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ABSTRACT OF THE DISSERTATION 

 
Investigating the Genome-Wide Localization of the Xist lncRNA and 

its Roles in X-Chromosome Dampening and the Formation of the Inactive X-

Chromosome Compartment 

 
by  

 
Ying Xuan Shawn Tan 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2021 

Professor Kathrin Plath, Chair 

 

Despite decades of biochemical, proteomic and genetic characterizations of the Xist long 

non-coding RNA, the master regulator of X-chromosome inactivation (XCI), the 

spatiotemporal kinetics of Xist expression and how it coordinates the dynamic recruitment 

of protein effectors to direct robust gene silencing across the X-chromosome remain 

unexplored. Furthermore, most studies of Xist are conducted in the mouse system, so its 

role in mediating X-chromosome dampening (XCD), a unique mode of X-chromosome 

dosage compensation in humans, is still an open question. Therefore, in this thesis, I 

sought to plug this lack of understanding by (i) elucidating the molecular mechanism by 

which the chromosome-wide silencing compartment on the inactive X-chromosome (Xi) 

is formed and maintained across XCI, (ii) determining if XIST is responsible for XCD in 

human embryonic development, and (iii) characterizing the link between the genome-

wide localization patterns of Xist and its effect on gene silencing. 
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 In Chapter 2, we employed sophisticated super-resolution microscopy and single 

particle tracking techniques in living mouse embryonic stem cells (ESCs) undergoing XCI 

to precisely interrogate the spatiotemporal kinetics of Xist upregulation and its association 

with key protein partners that direct various aspects of XCI, and found that Xist first forms 

distinct foci that are locally restricted to about 50 sites across the Xi. Each site contains 

two Xist molecules, which seed the spatial concentration of integral protein interactors 

into what we term as a supra-molecular complex (SMC), made up of CIZ1 and CELF1 for 

localization of Xist across the Xi, PCGF5 and other components of Polycomb Repressive 

Complex 1 (PRC1) for inducing heterochromatinization and Xi compaction, and the 

transcriptional repressor SPEN, which is aided by its intrinsically disordered regions 

(IDRs) to promote phase separation-mediated aggregation of more SPEN molecules for 

the faithful and robust maintenance of X-linked gene silencing. 

 

 In Chapter 3, we demonstrated the requirement of XIST in regulating XCD, as 

CRISPR-Cas9-mediated ablation of XIST in various human pluripotent stem cell (hPSC) 

lines that model XCD in vitro resulted in the loss of transcriptional downregulation on the 

dampened X-chromosome (Xd). By applying a high throughput genomics method that 

maps the chromatin binding of XIST, we discovered increased XIST enrichment on the Xi 

relative to the Xd, suggesting that XIST may be unable to exert complete silencing due to 

its reduced accumulation on the Xd. Moreover, we characterized a novel function of XIST, 

which can surprisingly propagate to certain autosomal regions beyond the X-chromosome 

territory, as well as repress some of the autosomal genes that it targets, resulting in a sex 
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imbalance of the XIST-enriched autosomal gene expression levels that is also observed 

in human pre-implantation embryos in vivo. 

 

 In Chapter 4, we built on our findings from Chapter 3 and showed that like in hPSCs 

in which the Xd exhibits a lower enrichment of XIST binding, early differentiating mouse 

ESCs also display diminished levels of Xist accumulation on the Xi, accompanied by 

reduced X-linked gene silencing, compared to the higher levels of Xist enrichment in late 

differentiated cells with complete XCI. Additionally, we characterized the distribution of 

Xist to autosomes in the mouse system, and illustrated how Xist spreading to the A- and 

B-compartments of the genome can be used to predict its differential ability to trigger gene 

silencing. Furthermore, we highlighted the remarkable ability of Xist to enact partial X-

linked gene repression in a mouse somatic cell line, which has surpassed the narrow 

developmental window surrounding pluripotency that was previously established in the 

XCI field for Xist-mediated silencing. 

 

Collectively, our findings gathered from these research projects have greatly 

expanded on the current knowledge about the molecular landscape established by Xist 

in setting up the Xi compartment, revealed insights on how XIST controls both XCI and 

XCD, and examined the genome-wide localization of Xist/XIST and its consequent gene 

silencing dynamics. In addition to addressing several open questions in the XCI field, our 

knowledge gained from this body of work on the Xist lncRNA may be extended to 

characterize other lncRNAs that contribute to the establishment and/or maintenance of 

gene regulatory nuclear compartments.   
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Long non-coding RNAs play important roles in gene regulation 

Gene regulation is a complicated process that involves a variety of mechanisms acting 

on multiple levels. Long non-coding RNAs (lncRNAs) represent a class of RNAs that 

contain more than 200 nucleotides, and are not translated into proteins (Cabili et al., 2011; 

Derrien et al., 2012). These RNAs are rapidly emerging as an important class of 

molecules that transcriptionally regulate gene expression, as loss-of-function studies 

have implicated lncRNAs in controlling diverse gene regulatory outputs not only in various 

human cell types (Loewer et al., 2010; Guttman et al., 2011; Sun et al., 2013; Alvarez-

Dominguez et al., 2014), but also in other organisms like C. elegans, mouse and zebrafish 

(Ponting et al., 2009; Nam and Bartel, 2012; Pauli et al., 2012; Delas et al., 2017).  

 

Mammalian genomes encode thousands of lncRNAs (Mattick and Rinn, 2015), 

some of which act as functional RNAs while others appear to constitute non-functional 

by-products of genomic regulatory elements like enhancers (Martens et al., 2004; Ebisuya 

et al., 2008; Latos et al., 2012; Mele and Rinn, 2016). Although the exact percentage of 

lncRNAs that are functional remains an open question, many of them have been shown 

to exert essential roles in several biological processes (Guttman and Rinn, 2012; Rinn 

and Chang, 2012).  

 

Thus far, lncRNAs have been characterized to function in a myriad of gene 

regulatory contexts, including spatial chromosomal organization (Engreitz et al., 2013; Lu 

et al., 2020), recruitment of chromatin-modifying proteins for engaging chromatin (Long 

et al., 2020), and creation of stable nuclear compartments (Kanduri, 2011; Schertzer et 
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al., 2019; Yao et al., 2019; Pandya-Jones et al., 2020; Valsecchi et al., 2021). However, 

a lot is still not known regarding how lncRNAs target specific genomic sites and their 

modes of action. Deciphering the detailed molecular mechanisms by which lncRNAs 

function is of paramount importance for understanding how they direct cell-type specific 

gene expression programs that determine cell-fate identities (Percharde et al., 2018) and 

transitions in development and disease progression.  

 

Xist lncRNA orchestrates X-chromosome inactivation 

Xist (X-inactive specific transcript), one of the first lncRNAs to be discovered (Brown et 

al., 1991), is also one of the most well-studied examples of a lncRNA that controls gene 

regulation. Xist directs X-chromosome inactivation (XCI), a crucial developmental 

process in which one of the two X-chromosomes in female placental mammals is 

transcriptionally shut-down to enact X-linked dosage balance with males who have only 

one X-chromosome (Avner and Heard, 2001; Plath et al., 2002; Payer and Lee, 2008; 

Augui et al., 2011; Deng et al., 2014; Gendrel and Heard, 2014; Galupa and Heard, 2015).  

 

Xist serves as an excellent model to investigate the molecular mechanisms of 

lncRNA function for the following reasons: It is transcribed from the X-chromosome at the 

onset of XCI and localizes within the nucleus (Brown et al., 1992), creating a silent nuclear 

compartment (Chaumeil et al., 2006) that distributes across the entire X-chromosome 

territory to mediate X-linked gene silencing (Clemson et al., 1996; Engreitz et al., 2013; 

Simon et al., 2013). Importantly, Xist ablation results in an inability to initiate XCI (Penny 

et al., 1996; Marahrens et al., 1997), disruption of Xist accumulation on chromatin impairs 
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X-linked gene silencing (Beletskii et al., 2001; Hasegawa et al., 2010), deletion of one of 

the most conserved domains of Xist also abrogates its silencing capacity (Wutz et al., 

2002), and ectopic expression of Xist at different sites on the X-chromosome and even 

on autosomes can induce chromosome-wide repression in cis (Lee and Jaenisch, 1997; 

Wutz and Jaenisch, 2000; Hall et al., 2002a; Kelsey et al., 2015). Collectively, these data 

highlight the experimental power of Xist as a functional lncRNA that is necessary and 

sufficient for the transcriptional shut-off of X-linked genes.  

 

Xist sets up a heterochromatinized environment for gene silencing 

The Xist lncRNA does not act on its own to orchestrate XCI, but recruits a plethora of 

RNA binding proteins (RBPs), transcriptional repressors and chromatin-modifying 

complexes to form a ribonucleoprotein (RNP) complex that suppresses gene expression 

on the future inactive X-chromosome (Xi) (Chu et al., 2015; McHugh et al., 2015; Minajigi 

et al., 2015; Moindrot et al., 2015; Monfort et al, 2015). Some of these protein interactors 

have been characterized to bind directly to specific conserved domains of the Xist RNA 

(Figure 1). These domains reside within blocks of tandem repeats dubbed A–F repeats 

(Brockdorff et al., 1992; Brown et al., 1992; Nesterova et al., 2001; Wutz et al., 2002), 

which comprise unique multimeric short lengths of nucleotides that have distinct functions 

in XCI, thereby establishing a modular repeat-to-function correlation that better 

encapsulates the holistic role of Xist (Pintacuda et al., 2017b). 

 

 XCI is a complex, multi-step process that is triggered by Xist, which sets up a stable 

heterochromatinized environment on the Xi to maintain long-term gene silencing over the 
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lifetime of the individual. Xi heterochromatin formation consists of the initial erasure of 

active chromatin modifications such as H3K27ac and H4ac (Keohane et al., 1996; 

Wakefield et al., 1997; Keohane et al., 1998; Csankovszki et al., 2001; Boggs et al., 2002), 

which enables accumulation of repressive histone marks like H2AK119Ub and 

H3K27me3 mediated by Polycomb group (PcG) proteins PRC1 and PRC2, respectively 

(Plath et al., 2003; Silva et al., 2003; Almeida et al., 2017; Pintacuda et al., 2017a), 

deposition of the histone variant macroH2A (Costanzi et al., 2000; Mermoud et al., 1999; 

Rasmussen et al., 2000), and methylation on CpG islands of X-linked genes (Norris et 

al., 1991; Csankovszki et al., 2001).  

 

Moreover, Xist induces major structural remodeling of the Xi, including its folding 

into a unique three-dimensional (3D) conformation compared to the active X-chromosome 

(Xa) (Nora et al., 2012; Giorgetti et al., 2016; Wang et al., 2018; Gdula et al., 2019), 

accompanied by the depletion of topologically associated domains (TADs) (Nora et al., 

2012; Giorgetti et al., 2016), chromosome compaction (Chaumeil et al., 2006; Naughton 

et al., 2010; Nozawa et al., 2013; Smeets et al., 2014), and re-positioning of the Xi to the 

periphery of the nucleus (Barr and Bertram, 1949; Dyer et al., 1989; Chen et al., 2016), 

which is closely linked with transcriptional repression (Shevelyov and Nurminsky, 2012; 

Amendola and van Steensel, 2014). 

 

Xist exploits phase separation for its localization and gene silencing 

Liquid-liquid phase separation (LLPS) is a phenomenon that characterizes the partitioning 

of locally saturated molecules into two distinct phases, and it has been used to describe 
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the dynamic interaction of nucleic acids and proteins that is integral to the formation of 

membrane-less cellular structures like stress granules, Cajal bodies and paraspeckles 

that control various aspects of gene regulation (Dundr and Misteli, 2010; Shevtsov and 

Dundr, 2011; Banani et al., 2017; Shin and Brangwynne, 2017).  

 

LLPS is favored by proteins harboring intrinsically disordered regions (IDRs), 

which often contain repetitive amino acid sequences with polar residues that facilitate 

weak, multivalent protein-protein interactions (Mittag and Forman-Kay, 2007; Uversky, 

2015; Banani et al., 2017; Turoverov et al., 2019). Additionally, repetitive nucleotide 

sequences in RNAs can also act as architectural platforms to recruit and participate in 

heterotypic interactions with proteins (Jain and Vale, 2017; Cid-Samper et al., 2018; 

Maharana et al., 2018). Many RBPs harbor IDRs that promote self-aggregation, and 

together with RNA, help set up high local protein concentrations that give rise to the 

formation of phase-separated condensates (Lin et al., 2015; Banani et al., 2016). For 

instance, the lncRNA Neat1 carries repeat sequences that bind specific proteins to 

mediate phase separation in paraspeckle formation (Yamazaki et al., 2018).  

 

Xist is suspected to play a role in phase separation for Xi formation due to the 

following reasons: A substantial number of proteins within the Xist interactome contains 

IDRs, some of which are able to participate in RNA-mediated phase separation in vitro 

(Fackelmayer et al., 1994; Li et al., 2012; Banani et al., 2016; Lin et al., 2017; Ying et al., 

2017). Several of these Xist interactors are also known to contribute to the formation of 

phase-separated organelles like stress granules and paraspeckles (Cerase et al., 2019). 
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Moreover, some Xist RBPs can bind to and interact with certain repetitive segments of 

the Xist RNA (Cirillo et al., 2016; Lu et al., 2016). Taken together, these findings hint at 

the propensity of Xist to exploit phase separation with its protein partners in mediating 

compartmentalization and executing chromosome-wide silencing. 

 

 In fact, recent work from our lab illustrated the physiological relevance of the Xist 

lncRNA in driving the assembly of a phase-separated compartment on the Xi to ensure 

the long-term maintenance of gene silencing (Pandya-Jones et al., 2020). Specifically, 

the E-repeat sequence of Xist serves as a scaffold to seed a multi-molecular protein 

network consisting of the RBPs PTBP1 (Keppetipola et al., 2012), MATR3 (Coelho et al., 

2016), TDP-43 (Prasad et al., 2019), and CELF1 (Beisang et al., 2012) (Figure 2a). This 

higher-order RNA-protein aggregate increases dynamically over time, exhibiting features 

of LLPS that is required for the persistence of Xist localization and transcriptional silencing 

after Xist has first coated the Xi (Figure 2b) (Pandya-Jones et al., 2020).  

 

Xist nucleates the super-stoichiometric enrichment of protein interactors for XCI 

Despite our current knowledge of phase separation harnessed by Xist for XCI, the precise 

molecular mechanisms that underpin the formation of this Xist E-repeat seeded Xi 

silencing compartment remains incompletely understood, especially with regard to 

whether and how certain Xist interactors that exert critical known functions in XCI are 

incorporated within this higher-order protein assembly. Therefore, in Chapter 2 of this 

thesis, we set out to explore the spatial and temporal dynamics of how Xist integrates 



8 
 
 

various other protein effectors that regulate X-chromosome structure and function within 

the Xi compartment, using super-resolution microscopy approaches in living cells.  

 

We discovered that the Xi compartment constitutes about 50 locally-restricted 

granules, each made up of two Xist RNA molecules that nucleate key Xist interactors with 

diverse functions, including SPEN, PCGF5, CELF1 and CIZ1, which we collectively term 

as supra-molecular complexes (SMCs). SPEN is an integral transcriptional repressor of 

XCI (described in the next section). PCGF5 is a component of PRC1 that has dual roles 

in gene silencing and chromatin compaction (Almeida et al., 2017; Bousard et al., 2019; 

Colognori et al., 2019; Nesterova et al., 2019), and is recruited to the Xist B- and C-

repeats via the RBP hnRNP-K (Pintacuda et al., 2017a). CELF1 and CIZ1 have known 

roles in constraining Xist localization on the Xi, and are recruited by the Xist E-repeat 

(Ridings-Figueroa et al., 2017; Sunwoo et al., 2017; Pandya-Jones et al., 2020). These 

Xist-SMCs are short-lived complexes that concentrate rapidly recycling protein factors 

within the Xi by raising the affinity of protein binding, culminating in the macromolecular 

aggregation of heterochromatin-inducing proteins over time to achieve Xi compaction and 

concomitant gene silencing. 

 

 Furthermore, our finding that Xist is able to fulfill its transcriptional silencing role 

with merely ~100 copies of the RNA concurs with previous reports that indicate the 

presence of 50–200 Xist foci residing on the Xi of female somatic cells (Smeets et al., 

2014; Sunwoo et al., 2015), but how such a small number of Xist molecules can localize 
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across the vast 167Mb of DNA across the X-chromosome to achieve and maintain robust 

silencing of more than 1000 genes remained elusive.  

 

Thus, our work in Chapter 2 resolves this puzzle by proposing a novel XCI model 

in which Xist-SMCs within the ~50 locally restricted sites anchor the accumulation of Xist-

interacting proteins to super-stoichiometric levels, thereby promoting PcG-mediated 

chromosome compaction and IDR-dependent protein interactions (discussed below) on 

the Xi. In this way, sub-stoichiometric amounts of Xist can still enforce effective 

chromosome-wide silencing of a relatively greater number of X-linked genes, even in the 

absence of Xist or DNA methylation (Csankovszki et al., 2001; Gendrel et al., 2012). Gene 

regulation via few Xist molecules, coupled with macromolecular crowding of Xist-

interacting proteins, may represent a more general mechanism by which other lncRNAs, 

which tend to be lowly expressed compared to other RNAs, establish and maintain 

nuclear compartments.  

 

Xist recruits the transcriptional repressor SPEN to mediate gene silencing 

The sole protein factor identified from all the genetic and proteomic screens performed 

thus far (Chu et al., 2015; McHugh et al., 2015; Minajigi et al., 2015; Moindrot et al., 2015; 

Monfort et al, 2015) is SPEN, also known as SMRT- and HDAC-associated repressor 

protein (SHARP). SPEN is a large 400kDa protein containing four RNA recognition motifs 

(RRMs), a nuclear receptor interaction domain (RID), and a highly conserved Spen 

paralog and ortholog C-terminal (SPOC) domain, which helps to recruit SMRT, the 

transcriptional co-repressor that activates histone deactylases (HDACs) to mediate gene 
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silencing (Guenther et al., 2001; Shi et al., 2001; You et al., 2013). Indeed, both SMRT 

and HDAC3 are required for RNA polymerase II (RNA Pol II) exclusion from the Xi for 

transcriptional shut-down of X-linked genes (McHugh et al, 2015). 

 

 The role of SPEN in XCI was unveiled when it was shown to bind directly to the 

Xist A-repeat (Chu et al., 2015; Lu et al., 2016), which was first identified as the conserved 

domain on the 5’ end of Xist that is needed for transcriptional repression (Wutz et al., 

2002). SPEN ablation not only abrogated gene silencing (McHugh et al., 2015; Dossin et 

al., 2020), but also led to a decreased chromosome-wide enrichment of the inactive 

histone modifications H2AK119Ub and H3K27me3, implying that SPEN contributes to the 

recruitment of PcG proteins to the Xi (McHugh et al., 2015; Monfort et al., 2015). However, 

an A-repeat-deficient Xist can still recruit both PRC1 and PRC2, and set up a 

transcriptionally inert milieu on the Xi marked by the absence of RNA Pol II and general 

transcription factors (Kohlmaier et al., 2004; Chaumeil et al., 2006; Schoeftner et al., 

2006; Zylicz et al., 2019). Zylicz et al. subsequently showed that even though Xist RNA 

missing the A-repeat can recruit PRC1 and PRC2, both H2AK119Ub and H3K27me3 

accumulation across active genic regions become severely attenuated, indicating that 

active transcription hinders the enrichment of PcG factors across the Xi (Zylicz et al., 

2019). This explains why the loss of SPEN results in lower levels of PcG-dependent 

H2AK119Ub and H3K27me3 deposition, due to defective gene silencing. 

 

 In addition, a recent study described a new mode of action of SPEN as an 

extension of its silencing ability by demonstrating its binding to the nucleosome 
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remodeling and deacetylation (NuRD) complex, which itself is a transcriptional repressor 

typically found at promoter regions to evict RNA Pol II from transcription start sites 

(Bornelov et al., 2018), during early XCI (Dossin et al., 2020). Hence, SPEN contributes 

to the epigenetic silencing of the Xi via both the SPEN-SMRT-HDAC3 and SPEN-NuRD 

axes for enhancer and promoter deacetylation, respectively (McHugh et al., 2015; Zylicz 

et al., 2019; Dossin et al., 2020). 

 

 Finally, another interesting aspect of SPEN is that it contains IDRs (Cerase et al., 

2019) that can engage in homotypic interactions (Shin and Brangwynne, 2017) to 

increase its local protein concentration within the Xi. The Xist A-repeat is also found to be 

able to bind to and recruit multiple SPEN molecules (Lu et al., 2016), thereby enabling 

multivalent, heterotypic interactions with this critical transcriptional repressor to potentially 

create a phase-separated RNA-protein assembly for enforcing and sustaining X-linked 

gene silencing.   

 

Despite these well-characterized roles of SPEN in suppressing X-linked gene 

expression especially in the initiation phase of XCI, it is unclear whether SPEN is required 

for stable long-term gene silencing during the maintenance phase of XCI, as well as its 

molecular mechanisms for doing so. Therefore, in Chapter 2 of this thesis, we address 

these questions by leveraging on live, single-cell tracking of tagged Xist and SPEN 

molecules, and found that the enrichment of SPEN during the progression of XCI closely 

mirrors the kinetics of X-linked gene silencing, as the lower SPEN levels observed in early 

XCI is linked to incomplete silencing, which becomes gradually reversed upon rising 
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SPEN levels within the Xi across time. Furthermore, we demonstrate the requirement of 

the IDRs of SPEN for its accumulation within the X-chromosome territory, lending further 

support to the LLPS model of XCI in generating and efficiently maintaining the silenced 

Xi compartment (Cerase et al., 2019; Pandya-Jones et al., 2020). 

