffusion or by an active targeting 

mechanism? LncRNA are thought to locate and interact with target sites in the genome by a 

combination of protein binding and 3D proximity (Engreitz et al., 2016). Xist, for example, 

interacts with several proteins (including nuclear lamin proteins to anchor the chromosome and 

support Xist spreading) but is primarily thought to broadly target X chromosomal loci based on 

the 3D proximity of Xist to target genes (Engreitz et al., 2013). Drosophila roX1/2, on the other 

hand, must complex with the CLAMP protein before it can recognize specific sites on the male 

X chromosome during fly dosage compensation (Quinn et al., 2014; Simon et al., 2011). 

Transcript abundance and stability are also thought to influence this mechanism. Xist is 

moderately expressed but has low specificity for specific sites (Engreitz et al., 2013; Sunwoo et 

al., 2015). This may enable its interaction with nearby X-linked genes while limiting spread to 

distant sites on separate chromosomes. In contrast, low abundant lncRNA such as HOTTIP (1 

copy of the transcript per cell) likely act locally because they cannot maintain a high enough 

concentration for efficient diffusion to distant genes (Wang et al., 2011). Therefore, in addition 
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to lncRNA-protein interactions and the spatial proximity between a lncRNA and its target, 

transcript abundance and other lncRNA-intrinsic properties likely play a role in localization and 

transport mechanisms (Engreitz et al., 2016).  

 For Jpx, we can begin to address the mechanisms controlling its movement by observing 

its localization over time in the cell. For example, is the transcript more diffused (which may 

suggest a 3D proximity model) or more localized to spatial compartments (suggesting binding to 

protein cofactors or other restrictions on its movement)? Although primarily qualitative, this data 

can also give insight into Jpx’s relative abundance at the start of XCI. This point has not been 

specifically addressed in my thesis work since all samples were collected at the completion of 

XCI or later. To address Jpx binding partners (outside of known binding partner CTCF) and 

identify potential transport mechanisms, we can use chemical crosslinking assays such as CHIRP 

and RAP. These methods tile the RNA for all possible binding sites, and have been used to 

identify proteins which interact with Xist (Chu et al., 2015; McHugh et al., 2015). Alternatively, 

depending on the visualization system used, RNA Mango has recently been utilized to purify 

RNA-protein complexes (Panchapakesan et al., 2015, 2017). Since CTCF is Jpx’s only known 

binding partner, identifying other Jpx-binding proteins may uncover new regulatory roles for Jpx 

outside of Xist activation. In all, these experiments will help identify the protein binding partners 

and potential transport mechanisms for Jpx. 

 

Functional outcomes of Jpx and Xist expression on autosomal genes 

Another follow up study based on my work is to determine the extent of Jpx/ Xist activity 

at the autosomal transgene insertion site. In this thesis we have observed Jpx and Xist expression 
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at the autosomal Tg(Jpx, Xist) locus, suggesting that Jpx may activate Xist expression in cis. 

Interestingly, when we measured X-linked gene expression from Tg(Jpx, Xist) fibroblasts, we 

saw an increase in gene expression relative to wildtype levels for most genes tested. From this 

data, we hypothesized that Tg(Jpx, Xist) may be inducing gene silencing locally at the autosomal 

insertion site rather than on the endogenous X chromosome. In other studies using transgenic 

Xist construct insertions, transgenic Xist has been demonstrated as able to silence autosomal 

genes in cis (Jiang et al., 2013; Loda et al., 2017). Further, robust Xist expression from a 

transgene can squelch endogenous Xist, potentially leading to an increase in X-linked gene 

expression (Jeon and Lee, 2011). To understand how transgenic Xist may influence autosomal 

and X-linked silencing in my transgenic mice, I plan to begin with a deeper analysis of 

autosomal gene expression at the transgene insertion site. 