 

XIST controls X-chromosome dampening 

The epigenetic paradigm of X-linked dosage compensation by XCI has been intensively 

studied in the mouse, where two kinds of XCI are established: imprinted and random XCI 

(Figure 3a). Imprinted XCI begins at the four- to eight-cell stage of the female mouse pre-

implantation embryo, in which the paternal X-chromosome (Xp) is always silenced but not 

the maternal X-chromosome (Xm) (Takagi and Sasaki, 1975; Wang et al., 2016; 

Borensztein et al., 2017). As development proceeds to generate the blastocyst, 

trophectoderm cells that give rise to placental and other extra-embryonic tissues keep 

their imprinted XCI status, while inner mass cells that contribute to the formation of the 

embryo proper transiently reactivate the inactive Xp to yield two active X-chromosomes, 

which undergo a second round of XCI that now becomes a random process, i.e. either 

the Xp or Xm has an equal chance of being silenced (Mak et al., 2004; Okamoto et al., 

2004; Williams et al., 2011). Random XCI is then sustained for the rest of the organism’s 

lifetime, such that all cells of the female adult mouse display mosaicism, expressing either 

the paternal or maternal copy of X-linked genes (Lyon, 1962; Wu et al., 2014). 

 

 On the other hand, in human pre-implantation embryos, the first round of XCI is 

not imprinted like in the mouse, but both the Xp and Xm stay active from zygotic gene 
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activation to blastocyst formation (Okamoto et al., 2011; Petropoulos et al., 2016). 

Instead, genes from both X-chromosomes are downregulated by about half each to align 

X-linked gene expression levels with that of male embryos, in a recently uncovered 

dosage compensation process called X-chromosome dampening (XCD) (Petropoulos et 

al., 2016; Sahakyan and Plath, 2016; Sahakyan et al., 2017). Subsequently during post-

implantation development, both embryonic and extra-embryonic cell lineages undergo 

random XCI (Figure 3b) (Moreira de Mello et al., 2010; Deng et al., 2014). XCD has never 

been observed in the mouse or in any other mammal, so the molecular basis for this 

important developmental process is currently poorly understood. 

 

 Therefore, in Chapter 3 of this thesis, we aim to unravel the mechanisms that 

undergird XCD, especially the role XIST plays in this process, as several findings point to 

a strong correlation between XIST expression and XCD, including XCD induction being 

closely tied to XIST upregulation from the four-cell to the blastocyst stage (Petropoulos 

et al., 2016), human female germline cells that exhibit XCD also express XIST (Chitiashvili 

et al., 2020), and imaging data revealed XIST spreading on both the dampened X-

chromosomes (Xd) in human female pre-implantation embryos and germline cells 

(Okamoto et al., 2011; Petropoulos et al., 2016; Vallot et al., 2017; Chitiashvili et al., 

2020). We found that X-linked gene dampening is abrogated via CRISPR-Cas9-mediated 

deletion of XIST in various naïve human pluripotent stem cell (hPSC) lines that 

successfully recapitulate XCD in vitro, thereby confirming the necessity of XIST in 

controlling both XCD and XCI.  
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Xist localization across the X-chromosome is governed by 3D spatial proximity 

To determine how the upregulation of Xist leads to its physical coating across the entire 

length of the X-chromosome, Engreitz et al. used a high-resolution genomics approach 

called RNA Antisense Purification, which involves the pull-down of Xist RNA with 

antisense oligonucleotide probes in crosslinked cell lysates, followed by deep sequencing 

(RAP-seq), to map the chromatin regions bound by Xist, and found that Xist first spreads 

to genomic areas on the X that are in close 3D spatial proximity to its locus (Engreitz et 

al., 2013). Ectopic expression of an Xist transgene from a different site on the X-

chromosome led to an altered re-wiring of its long-range intra-chromosomal contacts, 

giving rise to a different Xist spreading pattern that confirms the proximity-guided 

localization technique employed by Xist (Engreitz et al., 2013). This also likely explains 

why Xist enriches in cis and not onto other chromosomes, as intra-chromosomal DNA 

domains tend to be closer to one another in physical space, better known as a 

chromosome territory (Cremer and Cremer, 2001), than inter-chromosomal regions.  

 

 In Chapter 3 of this thesis, to further dissect the mechanistic similarities and 

differences between XCD and XCI orchestrated by the same lncRNA XIST/Xist, we 

applied RAP-seq in various hPSC and human somatic cell lines, and found a lower level 

of XIST enrichment on the Xd relative to the Xi that may account for the diminished 

silencing in cells undergoing XCD compared to XCI. We made a similar observation from 

the RAP-seq datasets of mouse cells in Chapter 4, illustrating the overall reduced 

accumulation of Xist on the Xi in early differentiating cells that manifest X-linked gene 

silencing defects, as opposed to the greater amount of Xist binding in late differentiated 
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cells with complete XCI. These results also shed insight into the elusive uncoupling of 

XIST/Xist expression from complete gene repression, as Xist expression has always been 

thought to be closely associated with X-linked gene silencing. 

 

In addition, we discovered the unanticipated localization of XIST/Xist beyond the 

X-chromosome territory and onto autosomal regions in both human and mouse cells. This 

finding came as a surprise because of the prevailing view that Xist spreading is restricted 

in cis to the X-chromosome from which it is transcribed (Jonkers et al., 2008). Previous 

studies have demonstrated the ability of XIST/Xist to implement silencing in the context 

of its ectopic expression from an autosome (Lee and Jaenisch, 1997; Wutz and Jaenisch, 

2000; Hall et al., 2002a; Jiang et al., 2013; Kelsey et al., 2015), or its distribution to certain 

autosomal domains in X to autosome (X;A) translocation events (Hall et al., 2002b; 

Popova et al., 2006; Yang et al., 2011; Loda et al., 2017), but to our knowledge, autosomal 

spreading by XIST/Xist transcribed from its endogenous locus has never been reported.  

 

Moreover, in Chapters 3 and 4 of this thesis, we delineated several well-annotated 

genomic features that characterize the genome-wide localization phenotypes of XIST/Xist 

in multiple cell types, and uncovered that the spreading pattern of XIST/Xist highly 

correlates with its ability to exert gene silencing. For instance, the distribution of XIST/Xist 

into the transcriptionally active A-compartment versus the repressive B-compartment 

appears to predict whether X-linked gene silencing is efficient or deficient, respectively. 

Furthermore, we illuminated the potential biological relevance of the propagation of 

XIST/Xist to chromosomes in trans, as XIST/Xist can mediate the downregulation of 
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autosomal genes that it targets in both cultured human and mouse cells in vitro, leading 

to a sex imbalance of the expression levels of a subset of autosomal genes that is also 

detected in human pre-implantation embryos in vivo. 

 

The repressive role of Xist can be modulated in different developmental contexts 

One early seminal study described an under-investigated characteristic of the function of 

Xist, that the capability of discharging its gene silencing role is highly dependent on its 

developmental context. Specifically, Xist can only initiate transcriptional repression within 

a narrow temporal window at the onset of XCI, between pluripotency and 48 hours of 

mouse embryonic stem cell (ESC) differentiation (Wutz and Jaenisch, 2000). Beyond this 

strict developmental timeframe, even cancer cells that erroneously trigger their 

pluripotency program can no longer induce silencing, except for a small number of cancer 

cells that display slight repression of genes close to the XIST locus (Hall et al., 2002a; 

Chow et al., 2007; Minks et al., 2013). In another study that used male Xist transgenic 

mice in which silencing of the sole X-chromosome led to cell mortality, only a specific 

subset of hematopoietic progenitor cells could temporarily re-establish XCI (Savarese et 

al., 2006), further supporting the prevailing view that Xist cannot enforce silencing in 

differentiated/somatic cells. Lastly, from a phase separation perspective, sharp regulatory 

transitions like this narrow Xist-mediated silencing window are often characteristic of 

molecular phase-transition events (Hyman et al., 2014). 

 

 However, a recent study challenged this long-held view by highlighting the 

unprecedented ability of XIST to enact robust chromosome-wide silencing of one of the 
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three copies of chromosome 21 that has a tetracycline-inducible XIST cDNA transgene 

incorporated in Down syndrome patient-derived human induced pluripotent stem cell 

(iPSC)-differentiated neural cells (Czerminski and Lawrence, 2020). To address these 

conflicting findings, in Chapter 4 of this thesis we assessed the extent of X-linked gene 

silencing in male Xist-inducible ESCs differentiated for up to 12 days, and found that 

silencing is gradually attenuated past 48 hours of differentiation. We also over-expressed 

Xist in fully-differentiated male Xist-inducible mouse embryonic fibroblasts (MEFs) that 

have surpassed this critical Xist-mediated silencing window, and showed that partial 

repression of X-linked genes can still occur, which is reminiscent of XCD in human pre-

implantation embryos. Nonetheless, the extent of this partial X-linked gene suppression 

cannot be enhanced with longer duration of Xist induction in these fibroblastic cells, unlike 

in differentiated neural stem cells (Czerminski and Lawrence, 2020).  

 

In summary, differentiated cells appear to retain a certain degree of epigenetic 

plasticity to respond to XIST/Xist, overturning the prevailing mechanism that Xist only 

functions within a narrowly defined timeframe surrounding pluripotency (Wutz and 

Jaenisch, 2000). This remarkable pliability of XIST/Xist to modulate gene regulation in 

various developmental settings holds great promise in pursuing further research to better 

understand and harness the exciting therapeutic prospects of this lncRNA for treating 

disorders caused by chromosomal abnormalities, such as duplications, trisomies and 

aneuploidies (Theisen and Shaffer, 2010).   
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Figure 1. Xist recruits various protein partners via its A–F repeat domains for X-

inactivation (Loda and Heard, 2019). 

The Xist lncRNA harbors conserved domains of tandem repeat sequences termed A–F 

repeats, each consisting of multimeric short lengths of nucleotides, which bind and recruit 

specific protein interactors that mediate different functions in X-chromosome inactivation. 

Notably, the A-repeat binds the silencing factor SPEN to activate HDAC3 via the SMRT 

transcriptional co-repressor to induce X-linked gene silencing. The B- and C-repeats bind 

hnRNP-K to recruit PCGF5 and other components of the Polycomb Group proteins PRC1 

to mediate H2AK119Ub deposition, followed by accumulation of another repressive 

histone mark H3K27me3 via PRC2. The E-repeat binds CIZ1 and hnRNP-U to enable the 

anchoring and localization of Xist across the X-chromosome.  
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Figure 2. The Xist E-repeat seeds a multi-valent protein assembly for the 

maintenance of X-linked gene silencing (Pandya-Jones et al., 2020). 

(A) The E-repeat of Xist scaffolds the recruitment of the RNA-binding proteins PTBP1, 

MATR3, TDP-43 and CELF1 to form the Xist ribonucleoprotein (RNP) complex. (B) This 

Xist RNP spreads across the X-chromosome to initiate X-linked gene silencing, which is 

stably maintained over time with the dynamic accumulation of more E-repeat binding 

proteins, forming a higher-order, macromolecular protein aggregate that exhibit 

properties of phase separation. 
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Figure 3. X-chromosome dosage compensation mechanisms differ between female 

mouse and human (Sahakyan et al., 2018). 

(A) In mouse, all cells of the female pre-implantation embryo undergo imprinted X-

chromosome inactivation (XCI), in which the paternally inherited X (Xp) is always chosen 

to be silenced while the maternally inherited X (Xm) stays active. Upon implantation, 

trophectoderm cells that give rise to extra-embryonic tissues like the placenta maintain 

their imprinted XCI status, while inner mass cells that contribute to the formation of the 

embryo proper transiently reactivate the inactive Xp, before the second round of XCI 

takes place, in which either the Xp or Xm has an equal chance of being silenced, in a 

process called random XCI. (B) In human, all cells of the female pre-implantation embryo 

undergo X-chromosome dampening (XCD), in which both the Xp and Xm have their X-

linked gene expression reduced by about half, but upon implantation, they go through a 

similar random XCI process as in the mouse. 
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ABSTRACT 

The long non-coding RNA Xist exploits numerous effector proteins to progressively 

induce gene silencing across the X chromosome and form the inactive X (Xi)-

compartment. The mechanism underlying formation of the chromosome-wide Xi-

compartment is poorly understood. Here, we find that formation of the Xi-compartment is 

induced by ~50 locally confined granules, where two Xist RNA molecules nucleate supra-

molecular complexes (SMCs) of interacting proteins. Xist-SMCs are transient structures 

that concentrate rapidly recycling proteins in the X by increasing protein binding affinity. 

We find that gene silencing originates at Xist-SMCs and propagates across the entire 

chromosome over time, achieved by Polycomb-mediated coalescence of chromatin 

regions and aggregation, via its intrinsically disordered domains, of the critical silencing 

factor SPEN. Our results suggest a new model for X chromosome inactivation, in which 

Xist RNA induces macromolecular crowding of heterochromatinizing proteins near 

distinct sites which ultimately increases their density throughout the chromosome. This 

mechanism enables deterministic gene silencing without the need for Xist 

ribonucleoprotein complex-chromatin interactions at each target gene.  

 

One Sentence Summary: Spatial regulation of gene expression in RNA-nucleated 

compartments 
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Non-coding RNAs are known to seed membraneless bodies in the cytosol and nucleus 

such as stress granules, the histone locus body, P-bodies, splicing speckles, 

paraspeckles or Cajal bodies (1-3). Their function relies on the recruitment of effector 

proteins and often on interactions between low-complexity domains that support Liquid-

Liquid Phase Separation (LLPS) (2, 4-10) A subset of nuclear RNAs, including the long 

non-coding RNAs (lncRNAs) Xist, Kcnq1ot1, Rox1/2 and Airn, act by regulating chromatin 

structure and function through the formation of nuclear compartments (10-21). The 

mechanisms underlying compartment formation by this class of RNAs and how they 

exploit effector proteins to regulate gene expression and chromatin states within the 

compartment are still poorly understood. Here, we utilize Xist RNA as a model to 

interrogate these mechanisms. Our work reveals a spatial organization mechanism by 

which few RNA molecules can regulate a broad nuclear compartment through the 

recruitment and local concentration of dynamic effector proteins and provides a 

quantitative framework for studying such compartments. 

 

Xist is transcribed from, coats and silences one of the two X chromosomes during 

the development of female mammals in a process referred to as X chromosome 

inactivation (XCI) (13, 14, 16-18, 21-26). Xist localization across the X progressively 

induces changes in gene expression and alters the three-dimensional chromatin structure 

(27-29) through the recruitment of silencing proteins (30-32) and the buildup of epigenetic 

modifications on the chromosome (33-39). The prevailing view is that Xist recruits effector 

proteins to form ribonucleoprotein complexes that spread across the X and silence genes 

in a stoichiometric manner (34, 35, 40-42). However, super-resolution microscopy has 
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revealed that Xist distributes in few diffraction-limited foci on the inactive X chromosome 

(Xi) (43, 44). How a small number of Xist foci recruit interacting proteins to 

deterministically silence genes across an entire chromosome remains unexplored. Here, 

we analyzed the distribution and dynamics of Xist and its interacting proteins through 

quantitative and live-cell super-resolution microscopy, and functionally tested key 

relationships, to derive fundamental insights into this problem. We performed these 

analyses during the initiation of XCI in female embryonic stem cells (ESCs), at an early 

time point when Xist RNA has initially established its territory over the X and silencing 

initiates at first genes, and at a later timepoint when silencing of most genes has been 

completed. This critical comparison allowed us to observe changes in Xist and/or protein 

distributions, mediated by few Xist foci, that lead to robust gene silencing over time. 

 

To explore how Xist RNA orchestrates the progressive formation of the Xi-

compartment we first examined when Xist coats the X relative to gene silencing in our 

ESC to epiblast-like cell differentiation system (45, 46) (fig. S1A). RNA FISH showed that 

Xist demarcated the X-chromosome and formed a large ‘Xist cloud’ by day 2 (D2) 

whereas silencing of Atrx and Mecp2, two X-linked genes known to be silenced late during 

XCI initiation, occurred by day 4 (D4) (Fig. 1A and fig. S1, B and C). Thus, consistent 

with prior data (47), silencing progresses after Xist initially coats the X chromosome. We 

therefore chose to examine the X at D2 and D4 of differentiation to understand the 

mechanisms leading to progressive Xi-compartment formation. We refer to the X state at 

D2 as the “pre-XCI” state with the “pre-Xi”, and at D4 as the “post-XCI” state with the “Xi”. 
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To determine if the transition from the initial localization of Xist on D2 to the 

completion of silencing on D4 can be explained by a change in Xist foci number, we used 

super-resolution three-dimensional Structured Illumination Microscopy (3D-SIM). 

Previous reports have shown that about 50-200 Xist foci are present in the Xi of female 

somatic cells (41, 43), but whether this number changes during XCI initiation is unknown. 

To assess Xist foci, we labelled the RNA in living cells by exploiting the MS2 hairpin-MS2 

Coat Protein (MCP) interaction (48). Briefly, we tagged the endogenous Xist RNA of one 

of the two X-chromosomes in female mouse ESCs with 24 MS2-repeats and co-

expressed MCP-GFP (Fig. 1B). MCP-GFP was recruited to Xist (XistMS2-GFP) and the X-

linked gene Atrx was efficiently silenced (fig. S1, D and E), demonstrating the functionality 

of the XistMS2-GFP allele. Quantitative 3D-SIM analysis of XistMS2-GFP shows that the Xist 

territory consists, on average, of 74 diffraction-limited foci on the pre-Xi and 60 foci on the 

Xi (Fig. 1, C and D). These distributions were confirmed by RNA FISH with Xist probes 

(fig. S2, A and B, Text S1). We found that the doubling of the X chromosome with DNA 

replication in S-phase is accompanied by the doubling of the number of Xist foci, from 

~50 foci in G1 to ~100 in G2, which was confirmed in somatic cells that maintain the Xi 

(Fig. 1E and fig. S2, C and D, Text S2). Thus, the range of Xist foci number in the cell 

population is largely due to cell cycle differences. Moreover, these findings show that the 

number of Xist foci is correlated with the length of the X-chromosome. We confirmed this 

correlation using cell lines that have abnormal Xis of different length (49) (fig. S2, E and 

F). Taken together, these data show that transition from the pre-Xi to the Xi is induced by 

a set number of ~50 Xist foci. 
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We next investigated whether the amount of Xist RNA in each focus changes 

during the transition from pre- to post-XCI. We found that Xist foci are stable assemblies 

that maintain their integrated fluorescence density and volume during differentiation (Fig. 

1F and fig. S2B). Consistent with this finding, the Xist locus is constitutively transcribed 

during differentiation (fig. S3, A and B). To estimate the number of Xist molecules in each 

focus, we utilized a novel fluorescence quantification standard together with quantitative 

3D-SIM. Specifically, we transiently expressed nanocages consisting of 60 GFP 

molecules (cage60GFP) (50) as internal fluorescence standard in XistMS2-GFP cells. 

Integrated density measurements showed that the amount of fluorescence within one 

XistMS2-GFP focus on the pre-Xi and the Xi, respectively, corresponds to that of one 

cage60GFP (Fig. 1G, fig. S3, C and D). Fluorescence fluctuation spectroscopy 

measurements have shown that ~30 MCP-GFP molecules are bound to 24 copies of the 

MS2-repeat at a given time (51). This number denote that, throughout XCI initiation, each 

focus contains two molecules of Xist. Thus, only ~100 Xist molecules orchestrate the 

initiation of gene silencing across the entire X-chromosome. 

 

The X chromosome contains ~1000 genes that are subject to silencing (52), 

therefore, the limited number of Xist foci suggests that they should be highly diffusive if 

they are to directly regulate target genes across the entire chromosome. We therefore 

investigated the mobility of Xist foci in the pre- and post-XCI states by performing live-cell 

3D-SIM of XistMS2-GFP, followed by single-particle tracking of individual foci (movies S1 
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and S2). This experiment allows for near single-molecule tracking, as each focus contains 

two Xist transcripts. Unexpectedly, we found that Xist foci exhibited restricted motion and 

did not undergo fission or fusion (Fig. 2, A and B). In 90% of cases, the displacement of 

Xist foci over time was less than 200 nm and their movement was characterized as 

diffusion in a local confining potential (Fig. 2, C to E and Text S3). The confined motion 

of Xist foci is highly correlated with the motion of chromatin (53-57) both on the pre-Xi 

and the Xi (Fig. 2E). We conclude that Xist foci are tethered to chromosomal locations 

with high affinity, which constrains each of them locally and limits their movement to that 

of the Brownian motion of the bound chromatin. Thus, progression of XCI is mediated 

through ~50 sites where two Xist molecules are locally confined. 

 

To investigate whether the ‘wiggling’ of Xist foci around their centers is confined 

within a specific chromatin environment, we introduced a histone H2B-Halo transgene 

into XistMS2-GFP ESCs and performed live-cell 3D-SIM (Fig. 2F and movie S3). H2B 

signals were segmented into seven intensity levels that correspond to chromatin density 

classes, where class 1 represents DNA-free space (interchromatin channels, IC) and 

classes 2 to 7 increasing chromatin densities (43) (Fig. 2G). Xist foci covered 

predominantly classes 1 to 3 (fig. S4A). Over time, the chromatin densities underlying 

each focus footprint never surpassed class 3, and the centers of mass (centroids) of Xist 

foci remained within chromatin class 2 (Fig. 2H). These data are consistent with our 

finding that chromatin density increases in linear increments (fig. S4B). We infer that Xist 

foci are spatially confined to the periphery of dense chromatin domains, facing the 

interchromatin channels, and stably maintain their positions relative to chromatin over 
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time. In agreement with these observations, RNA antisense purification (RAP) of Xist from 

pre- and post-XCI stages followed by DNA sequencing of the associated chromatin (40) 

showed that Xist localizes to gene-rich, open chromatin regions of the A-compartment 

(28, 40, 58) (Fig. 2I). The Xist localization patterns are very similar between the pre-Xi 

and Xi (Pearson’s correlation r=0.83) (Fig. 2I). We identified 65 and 63 highly correlated 

peaks of Xist enrichment on the pre-Xi and Xi, respectively (Fig. 2J and fig. S4, C and 

D), similar to the number of Xist foci detected by 3D-SIM. Taken together these findings 

confirm that the localization of Xist relative to chromatin persists as gene silencing 

proceeds. 

 

The discovery of only two Xist molecules in ~50 confined locations indicates that 

Xist and effector proteins cannot distribute across the entire chromosome space to induce 

XCI in a stoichiometric manner with gene targets. We reasoned that to effect gene 

silencing over the entire chromosome, hundreds of Xist-recruited proteins form diffuse 

clouds localized about Xist foci. These overlapping diffuse clouds can span the entire X 

and thereby more frequently interact with silencing sites. We addressed this hypothesis 

by first examining how Xist-interacting proteins accumulate relative to Xist foci, during the 

initiation of XCI. 

 

We focused on SPEN, PCGF5, CELF1 and CIZ1, four proteins that bind to distinct 

repeat sequences of Xist RNA and differ in their function in XCI (59, 60). SPEN binds the 

A-repeat sequence of Xist and is the key transcriptional repressor of XCI that activates 
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HDAC3 to induce histone deacetylation and gene silencing (30, 31, 42, 61-63). PCGF5 

is recruited to the Xi via binding of hnRNP-K to the Xist B/C-repeat sequences (64), and 

is a component of the polycomb complex PRC1 that contributes to the silencing of X-

linked genes (35, 63-67) and has a critical role in chromatin compaction genome-wide 

(68-71). CELF1 and CIZ1 both bind to the E-repeat sequence of Xist and are critical for 

restricting the localization of Xist in the X-territory (72-75). 

 

We imaged antibody-stained and stably expressed Halo-fusion proteins together 

with XistMS2-GFP by 3D-SIM to simultaneously detect Xist and two effector proteins at 

differentiation D2 and D4 (fig. S5A). Endogenous proteins detected by antibody staining 

or Halo-fused transgenes displayed similar distributions (fig. S5B). We found that the 

interrogated proteins formed distinctive assemblies in proximity to Xist foci on the pre-Xi 

as well as the Xi (Fig. 3A). Moreover, protein assemblies appeared larger in the pre-Xi 

and Xi-territory than in other nuclear accumulations, indicating that Xist induces the de 

novo formation of unique protein complexes. To quantitatively define the protein 

aggregates induced by Xist, we extracted the spatial coordinates of thousands of 

diffraction-limited segmented protein foci throughout nuclei (fig. S5, C to E and Table 

S1). We measured the nearest-neighbor distances between pairs of different Xist 

interactors that were either associated with Xist foci or found in the remainder or the 

nucleus, which includes the active X-chromosome (Xa) (Fig. 3B). All investigated pairs 

of SPEN, CELF1, PCGF5 and CIZ1 foci were, on average, within ~150-200 nm of each 

other when associated with Xist foci but separated by >350 nm in the nucleus both pre- 

and post-XCI (Fig. 3C). Therefore, upon distributing across the pre-Xi, foci comprising 
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two Xist molecules immediately recruit arrays of XCI-effector proteins and bring them 

closer to each other than elsewhere in the nucleus. Hence, large multi-protein 

assemblies, that are not typically found outside the Xi, form around Xist foci. We refer to 

these Xist-nucleated proteinaceous nanostructures as Xist-associated supra-molecular 

complexes (Xist-SMCs). 

 

To explore whether protein integration into Xist-SMCs is the main mechanism of 

protein recruitment in the Xi, we probed the distribution of additional XCI effectors (fig. 

S6A), including the PRC1 component RYBP (76); EZH2 (37, 39, 41, 77) belonging to the 

Polycomb repressive complex PRC2; hnRNP-K which binds the B/C-repeats of Xist to 

recruit PCGF5 (64) (reviewed in (59)); PTBP1 and MATR3, which function with CELF1 in 

the maintenance of silencing and Xist localization (74). Nearest-neighbor measurements 

showed a diffraction-limited particle for each of these proteins in a near 1:1 ratio within 

200 nm from the center of Xist foci (Fig. 3D and fig. S6B). These results corroborate the 

de novo assembly of a multi-protein cloud around Xist foci at the onset of XCI and identify 

the macromolecular crowding of many direct and indirect Xist interactors in Xist-SMCs, 

likely involving 100s to 1000s of protein molecules. Notably, our results revealed little 

differences between Xist-SMCs in the pre-Xi and Xi. Thus, SMCs around Xist foci contain 

all interrogated proteins before gene silencing completes. 

 

We next investigated whether the pre-Xi to Xi transition is associated with changes 

in the concentration of proteins within Xist-SMCs compared to the nucleus (Fig. 3E and 
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fig. S6C, Tables S2 and S3). Integrated density and volume particle measurements 

showed that the levels of CIZ1, CELF1, PCGF5, EZH2 and RYBP are significantly higher 

in Xist-SMCs than in nuclear foci. For CIZ1, CELF1, PCGF5 levels are stable from D2 to 

D4, whereas EZH2 and RYBP levels in Xist-SMCs change along with nuclear changes. 

Conversely, the concentrations of MATR3, PTBP1 and hnRNP-K are similar in Xist-SMCs 

and nuclear assemblies throughout differentiation, suggesting that they can fulfill their 

function in XCI at baseline concentration. Overall, these results show that the intense 

protein accumulations in Xist-SMCs are relatively stable throughout progression of XCI 

initiation. However, we found that SPEN levels within Xist-SMCs increase from the pre-

Xi to the Xi, reaching higher levels than in nuclear assemblies only in the Xi. Thus, the 

completion of gene silencing is linked to the presence of more SPEN molecules in Xist-

SMCs. 

 

We next explored the mechanism that leads to the increased concentration of 

SPEN in Xist-SMCs with the pre- to post-XCI transition. SPEN contains intrinsically 

disordered regions (IDRs), which often mediate weak, multivalent interactions (2, 44, 78-

80). We thus investigated whether the IDRs are required for the progressive accumulation 

of SPEN. We stably expressed SPEN-Halo with an IDR deletion (ΔIDR SPEN) in XistMS2-

GFP cells and confirmed that it does not interfere with gene silencing (Fig. 3F and fig. S7, 

A and B). We found that ΔIDR SPEN and wild type (WT) SPEN accumulated similarly in 

SMCs on the pre-Xi but, unlike WT SPEN, ΔIDR SPEN levels did not increase on SMCs 

in the Xi (Fig. 3, F and G, fig. S7C). These results show that the time-dependent increase 
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of SPEN in Xist-SMCs is driven by IDRs and suggest that increased protein aggregation 

is associated with the completion of gene silencing on the Xi. 

 

Our analyses show that Xist nucleates SMCs, leading to macromolecular crowding 

of proteins at topologically confined locations. We next explored the kinetic behavior of 

protein components of Xist-SMCs. We reasoned that the accumulation of proteins in Xist-

SMCs should reveal both long-lived binding events, allowing for a topological retention in 

the SMC, as well as rapidly exchanging constituents, facilitating their access and 

deposition across the X chromosome. In such a model, transient Xist-SMCs structures 

would allow SPEN to regulate genes across the entire X chromosome. 

 

To investigate kinetic behavior of protein exchange in the Xi, we stably expressed 

Halo or mCherry SPEN, PCGF5, CIZ1, CELF1 or PTBP1 fusions, and performed 

Fluorescence Recovery After Photobleaching (FRAP) over the Xist MS2-GFP territory or 

other nuclear regions of the same size. We also examined Xist dynamics for comparison. 

We observed a slow exchange of photobleached Xist MS2-GFP (fig. S8A), comparable to 

previous findings of ectopically expressed Xist (81). By fitting measured FRAP curves to 

a kinetic model with a single-exponential, we inferred a slow dissociation rate (0.05/min) 

resulting in an average Xist lifetime of ~20 min, consistent with a single dominant type of 

high-affinity interaction between Xist and chromatin (Fig. 3H, fig. S8B and Text S4). We 

found that CIZ1 exhibits a ~18 min recovery time in the Xi, similar to Xist and much longer 

than that of the other interacting proteins. The lifetime of CIZ1 in the Xi is longer than in 
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other nuclear regions, suggesting that Xist recruitment reinforces CIZ1 binding to 

chromatin (Fig. 3I and fig. S8C). The tight kinetic and spatial (Fig. 3D and movie S4) 

relationship between Xist and CIZ1 suggests that CIZ1 and Xist molecules form a stable 

core of Xist-SMCs. 

 

Kinetic modelling of the SPEN, PCGF5, CELF1 and PTBP1 FRAP curves yielded 

rapid exchange rates compared to CIZ1 and Xist and two types of binding sites (Fig. 3J 

and fig. S9). Using two-exponential fits we inferred parameters for short-lived (f1) and 

long-lived (f2) bound fractions within and outside of the Xi. For all four proteins rapid 

binding occurred within seconds and the more stable interactions lasted several minutes 

(Fig. 3J). SPEN is the most dynamic protein, with kinetic rates characteristic of 

transcription factors (82, 83). It is likely that the more dynamic fraction of SPEN (f1), which 

has similar characteristics inside and outside the Xi (~2s), represents fast-exchanging 

chromatin-engaging molecules that act to control gene expression. Conversely, the 

longer-lived fraction (f2) may represent SPEN molecules associated with Xist-SMCs. In 

line with this hypothesis, FRAP experiments showed a >50% reduction of ΔIDR SPEN of 

the long-lived Xi binding fraction compared to WT SPEN and a more rapidly dissociating 

fast population (fig. S10 and Text S5). Notably, recruitment to the Xi extends the long-

lived binding rates and/or increases the fraction of long-lived binding events for the 

interrogated proteins indicating that the Xi forms a unique nuclear compartment where 

proteins exhibit distinct kinetic behaviors (Fig. 3J and fig. S9B). These data are also 

consistent with their increased accumulation in the Xist territory. 
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The kinetic assays revealed that proteins with short residence times aggregate 

around a slowly exchanging Xist-CIZ1 core. These findings denote that Xist-SMCs are 

rapidly exchanging ‘transient complexes’ that form local, high affinity concentration 

platforms, thereby increasing the typical residence times of proteins within the Xi. The 

accumulation in Xist-SMCs primes an increased amount of protein in the Xi, while the 

rapid binding and dissociation on Xist-SMCs allows proteins, particularly SPEN, to probe 

and spatially modulate targets further than the locations where two Xist molecules are 

confined. The presence of a large number of protein molecules in the Xi, without an 

interaction with Xist, may allow distinct protein species (such as SPEN or PRC1) to 

explore unique targets and with individual binding rates, which is reflected by the distinct 

residence time of each tested protein. Such a mechanism is likely thermodynamically 

favorable and critical for deterministic silencing. 

 

To validate that the formation of Xist-SMCs yields an influx of proteins in the Xi, 

we next examined the protein population in the Xi but outside Xist-SMCs (referred to as 

Xi-fraction). We focused on the main two heterochromatinizing proteins SPEN and 

PCGF5. Using quantitative 3D-SIM, we detected protein assemblies formed in the X-

territory, outside Xist-SMCs, which exhibit lower protein concentration than Xist-SMCs 

but a higher concentration than nuclear assemblies, as assessed by measurements of 

their integrated fluorescent density and volume (fig. S11). PCGF5 levels in the Xi fraction 

are significantly higher than within nuclear assemblies on both the pre-Xi and Xi, whereas 
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the level of SPEN in the Xi-fraction increases gradually during this transition. These data 

suggest that accumulation at Xist-SMCs leads to enrichment of constituent proteins 

across local neighborhoods in the X, through dynamic feeding from Xist-SMCs.  

 

We next explored the relationship between gradual gene silencing and Xist-SMCs. 

It is well established that a subset of genes silences soon after Xist coating, whereas 

other genes, including Atrx and Mecp2, become silenced later (29, 34), yet the 

mechanism underlying these distinct silencing kinetics is unknown. We examined whether 

the formation of Xist-SMCs primes early gene silencing events. To test this idea, we 

investigated whether gene silencing originates at locations proximal to Xist-SMCs by 

measuring Xist enrichment over gene silencing half-times (29). Genes silencing with 

faster kinetics display more Xist binding on the pre-Xi compared to genes that become 

silenced later (fig. S12, A and B). These results suggest that rapid silencing kinetics are 

favorable in proximity to Xist-SMCs. Despite these differences, both fast and slow 

silencing genes are dependent on SPEN for gene silencing (30, 31, 42, 61-63) (fig. 

S12C). Therefore, we next interrogated whether the ablation of the dynamic association 

of SPEN with Xist-SMCs interferes with the progression of silencing. 

 

To this end, we exploited an approach (42), in which the SPOC domain of SPEN, 

which is required for transcriptional repression, was tethered to Xist through the BglG/Bgl 

stem loop (SL) interactions and the endogenous copies of SPEN were depleted (42, 84). 

BglG-BglSL tethering of the SPOC domain to Xist (XistSPOC) is expected to prevent the 
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rapid exchange from SMCs, normally observed for SPEN, and immobilize it primarily at 

the core of SMCs, where Xist is localized (Fig. 4A). If SPEN dynamics control gene 

inactivation kinetics, then XistSPOC should result in more efficient silencing of genes that 

are typically silenced early in XCI than later silencing genes. Indeed, we found that genes 

normally silenced early during XCI are silenced more effectively by XistSPOC than genes 

that are normally silenced late during XCI (Fig. 4B and fig. S12D). This result suggests 

that SPEN-mediated silencing originates at regions that are proximal to Xist-SMCs and 

expansion of silencing to other target genes occurs progressively and requires the rapid 

kinetic behavior of the WT SPEN protein. We next addressed the mechanism underlying 

this expansion. 

 

Gradual gene silencing occurs without major changes in Xist-SMC protein levels 

except for the IDR-dependent increase in SPEN. IDRs are known to adopt more protein-

protein interactions upon changes in the local environment (85-88), such as an increase 

in chromatin density that promotes macromolecular crowding (89, 90). These 

observations suggest that the progression of gene silencing beyond targets in the spatial 

vicinity of Xist-SMCs, as well as the IDR-dependent concentration increase of SPEN, may 

be mechanistically linked to a conformational change in the X-territory. We therefore 

investigated whether higher-order chromatin changes occur during the pre- to post-XCI 

transition. 
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Measuring the volume and sphericity of the X chromosome upon X-chromosome 

painting, we found that the conformation of the pre-Xi is similar to that of the active X-

chromosome (Xa) (Fig. 4, C and D). At D4, the Xi reached the distinct compact and 

spherical organization known for the silent X in somatic cells (91) (Fig. 4, C and D). We 

extended this result by assessing the conformation of seven unique genomic loci across 

the X through DNA FISH. We observed a moderate change in the higher-order 

chromosome configuration of the pre-Xi and a dramatic difference of the Xi compared to 

the Xa (Fig. 4, E to G and fig. S13, A to C). These changes in chromosomal structure 

increase the concentration of Xist-SMCs within the X space (Fig. 4H, Table S4). 

Accordingly, minimal distances of Xist foci or protein assemblies in Xist-SMCs are 

significantly reduced on the Xi compared to the pre-Xi (fig. S13D). Thus, increased 

chromosome compaction allows more genes to come in closer proximity to the Xist-SMC 

neighborhood, primes the IDR-dependent SPEN increase in the Xi, and the extension of 

silencing to more genes over time. However, the mechanisms controlling chromatin 

compaction on the Xi are not known. 

 

PCGF5 exhibited the highest particle density in the X-territory among all 

interrogated proteins (Fig. 4H and fig. S13D), suggesting that PCGF5-containing 

Polycomb complexes are significantly more concentrated on the pre-Xi than the other 

proteins, in agreement with its early occupancy over the chromosome upon induction of 

Xist (34, 35). Given the importance of PRC1 in controlling chromatin compaction and 

long-range chromatin contacts to regulate gene expression during development (68-71), 
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we interrogated whether the extensive concentration of PRC1 on the pre-Xi is critical for 

inducing the transition of the pre-Xi to a compact Xi.  

 

To test this hypothesis, we functionally perturbed PRC1 recruitment to the X-

chromosome by deleting the B-repeat of Xist (ΔB-Xist) in ESCs (63, 65-67, 92). 

Chromosome territory measurements (by X-paints) showed that the volumetric 

occupancy of an Xi formed by ΔB-Xist is smaller than that formed by the full-length RNA 

(FL-Xist) and similar to the Xa (Fig. 4I and fig. S14A). Consistent with this result, 3D-SIM 

measurements revealed that the distribution of Xist foci was significantly impaired on a 

ΔB-Xist Xi compared to a FL-Xist Xi, with larger focus-to-focus distances and an 

expansion of the Xist-territory, as well as a lack of the characteristic DAPI density of the 

Xi (Fig. 4J and fig. S14, B to D). Moreover, the distribution of ΔB-Xist foci on the Xi is 

similar to that observed on the FL-Xist-coated pre-Xi (fig. S13D). These results uncover 

a role of the B-repeat, and in turn PRC1, in driving the compaction of the X and the 

concentration of Xist-SMCs. Consistent with this result, we found that genes that are 

affected in their silencing by the absence of PRC1, through deletion of the B and C-

repeats of the RNA (65), are normally more likely to be silenced late during XCI initiation 

and exhibit lower Xist enrichment (Fig. 4, K and L). These results extend to the 

architectural protein structural-maintenance of chromosomes hinge domain containing 1 

(SMCHD1) that depends on PRC1 for its recruitment to the Xi and controls the 

compartmentalization of the Xi (93, 94) (Fig. S14, E and F). We found that genes with 

high Xist binding, i.e. close to SMCs, and silenced by XistSPOC domain are more likely to 

be SCMHD1-independent, whereas genes controlled by SCMHD1 tend to be inaccessible 
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for silencing by XistSPOC. Thus, SPEN-mediated silencing originates at regions that are 

proximal to Xist-SMCs and progressive expansion of silencing to other target genes 

requires the compaction of the X by PRC1 and SCMHD1. Thus, in the absence of PRC1 

recruitment to the X, SPEN can still initiate silencing of genes that are exposed to higher 

SPEN concentrations due to proximity to ~50 Xist-SMCs, explaining the differential effect 

on silencing upon SPEN and PRC1 ablation. We conclude that macromolecular crowding, 

chromatin compaction and silencing by SPEN are interdependent mechanisms of 

heterochromatin formation. 

 

Taken together, our work reveals a fundamentally new model for how Xist 

establishes a repressive compartment and orchestrates deterministic transcriptional 

silencing along the entire X-chromosome (Fig. 4M). Our model arises from the key 

observation that XCI is mediated by a limited number of locally-confined Xist clusters. 

Through expression, diffusion, sequestration, and degradation (see Text S6), Xist 

becomes localized and tightly bound to chromatin at 50 sites across the X-territory where 

it strongly interacts with CIZ1 to form the stable core of protein concentration hubs. These 

Xist/CIZ1 hubs induce macromolecular crowding of multiple XCI effector proteins in their 

vicinity, prior to chromosome-wide gene silencing and heterochromatinization of the X. In 

this way, Xist nucleates the formation of SMCs where silencing initiates (Fig. 4M, pre-Xi). 

The high Xist-seeded concentration of PRC1 progressively induces chromatin 

compaction, altering the local environment of Xist-SMCs and enhancing IDR-dependent 

protein-protein interactions. Through this process the concentration of SPEN across the 
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Xi also progressively increases, genes move closer to Xist-SMCs and silencing expands 

across the entire X (Fig. 4M, Xi).  

 

The dense seeding of Xist-SMCs across the X-territory and the local binding and 

unbinding due to transient interactions enriches proteins, and not Xist-ribonucleoprotein 

complexes, over the X and allows them to spatially probe genomic targets. Consequently, 

XCI results from locally-confined Xist-mediated macromolecular crowding and supra-

molecular aggregation of a large number of protein molecules. Through this process a 

relatively small number of confined Xist molecules can induce the robust and precise 

silencing of a much larger number of genes. The dramatic increase in macromolecular 

concentrations across the X-territory and the sharp change in protein particle density at 

the boundary of the Xi-territory define the membrane-free chromosome-wide condensate 

known as the Xi-compartment. The inhomogeneous distribution of Xist-SMCs and altered 

kinetics of proteins in the Xi, may suggest that Xist induces Polymer-Polymer Phase 

Separation (PPPS) rather than LLPS in the Xi (95, 96). 

 

Finally, our model of how few Xist molecules can establish a chromosome-wide 

repressive compartment has implications for the regulation of gene expression by other 

lncRNAs. LncRNAs are typically expressed at low numbers, raising the question of how 

they can effectively regulate genes. The spatial organization of the X chromosome by few 

Xist molecules and IDR-based aggregation of protein effectors likely represents a general 

mechanism through which lncRNAs establish gene-regulatory nuclear compartments. 
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Other lncRNAs have also been found to nucleate spreading of Polycomb complexes (20), 

suggesting that Polycomb-mediated compaction is a common mechanism in the 

organization of an efficient repressive nuclear compartment. 
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Fig. 1 About 50 Xist foci are maintained during progression of gene silencing 
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A, Percentage of cells, from two RNA FISH experiments, with indicated nascent 

transcription patterns of Atrx and Mecp2 at the indicated day of differentiation. Error bars 

indicate standard deviation. n is the number of cells analyzed. 

B, Illustration of live-cell Xist labelling strategy. 