To begin this experiment, we performed RNA-Sequencing on transgenic mouse 

fibroblasts extracted from a separate transgenic mouse line available in the lab. The “TgBAC8” 

construct is similar to Tg(Jpx, Xist) but contains a slightly larger region of the Xic (Tg(Jpx, Xist) 

was originally subcloned from TgBAC8). Specifically, we used fibroblasts from the Tg2087 line 

of TgBAC8 mice, which has been described in (Sun et al., 2015). As with Tg(Jpx, Xist), the 

TgBAC8 transgene in this line was also randomly integrated into an autosomal location. In order 

to determine the transgene integration site and observe the effect on surrounding autosomal gene 

expression, RNA-Seq was performed in collaboration with the Ali Mortazavi lab at UC Irvine. 

Relative to wildtype fibroblasts, transgenic fibroblasts displayed significantly reduced gene 

expression at two loci. DNA FISH will next be used to determine which chromosome and 

specific locus the transgene has integrated into. Once the transgene integration site has been 
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confirmed, we can continue our study on surrounding gene expression. Then, we can analyze the 

transgene’s effect on endogenous Xist expression and X-linked silencing. 

In addition to testing Jpx’s cis activity and the extent of Xist silencing at autosomal loci, 

this study also aims to identify the region of the Xic which is sufficient for Xist expression. A 

long standing, unresolved aim in the field is to identify the necessary and sufficient regions on 

the X chromosome which can regulate Xist expression and induce XCI. In a previous recent 

study (Loda et al., 2017), the authors inserted a 300kb Xic transgene into an autosome and were 

able to observe Xist expression and autosomal silencing. Here, TgBAC8 is 194kb and appears to 

contain all necessary regulatory elements for Xist expression and function. TgBAC8 contains 

five lncRNA genes (Jpx, Xist, Tsix, Xite, Tsx) which are associated with both positive and 

negative regulation of Xist. Once we have described the function of TgBAC8, we can continue 

this study by characterizing the Xic and Xist function in the Tg(Jpx, Xist) transgene, which is 

120kb and contains only the Jpx and Xist genes. We can begin studying Tg(Jpx, Xist) in a similar 

way as TgBAC8, by RNA-Seq on mouse fibroblasts to determine how Xist influences autosomal 

gene silencing. In all, these experiments narrow down the Xic to determine which region is 

sufficient to induce Xist expression and gene silencing. 

 

4.3 Broader directions 

4.3.1 Achieving Jpx deletion in the mouse through a conditional knockout 

More broadly, while I have tested the sufficiency of Jpx in mouse XCI, it remains 

unknown if Jpx is also necessary for Xist activation in the mouse. The necessity of Jpx in XCI is 

unclear based on mESC knockout models, with arguments both for (Tian et al., 2010) and 
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against (Barakat et al., 2014) a necessary role for Jpx as an Xist activator. To resolve this debate, 

I propose developing a Jpx knockout mouse model. Specifically, I plan to conditionally knock 

out Jpx in the mouse embryo proper at the start of XCI. LncRNA knockouts are not trivial to 

perform or interpret in mice. Some of the relevant challenges and strategies for developing this 

mouse model are described below. 

 

Challenges with interpreting lncRNA loss-of-function data 

A variety of strategies for accomplishing lncRNA loss-of-function have been described in 

mice, including genomic locus deletion, promoter deletion, and use of RNAi to knock down 

transcript levels (Bassett et al., 2014). Some of the first studies disrupting the Xist and H19 loci 

in mice accomplished loss-of-function by replacing all or part of the genomic locus with a 

neomycin expression cassette (Marahrens et al., 1997; Ripoche et al., 1997). Broad phenotypes 

were reported in the Xist knockout, such as female embryonic lethality (Marahrens et al., 1997). 

Later, another study utilized a different strategy, locus inversion, for knocking out Xist and 

similarly reported embryonic lethality (Senner et al., 2011). Together, these studies argued that 

Xist is necessary for dosage compensation in female mice. 

While broad phenotypes were observed in both of these studies, lncRNA deletions often 

display no phenotype, making functional analysis particularly challenging (Sauvageau et al., 

2013). For example, three separate loss-of-function strategies have been described for Malat1: 

genomic deletion of the entire gene locus, LacZ reporter insertion and premature transcriptional 

termination, and deletion of a region containing the promoter and first exon (Eissmann et al., 

2012; Nakagawa et al., 2012; Zhang et al., 2012). In all three cases, however, no phenotype was 
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observed at the organismal level. This might suggest that, despite strong evidence for function at 

the molecular level, lncRNA make a relatively small contribution to animal development. 