C, 3D-SIM projections showing XistMS2-GFP signals (green) and DAPI counterstaining 

(grey) at the indicated differentiation day. 

D, Violin plots of the 3D-SIM quantification of XistMS2-GFP foci number at differentiation D2 

and D4. Dots denote the median, thick black bars the interquartile range, thin bars show 

upper/lower values. n denotes the number of Xist foci measured (first number) and the 

number of cells analyzed (second number). Mann-Whitney-Wilcoxon (MWW) p-value is 

given. 

E, As in D at differentiation D4 after scoring for cell cycle stages. 

F, Violin plots of the 3D-SIM quantification of XistMS2-GFP foci showing integrated density 

of fluorescence (AFU) and volume (μm3) of Xist foci at D2 and D4. 

G, Histograms depicting integrated fluorescence of XistMS2-GFP foci and cages of 60 GFP 

molecules (cage60GFP) (AFU) per pixel kernel density, detected by 3D-SIM. 
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Fig. 2 Xist foci are locally confined 

A, Trajectories of XistMS2-GFP foci imaged for 2 minutes (5sec/ frame). Inset: Projection of 

one frame from live-cell 3D-SIM experiment showing an XistMS2-GFP cluster at D4. 

B, Selected trajectories from A showing the displacement of Xist foci over time (color-

gradient) in top (xyz, top) and side (zyx, bottom) views. 

C, Coordinates of D4 Xist foci displacements derived from ~100 trajectories, each 

centered about their centers of mass. n denotes the number of foci analyzed. 

D, Cumulative distribution function 𝛷(𝑟) of the number of displacement positions at D4 

with distance from origin <r. The distance marked with the dashed line at r=0.22μm 
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corresponds to the radius of the shaded sphere in C where ~80% of all distances lie (see 

Text S3). n denotes the number of foci analyzed from ~800 trajectories. 

E, Effective spherically symmetric confining potential inferred from the spatial distribution 

of displacement distances of Xist foci at differentiation D2 and D4. We assume an 

equilibrium Boltzmann distribution over an effective potential energy well that is a function 

of r (see Text S3). 

F, Image sequence from t=0 to t=28sec and z-projection (from t=0) of XistMS2-GFP (green) 

and H2B-HaloJF646 (magenta), based on live-cell 3D-SIM. Bar: 1μm. 

G, Segmentation of H2B-HaloJF646 from live-cell 3D-SIM images into seven density 

classes and overlay of Xist foci masks.  

H, Left: Schematic for the assessment of the chromatin landscape around one Xist focus. 

Mask (bright pink) of one Xist focus showing distances (circles) from its centroid (dark 

green). Inset: magnification showing the outline of the Xist mask. Right: Plot of Xist 

trajectories showing the average radial maxima of chromatin density reached at each 

timepoint, where Xist foci never surpass density class 3 and the Xist centroid remains 

within class 2. Light shaded areas show 95% confidence interval. n denotes the number 

of foci and cells analyzed. 

I, Correlation of Xist enrichment at D2 and D4 of differentiation, based on RAP-seq data, 

to the first principal component of Hi-C data (A-compartment = positive values, B-

compartment = negative values). Far right panel shows the correlation between D2 and 

D4 Xist RAP-seq data. Pearson correlation r-coefficients and the associated p-values are 

given. 



90 
 
 

J, Xist enrichment tracks along the entire X chromosome, defined based on RAP-seq 

data for Xist over the input, at differentiation D2 (green) and D4 (blue), with peak calls 

below. The Xist locus is indicated. 
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Fig. 3 Xist seeds SMCs of interacting proteins and alters their kinetics 

A, 125nm 3D-SIM optical sections showing detection of indicated Halo protein-fusions 

labelled with JF549 (yellow) and immunodected proteins (magenta) in XistMS2-GFP cells at 

D2 and D4 of differentiation. Chromatin counterstained with DAPI (grey). Top panels 

show the Xist-demarcated X-territory (Xi); bottom panels a nuclear region (Nuclear). Note 

the distinctive enrichment of all pairs of interactors around Xist foci. 
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B, Overview of inter-protein particle distance measurements between proteins associated 

with one Xist focus, based on data in A. Overlay: Xist (green), SPEN (yellow) and CIZ1 

(magenta). Bottom right panel shows mask outlines after image segmentation, depiction 

of protein and Xist foci centroids (crosses) and measurement of inter-particle distances 

as annotated in C and D are shown. Circle denotes a 200nm radius. 

C, Boxplots showing the distribution of nearest-neighbor distances between the indicated 

pairs of protein particles in nuclear and Xist-associated fractions (obtained within 250nm 

from Xist foci centroids) on differentiation D2 and D4. Boxes delineate the upper/lower 

quartiles, horizontal lines denote the median. n denotes the number of protein particles 

measured; the number of cells analyzed. Mann-Whitney-Wilcoxon (MWW) p-value for the 

comparison between the nuclear and Xist-associated fractions is given. 

D, Point-plots showing the median distance (dot) of the nearest protein particle centroids 

to Xist particle centroids on D2 and D4. The bars denote the standard deviation. 

E, Point-plots showing the integrated density of fluorescence of indicated protein particles 

in Xist-associated (green) and nuclear (magenta) fractions, on D2 and D4, from two 

experiments. Dots denote the median, bars the standard deviation. The medians at D2 

and D4 are connected by dotted lines to visualize any changes. Data are normalized to 

the highest signal observed across the entire population. MWW p-values for the 

comparison between the nuclear and Xist-associated fractions are given. 

F, 3D-SIM projections of the Xist-territory in wild-type (WT) SPEN-Halo JF646 and ΔIDR-

SPEN-HaloJF646 together with XistMS2-GFP on D2 and D4. 
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G, Particle volume measurements in Xist-associated (green) and nuclear (magenta) 

fractions, on D2 and D4, comparing ΔIDR-SPEN and WT-SPEN. 

H, XistMS2-GFP FRAP curve and fitting at D4. Dissociation rate and lifetime inferred from 

fitting are indicated. 

I, FRAP recovery curve and fitting showing the nuclear and Xist-associated populations 

of CIZ1-mCherry at D4. Parameters from fitting with a single exponential are given. 

J, FRAP recovery curves and fitting (dashed black lines) showing the nuclear and Xist-

associated populations of SPEN-HaloTMR, PCGF5-HaloTMR, CELF1-mCherry and PTBP1-

HaloTMR at differentiation D4. Lifetimes for two subpopulations (f1, f2) extracted from bi-

exponential fitting are indicated. 
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Fig. 4 PRC1-mediated compaction is required for late gene silencing by SPEN 
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A, Schematic showing recruitment of the SPEN silencing domain SPOC to Xist under 

physiological conditions (via the full length SPEN protein) or aptamer tethering (via 

BglG/SL, XistSPOC). 

B, Violin plots showing the silencing of X-linked genes on XistSPOC upon depletion of 

endogenous SPEN. X-linked genes are classified according to their silencing half-times 

during normal XCI. 0 indicates complete silencing by XistSPOC and 1 complete lack of 

silencing. Wilcoxon p-values are given. 

C, Projections of confocal stacks of D2 and D4 of differentiation after DNA-RNA FISH 

using X-chromosome paints (mmX, green) and Xist probes (Xist, red). DAPI 

counterstaining shown in grey. Bar: 5μm. 

D, Boxplots showing the ratio of volumes (left) and sphericity (right) for Xa/Xa (blue) at 

day 2 and Xa/Xi (green) at D2 and D4. 

E, Schematic of the spectral barcoding strategy applied to X-chromosome mapping 

through sequential DNA FISH rounds in F. 

F, DNA FISH images of the spectrally barcoded genomic regions on days 2 and 4 of 

differentiation, as described in E. Overlay with Xist RNA FISH signals (far right, yellow) to 

score for the Xi. Bars: 5μm. 

G, 2D configuration plots of average coordinates of genomic barcodes along the X-

chromosome from F, extracted with 95% confidence. 

H, Boxplots showing the distribution of the density of indicated protein particles (per μm3) 

in the Xi and in nuclear regions on D2 and D4. 
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I, Boxplots showing the volume (μm3) of the Xi territory after RNA-DNA FISH with X-

chromosome paints and Xist probes in ESCs expressing tet-inducible full-length Xist (FL-

Xist) or a deletion-mutant of the B-repeat (ΔB-Xist) after 18hrs of doxycycline induction. 

J, Boxplots showing the minimal (left) and average (right) distance between Xist foci in 

FL- or ΔB-Xist expressing female cells at D4 of differentiation. 

K, Violin plots showing the silencing half-times (in days) of genes sensitive or insensitive 

to Xist B/C-repeat deletion. Wilcoxon p-value is given. 

L, Violin plots showing Xist RAP-seq enrichment (day 2) of B/C-repeat 

sensitive/insensitive genes. Wilcoxon p-value is given. 

M, Model of XCI. Top panels illustrate part of the X chromosome (blue chromatin) in active 

(Xa), early silencing (pre-Xi) and inactive (Xi) states and surrounding autosome (green 

chromatin). Bottom panels show a zoom into the chromatin neighborhood where two Xist 

molecules (red) nucleate one Xist-SMC. Left: Xa, active genes (light grey arrows). Middle: 

pre-Xi, macromolecular crowding of Xist-effector proteins (grey, blue, purple proteins) 

around Xist ‘cores’ leads to the formation of SMCs and initiation of gene silencing (dark 

grey arrows) in their vicinity. The rapid binding kinetics of proteins creates a local 

concentration gradient across the entire X-territory and an early Polycomb (blue proteins) 

deposition across the X. Right: Xi, Polycomb-mediated compaction increases the density 

of Xist-SMCs, promoting IDR-dependent crowding of SPEN (purple proteins) within Xist-

SMCs that leads to an increase in the occupancy of SPEN across the X-territory and 

completion of gene silencing.  
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METHODS 

 

 
Plasmid construction for engineered cell lines 

Plasmids containing the 24xMS2 repeats (#31865) and MS2-Coat-Protein-GFP (MCP-

GFP) coding sequence (#27121) were obtained from Addgene. The pBglII5k plasmid was 

used for targeting the 24xMS2 repeats into Xist (described in (97)) and contains homology 

arms for insertion into exon 7 of Xist, downstream of the E-repeat sequence, and a floxed 

neomycin resistance cassette. The 24xMS2 repeats were excised from plasmid #31865 

by restriction digest with BglII and BamHI and cloned into the pBglII5k plasmid by infusion 

cloning yielding the pBglII5k-24xMS2 plasmid (which replaces the 16xMS2 repeat array 

originally contained in the pBglII5k plasmid). The coding region for MCP-GFP was 

amplified by PCR and introduced under control of a tetracycline-inducible promoter (tetO) 

into the pBS31 plasmid (pgkATGfrt) (98) by infusion cloning yielding pBS31-MCP-GFP. 

A reverse tetracycline TransActivator (rtTA3) cassette containing the PGK promoter and 

a BGH polyA element was amplified by PCR from the MXS_PGK::rtTA3-bGHpA plasmid 

(#62446, Addgene) and introduced into the unique AscI site of pBS31-MCP-GFP, 

downstream of the tetO-MCP-GFP-polyA insert, by infusion cloning, resulting in the 

pBS31-MCP-GFP-rtTA3 plasmid. For deletion of the B-repeat of Xist the plasmid was 

constructed from PCR-amplified 5’ and 3’ homology regions and a loxP-flanked hygroTK 

cassette that replaces the B-repeat sequence (chrX: 103480156-103480430). 
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Genetic engineering strategy for integrating MS2 repeats into the Xist locus in ESCs 

The pBglII5k-24xMS2 plasmid was electroporated into the polymorphic Mus 

musculus/Mus castaneus F1 2-1 ES cell line (99) after linearization with XhoI. The cell 

culture was exposed to neomycin selection 36 hours post-electroporation. Colonies were 

picked and expanded for screening by genotyping PCR and RNA FISH with Xist and MS2 

probes. The loxP-flanked neomycin resistance cassette was removed from targeted 

clones by transient expression of the Cre-recombinase. Subsequently, a FRT-

recombination site-containing landing pad was targeted into the Col1A locus (on 

chromosome 11) in F1 2-124xMS2-Xist ESCs as described in (98). MCP-GFP-rtTA3 

expression cassette was then inserted into the FRT site by electroporation of a FlpO-

recombinase-encoding plasmid and the pBS31-MCP-GFP-rtTA3 plasmid. The resulting 

ESC line was denoted as XistMS2-GFP
. 

 

Genetic engineering strategy for deletion of the B-repeat of Xist 

F1 2-1 ES cell line (99) or male ESCs expressing Xist under a TetO promoter (40) were 

electroporated with linearized plasmid harboring homology arms for targeting into the B-

repeat region or XIST and replacing it with a loxP-flanked hygroTK cassette for antibiotic 

selection. The loxP-flanked hygroTK resistance cassette was removed from targeted 

clones by transient expression of the Cre-recombinase. Genotyping and confirmation of 

deletion of the B-repeat on the 129 allele in F1 2-1 ESCs were performed by Southern 

blotting (not shown). 
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Establishment of transgenic ESC lines  

For the integration of transgenes expressing various mCherry or Halo protein fusions 

under the control of the endogenous Rosa26 promoter of XistMS2-GFP
 ESCs, we employed 

a parent plasmid harboring homology arms for targeting into the Rosa26 locus and a loxP-

flanked puromycin cassette for antibiotic selection (R26 plasmid). A splice-acceptor (SA) 

and splice-donor (SD) coding sequence synthesized by Genewiz was inserted into the 

R26 plasmid after MluI/MfeI restriction digest by infusion reaction. The resulting R26-

SA/SD plasmid was used as the parent plasmid for insertion of all protein fusions in three-

piece infusion reactions. Coding sequence for CIZ1 was amplified from a donor plasmid 

described in (74). Coding sequences for histone H2B and mCherry were amplified from 

a H2B-mCherry plasmid (Addgene, #20972) and the Halo cDNA was obtained from 

plasmid Halo-EasyFusion (Addgene, #112852). The coding sequences for the PTBP1, 

PCGF5, CELF1 were synthesized (Genewiz). To generate the Spen-ΔIDR-Halo plasmid 

the full-length Spen Entry Clone (Sp22) was modified using Polymerase Incomplete 

Primer Extension-based mutagenesis with primers designed to delete amino acids 639-

3460. Sp22 and the Spen-ΔIDR entry clone, respectively, were inserted into the PyPP-

CAG-Halo-V5-IRES-Puro destination vector using Gateway LR Recombination, 

generating PyPP-CAG-Halo-full-length-Spen-V5 and PyPP-CAG-Halo-Spen-ΔIDR-V5, 

respectively, both also containing an IRES-puromycin resistance cassette. These 

plasmids enable constitutive expression of Spen variants with an N-terminal Halo tag and 

a C-terminal V5 tag and contain a polyoma episomal origin of replication for efficient 

propagation in mammalian cell culture. All plasmids were verified by restriction digests 

and sequencing. 
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Targeting of ESC lines 

ESC lines were grown on DR4 feeders. All targetings were performed by electroporation 

using the GenePulserII (Biorad). Approximately 2x107 cells and 50μg of DNA were 

resuspended in 400μl PBS in 4mm diameter cuvettes and pulsed twice for 0.2msec at 

800V. Antibiotics were added to the growth media 24-36 hours after electroporation. 

Puromycin was used at 1.5μg/ml, hygromycin at 130μg/ml and G418 at 400μg/ml. The 

culture medium containing the respective antibiotics was exchanged every 2 to 3 days. 

Once adequate colony growth was observed (1-2 weeks), 100-200 colonies were picked 

under a stereoscope, dissociated by trypsinization and seeded in 96-well plate replicates. 

One replicate plate was used for genomic DNA extraction and subsequent genotyping 

PCR. All positive clones used in this study were screened to ensure gene silencing by 

Xist and normal Xist distribution across the X-territory upon induction of differentiation 

(fig. S1, D and E). Additionally, we confirmed that the 24xMS2-repeat unit was introduced 

into the 129 allele (fig. S1E). 

 

Creation and delivery of the cage60GFP expression plasmid 

The gene encoding ct-60 (cage60GFP) (50) was amplified by PCR. The fragment was 

introduced under control of the CACGS promoter into the pBS32 plasmid by infusion 

reaction yielding pBS32-cage60GFP and positive clones were confirmed by restriction 

digests and sequencing. The pBS32 plasmid was derived from the pBS31 plasmid upon 

replacement of the tetO promoter with a CAGGS promoter. To visualize both XistMs2-GFP 
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and cage60GFP, XistMS2-GFP ESCs were differentiated into EpiLCs to induce Xist expression 

and doxycycline was added to induce MCP-GFP expression. Expression of the cage60GFP 

was achieved by transient transfection of the pBS32-cage60GFP plasmid into differentiating 

cells by Lipofectamine3000 (Thermo Fisher) 24 hours prior to imaging, according to the 

manufacturer’s instructions. 

 

Cell culture 

Female mouse F1 2-1 ESCs and its engineered derivatives were grown on 0.5% gelatin-

coated flasks seeded with irradiated DR4 feeders (obtained from day 14.5 embryos with 

appropriate animal protocols in place). Cultures were maintained in mouse ESC medium 

containing knockout medium DMEM (Life Technologies), 15% FBS (Omega), 2mM L-

glutamine (Life Technologies), 1x NEAA (Life Technologies), 0.1mM β-Mercaptoethanol 

(Sigma), 1x Penicillin/Streptomycin (Life Technologies), and 1000U/mL mouse LIF 

(homemade) in 5% CO2, 37 oC incubators. 

  

For all differentiation experiments, cells were adjusted for 3 passages to feeder-free 

conditions in the presence of LIF and two inhibitors, CHIR99021 (3μM) and PD0325901 

(0.4μM) (2i+LIF). Epiblast-like (EpiLC) differentiation was performed as described in (46). 

Briefly, cells were maintained for 3 passages in serum-free 2i+LIF N2B27 media 

containing 1x N2 supplement and 1x B27 supplement (Thermo Fischer), 2mM L-

glutamine (Life Technologies), 1x NEAA (Life Technologies), 0.1mM β-Mercaptoethanol 

(Sigma), 0.5 x Penicillin/Streptomycin (Life Technologies) prior to EpiLC differentiation. 
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To induce differentiation, cells were dissociated and seeded at a density of 2x105 cells/ml 

in N2B27 media containing 20 ng/ml Activin A (Peprotech) and 12 ng/ml bFGF 

(Peprotech). 

 

For experiments extending beyond day 4 of differentiation, we applied a protocol 

previously described in (100). Briefly, at day 4 of differentiation, EpiLCs were dissociated 

with accutase (Life Technologies) and seeded on geltrex-coated coverslips at a density 

of 5x105 cells/cm2. Cells were then grown in N2B27 media supplemented with EGF and 

FGF (10 ng/ml each), on geltrex-coated coverslips for 4 more days (d8 of differentiation). 

At this developmental stage, cells have lost Tsix expression as observed in Figure S1C. 

Media was exchanged daily. 

 

C127 cells were purchased from ATCC and human fibroblasts containing abnormal X-

chromosomes (GM3827, GM00735, GM06960, GM07213) were obtained from Coriell. 

These cell lines were cultured in DMEM (Life Technologies), 15% FBS (Omega), 2mM L-

glutamine (Life Technologies) and 1x Penicillin/Streptomycin (Life Technologies). 

 

FISH Probe synthesis 

Probes for DNA and RNA FISH experiments and X chromosome paints were labelled by 

home-made Nick Translation and fluorescent dUTPs as described in (101). DNA from 

flow sorted mouse X-chromosomes was a gift from Irina Solovei. To create mouse Xist 
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probes, we used a full-length mouse Xist cDNA plasmid (p15A-31-17.9kb Xist). Human 

XIST probes were created from a full-length XIST cDNA construct. For assessing X-linked 

gene silencing, Atrx probes were synthesized using BAC RP23-265D6 and Mecp2 probes 

using fosmid WI-894A5. For the chromosome barcoding experiment, we used BACs 

RP23-53H15, RP23-83J1, RP23-451D5, RP24-81K23, RP24-374B8, RP23-401G5, 

RP23-104K18. To create an intronic probe against the first intron of Xist, the 

corresponding region was amplified from the Xist-encoding BAC RP23-223G18 and was 

labelled by Nick Translation. RNA or DNA FISH probes were used at a concentration of 

0.1μg/cm2. For multispectral chromosome barcoding experiments, individual BACs were 

labelled separately, pooled in a 1:1 ratio and used at a concentration of 0.2μg/cm2. Nick 

Translation products were labelled with Atto488-dUTP, Alexa Fluor 568-dUTP, Cy3-

dUTP, Cy5-dUTP, Texas Red-dUTP and chromosome paints were labelled with Atto448-

dUTPs or Cy3-dUTPs. A summary of the probes used in each experiment can be found 

in Table S5. All BACs and fosmids used in this study were purchased from CHORI-

BACPAC. 

 

Halo labelling 

For FRAP experiments of Halo-fused proteins, 5μM of TMR Halo ligand (Promega) was 

added to the culture medium for 30min following a 30min incubation in media without 

added ligand to wash-off unbound ligand. For fixed and live-cell 3D-SIM imaging, 1μM 

JF549 or JF646 Halo ligands (Promega) were introduced to the media for 15min, washed-
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off twice with PBS and exchanged with fresh medium which was incubated for another 

15 min. Live-cell imaging or fixation was done as described in the corresponding sections. 

 

Immunofluorescence staining 

Immunodetection was performed as described in (102). For combined Halo ligand and 

antibody detection, cells were labelled with the Halo ligands and fixed followed by 

immunofluorescence staining. For the 4-color 3D-SIM imaging where we detect 

combinations of proteins together with XistMS2-GFP (Fig. 3A and fig. S5A) we used CIZ1-

Halo and CELF1 antibody staining, SPEN-Halo and CIZ1 antibody staining, PCGF5-Halo 

and CIZ1/CELF1 antibody staining. Halo transgenes were detected with the Halo ligand 

JF549 and primary antibodies with secondary antibodies conjugated to AlexaFluor647.  