Alternatively, a lncRNA may be functionally redundant. In this case, a single gene 

knockout would not show a phenotype because its function is being compensated by another, 

possibly undiscovered, lncRNA. Cases of functional redundancy in lncRNA have been described 

in zebrafish (Ulitsky et al., 2011) and in fruit flies. Specifically for the Drosophila dosage 

compensation system, lncRNA roX1 and roX2 are functionally redundant, and a double knockout 

is required to abolish dosage compensation mechanisms (Franke and Baker, 1999). Therefore, 

lack of a phenotype at the organismal level does not necessarily indicate the lack of an overall 

function for lncRNA. As observed with miRNA functional studies, it may be necessary to knock 

out the complete biogenesis machinery, rather than a single lncRNA in the system, to uncover 

significant functions for lncRNA (Park et al., 2010). 

 

Reproducibility and off-target effects 

Intriguingly, recent reports on the function of lncRNA Hotair in mice have questioned 

the reproducibility of lncRNA deletion studies, and added a level of complexity to experimental 

design and analysis. The function of mouse Hotair was originally determined by a conditional 

knockout of the mouse Hotair gene (Li et al., 2013). Based on this knockout, Hotair was 

understood to regulate homeotic body patterning by influencing homeobox genes at distant loci 

in trans. In particular, homeotic transformations of the mouse spine and wrist were observed (Li 

et al., 2013). In a second study which replaced Hotair exons with a LacZ construct, homeotic 

skeletal transformations were also observed (Lai et al., 2015). However, when the original 
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Hotair knockout allele was analyzed in a different, mixed mouse genetic background, separate 

spinal transformations were observed (Amandio et al., 2016). In this mouse model, Hotair was 

also found to influence neighboring homeobox genes in cis, with little trans influence on genes 

in separate hox loci. The dispute regarding Hotair’s function has not been resolved, but prompts 

further analysis particularly of technical parameters such as the genetic mouse background, 

deletion strategy, and data analysis. 

Mouse background has been shown to influence the expression pattern of lncRNA genes 

(Gomez et al., 2013) and knockout phenotypes of protein coding genes (Threadgill et al., 1995). 

Therefore, the genetic background used in future lncRNA knockout studies should be carefully 

selected and reported. Ideally, to eliminate the possibility of strain-specific phenotypes, knockout 

mouse phenotypes should be analyzed in multiple backgrounds: by inbred mouse lines and 

genetically crossed lines. This control was performed during the deletion and functional analysis 

of Rnf12 in the mouse epiblast, in which the authors used an inbred mouse line and two mixed 

background crosses to confirm their results (Shin et al., 2014). Such a detailed analysis may not 

practical given the time and resources necessary. If using a single strain of mice, we should be 

cognizant of strain-specific phenotypes or off-target effects. 

Repeating the Hotair deletion using a mixed mouse background produced both targeted 

and off-target effects. While the deletion did lead to a targeted defect in spinal morphology, the 

affected vertebrae differed between the original and repeat experiments (Amandio et al., 2016; Li 

et al., 2013). Further, several new transcripts were identified in the repeat study (Amandio et al., 

2016). These off-target noncoding RNA transcripts arose from new sequences spanning the 

Hotair deletion locus. They were transcribed from formerly uncharacterized promoters, or 

allowed to continue transcription based on a missing transcription termination sequence within 
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the deleted sequence. Strand-specific RNA-sequencing identified novel transcripts, including 

‘Ghost of Hotair’ (Ghostair) on the sense strand and both short and long anti-Hotair (AHotair 

and LAHotair) transcripts on the antisense strand (Amandio et al., 2016). These novel transcripts 

are functionally independent of Hotair, and may impact gene expression in the same locus or at 

distant genomic loci. Therefore, both trans and cis mechanisms should be considered when 

profiling for off-target effects, especially for a lncRNA like Jpx which has been shown to use 

both mechanisms to influence target gene expression. 

 

Conditional knockouts 

LncRNA are highly tissue specific and are developmentally regulated. Therefore, I 

expect conditional knockouts that induce loss-of-function at the time and tissue in which the 

lncRNA is expressed to most accurately resolve a lncRNA’s function. This technique has 

recently been used to target Xist function during early embryogenesis. Specifically, a Sox2-

driven Cre recombinase was used to conditionally delete the Xist promoter region and exons 1-3 

from the mouse epiblast, resulting in female homozygous Xist-null progeny (Yang et al., 2016). 

This specific, targeted knockout allowed for study of Xist specifically in the developing embryo, 

which would not have been possible with a simple cross of heterozygous Xist-null mice, since 

Xist is required for both random XCI (rXCI) in the embryo and imprinted XCI (iXCI) in 

extraembryonic tissues (Wutz, 2011). Surprisingly, the female homozygous Xist null mouse was 

viable, and further analysis revealed the presence of an entirely new, Xist-independent method of 

dosage compensation (Yang et al., 2016). Therefore, conditionally knocking out Xist has allowed 

for more specific study of its function and brought forth new questions about its role in XCI. 



98 

 

A Sox2-Cre allele has also been used to conditionally knockout Rnf12 in the mouse 

embryo. Prior to this knockout, Rnf12 deletions in mESCs demonstrated that RNF12 is required 

for Xist activation (Barakat et al., 2011). However, when conditionally deleted from the mouse 

epiblast, Xist was still expressed and XCI proceeded. rXCI was thus found to proceed in an 

Rnf12-independent manner, while iXCI was dependent on Rnf12 function (Shin et al., 2010, 

2014; Wang et al., 2017).  

Based on this knowledge, I propose a conditional deletion of Jpx from the mouse embryo 

using the same Sox2-Cre allele. By deleting Jpx specifically at the start of XCI, when the gene is 

actively transcribed, I would be analyzing Jpx’s function at the most relevant time point. This 

method is also expected to most efficiently target Jpx while eliminating off-target effects, such as 

those which may arise from deleting Jpx from extraembryonic tissues. Further, this knockout 

strategy can distinguish between functional roles for Jpx in rXCI and iXCI, as observed with the 

Rnf12 conditional knockout (Wang et al., 2017). Although I expect that Jpx is necessary for Xist 

expression during random XCI, which is the system modeled by differentiating mESCs and by 

my transgenic mouse fibroblasts, it is unknown if Jpx will also hold a functional role in iXCI. To 

develop the Jpx knockout mouse model, CRISPR could be used to quickly and efficiently flox 

the Jpx gene in mice (Wang et al., 2013; Yang et al., 2014). Once Jpx has been conditionally 

deleted, I would extract embryos at time points throughout XCI (E3.5, 5.5, 7.5 for before, during, 

and after XCI) and look for morphological defects in transgenic embryos, as well as measure Jpx 

and Xist expression. In all, a conditional Jpx knockout will determine if Jpx is necessary for Xist 

activation in mice, and may uncover a new role for Jpx in iXCI. Further, this Jpx loss-of-function 

mouse model will complement the gain-of-function data presented earlier in this thesis, rounding 

out the study of Jpx’s function and mechanism in mice. 
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4.3.2 Investigating JPX function in human XCI 

Finally, the role of JPX in human XCI remains entirely unknown. The Jpx gene sequence 

is relatively conserved between mouse and human (Chureau et al., 2002). Yet Xist gene 

regulation likely differs between the two systems because no functional Tsix lncRNA has been 

detected in the human for negative Xist regulation (Chureau et al., 2002; Horvath et al., 2011; 

Migeon et al., 2001). Does JPX function as an XIST activator in the human system, as Jpx does 

in the mouse?  