In Figures 3, D and E we used Halo transgenes for detection of CIZ1, WT-/ΔIDR-SPEN, 

PCGF5, and PTBP1 the Halo ligand JF549 and antibody stainings for RYBP, EZH2, 

hnRNP-K with secondary antibodies conjugated to CF568 dye. We compared the 

localization of the CIZ1-Halo fusion protein and the endogenous (antibody-stained) CIZ1 

protein and show the same trend (fig. S5B). 

 

RNA/DNA FISH 

RNA and DNA FISH experiments were conducted as previously described (103). For 

sequential RNA and DNA FISH experiments with X chromosome paints (mmX paints) 

and Xist probes, RNA FISH preceded DNA FISH. 
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For the detection of genomic regions across the X chromosome with spectral barcoding, 

cells were seeded in ibidi chambers with a gridded bottom and DNA FISH was performed 

first. 5-color optical z-stacks of 0.35μm were acquired on a confocal Zeiss LSM880 

system. Spatial coordinates of the acquired positions were recorded on the ZEN software 

and saved. Following samples were equilibrated with 50% formamide in 2xSSC pH 7.2 

solution for 3 hours at 37oC followed by RNA FISH with Cy3-labelled Xist probes. 

Specimens were returned to the microscope stage and saved spatial coordinates were 

revisited to acquire the Xist RNA signal and discriminate between the Xi and Xa. Z-stacks 

from sequential rounds were superimposed using ImageJ/Fiji and alignment of the two 

sequential rounds was performed with the affine transformation of the StackReg plugin 

based on the DAPI channel. Although hybridization of RNA usually precedes DNA FISH, 

we have found that Xist RNA is remarkably stable during the sequential process. Since 

the sequential hybridization for this experiment was only necessary for the scoring of the 

Xi, without the need for harsh probe strip-off steps, RNA FISH was performed last. 

 

Cell cycle analysis of Xist foci 

To discriminate between different cell cycle stages, we used a combination of EdU pulse 

labelling, to detect S-phase cells, and anti-histone H3-phospho-Serine10 (Active Motif, 

#39253), to detect G2/M phase cells, while G1 cells remained marker-free. A 10mM EdU 

stock solution was diluted 1:1000 in growth media and cells were pulsed for 20 minutes 

prior to fixation. RNA FISH with Xist RNA probes and detection of EdU by click-iT reaction 
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with CF dye Azide 568 (Biotium, #92082) were combined with immunodetection of 

phospho-histone H3 Serine 10 as described in (103). For the assessment of Xist foci 

features and number throughout the cell cycle in EpiLCs (at day 4 of differentiation), we 

used the XistMS2-GFP cell line and detected XistMS2-GFP signals after addition of doxycycline. 

 

Super-resolution microscopy 

3D-Structured Illumination Microscopy (3D-SIM) was performed on a DeltaVision OMX-

SR system (Cytiva, Marlborough, MA, USA) equipped with a 60x/1.42 NA Plan Apo oil 

immersion objective (Olympus, Tokyo, Japan), sCMOS cameras (PCO, Kelheim, 

Germany) and 405, 488, 642 nm diode lasers and a 568 nm DPSS laser. Image stacks 

were acquired on the OMX AcquireSR software package 4.4.9934 with a z-steps of 

125nm and with 15 raw images per plane (five phases, three angles). Raw data were 

computationally reconstructed with the soft-WoRx 7.0.0 software package (Cytiva, 

Marlborough, MA, USA) using a Wiener filter set at 0.001 to 0.002 (up to 0.006 for DAPI) 

and optical transfer functions (OTFs) measured specifically for each channel using 

immersion oil with different refractive indices (RIs) as described in (102, 104). Images 

from different channels were registered using alignment parameters obtained from a 

calibration slide of 100 nm gold grid holes and a second calibration for axial alignment 

using 100nm diameter Tetraspeck beads (Invitrogen) as described in (104).  

 

Live-cell imaging 
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Wide-field and confocal scanning microscopy (for FRAP experiments) or 3D-SIM live-cell 

imaging (4D-SIM) were performed at 37oC (for 3D-SIM in conjunction with an objective 

heater), with 5% CO2, controlled humidity and 10% O2, having equilibrated the system 

and immersion oils for at least five hours prior to acquisitions. This equilibration was 

particularly important for obtaining artifact-free 3D-SIM datasets and minimize stage drift. 

Cells were differentiated in geltrex-coated chambers fitted with a high precision glass 

(ibidi) with daily exchange of media. To induce MCP-GFP expression, doxycycline was 

added to the cells two hours prior to acquisitions at a concentration of 1μg/ml. Imaging 

was performed in media containing no phenol red and supplemented with ProlongLive 

Antifade reagent (Thermo Fisher). For live-cell 3D-SIM imaging, typically 1μm to 2μm 

stacks of 125nm z-sections were acquired in 1- or 2-color 3D-SIM imaging to obtain 240-

500 raw images per frame in 5-8 second intervals depending on exposure times and z-

depth. Photobleaching over time was corrected by using histogram matching on the 

BleachCorrection plugin in ImageJ/Fiji. 

 

Quantitative 3D-SIM analyses 

For image segmentation, 32-bit raw datasets were imported into ImageJ/Fiji (102) and 

converted to 16-bit tiff composite stacks. The segmentation of Xist and protein foci was 

performed as previously described in (102) using the TANGO suite (105). Image 

segmentation pipelines, adjustment of thresholds and creation of seeds were performed 

in high-throughput batch-processing and without manual intervention. Specifically, raw 

datasets without filtering or subtraction of signals were imported into the segmentation 
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pipeline. Resulting masks of segmented particles were inspected by overlays over the 

raw data to ensure that the majority of signals was contained in the area to be analyzed. 

Nuclear masks were created using the DAPI channel as the segmentation volume. For 

each channel, a duplicate was generated and filtered with a 3D Gaussian filter with 

standard deviation of 1 (σ=1) and a Tophat filter with a radius of two pixels in xy and a 

one-pixel radius in z. The filtered image was segmented using the 3D Suite’s Watershed 

method. Seed threshold and image threshold for watershed were calculated by equations 

Mean+StdDev*2*seed multiplier and (Mean+StdDev*2*seed multiplier)/image multiplier 

(Signal-to-Noise Ratio, SNR) respectively, where seed multiplier and image multiplier 

were determined and inspected manually to ensure the inclusion of all the regions of 

interest (ROIs) and the removal of background noise. Object features and distance 

measurements were performed using the 3D ImageJ Suite’s “Measure 3D”, “Quantif 3D” 

and “Distance” option plugins for ImageJ/Fiji. 

 

For the assessment of the cage60GFP versus Xist signals, cells expressing the cage60GFP 

plasmid were typically imaged in the same Field of View (FOV) as cells with the XistMS2-

GFP signal, allowing us to obtain data that could be directly compared. When cells 

expressed both entities, since the cages are located in the cytosol, nuclear masks from 

the DAPI channel were created and XistMS2-GFP signals were measured inside the masked 

regions, whereas the signal from the GFP-expressing cages was measured outside the 

nuclear masks. 

 



109 
 
 

To extract global nuclear protein particle features (in and outside the Xi), masks of the 

protein signals of interest were created by filtering raw data with a 3D Gaussian blur 

followed by automatic thresholding to include all signals and exclude nucleoli. ROIs within 

a 4μm radius of Xist centroids were selected for features extraction to limit computation 

time to ~1 hour per nucleus. Nearest neighbor centroid distances and all distances 

between ROIs within each channel and across different channels were extracted using 

the 3D ImageJ Suite for minimal distance and average distance analysis, respectively. 

Distance averaging was performed in Python. Assignment of Xist-associated signals was 

based on a proximity threshold to Xist centroids with a radius of 250nm. Signals 500nm 

away from Xist centroids, resulting in a ‘rim’ around the Xi due to the scattering of many 

Xist foci throughout the Xi, were defined as the nuclear fraction. To assign the Xi territory 

coordinates of protein signals within a 250nm radius of a Xist foci were selected, 

overlapping (double-called) pixels were removed and multiplied by voxel dimensions. The 

comparison of protein features, such as integrated density of fluorescence and volume, 

was performed by measurements acquired in the same laser line (568nm) for all proteins 

detected either with the Halo ligand JF549 or primary and secondary antibodies 

conjugated to CF568 dye. For each experiment, ROIs with integrated density and volume 

values below the 10th percentile or above the 90th percentile of the dataset were removed 

as outliers.  

 

 

 



110 
 
 

Creation of X-chromosome masks and measurements of X-territory volume and sphericity 

Confocal optical stacks were imported to ImageJ/Fiji and converted to 16-bit tiffs. Using 

the Yen method, an automatic threshold was set to create 3D masks for the X 

chromosome territories. Assignment of the Xi was based on RNA FISH signals from the 

Xist channel. Masks were imported into 3D Suite and the volume and sphericity 

measurements of the X chromosomes (Xa and Xi) were extracted. Sphericity is defined 

as the length of the object over its width, with a maximum value of one. For the creation 

of mmX masks from 3D-SIM stacks to allocate Xist foci inside and outside the X-territory, 

a 3D Gaussian blur with standard deviation of 5 (σ=5) was used to filter the channel with 

the mmX paint followed by automatic threshold by the Yen method. After creating X-

chromosome masks, Xist foci inside the masked region or in the remaining nucleus were 

analyzed as described in the ‘Quantitative 3D-SIM analyses’ section. 

 

Analysis of X chromosome conformation from genomic barcoding 

Confocal optical stacks were imported into Fiji/ImageJ and smoothed with a 3D Gaussian 

blur with a standard deviation of 1 (σ=1) and background removal using the “Subtract 

Background” plugin with a rolling ball radius of 10 pixels. Xa and Xi (scored by the 

presence of Xist RNA) were identified and saved as separate stacks. Subsequently, each 

probe signal centroid was extracted using the “3D Object Counter” plugin. The 3D Object 

Counter generated a list of coordinates of probe signals for each channel. To assign 

signals to multi-spectral barcodes consisting of two labels, a nearest neighbor search 

between the two corresponding channels was applied based on all spatial coordinates in 
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each channel. Once pairs of signals were assigned to the multi-spectral barcodes the 

coordinates obtained in the shortest wavelength were used. In cases were two adjacent 

signals were detected per probe, potentially due to the presence of transcripts or DNA 

replication, only one of the signals was used. The coordinates of individual barcodes for 

the Xa and Xi at days 2 and 4 of EpiLC differentiation were reoriented in 3D space to 

compute spatial statistics across all cells. To obtain configurations of chromosomal 

backbones, for each set of probe coordinates, principal component analysis (PCA) was 

performed in the x and y axes. The z axis was unused as the segmentation resolution in 

that axis is significantly lower, contributing to large variations in the z coordinate (106) 

and confounding the reorientation method used which is highly sensitive to anisotropic 

error. The principle component is assumed to be the “backbone” of the chromosome: the 

expected orientation of a chromosome if initially stretched out along that component’s 

direction before entropically relaxing into an equilibrium configuration. Each set of probes 

are rotated in order to align its corresponding principle components with the y-axis and 

translated such that the probes’ centroid is aligned with the coordinate origin. Probes of 

the same loci were then statistically compared to locate their local spatial centroid and 

95% confidence interval for Xa day 2, Xi day 2, Xa day 4, and Xi day 4 separately. 

Ellipsoids encompassing the 95% confidence interval were plotted around each loci 

centroid. In order to quantify the relative compaction between Xa and Xi from day 2 to 

day 4, the pairwise distances of 3D coordinates (x,y,z) between each barcode location 

were measured and averaged over all cells. Averages of Xa distances were subtracted 

from those of Xi at day 2 and the same was done for day 4 in order to measure the 



112 
 
 

absolute change between chromosomes. A heatmap of this change was plotted where 

large negative numbers indicate a higher compaction. 

 

Single-Particle Tracking (SPT) and extraction of trajectories 

Individual Xist particles from live-cell 3D-SIM data were extracted by using TrackMate 

(107) an ImageJ plugin. DoG Detector with a 0.2μm diameter was used to define the 

particles and the Simple LAP Tracker with 0.25 max linking distance, 0.3 gap-closing max 

distance and 2 gap-closing max frame gap were used to track the particles. Trajectories 

that were not possible to track for over 10 consecutive frames were not used. Over 850 

trajectories from 30 cells were analyzed and approximately 50% of all Xist granules 

without manual intervention were possible to track per nucleus for an average of two 

minutes. Data extracted from the software were fed into downstream confinement 

analyses (see Text S3). 

 

Live-cell 3D-SIM image registration: subtracting background developmental motion 

Two types of motion are captured simultaneously in live-cell 3D-SIM microscopy: a) the 

developmental motion of the cell and the nucleus, and b) the individual motion of Xist 

granules within the nucleus. To specifically extract (b) from live-cell 3D-SIM images, a 

custom Python/Jupyter tool was created that implemented the following algorithm: 1) A 

set of Xist granules were tracked using TrackMate. 2) For each timestep t, the individual 

displacement vectors xi,t of each Xist granule were calculated. 3) For each time-step, 

individual displacement vectors were averaged to obtain Xt ,  an approximation of the 
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developmental motion in that time-step. 4) This developmental motion was then 

subtracted from each Xist granule’s displacement vector to arrive at an approximation to 

granule i 's motion, xi,t -Xt . 

 

Segmentation of H2B density classes and assignment of the maximal radial distances of 

chromatin density classes to Xist granules  

Histone H2B-HaloJF646 intensities were extracted on ImageJ/Fiji plugin using the 

“getValue” macro command, that iterates over every pixel in the image to get the intensity 

value of each pixel, generating a list of all the pixel intensities and their corresponding 

coordinates. The list of intensities was imported to Python. Then, seven intensity/density 

classes of equal variance were determined. The 3D Suite was used to create Xist masks, 

while Xist trajectories were extracted from TrackMate to obtain spatial coordinates 

(centroids) from each time point. The matrices were paired within the radius of one pixel 

and chromatin density classes were measured under the masks. Radial distances were 

measured at all pixels within the respective 100, 250, 500 nm radius of the Xist centroid 

and the maximal intensity value within that range was defined. Averaged values were 

then plotted in a line graph as a function of time. To extract the nearest neighbors in 

chromatin density maps, neighboring intensities for each H2B pixel were determined as 

the average intensity of all adjacent pixels and stored in an array. A strip plot was used 

to plot the averaged intensity values where each value was assigned to one of the 7 

classes based on the class of the origin pixel. 
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Statistical analyses of imaging data and visualization 

Data analysis and visualization were performed using Python. All violin plots, boxplots, 

bar plots and point-plots were generated using Seaborn and Matplotlib. NumPy and SciPy 

were used for mathematical computation and Pandas for data manipulation and analysis. 

Unless stated otherwise, all graphs show the median as the central point or the central 

line, and bars on point plots represent the standard deviation. Point plots of protein 

integrated intensity and volume in Figures 3, S7 and S11 show the percentage of the 

maximum absolute value in each group. Statistical differences were analyzed by the two-

sided Wilcoxon’s or Mann-Whitney rank-sum test. 

 

FRAP experiments 

FRAP experiments with z-sectioning for XistMS2-GFP and CIZ1-mCherry were performed 

on an LSM880 equipped with an Airyscan on a Plan-Apochromat 63x1.4NA oil immersion 

objective, an image size of 67.5μm x 67.5μm with a pixel size of 0.085μm. Z-optical stacks 

of 0.5μm were obtained through a 15μm z-depth. Bleaching was performed in ROIs 

demarcating the Xist territory or corresponding nuclear (control) regions at full laser power 

and 4 iterations with a pixel dwell time of 4.04 μsec. The first post-bleach frame was 

acquired immediately after bleaching. Time series were acquired every 1.3 minutes up to 

10 frames and every 2 minutes thereafter for a total of 30 minutes with an Argon ion 

488nm laser or a DPSS 561nm laser set to 1% laser power. 

Single-plane FRAP experiments for all other proteins were performed on the OMX-SR 

platform in widefield mode and an image size of 512x512 pixels with a pixel size of 
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0.08μm. In these experiments we employed transgenic cells lines carrying mCherry-

tagged CIZ1 and CELF1 and carrying Halo-tagged SPEN, PCGF5 and PTBP1, 

respectively (fig. S8 and S9). Images were acquired for XistMS2-GFP in the 488nm channel 

(95MHz- 6% amplitude, 20msec) and for all mCherry- or Halo-fused-TMR proteins in the 

568nm channel (272MHz, 6% amplitude, 50-100ms exposure). Bleaching in ROIs 

demarcating the Xist territory or a corresponding nuclear (control) regions was performed 

by using the 568nm laser line in the Ring-TIRF/PK photokinetics module with a bleach 

spot of 1μm for one iteration for 0.1 seconds. 

FRAP time series from z-stacking were projected and all FRAP data were analyzed as 

described (108). In brief, ~2μm user-defined ROIs identified the bleached region and data 

intensities were measured through time after normalization for fluorescence decay. To 

correct for drift, images were registered using the Correct3DDrift plugin. For compiling 

figures, FRAP time series were bleach-corrected using the BleachCorrect ImageJ/Fiji 

plugin. FRAP curves for Xist and all proteins were fit to single or double exponential 

models derived from mass-action kinetics. Squared errors were minimized to obtain best-

fit detachment rates, binding site densities, and freely diffusing fractions. Details are given 

in Text S4. 

 

 

 

RNA-Antisense purification (RAP-seq) 
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F1 2-1 female mouse ESCs were seeded on geltrex-coated plates and differentiated for 

2 or 4 days. 5x106 cells were collected per conditions after dissociation by accutase and 

RAP-seq was performed as previously described (40). In brief, reads were trimmed using 

trim_galore (v0.4.1) with default parameters to remove the standard Illumina adaptor 

sequence. Bowtie2 (v2.2.9) was used to align reads to the mouse genome (mm9) with 

the default parameters. Reads with mapping quality less than 30 were removed using 

samtools (v1.2). Picard MarkDuplicates (v2.1.0) was used to remove PCR duplicates. 

Bedtools intersect (v2.26.0) was used to count reads in sliding windows (100Kb every 

25Kb) along the X chromosome. Xist localization across the X-chromosome was defined 

by calculating the Xist enrichment scores (pulldown/input) in the sliding windows. 

Unmappable regions were masked.  

 

Hi-C compartments 

To compare Hi-C compartmentalization and Xist enrichment, Hi-C PC1 values for the 

inactive X were downloaded from GSE99991(28). PC1 values at day 0 were correlated 

with Xist enrichment at day 2 and PC1 values at day 4 with Xist enrichment at day 4. In 

addition, Xist enrichment at day 2 and day 4 were correlated. Datasets were intersected 

with plyranges (v1.4.4) (109). Pearson’s correlation coefficients and p-values (t-test, 

r≠=/=0) were calculated in R (v3.6.0), and plots were made with ggplot2 (v3.3.2) and 

ggpubr (v0.4.0). 

 

Xist-tethered SPOC silencing 
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To identify genes that were repressed by SPOC tethered to Xist in the absence of SPEN, 

we used allele-specific RNA-seq count data from (42). SPOC silencing values for each 

gene were calculated as described in (42). Briefly, we filtered out genes that were skewed 

or not silenced under control conditions. We then calculated a silencing index under 

normal conditions (silencing_indexDOX = 1 − (allelic_ratioDOX/allelic_ratiocontrol) and after 

degrading SPEN and expressing SPOC tethered to Xist (silencing_indexSPOC = 1 − 

(allelic_ratioSPOC/allelic_ratiocontrol). To quantify the silencing defect in cells expressing 

only XistSPOC, we calculated the SPOC_[silencing_index (SPOC_[silencing_index = 1 – 

(silencing_indexSPOC + aux/silencing_indexDOX). To determine whether SPOC was 

more effective at repressing early or late silencing genes, we downloaded the proseq-

estimated silencing half-times from (29) and categorized genes with a half-time range of 

(0 - 0.4] days as early silencing genes, (0.4 – 1 days] as late silencing genes (1- 2] days 

as very late silencing genes, and >2 as escapee genes. Wilcoxon p-values were 

calculated in R. SPEN dependence index and Bgl-GFP [silencing] indices were calculated 

in the same way. 

 

SMCHD1 sensitivity  

To identify genes with a silencing defect as a result of SMCHD1 KO, we downloaded 

RNA-seq allelic counts from GSE99991 and classified genes as SMCHD1 sensitive or 

insensitive following the method in (Wang et al). Briefly, %Xi was determined by finding 

the percentage of reads from the Xi out of the total allele specific reads in each gene. We 

only included active genes with >13 allele specific reads in all samples, that are normally 
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silenced during X inactivation. SMCHD1 sensitive genes were defined as having %Xi in 

SMCHD1-/- 3-fold greater than %Xi in WT. 

 

 

Xist BC-repeat deletion 

To identify genes sensitive to Xist BC repeat, we downloaded RNA-seq count data from 

GSE123743(65). We found the log2 fold change of genes with and without dox-induced 

Xist expression for 2 days using DESeq2 (110), for both full length and BC Xist. We then 

found the difference between the log2 fold changes (fc) for full length and BC Xist. We 

considered genes to be BC sensitive if fc was greater than 0.5.  

 

fc = log2(Dox 2 days/No dox) BC  -  log2(Dox 2 days/No dox) Full length 

 

We compared the silencing rate of BC sensitive and insensitive genes by intersecting 

with proseq-identified silencing half-times. We compared the Xist enrichment of BC 

sensitive and insensitive genes by intersecting with RAP-seq day 2 Xist enrichment using 

plyranges (109). Xist was excluded from these comparisons. Wilcoxon p-values were 

calculated in R. 

 

Antibodies and dilutions 
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Endogenous CELF1 was detected with monoclonal rabbit anti-CUG-BP1 antibody 

ab129115 (1/800; Abcam); hnRNP-K with polyclonal rabbit antibody A300-678A (1/800); 

SPEN (Sharp) with polyclonal rabbit antibody A301-119A (1/1000); MATR3 with 

polyclonal rabbit antibody IHC-00081 (1/200, all from Bethyl); RYBP (DEDAF) with 

polyclonal rabbit antibody AB3637 (1/1000; Sigma); Ezh2 with monoclonal rabbit antibody 

#5246 (1/500; Cell Signaling Technology); CIZ1 with a polyclonal rabbit antibody NB100-

74624 (1/800; Novus Biologicals), and histone H3 phospho-Serine 10 with the polyclonal 

rabbit anti-histone H3-phospho-Serine10 #39253 (1/1000; Active Motif). Two secondary 

antibodies were used, including high cross-absorbed donkey anti-rabbit IgG CF568 

antibody SAB4600076 (1/400; Sigma) and high cross-absorbed goat anti-rabbit IgG Alexa 

Fluor 647 antibody A21245 (1/400; Life Technologies). 
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Figure S1. Progressive gene silencing after Xist localization on the X chromosome 

A, Schematic of ESC differentiation protocol used throughout this study. 

B, Quantification of the proportion of cells with Xist signals on one or both X-

chromosomes at the indicated differentiation day, based on RNA FISH from two 

experiments. Error bars indicate standard deviation. n is the number of cells analyzed. 

C, Wide-field projections of RNA FISH experiments with Xist RNA (green) and Atrx or 

Mecp2 (magenta) probes at days 2, 4 and 8 of differentiation, with DAPI counterstaining 

in grey. The second column of images shows only the DAPI and X-linked transcript 

channels. Yellow and blue arrows indicate the presence or lack of gene expression, 

respectively. Bar: 5μm. 

D, RNA FISH of XistMS2-GFP cells at D4 of differentiation with Xist (red), MS2 (green) and 

Atrx (magenta) probes. Chromatin counterstaining by DAPI is shown in grey. The second 

image lacks the Xist FISH signal. Bar: 5μm.  

E, Left: Demonstration of effective silencing of Atrx in differentiated unmodified (F1 2-1) 

cells and XistMS2-GFP cells at D4 of differentiation, before and after induction of MCP-GFP 

expression with doxycycline. Right: Quantification of the proportion of XistMS2-GFP cells with 

Xist-MS2 clouds. Error bars indicate the standard deviation. 
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Figure S2. Features of Xist foci during differentiation, across cell types and X 

chromosome lengths 

A, 3D-SIM projections showing Xist RNA FISH signals (green) and DAPI counterstaining 

(grey) at the indicated differentiation day. Bar: 5μm. 

B, Violin plots of the 3D-SIM quantification of Xist foci number (#), integrated density of 

fluorescence (AFU), volume (μm3), and Feret diameter (μm) at differentiation days 2, 4, 

and 8 of 2 replicates. White dots denote the median, thick black bars the interquartile 

range, thin bars show upper/lower values. n denotes the number of Xist foci measured; 

the number of cells analyzed. Mann-Whitney-Wilcoxon (MWW) p-values are given by 

comparing populations indicated by horizontal black lines. NS, Not significant. 

C, 3D-SIM projections of immuno-RNA FISH experiments detecting Xist, EdU and H3 

phospho-serine10 in C127 cells to score for the cell cycle stages G1, early S-phase (Early 

S), mid S-phase (Mid S), late S-phase (Late S) and G2. DAPI counterstaining in grey is 

additionally shown in the bottom panels. Stainings for EdU (to detect S-phase cells) and 

anti-H3 phospho-serine10 antibodies (to detect cells in G2) are detected in the same 

channel shown in magenta. Bar: 5μm. 

D, Quantitative features of Xist RNA foci in different cell cycle stages from C. The C127-

labelled violin plot (brown) depicts the data for the entire cell population. The p-value is 

derived from a MWW test comparing plots as indicated by black horizontal lines. NS, Not 

Significant. 
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E, 3D-SIM projections of RNA FISH experiments in human cell lines harboring abnormal 

Xi-chromosomes. XIST RNA probes are shown in green and DAPI counterstaining in 

magenta. Bar: 5μm. n denotes the number of cells used for quantification in F. 

F, Graph showing the average number of XIST granules in each human cell line from E 

(y axis), ordered by the length of the abnormal Xi-chromosome in Mb (x axis). Dots denote 

the median, bars the 95% confidence interval. p-values were derived from a MWW test. 
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Figure S3. Stable Xist levels during ESC differentiation 

A, RNA FISH with Xist (green) and intron 1 of Xist (magenta) probes to detect nascent 

transcripts of Xist at differentiation D2 and D4. Chromatin is counterstained with DAPI 

(grey). The second images show intron 1 and DAPI signals. Bar: 5μm. 

B, Bar graphs showing the percentages of cells exhibiting a signal for the nascent 

transcript of Xist under Xist signal-filled nuclear regions (i.e. the pre-Xi/Xi) from 

experiment in A. Error bars denote the standard deviation. 

C, 3D-SIM projections showing visualization of XistMS2-GFP signals (green) at D2 and D4 

after addition of 1μg/ml doxycycline for 2hrs to induce MCP-GFP expression. Cells were 

transfected with plasmids expressing cages60GFP (green) 24hrs prior to fixation. Chromatin 

is counterstained with DAPI (grey). Bar: 5μm. Bottom panels: magnifications of XistMS2-

GFP or cages60GFP signals. Bar: 1μm. 
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D, Comparison of integrated density of fluorescence of Xist granules at D2 and D4 and 

cage60GFP from C after image segmentation. The p-values from the MWW test were non-

significant (NS). 

 

 

 

 

 

 

 

 

 

 



127 
 
 

 

Figure S4. Persistent localization of Xist in low chromatin density during XCI 

initiation 

A, Quantification of the percentages of chromatin density classes under Xist masks. Error 

bars denote the standard deviation. n is the number of Xist foci analyzed; number of cells. 

B, Graph indicating the transition between chromatin densities. For each H2B-HaloJF646 

pixel, the intensity of all neighboring pixels was determined and plotted across the 7 

density classes (y axis). The data show that the neighbors (placed in the bin of their 

associated chromatin density and color-coded by the chromatin class of the pixel of origin) 

will be found in the same or the directly incrementing density class to the pixel of origin.  
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C, Overlap of Xist RAP-seq peaks across the X-chromosome at D2 and D4 of 

differentiation. 

D, Density plot of the length (log10(number of bases (bs))) of Xist RAP-seq peaks on the 

X-chromosome at D2 and D4 of differentiation.  
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Figure S5. Quantitative 3D-SIM analysis pipelines 

A, 125nm 3D-SIM optical sections showing detection of Halo protein-fusions labelled with 

JF549 (yellow) and immunodected proteins (magenta) in XistMS2-GFP cells at day 2 (D2) 

and 4 (D4) of differentiation. Data are whole nucleus images of insets shown in Figure 

3A. 
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B, Comparison of the CIZ1-HaloJF549 pattern to the localization of the endogenous CIZ1 

detected with anti-CIZ1 primary and AlexaFluor647-conjugated secondary antibodies 

showing the same trend in both endogenous and transgenic protein populations after 3D-

SIM quantitative analyses. p-values are derived from a MWW test. 

C, Overview of image segmentation pipeline of 3D-SIM data for assignment of objects 

(particles) for downstream measurements of features. 

D, Outline of image segmentation pipeline with the example of CIZ1 signals, showing the 

output of pre- and post-filtering steps for assigning protein particles. 3D Gaussian and 

TopHat kernels are applied for contrast enhancement and a 3D-seeded watershed 

algorithm is used to obtain segmented particles. Histograms indicate the intensity profiles 

obtained under the dashed line during the processing steps, showing the increased 

resolving and separation of individual particle signals. 

E, Pipeline for the creation of masks to include all protein signals quantified in 3D-SIM 

particles analyses. 
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Figure S6. Quantitative features of proteins in nuclear and Xist-associated fractions 

A, Left panels: 3D-SIM 125nm optical sections of cells at days 2 (D2) and 4 (D4) of 

differentiation showing XistMS2-GFP signals (green) and immunodetected or Halo-fused 

proteins labelled with primary and secondary CF568-conjugated antibodies or JF549 Halo 

ligands (magenta) (see methods). DAPI counterstaining shown in grey. Right panels: 

magnifications of the Xi and nuclear regions with or without DAPI. Bar: 5μm; 

Magnifications: 1μm. 

B, Point-plots showing the average ratio of the number of segmented protein particles to 

Xist foci within 250nm. 

C, Violin plots of integrated densities and volumes of nuclear and Xist-associated protein 

particles from experiment shown in Figures S6A and 3E, at days 2 and 4 of 

differentiation. Long-dashed black lines denote the median, short- dashed lines denote 

the upper/lower quartiles. 
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Figure S7. Assessment of gene silencing and protein levels in differentiated cells 

expressing the WT or ΔIDR-SPEN transgene 

A, Left: RNA FISH experiment with Xist probes (green), and Mecp2 probes (magenta) on 

XistMS2-GFP cells expressing the ΔIDR-SPEN-Halo transgene at day 4 of differentiation. 

ΔIDR-SPEN-Halo signals are detected with JF549 ligand (grey) and chromatin is 

counterstained with DAPI (blue). Right: Same RNA FISH experiment for XistMS2-GFP cells 

expressing the WT-SPEN-Halo transgene (top) and lacking a transgene (no transgene, 

bottom). Bar: 5μm. 
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B, Demonstration of effective X-linked gene silencing capacity of XistMS2-GFP cells 

expressing ΔIDR-SPEN-Halo or WT-SPEN-Halo transgenes or cells without transgene 

expression. 

C, Particle integrated density measurements, comparing data for ΔIDR-SPEN and WT-

SPEN at D4 of differentiation. 
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Figure S8. Xist and CIZ1 exhibit similar kinetics 

A, Image sequence from FRAP experiment of XistMS2-GFP at differentiation day 4, showing 

Airyscan optical sections. Insets show magnifications of the Xist territory. Bar: 5μm; inset: 

2μm. 

B, Schematic of the model for the Xist FRAP process. The expression and replenishment 

of Xist from its expression site, and of proteins from other chromosomes the nuclear 

fraction is assumed to be fast (free MCP-GFP replenishment is even faster; we assume 

is almost instantaneous just after t=0). The exchange of photobleached Xist with 

fluorescing Xist is fast in the Xi-territory outside of Xist-SMCs (free pool) and slow within 
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Xist-SMCs. Xist-SMCs with zero, one, and two fluorescing Xist molecules are denoted 

Xist-SMC-0, -1, and -2, respectively. Binding of Xist to sites in the SMCs occurs at rate b, 

while dissociation occurs at rate d1, which sets the timescale for FRAP recovery. The 

FRAP curves for Xist were fit with a single exponential. Besides the dissociation rates d, 

the percentage of fluorescence coming from freely diffusing and SMC-associated 

compartments, 1-f1 and f1, were also inferred. See Text S4 for modeling details. 

C, Image sequence showing projections from FRAP experiment of XistMS2-GFP cells 

expressing CIZ1-mCherry at D4. XistMS2-GFP is shown in green and CIZ1-mCherry in 

magenta. Dashed circles indicate bleached Xist-territories and yellow arrows monitor 

recoveries of bleached regions. Bar: 10μm. 
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Figure S9. FRAP experiments of Xist interactors in nuclear and Xi-regions 

A, Time series from FRAP experiments showing bleaching (dashed circles) of nuclear or 

the Xi regions demarcated by XistMS2-GFP signals, for CIZ1-mCherry, CELF1-mCherry, 

SPEN-Halo, PCGF5-Halo and PTBP1-Halo transgenes at day 4 of differentiation. Bar: 

5μm. 
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B, FRAP parameters extracted from fitting for indicated proteins in the nucleus and the 

Xi, respectively, showing the percentage of slow (f1) and fast (f2) detaching fractions 

inferred for each protein. 
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Figure S10. Abolishment of Xi-immobility and increased detachment rates upon 

deletion of the IDR domain of SPEN 

A, Time-sequence from FRAP experiment of XistMS2-GFP cells expressing the ΔIDR-

SPEN-Halo transgene at D4 of differentiation. Bar: 5μm. 

B, FRAP recovery curves comparing WT and ΔIDR-SPEN-Halo recoveries in nuclear and 

Xist territories. The first 12 seconds of this graph are shown as a magnified inset.  

C, FRAP parameters extracted from fitting for indicated proteins in the nucleus and the 

Xi, respectively, showing the lifetime and percentage of slow (f1) and fast (f2) detaching 

fractions inferred for each protein. Top panel are parameters inferred for ΔIDR and bottom 

panel for WT SPEN for comparison. Note, that the data for WT SPEN are the same shown 

in Figures 3 and S9, for comparison purposes.  
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Figure S11. Influx of proteins from Xist-SMCs regulates protein levels in the X 

chromosome 

A, Bar graphs showing the percentage of protein particles detected in the pre-Xi/Xi 

outside Xist-SMCs (labelled as Xi) or in Xist-SMCs, at D2 and D4. Error bars indicate 

standard deviation. 

B, 3D-SIM projections showing magnifications of the Xi region for Xist, PCGF5 and CIZ1 

(top) and Xist, SPEN and CIZ1 (bottom). Note the extended population of PCGF5 and 

SPEN in the Xi compared to Xist and CIZ1. 
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C, Point-plots showing the integrated densities of protein particles for PCGF5 (left) and 

SPEN (right) within the nuclear fraction, the Xi (outside Xist-SMCs) or in Xist-SMCs, at 

D2 and D4. Dots denote the median, bars the 95% confidence interval. The medians at 

days 2 and 4 are connected by dotted lines to visualize any changes. Data are normalized 

to the highest signal observed across the entire population. MWW p-values for the 

comparison between the nucleus and the Xi or Xist-SMCs at day 2 or 4 are given.  

D, Same as C expect showing volume measurements. 
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Figure S12. SPEN-dependence of X-linked gene silencing and Xist enrichment for 

genes with differing silencing kinetics 

A, Distribution of silencing half-times of X-linked genes as determined in (29) and 

classification in early, late, and very late (v. late) silenced genes as well as XCI escapees. 

B, Violin plots showing Xist enrichment (D2) for gene groups described in A. Wilcoxon p-

value is given. 

C, Violin plots showing silencing profiles of the gene groups defined in A in SPEN 

depleted cells. 0 indicates complete silencing and 1 complete lack of silencing. Wilcoxon 

p-value is given. 

D, Violin plots showing the effect on gene silencing upon SPEN depletion and GFP is 

recruited to Xist via the BglG/SL tethering. X-linked genes are classified according to their 

silencing half-times during normal XCI as given in A. 0 indicates complete silencing and 
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1 complete lack of silencing by XistGFP (Bgl-GFP). Wilcoxon p-value is given. This figure 

serves as control for the XistSPOC (Bgl-GFP-SPOC) experiment in Figure 4B. 
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Figure S13. Progressive compaction of the Xi and concentration of Xist-SMCs 

during differentiation 

A, Ellipsoids of 2D coordinates of X-chromosome (mmX) barcodes on the Xa and Xi at 

D2 and D4 of differentiation, showing a radius of 95% confidence in the allocated 

positions. The position along the X-chromosome for each probed location is given in 

megabases (Mb). 
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B, Heatmaps showing the average 3D spatial distances of genomic barcodes across the 

X chromosome on the Xa and Xi at D2 and D4 of differentiation. 

C, Heatmaps as in B, showing changes in distances between probes on the Xa and Xi 

on D2 and D4. 

D, Nearest neighbor Xist foci and protein particle distances in the Xi at D2 and D4. 
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Figure S14. Gene silencing originates at SMCs and proceeds via PRC1-mediated 

chromosome compaction 

A, Projection of DNA FISH with X-chromosome paints (mmX) in ESCs expressing tet-

inducible full-length Xist (FL-Xist) or a deletion-mutant of the B-repeat (ΔB-Xist) after 

18hrs of doxycycline induction. DAPI counterstaining is shown in blue.  

B, 3D-SIM projections of RNA FISH with Xist probes (green) in WT (FL-Xist) or a deletion-

mutant of the B-repeat (ΔB-Xist) in female cells at D4 of differentiation. DAPI 

counterstaining is shown in blue. 
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C, Magnified insets from B showing Xist or DAPI signals. Note the characteristic 

compaction of the Xi territory evident in WT cells, which is not present in ΔB-Xist cells. 

D, As in C showing only the DAPI channel. The Xi regions are indicated by arrows. 

E, Violin plots showing the silencing half-times (in days) of SCMHD1-sensitive and 

insensitive X-linked genes. Wilcoxon p-value is given. 

F, Violin plots showing the effect on gene silencing when WT-SPEN is depleted and GFP 

or the SPOC-domain of SPEN is recruited to Xist via the Bgl tethering, for X-linked genes 

sensitive and insensitive to SCMHD1 deletion, respectively. 0 indicates complete 

silencing and 1 complete lack of silencing by XistGFP or XistSPOC. Wilcoxon p-value is 

given. 
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Table S1. 

A list of the number of cells and protein particles analyzed in Figure 3C is given. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein pairs 
number of 

cells 
number of 
particles 

CIZ1-CELF1, D2 18 22392 

CIZ1-CELF1, D4 17 8111 

CIZ1-SPEN, D2 9 15992 

CIZ1-SPEN, D4 8 3601 

CIZ1-PCGF5, D2 13 11756 

CIZ1-PCGF5, D4 15 3285 

CELF1-PCGF5, D2 12 16783 

CELF1-PCGF5, D4 11 15276 
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Table S2. 

A list of the number of cells and protein particles analyzed in Figures 3, D to E, 4H is 
given. 
 

Protein 
number of 

cells 
number of 
particles 

CIZ1, D2 47 22508 

CIZ1, D4 35 13736 

CELF1, D2 23 25581 

CELF1, D4 31 37904 

SPEN, D2 16 19788 

SPEN, D4 10 8741 

PCGF5, D2 12 12902 

PCGF5, D4 11 22580 

PTBP1, D2 11 21905 

PTBP1, D4 9 11815 

EZH2, D2 16 33851 

EZH2, D4 13 12734 

RYBP, D2 14 16552 

RYBP, D4 15 11688 

hnRNP-K, D2 12 22662 

hnRNP-K, D4 13 11688 

MTR3, D2 17 47314 

MTR3, D4 18 89464 

ΔIDR SPEN, 
D2 

16 49283 

ΔIDR SPEN, 
D4 

20 57429 
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Protein Location Feature D2/D4 p-value 

CIZ1 Nuclear Adjusted_IntDen 5.98e-07 

CIZ1 Xist_Associated Adjusted_IntDen 1.56e-01 

CIZ1 Nuclear Adjusted_Volume 5.50e-08 

CIZ1 Xist_Associated Adjusted_Volume 3.00e-01 

CELF1 Nuclear Adjusted_IntDen 6.18e-03 

CELF1 Xist_Associated Adjusted_IntDen 1.94e-06 

CELF1 Nuclear Adjusted_Volume 1.64e-01 

CELF1 Xist_Associated Adjusted_Volume 4.01e-06 

SPEN Nuclear Adjusted_IntDen 9.83e-02 

SPEN Xist_Associated Adjusted_IntDen 2.12e-02 

SPEN Nuclear Adjusted_Volume 1.11e-01 

SPEN Xist_Associated Adjusted_Volume 3.05e-03 

PCGF5 Nuclear Adjusted_IntDen 2.77e-05 

PCGF5 Xist_Associated Adjusted_IntDen 1.70e-01 

PCGF5 Nuclear Adjusted_Volume 2.98e-02 

PCGF5 Xist_Associated Adjusted_Volume 4.38e-03 

PTBP1 Nuclear Adjusted_IntDen 3.12e-03 

PTBP1 Xist_Associated Adjusted_IntDen 7.53e-03 

PTBP1 Nuclear Adjusted_Volume 3.80e-01 

PTBP1 Xist_Associated Adjusted_Volume 2.47e-01 

EZH2 Nuclear Adjusted_IntDen 2.83e-06 

EZH2 Xist_Associated Adjusted_IntDen 2.83e-06 

EZH2 Nuclear Adjusted_Volume 8.18e-02 

EZH2 Xist_Associated Adjusted_Volume 1.10e-01 

RYBP Nuclear Adjusted_IntDen 2.55e-06 

RYBP Xist_Associated Adjusted_IntDen 3.13e-06 

RYBP Nuclear Adjusted_Volume 5.51e-02 
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Table S3. 

A list of the p-values derived from a Mann-Whitney Wilcoxon (MWW) test comparing the 

integrated density and volume of Xist-associated or nuclear fractions of Xist interactors 

in days 2 and 4 of differentiation is given. 

 

 
 
 
 
  

RYBP Xist_Associated Adjusted_Volume 1.06e-01 

hnRNP-K Nuclear Adjusted_IntDen 1.25e-05 

hnRNP-K Xist_Associated Adjusted_IntDen 1.25e-05 

hnRNP-K Nuclear Adjusted_Volume 1.16e-05 

hnRNP-K Xist_Associated Adjusted_Volume 1.52e-05 

MTR3 Nuclear Adjusted_IntDen 3.40e-07 

MTR3 Xist_Associated Adjusted_IntDen 3.49e-05 

MTR3 Nuclear Adjusted_Volume 3.79e-02 

MTR3 Xist_Associated Adjusted_Volume 1.20e-01 
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Protein Location MWW p-value 

CELF1 Nuclear 6,84e-04 

CELF1 Xi 6,84e-04 

CIZ1 Nuclear 2,19e-02 

CIZ1 Xi 3,45e-04 

PCGF5 Nuclear 5,32e-03 

PCGF5 Xi 1,96e-02 

SPEN Nuclear 2,85e-01 

SPEN Xi 2,52e-04 

 

Table S4. 