Human JPX function can be studied in several ways. First, human stem cells (or iPSCs) 

can serve as model systems for analyzing JPX function over the course of XCI and generally at 

different developmental stages. Next, since XIST is dysregulated in many cancers, cancer cell 

lines may provide relevant information on altered JPX levels and corresponding XIST 

expression. Finally, mouse models can also be utilized to study functional homology between 

mouse and human Jpx/ JPX. For these experiments, I propose knocking out Jpx in the mouse 

(using techniques described in the previous section) and replacing it with human JPX. This will 

determine if JPX is functionally homologous to mouse Jpx at the organismal level. The same 

knockout and replacement experiment can be performed using cultured mESCs, particularly 

using the Jpx knockout cell line described in (Tian et al., 2010). These cells display an obvious 

morphological phenotype when one copy of Jpx is removed, so it would be relatively easy to 

observe a rescue by human JPX if it is functionally homologous. In addition, functional roles for 

JPX outside of an XIST activator should be monitored. Since human XIST is under different 

regulatory control than Xist in the mouse, the function of JPX may have also diverged. In all, 

these experiments will determine a functional role for JPX in human XCI. This will aid in our 
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understanding of lncRNA functional evolution and will give insight into our own, human X-

Chromosome Inactivation mechanisms. 

  

4.4 Perspective 

Dosage compensation mechanisms are essential for balancing X-linked gene products 

between the sexes. The functions of the lncRNA regulating these processes have been well 

studied and are often used as model systems to broadly understand lncRNA function, 

mechanism, regulation, and evolution. However, the function of most lncRNA remain unknown, 

and specific questions remain in each model system. In this thesis, I have provided a detailed 

functional and mechanistic study of the lncRNA Jpx in mouse X-Chromosome Inactivation. This 

work resolves a long standing argument in the field regarding Jpx’s role as an Xist activating 

factor. While it is still unclear what the primary, necessary Xist activator is in mice, the future 

directions presented in this thesis will examine if Jpx is necessary for Xist activation in vivo.  

Many questions remain regarding Jpx’s mechanisms and XCI in general, some of which 

have been described above. For example: What is the trigger that initiates XCI, and how does 

Jpx copy number contribute to X chromosome counting? Perhaps the Jpx transcript dosage plays 

a role via cross talk between Jpx loci. To address this, we could begin by studying how Jpx 

moves through the nucleus: if either by passive diffusion or actively towards target loci (see 

future directions above). Understanding which proteins bind Jpx will also help determine Jpx’s 

molecular mechanism in mice. In mESCs, Jpx specifically binds CTCF protein at the Xist 

promoter. Does Jpx bind other proteins in mESCs or mice? Further, how does Jpx maintain 

specific affinity for this CTCF molecule when CTCF is ubiquitous throughout the genome? 
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Conceivably, a more detailed analysis of the Jpx transcript secondary structure will provide 

biochemical reasoning to explain this specificity. Other protein co-factors which may bind Jpx 

can also provide specificity to the interaction. Outside of random XCI in the embryo, does Jpx 

play a role in imprinted XCI as well? To answer this question, we would need to specifically 

isolate Jpx’s function in rXCI vs iXCI. This could be achieved using the conditional knockout 

model proposed in the future directions section. Finally, how do Jpx’s mechanisms translate to 

human XCI? Some features of the Xic are divergent between mouse and human, including the 

TSIX gene. Without knowledge of a functional repressor, XIST gene regulation will need to be 

revisited in humans. It would be intriguing to delete JPX in human cancer cell lines and observe 

if XIST expression decreases. This would describe a similar role for JPX as an XIST activator in 

human XCI.  

For lncRNA in general, which lncRNA are essential, and what are their functions and 

mechanisms? How are lncRNA functions conserved across species? How does genetic 

background affect lncRNA function? What is the best strategy for resolving functional 

discrepancies? This last question is especially important for lncRNA research moving forward. A 

combination of loss-of-function and gain-of-function models, as well as a full understanding of 

the biogenesis pathway in which the lncRNA participates, will be a step in the right direction. 

My work has contributed valuable insight into the mechanisms regulating Xist gene 

expression and ultimately XCI initiation. I have resolved the function and mechanism of Jpx 

within XCI, and established mouse models to continue exploring lncRNA mechanisms in the 

future. This work shapes the course of XCI research in terms of Xist activating factors and their 

functions in vivo. 
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