A list of the p-values derived from a Mann-Whitney Wilcoxon (MWW) test comparing the 

change in density of Xi or nuclear fractions in days 2 and 4 of differentiation is given. 
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Table S5. 

A list of probe labelling with specific fluorophores in each experiment is given. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figures Fluorescently labelled probes used in this study 

Fig. S1, B and C Xist-Atto488, Mecp2-Cy3, Atrx-Cy3 

Fig. S1D MS2-Atto488, Xist-Cy3, Atrx-Cy5 

Fig. S3A Xist-Atto488, Xist Intron1-Cy3 

Fig. S2A-D Xist-Atto488 

Fig. S2E XIST-Atto488 

Fig. 4F 
Color-coded as: Green-Atto488, Yellow-Cy3, Red-Texas Red, 

Purple-Cy5 

Fig. 4I, Fig. S13E mmX-Atto488 

Fig. 4J, Fig. S13F-H Xist-Atto488 

Fig. S7A Xist-488, Mecp2-Cy5 
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Movie S1. 

Xist foci are locally confined within a radius of ~250nm 

Live-cell 3D-SIM imaging of Xist-MCP-GFP signals at day 4 of differentiation. 

Projections of optical stacks acquired through time are shown.    

                                                                                                                         

Movie S2. 

Xist foci are persistent through time 

Xist foci from Movie S1 after magnification with bilinear pixel size interpolation for 

clarity. 

 

Movie S3. 

Xist foci are locally confined at chromatin borders facing the IC space 

Live-cell 3D-SIM imaging of XistMS2-GFP (green) and H2B-HaloJF647 (magenta) at day 4 of 

differentiation. Projections of optical stacks acquired through time are shown. 

 

Movie S4. 

Xist and CIZ1 exhibit a highly correlated motion in the Xi-territory 

Live-cell 3D-SIM imaging of XistMS2-GFP (green) and CIZ1-HaloJF647 (magenta) at day 4 of 

differentiation. Projections of optical stacks acquired through time are shown. 
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ABSTRACT 

Female human pre-implantation embryos and naïve human pluripotent stem cells 

(hPSCs) equalize X-linked gene expression with males via X-chromosome dampening 

(XCD), a unique strategy of dosage compensation in mammals. The mechanisms 

controlling XCD are unknown. Here, we show that the long non-coding RNA XIST, which 

mediates X-chromosome inactivation (XCI), is required for XCD. XIST employs similar 

principles and protein partners, including SPEN, to execute XCD and XCI, but displays a 

lower accumulation and different distribution on the dampened versus the inactive X. 

Unexpectedly, XIST also spreads to specific autosomal regions and induces the 

downregulation of autosomal developmental genes in female naïve hPSCs and pre-

implantation embryos. Thus, XIST balances X-linked gene expression but causes 

imbalances in autosomal gene expression between male and female cells in early human 

development. Together, our results show that the XIST-SPEN-axis can induce distinct 

gene expression outputs on the X-chromosome and transiently regulate autosomal genes 

in humans. 
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HIGHLIGHTS 

• XIST controls X chromosome dampening in female naïve hPSCs 

• SPEN requirement, X chromosome-wide localization of XIST, and escape from gene 

repression are common principles of XCD and XCI 

• XIST localizes to and represses a small number of autosomal genes in naïve hPSCs 

• XCD and autosomal gene repression are unique functions of the XIST lncRNA in early 

human development 
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INTRODUCTION 

Different dosage compensation strategies have evolved to solve the problem posed by 

the imbalance of sex chromosomes (Cline and Meyer, 1996; Ferrari et al., 2014; 

Mahadevaiah et al., 2020; Samata and Akhtar, 2018; Straub and Becker, 2007). In 

placental female mammals, X chromosome inactivation (XCI) transcriptionally silences 

one of the two X chromosomes, thereby equalizing X-linked gene expression with XY 

males (Augui et al., 2011; Avner and Heard, 2001; Brockdorff et al., 2020; Deng et al., 

2014; Galupa and Heard, 2015; Gendrel and Heard, 2014; Minkovsky et al., 2012; Payer 

and Lee, 2008; Plath et al., 2002). XCI occurs at random either on the paternally or 

maternally inherited X chromosome and initiates early in embryonic development, during 

the transition from naïve to primed pluripotency, upon implantation of the blastocyst 

(Lyon, 1961; Mohammed et al., 2017). XCI and the establishment of the inactive X 

chromosome (Xi)-compartment are fundamentally important for mammalian development 

and homeostasis (Marahrens et al., 1998, 1997; Schulz and Heard, 2013; Yang et al., 

2016).  

 

Although XCI occurs in all placental mammals during post-implantation 

development, the regulation of X chromosome gene dosage in pre-implantation embryos 

differs significantly between the species (Okamoto et al., 2011). For example, mouse pre-

implantation embryos undergo an imprinted form of XCI, silencing specifically the 

paternally inherited X chromosome (Takagi and Sasaki, 1975). The silencing of the 

paternal X chromosome is maintained in extra-embryonic lineages, whereas pluripotent 
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epiblast cells arising in the blastocyst reactivate the paternal Xi and subsequently undergo 

random XCI (Mak et al., 2004; Okamoto et al., 2004; Williams et al., 2011). In contrast, in 

human pre-implantation embryos, both the paternally and maternally inherited X 

chromosomes remain active (Okamoto et al., 2011; Petropoulos et al., 2016). Yet, genes 

on both X chromosomes are downregulated by reducing transcription by about half, in a 

process referred to as X-chromosome dampening (XCD) (Petropoulos et al., 2016; 

Sahakyan et al., 2017b; Sahakyan and Plath, 2016). Thus, X chromosome dosage 

compensation in human development occurs by two different and sequential 

mechanisms, first XCD and later, upon implantation, XCI. Recently it was shown that X 

chromosome dosage compensation in the human germ line is also achieved by XCD 

(Chitiashvili et al., 2020), suggesting that certain aspects of human development uniquely 

require two active, yet dosage compensated, X chromosomes. Yet, since XCD does not 

occur in mice, which typically serve as model system for mammalian X chromosome 

dosage compensation, a mechanistic understanding of XCD is lacking. 

 

The long non-coding RNA (lncRNA) XIST (X-inactive specific transcript) is 

necessary and sufficient for the induction of XCI (Borensztein et al., 2017; Brockdorff et 

al., 1991; Brown et al., 1991; Marahrens et al., 1997; Penny et al., 1996; Wutz and 

Jaenisch, 2000). During the initiation of XCI, XIST becomes induced on the future Xi, 

spreads in cis to cover the entire X chromosome (Engreitz et al., 2013; Simon et al., 

2013), interacts with a large number of effector proteins (Chu et al., 2015; McHugh et al., 

2015), and induces gene silencing and the formation of the chromosome-wide Xi-

compartment (Augui et al., 2011; Avner and Heard, 2001; Brockdorff et al., 2020; Deng 
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et al., 2014; Galupa and Heard, 2015; Gendrel and Heard, 2014; Minkovsky et al., 2012; 

Payer and Lee, 2008; Plath et al., 2002). Intriguingly, imaging approaches have shown 

that, similar to the Xi, the dampened X chromosomes (Xd) in female human pre-

implantation embryos and the female germline are associated with XIST RNA (Chitiashvili 

et al., 2020; Okamoto et al., 2011; Petropoulos et al., 2016; Vallot et al., 2017), revealing 

a puzzling stable uncoupling of XIST expression from complete gene silencing. In female 

human pre-implantation embryos, XCD is gradually induced from the 4-cell to the 

blastocyst stage, which correlates with the upregulation of XIST expression (Petropoulos 

et al., 2016). Similarly, female primordial germ cells with XCD express XIST, and XIST 

turns off during meiotic differentiation, which is accompanied by an increase in X-linked 

transcript levels (Chitiashvili et al., 2020). Moreover, dampening is not observed on the 

male X in pre-implantation embryos and the germ line, which also express XIST at a much 

lower level such that the XIST cloud is often not detectable (Chitiashvili et al., 2020; 

Okamoto et al., 2011; Petropoulos et al., 2016). Despite the correlation between XIST 

expression and XCD, it is unclear if XIST mediates XCD as, in the past, XIST expression 

has been functionally linked to the completely inactive status of the X chromosome. 

 

          In this study, we set out to explore the role of XIST in XCD. Recent reports have 

described culture conditions for the establishment and maintenance of naïve hPSCs that 

capture the state of the pluripotent epiblast cells of human pre-implantation embryos, 

including features such as XCD and XIST expression (Guo et al., 2017, 2016; Sahakyan 

et al., 2017a, 2017b; Takashima et al., 2014; Theunissen et al., 2016, 2014; Vallot et al., 

2017). Naïve human embryonic stem cells (hESCs) can be derived directly from the 



161 
 
 

blastocyst or converted from developmentally advanced primed hESCs (Guo et al., 2016; 

Nichols and Smith, 2009; Takashima et al., 2014; Theunissen et al., 2014). Similarly, 

naïve human induced pluripotent stem cells (hiPSCs) can be generated by 

reprogramming from fibroblasts (Liu et al., 2017). Here, we generate and exploit diverse 

naïve human pluripotent stem cell (hPSC) lines to explore, for the first time, the 

mechanisms underlying XCD and the role of XIST in XCD. 

 

           Applying a CRISPR-Cas9-based loss-of-function approach, we found that 

transcriptional repression on the Xd is lost in the absence of XIST, which establishes XIST 

as regulator of both XCD and XCI. Using genomic approaches, we discovered a 

differential localization and accumulation of XIST on the dampened versus inactive X 

chromosomes, in addition to shared characteristics. XIST displays a lower enrichment on 

the Xd compared to the Xi, suggesting that XIST’s repressive function is attenuated in 

early human development due its decreased accumulation in the X-territory. 

Unexpectedly, we found an additional and new function of XIST. Although XIST is 

predominantly enriched on the X chromosome in cells with XCD, we identified a 

remarkable spreading of XIST beyond the X-territory to specific autosomal genes. We 

provide evidence that the autosomal localization of XIST follows similar principles as on 

the X chromosome and that XIST transcriptionally downregulates its autosomal target 

genes in female hPSCs. We show that the female-to-male imbalance of the autosomal 

genes targeted by XIST is also observed in human pre-implantation embryos. Together, 

our study uncovers XIST as master regulator of both XCD and XCI and establishes a new 
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role for XIST in the regulation of autosomal genes, which leads to gene expression 

differences between male and female human pre-implantation embryos.  
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RESULTS 

XIST expression in naïve hPSCs correlates with XCD in cis 

Here, we set out to evaluate the role of XIST in the regulation of XCD. Transcriptomics 

studies have shown that 5iLAF-cultured naïve hPSCs (Theunissen et al., 2014) capture 

the naïve pluripotent state of epiblast cells of human pre-implantation embryos (Huang et 

al., 2014; Sahakyan et al., 2017a; Theunissen et al., 2016). Accordingly, these cells are 

considered a model for studies of XCD (Sahakyan et al., 2017a). Yet, a notable difference 

between 5iLAF-cultured hPSCs and the human pre-implantation embryo is that XIST is 

expressed from only one of the two X chromosomes in naïve hPSC cultures (Sahakyan 

et al., 2017a). Although this observation suggests that further culture improvements are 

needed (An et al., 2020), the monoallelic expression of XIST in naïve hPSCs provides the 

unique opportunity to explore whether the XIST-associated chromosome is regulated by 

XCD. We therefore established several female naïve hPSC lines in 5iLAF culture medium 

to examine the relationship between XCD and monoallelic XIST expression. To this end, 

we derived female naïve hESC lines, from the primed hESC lines UCLA1 and H9, and a 

naïve hiPSC line, through transcription factor-mediated reprogramming from fibroblasts. 

Next, we examined XIST expression and the dosage of X-linked genes through RNA 

fluorescent in situ hybridization (FISH) and RNA-seq approaches (Table S1). 

 

Consistent with prior reports, RNA FISH for XIST showed that the RNA is 

expressed from one of the two X chromosomes in most cells, forming a cloud-like signal 

around its transcription locus (Figures 1a,b). To evaluate X chromosome expression 
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dynamics in relation to XIST, we took advantage of the fact that the conversion of primed 

hESCs to the naïve state occurs through an intermediate state in which both X 

chromosomes are active and XIST is repressed (naïve hPSCspre-XIST) (Sahakyan et al., 

2017a) (Figure S1a). Based on bulk RNA-seq data, we found that the ratio of reads 

aligned to X-linked or autosomal genes (X/A ratio) negatively correlates with XIST levels 

(Figure 1c). The lowered X/A ratio in XIST-expressing naïve cells is due to a decrease of 

X-linked gene expression in the absence of dramatic changes in autosomal gene 

expression (Figure 1d). These changes bring X-linked gene expression in female naïve 

hPSCs closer to that of the male naïve hESC line WIN1, which carries a single XIST-

negative X chromosome and does not display XCD (Figures 1a,b,e, S1a-c) (Okamoto et 

al., 2011; Petropoulos et al., 2016; Sahakyan et al., 2017a). Notably, female naïve hPSCs 

do not completely reach the X chromosome expression level of male naïve hESCs (Figure 

1e), consistent with the idea that dampening of X-linked gene expression may only be 

occurring on one of the two X chromosomes due to monoallelic XIST presence. Single 

cell (sc) RNA-seq analysis of naïve H9 hESCs corroborated the inverse correlation 

between XIST expression and the X/A ratio (Figure 1f, S1d). Together, these data show 

that X chromosome dosage compensation occurs in female naïve hPSCs and that higher 

XIST levels are associated with stronger repression of X-linked genes. 

 

         To confirm that the dosage compensation process observed in naïve hPSCs is not 

achieved by XCI, we examined X-linked gene expression at allelic resolution. Reads from 

the X-chromosomes were split according to allele-specific single nucleotide 

polymorphisms (SNPs) and assigned to a given X chromosome (X1 = Xa and X2 = Xi in 
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primed hPSCs with nonrandom XCI, see methods). The allelic analysis of scRNA-seq 

data demonstrated the biallelic expression of the majority of X-linked genes in individual 

naïve H9 cells (Figures 1g, S1e). Similarly, nascent RNA FISH for the three X-linked 

genes SMS, SMARCA1 and GPC3 that are subject to XCI (Tukiainen et al., 2017) 

(Figures S1f), revealed biallelic transcription in naïve hPSCs (Figures S1g, h). Together, 

these findings demonstrate that both X chromosomes are active in female naïve hPSCs, 

in agreement with previous studies (Okamoto et al., 2011; Petropoulos et al., 2016; 

Sahakyan et al., 2017a). 

 

         We next explored whether the XIST-positive X chromosome displays XCD 

compared to the XIST-negative X chromosome. We first performed allele-specific 

analysis of population RNA-seq data for different naïve preparations of UCLA1 hESCs 

and found that when XIST expression is skewed towards one of the two X chromosomes 

in the population, X-linked gene expression is biased towards the other X (Figures 1h, 

S1i). Second, applying quantitative RNA FISH, we observed that cells with biallelic 

expression of the X-linked genes THOC2 and UTX (KDM6A) display a 25% smaller 

nascent transcript signal on the XIST-positive versus XIST-negative X chromosome 

(Figures 1i,j). Qualitatively, we made similar observations for the X-linked genes SMS, 

SMARCA1 and GPC3 (Figures S1g, h). Moreover, the lncRNA XACT, which associates 

with the X chromosome in cis (Vallot et al., 2017, 2013), displays a less intense cloud-

like signal when transcribed on the same X chromosome as XIST (Figures 1k,l, S1j). 

Together, these results show that dampening occurs specifically on the XIST-coated X 

chromosome and additionally suggest that XIST regulates XCD in naïve hPSCs. 
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XIST is required for XCD 

To interrogate the function of XIST in XCD further, we first compared the nature of XIST 

transcripts in naïve hESCs with an Xd and somatic cells with an Xi and found that the 

transcriptional start site, 3’ end, and exon/intron structure are the same in XCD and XCI 

(Figures S2a,b). These findings suggested that the differential function of XIST on the Xd 

and Xi is not explained by the predominant expression of alternative isoforms and defined 

the promoter region of XIST in naïve hPSCs for our subsequent deletion approach. 

 

         To directly test if XIST is required for XCD, we applied CRISPR/Cas9-based 

genome editing to homozygously excise a 2kb region containing the promoter region and 

5’ end of XIST in the primed H9 hESC line (Figures 2a, S2c,d). We converted two 

independently derived homozygous knockout (KO) clones (clones C7 and C18) and 

control wildtype (WT) H9 hESCs to the naïve state in 5iLAF medium (Figure 2a). As 

expected, XIST was detectable by RNA-seq and RNA FISH in naïve control hESCs but 

not in targeted clones (Figures 2b-d, S2e). The induction of naïve pluripotency markers 

(Collier et al., 2017; Theunissen et al., 2016) confirmed the successful conversion to 

naïve pluripotency (Figure 2e). Moreover, we performed scRNA-seq of control H9 hESCs 

and the deletion clone C18 and confirmed that naïve hESCs with and without XIST reach 

the same expression state with two active X chromosomes (Figures S2f,g). Accordingly, 

most WT and KO cells belong to the same large cluster (cluster 0 with 91%, and 96% of 

WT and KO cells, respectively; Figure 2f). 
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Since the naïve pluripotent state could be established and maintained in the 

absence of XIST, we were able to interrogate the gene expression data for whether the 

absence of XIST results in the loss of XCD. Based on bulk and scRNA-seq data, we found 

a significant increase of the X/A ratio in naïve hESCs lacking XIST (Figures 2g,h, S2h,i), 

which, at the global level, is due to the upregulation of X-linked genes compared to 

autosomal genes (Figures 2i, S2j). Thus, in the absence of XIST, the global level of X-

linked transcripts is significantly increased, whereas global autosomal gene expression 

levels remain constant. Together, these data demonstrate that X chromosome dosage in 

naïve hESCs is controlled by XIST. These findings establish XIST as regulator of not only 

XCI but also XCD in humans. 

 

Genes subject to XCD are affected by XIST deletion more than XCD escapees 

A key characteristic of XIST-mediated XCI is that a subset of X-linked genes escapes 

silencing (Berletch et al., 2015; Carrel and Willard, 2005; Deng et al., 2014; Navarro-

Cobos et al., 2020; Tukiainen et al., 2017). Therefore, we explored whether X-linked 

genes can also escape XCD. Typically, allele-specific expression based on SNPs or the 

presence of biallelic nascent expression of X-linked genes by RNA-FISH are used to 

define XCI escapees, but these approaches cannot easily discern XCD escapees due to 

the inherent biallelic expression of X-linked genes. Consequently, we defined XCD 

escapees as those genes with higher expression in female versus male naïve hPSCs. 

Since most X-linked genes are skewed to higher expression in female cells because our 
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hPSC lines only have one dampened X chromosome, we only classified genes with the 

most significant gene expression differences as escapees (see methods, Table S2). 

 

         This analysis identified 157 (H9), 122 (UCLA1), and 67 (iPSCs) X-linked genes with 

significantly higher transcript level in 5iLAF-cultured female hPSCs compared to the naïve 

male hESC line WIN1 (Table S2), defining 8-25% of X-linked genes as escapees (Figure 

S3a). XCD escapees are distributed over the entire X-chromosome (Figure S3b). 64 

escapee genes were conserved in two female hPSC lines and 15 in all three (Figure S3c). 

XCD escapees also overlapped with genes that were unchanged or even upregulated 

upon transition from the pre-XIST to the XIST-positive naïve state (Figure S3d). Similarly, 

XCD escapees defined in 5iLAF-cultured naïve cells overlapped with those defined in 

naïve hESCs that were derived directly from blastocysts with a different naïve culture 

method (t2iLGö) (Guo et al., 2016; Takashima et al., 2014) (Figures S3e,f, Table S2). We 

conclude that XCD escape occurs in female naïve hPSCs regardless of cell line, origin of 

derivation (from primed hESCs, fibroblasts, blastocyst), and culture condition. Notably, 

even upon removing the XCD escapees from our analysis, X-linked genes were 

biallelically expressed in female naïve hESCs (Figure S3g), providing further evidence 

that naïve cells achieve dosage compensation by XCD rather than by XCI. 

 

         Next, we determined whether the XCD escapees defined in female hPSCs capture 

the endogenous regulation in female pre-implantation embryos. Here, we compared the 

expression of X-linked genes between female and male epiblast cells from pre-
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implantation blastocysts at day 7 of development (E7), taking advantage of previously 

published scRNA-seq data (Petropoulos et al., 2016). Due to XCD on both X 

chromosomes in female embryos, female and male epiblast cells express a comparable 

overall dose of X-linked genes (Petropoulos et al., 2016). Yet, we identified 86 genes as 

XCD escapees (Figures S3a,b, Table S2), of which 7 overlapped with the 15 XCD 

escapees conserved among our three female 5iLAF-cultured hPSC lines (Figure S3h). 

Thus, escape from dosage compensation is a conserved feature of XCD in vivo and in 

vitro. 

 

XCD escapees are, on average, more highly expressed than the remaining X-

linked genes, even in cells that lack XCD (like in the male naïve hESC line WIN1, pre-

XCI naïve UCLA1 and male embryos) (Figures S3i,j), suggesting that the higher gene 

expression level plays a role in the ability of a gene to escape XCD. Consistent with the 

regulation of both XCD and XCI by XIST, we also found significant overlap among XCI 

and XCD escapees (Figure S3k). For instance, the X-linked gene UTX (KDM6A) is a well-

known XCI escapee that also escapes XCD in naïve UCLA1 hESCs and epiblast cells 

(Figure S3l). Taken together, a conserved set of genes can escape both XCI and XCD 

consistent with the regulation of both processes by the XIST lncRNA. 

 

         Interestingly, our population- and scRNA-seq data showed that genes subject to 

and escaping XCD were upregulated in the absence of XIST, yet genes subject to XCD 

displayed significantly higher upregulation (Figures 2j, S2k,l). This result is consistent with 
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the observation that the escapee KDM6A is repressed by 25% on the XIST-expressing 

X-chromosome compared to the other X-chromosome in the same cell (Figure 1i). In 

summary, these results demonstrate that a subset of highly expressed genes escape 

XCD at least partially, yielding higher expression level of these genes in female embryos 

and naïve hPSCs compared to their male counterparts. 

 

XIST is differentially distributed on the Xd versus Xi 

We previously showed that Xist localizes broadly across the entire Xi in mouse somatic 

cells. To interrogate whether XIST spreads across the Xd in naïve hPSCs, we performed 

RNA antisense purification (RAP)-seq, a biochemical method that enables high-resolution 

mapping of RNA localization on chromatin (Engreitz et al., 2013). We applied RAP-seq 

to the female naïve H9 and UCLA1 hESC lines and the naïve hiPSC line. Additionally, 

since XIST has not been previously mapped on the human Xi, we also mapped the 

localization of the RNA in human female fibroblasts in duplicate, enabling a comparison 

of XIST localization on the Xd and Xi. We designed biotinylated antisense probes that 

hybridize to the spliced human XIST transcript to purify the RNA and its associated 

genomic DNA from crosslinked cell lysates (see methods, Table S3), and sequenced the 

genomic DNA that co-purified with XIST RNA. Confirming that the RAP-seq approach 

specifically captured XIST interactions, we found that the XIST transcription locus with its 

accumulating nascent transcripts was among the most highly enriched genomic region 

(Figure S4a). 
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Examining the RAP-seq data, we found strong XIST enrichment on both the Xd 

and the Xi; with >38% of the sequencing reads originating from the X chromosome versus 

~5% from the input DNA samples in naïve hPSCs and fibroblasts (Figures 3a,b). 

Moreover, XIST localized across the entire Xd and Xi (Figures 3c, S4b). Indeed, >94% of 

all 100kb windows along the Xd and Xi are enriched for XIST more than 2-fold (>89% 3-

fold, >79% 4-fold, and >68% 5-fold). Thus, XIST displays a broad localization pattern 

across the Xd and Xi despite the clear differences in X-linked gene regulation. 

 

Although XIST is enriched across the entire X chromosome, we found that the 

RNA is differentially distributed across the Xd versus the Xi (Figures 3c,d). Consistent 

with this observation, XIST enrichment across the X was more highly correlated between 

naïve hPSC and fibroblast data sets, respectively, than between these cell types (Figure 

S4c). Comparing XIST distribution across the X, we identified a 80 Mb region across the 

center of the chromosome that was preferentially bound by XIST on the Xi in fibroblasts 

and a 40 Mb region, at the end of the X, that was preferentially bound by XIST on the Xd 

in naïve hPSC (Figures 3d, S4d). The switch from the Xi- to Xd-biased XIST localization 

occurred at the macro-satellite repeat locus DXZ4 (Figures 3d, S4d), which is known to 

partition the Xi in somatic cells into two spatial super domains (Bonora et al., 2018; Darrow 

et al., 2016; Deng et al., 2015; Froberg et al., 2018; Giorgetti et al., 2016; Horakova et al., 

2012; Rao et al., 2014; Wang et al., 2016) (Figure S4e). The distribution of XIST over the 

first 30Mb is more similar between the Xd and Xi (Figure 3d), which may be related to the 

fact that many XCI escapers are concentrated in this region (Tukiainen et al., 2017). 

Consistent with this, intra-chromosomal interactions in this chromosomal region are 
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similar between the Xa and Xi in somatic cells than elsewhere on the chromosome (Figure 

S4e). Together, these results suggest that chromatin structure plays a role in controlling 

the precise localization of XIST along the Xd and Xi and that the differential distribution 

of the RNA may play a role in the differential gene regulation. 

 

To further characterize the distribution of XIST across the Xd and Xi, we correlated 

the enrichment of XIST with diverse genomic features (Table S4). On the Xd, XIST 

enrichment correlated best with gene density, SINE elements, mammalian-wide 

interspersed repeats (MIRs), and the LINE element L2 (Figure 3e). MIRs and L2 elements 

are often located in gene rich regions (Medstrand et al., 2002) and both carry enhancer 

characteristics including high levels of H3K27ac and DNase I hypersensitivity (Cao et al., 

2019), consistent with the association of XIST localization with gene density. The positive 

correlation with gene density and MIR elements also applied to XIST’s association with 

the Xi, albeit it was much weaker compared to the Xd (Figure 3e). XIST enrichment on 

both the Xd and Xi was negatively correlated with Long Terminal Repeats (LTRs) 

retrotransposons, particularly with ERVL-MaLR elements (Figure 3e). Closer inspection 

of XIST localization at candidate escapees in female naïve hPSCs revealed a reduction 

of XIST levels over the gene bodies of some XCD escapees. For example, the XCD 

escapee KDM6A is in a genomic region with XIST depletion relative to neighboring 

intergenic regions (Figure 3f). A quantitative analysis confirmed that genes subject to 

XCD tend to be more enriched for XIST than genes that escape XCD in naïve hPSCs 

(Figures 3g, S4f) or in epiblast cells (Figure 3h). Interestingly, for XCI escapees this 

difference appears more pronounced (Figures 3f,i). We conclude that XIST preferentially 
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localizes to gene-rich regions on the Xd in naïve hPSCs as well as the Xi in fibroblasts. 

Genes that escape from XCD or XCI are associated with reduced XIST localization on 

the Xd and Xi, respectively, albeit to larger effect size on the Xi. 

 

These data reveal that although XIST distribution differs between the Xd and Xi, 

its localization follows similar principles, highlighting important parallels between XCD and 

XCI. The X chromosome-wide localization of XIST on the Xd in naïve hPSCs reinforces 

the role of XIST as master regulator of XCD. Yet, we noted that the overall level of XIST 

enrichment differs dramatically between the Xi and Xd (Figures 3a,b), as discussed 

below. 

 

XIST spreads beyond the X chromosome territory in naïve hPSCs  

We surprisingly found that the proportion of reads that aligned to the X in the XIST 

pulldowns was reproducibly larger in fibroblasts than in naïve hPSCs (Figure 3a). 

Consequently, more genomic regions showed higher enrichment of XIST RNA on the Xi 

versus Xd (Figure 3b). Specifically, whereas 41-46% of genomic windows on the Xi 

displayed an at least 20-fold XIST enrichment, only 2-17% of windows were similarly 

enriched for XIST on the Xd (Figure 3b). Consequently, XIST accumulates on the Xi at a 

dramatically higher overall level compared to the Xd (Figure S4g). Thus, the inability of 

XIST to induce complete gene silencing in naïve hPSCs is associated with decreased 

overall levels of the RNA on the X chromosome. 
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 Given the lower overall accumulation of XIST on the Xd, we hypothesized that 

XIST spreads beyond the X chromosome in naïve hPSCs. In support of this idea, XIST 

forms a less compact cloud-like signal on the Xd than the Xi (Okamoto et al., 2011; 

Petropoulos et al., 2016; Sahakyan et al., 2017a; Vallot et al., 2017) (Figure 4a). 

Moreover, DNA FISH with an X-chromosome paint combined with RNA FISH revealed 

that XIST spreads beyond the Xd territory in naïve UCLA1 hESCs, whereas it is restricted 

to the Xi-territory in fibroblasts (Figure 4b). To further characterize the unique localization 

pattern of XIST in naïve hPSCs, we inspected the XIST RAP-seq data for autosomal 

binding of the RNA. 

 

         Remarkably, consistent with the imaging data, we found that the reduced 

accumulation of XIST on the Xd in naïve hPSCs was accompanied by localization of XIST 

to autosomes, which is not the case in female fibroblasts (Figure 4c). More than 53% of 

reads from the XIST pulldown aligned to autosomes in naïve hPSCs, compared to only 

18% in fibroblasts (Figure S5a). It is worth noting that the steady state level of XIST 

transcripts is slightly lower in naïve hPSCs (with an Xd) compared to somatic cells (with 

an Xi) (Figure S5b). This result indicates that the association of XIST with autosomes in 

naïve hPSCs cannot simply be explained by a saturation of all binding sites on the X 

chromosome. 

 

 Interestingly, in the three female naïve hPSC samples, only 6-10% of 100 Kb 

autosomal windows are enriched for XIST (Figure 4c), indicating that only a small portion 
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of the autosomal genome is targeted by the RNA. Taken together, these results show 

that the reduced accumulation of XIST in the X chromosome territory in naïve hPSCs is 

accompanied by the localization of the RNA to a small set of autosomal regions. 

Moreover, autosomal targeting of XIST is a feature uniquely associated with the naïve 

pluripotent state. 

 

XIST spreads to specific autosomal regions in naïve hPSCs 

To explore the unprecedented localization of XIST to autosomal regions in naïve hPSCs, 

we defined XIST-enriched autosomal regions using the MACS2 broad peak calling 

algorithm (Zhang et al., 2008) (Table S5). We identified thousands of XIST peaks in naïve 

hPSCs (6873 in H9, 9835 in UCLA1, and 9325 in iPSCs) (Figure 4d), targeting all 

autosomes (Figures 4e, S5c/d). In contrast, in fibroblasts, where we expected no 

localization of XIST to autosomal regions, we observed 79 and 100 significant autosomal 

peaks in the two RAP-seq replicates (q-value<0.05, Figures 4d/e, S5c/d). Close 

examination of these peaks revealed that most fall into highly repetitive genomic regions 

such as those around centromeres and telomeres (Figure S5d), and therefore likely 

represent false alignment rather than real XIST localization. 

 

771 of the autosomal XIST peaks were conserved in all three different hPSC lines 

(UCLA1, H9 and iPSCs) (Figure 4f). None of these conserved autosomal XIST peaks 

were detected in fibroblasts (Figure S5e). In addition, 2355 autosomal peaks overlapped 

in 2 out of the 3 naïve hPSC datasets (Figure S5e). The conservation of peaks correlates 
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with the level of XIST enrichment, such that peaks present in all three naïve hPSC lines 

showed a higher level of XIST than those detected in only a subset of lines (Figures 4g, 

S5f). Conserved autosomal XIST peaks, i.e. those overlapping among all three naïve 

hPSC lines, are on average 52 kilobases long (Figure S5g) and present on all autosomes 

except chromosome (chr) 13 (Figures 4h, S5h). Proportionally, chr11 (106 peaks, 4.9% 

of the chromosome), chr20 (57 peaks, 3.3% of the chromosome), and chr1 (101 peaks, 

3.2% of the chromosome) carry the most peaks and also contain large clusters of XIST 

peaks (Figures 4f,h). For comparison, only two conserved autosomal peaks were 

identified in the fibroblast replicates (Figure S5d, Table S5). 

 

Taken together, the identification of conserved genomic targets of XIST on 

autosomes reveals that the autosomal localization of XIST in naïve hPSCs is not a 

stochastic process. Our results identify a unique phenomenon whereby XIST can spread 

beyond the X chromosome it is expressed from, onto other chromosomes. These data 

describe for the first time a stable association of XIST RNA with a chromosome in trans. 

 

XIST spreads to regulatory regions on the autosomes 

To get insights into the localization and function of XIST on autosomes, we explored the 

enrichment of diverse genomic and epigenomic features associated with autosomal XIST 

peaks. Similar to observations on the X chromosome, we found that XIST accumulation 

on autosomes was best correlated with MIR and L2 repetitive elements (Figure 5a, Table 

S4), suggesting that similar mechanisms govern the localization of XIST on the X and on 
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autosomes. Consistent with the association of MIRs and L2 elements with gene 

regulatory regions (Cao et al., 2019; Petri et al., 2019), we found that XIST localizes to 

autosomal regions containing gene bodies. For example, conserved autosomal XIST 

peaks extend across 492 autosomal protein-coding genes, representing 2.6% of all 

autosomal protein-coding genes (Figure 5b, Table S6). These genes are significantly 

enriched for differentiation and developmental gene ontology terms (p-value < 0.000005, 

Figure 5c) and include various transcription factor-encoding genes such as ARNTL, 

CAMTA1, CTCFL, ESRRB, ETV5, FLI1, GLI2, HIVEP3, HOXA10, HOXA9, IRX6, KLF6, 

PKNOX2, TEAD1, ZNF423, and ZNF618. Some of these genes are known to play a 

critical role in pluripotent stem cells, as for example Estrogen Related Receptor Beta 

(ESRRB) (Festuccia et al., 2012; Martello et al., 2012). Other examples of XIST targets 

on autosomes include the gene encoding Transcriptional-regulating factor 1 (TRERF1), 

a progesterone receptor coactivator on chr6 (Gizard et al., 2006), Transforming Growth 

Factor alpha (TGFA) on chr2, and Cluster of Differentiation 5 and 6 (CD5 and CD6) 

involved in the activation and differentiation of lymphocytes on chr11 (Gimferrer et al., 

2003) (Figure 5d). 

 

Autosomal genes targeted by XIST tend to be significantly more lowly expressed 

than those not associated with XIST, in both female and male naïve hPSCs (Figure 5e). 

This result suggests that the gene expression state is one factor that guides XIST 

localization to specific autosomal regions. To further explore the nature of genes under 

autosomal XIST peaks, we mined ENCODE ChIP-seq data across a large variety of cell 

types (see methods). We found that the binding sites of multiple regulators involved in 
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transcriptional repression, including the Polycomb Repressive Complex 2 (containing 

SUZ12 and EZH2), NRSF and CtBP2, are enriched within autosomal XIST peaks (Figure 

5f Table S4), consistent with the role of XIST-associated genes in developmental 

regulation and their lower overall expression. 

 

         Our results reveal the unexpected and remarkable localization of XIST to a small 

subset of developmental regulators on autosomes in female naïve hPSCs. In mouse and 

human, Xist/XIST can silence autosomal genes when ectopically expressed from an 

autosome (Hall et al., 2002a; Kelsey et al., 2015) or when spreading into autosomal 

regions on X:A translocations (Hall et al., 2002b; Yang et al., 2011). For example, 

integration of XIST into one of the three chr21 copies in primed human iPSCs derived 

from Down Syndrome patients enables the silencing of the XIST-associated chromosome 

and corrected gene expression to nearly the normal disomic chr21 levels (Jiang et al., 

2013). Although it was known that XIST is inherently able to regulate autosomal genes, 

the physiological relevance of this capacity was unclear. Our observations raise the 

interesting possibility that XIST may transcriptionally regulate autosomal developmental 

genes during early human development and in naïve hPSCs. 

 

XIST mediates the repression of autosomal genes 

To explore this exciting possibility, we compared gene expression levels between female 

naïve hPSCs with XIST (UCLA1, H9, and iPSCs) and the male naïve hESC line WIN1, 

which lacks XIST. We found that autosomal genes targeted by XIST had significantly 
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lower expression in female versus male naïve hPSCs, whereas genes that do not overlap 

XIST peaks showed similar expression in male and female hPSCs (Figure 6a). Similarly, 

XIST was more highly enriched across genes that are more lowly expressed in female 

versus male naïve hPSCs, compared to genes with similar expression in female and male 

cells (Figure 6b). 

 

We identified 87 autosomal genes that are located within conserved XIST peaks 

in naïve hPSC and more lowly expressed in all three female naïve hPSC lines compared 

to WIN1 (Table S6). Among these genes is SPON1 (SPONDIN1), which is encoded on 

chr11 and known to promote neuronal differentiation (Gyllborg et al., 2018) (Figure 6c). 

Consistent with lowered expression of SPON1 in female cells, RNA FISH for the nascent 

transcripts of SPON1 in female and male naïve hESCs revealed a higher proportion of 

female cells with monoallelic expression of this gene compared to male cells (Figure 6d). 

82 additional genes were more lowly expressed in two of the three female naïve hPSC 

lines compared to male WIN1 hESCs (Table S6), including HUNK (Hormonally Up-

Regulated Neu-Associated Kinase) on chr21 which has a role in the control of proliferation 

and differentiation of epithelial cells (Gardner et al., 2000) (Figure 6e). For both HUNK 

and SPON1, we found a negative correlation between their expression level and XIST 

transcript levels (Figure 6f). This result held true for other genes that overlapped with 

autosomal XIST peaks. Specifically, XIST targets have lower expression in cells where 

XIST is highly expressed and vice versa, whereas genes found in XIST-depleted 

autosomal regions show no correlation to XIST transcript levels (Figure 6g). Overall, 
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these data strongly support the conclusion that XIST mediates the transcriptional 

repression of a small number of autosomal genes in naïve hPSCs. 

 

         To directly interrogate the role of XIST in the regulation of autosomal genes, we 

examined the regulation of XIST-targeted autosomal genes upon loss of XIST, using the 

scRNA-seq expression data generated for naïve WT and KO H9 hESCs (Figure 2). We 

found a small, yet significant, correlation between the degree by which an autosomal XIST 

target is upregulated in XIST KO cells and the enrichment of XIST around that gene in 

WT cells (Figure 6h). In addition, genes associated with autosomal XIST peaks were 

significantly upregulated upon XIST deletion compared to genes in XIST-depleted regions 

(Figure 6i). These data show that XIST spreading beyond the X chromosome results in 

the downregulation of autosomal genes in naïve hPSCs, providing evidence for a role of 

endogenous XIST expression in controlling autosomal gene expression. 

 

         An important question is whether the regulation of autosomal genes by XIST is 

recapitulated during human pre-implantation development. Intriguingly, both SPON1 and 

HUNK were more lowly expressed not only in female compared to male hPSCs, but also 

in female versus male epiblast cells of human pre-implantation embryos (Figure 6j). At a 

global level, we found that genes in XIST-targeted autosomal regions display significantly 

lower expression in female compared to male epiblast cells in E6 and E7 pre-implantation 

embryos (Figure 6k). Interestingly, cells from E5 embryos did not show this sex-specific 

difference (Figure 6k), consistent with the prior report that XIST is strongly upregulated in 
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female embryos only between E5 and E6 (Petropoulos et al., 2016). Similarly, autosomal 

genes with significantly lower expression in female compared to male epiblast cells in 

vivo, are associated with higher XIST enrichment compared to genes that showed no 

significant differences between female and male epiblasts (Figure 6l). 

 

Taken together, these findings show that the sex-specific expression of XIST-

enriched autosomal genes observed in naïve hPSCs extends to the human embryo and 

point to a novel role of XIST in downregulating autosomal genes during human embryonic 

development. This new function of XIST results in expression differences of a subset of 

autosomal genes between female and male embryos and hPSCs. 

 

SPEN is required for XCD and the repression of autosomal XIST targets 

To further explore the mechanism by which XIST regulates XCD and autosomal genes in 

naïve hPSCs, we examined whether these processes share additional features with the 

XCI. First, we explored if XCD is associated with changes in chromosome organization, 

which is a hallmark of XCI (Pandya-Jones and Plath, 2016). Indeed, combining RNA FISH 

for XIST with DNA FISH for specific genomic locations on the X chromosome, we found 

that several high-order interactions differ between the XIST-coated Xd and the Xa, yet in 

a different way compared to the Xi (Figures S6a,b). Second, we began to explore the role 

of effector proteins of XIST. Xist interacts with various proteins to establish gene silencing 

and the Xi compartment during XCI in mouse cells (Chu et al., 2015; Dossin et al., 2020; 

McHugh et al., 2015; Minajigi et al., 2015; Monfort et al., 2015; Nesterova et al., 2019; 
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Pandya-Jones et al., 2020), allowing us to explore whether known interactors of XIST 

participate in XCD and autosomal gene regulation. We initially assessed the localization 

of the protein Cip1-interacting zinc finger protein 1 (CIZ1), which binds to the E-repeat 

sequence of Xist and restricts the localization of XIST to the X-territory during XCI 

(Pandya-Jones et al., 2020; Ridings-Figueroa et al., 2017; Sunwoo et al., 2017). 

Immunostaining for CIZ1 in female naïve UCLA1 hESCs revealed a strong enrichment 

on the Xd in most cells (Figure 7a), showing that XIST exploits CIZ1 for both XCI and 

XCD. 

 

         Next, we tested the role of SPEN. SPEN, also known as SMRT and HDAC 

associated repressor protein (SHARP), binds the 5’ A-repeat sequence of mouse Xist 

and is the key epigenetic repressor of the XCI process in mouse embryos and mouse 

ESCs (Dossin et al., 2020; Lu et al., 2016; McHugh et al., 2015; Monfort et al., 2015; 

Nesterova et al., 2019). SPEN mediates gene silencing on the Xi by interacting with co-

repressors and activating HDAC3 (Dossin et al., 2020; McHugh et al., 2015). To examine 

whether SPEN is required for gene repression on the Xd and on autosomes, we knocked 

down SPEN in female naïve UCLA1 hESCs by RNAi (Figures 7b, S6c). As a control, we 

also depleted SPEN in male naïve WIN1 hESCs (Figures 7b, Fig S6c). SPEN knockdown 

resulted in a strong increase of global transcript levels from the X chromosome relative 

to autosomes in female cells and a much smaller increase in male cells (Figures 7c,d, 

S6d-f). The female-biased upregulation of X-linked genes was not associated with major 

changes in steady-state XIST levels (Figure S6g) or in the expression of naïve 

pluripotency-related genes (Figure S6h) and affected genes subject to XCD more strongly 
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than XCD escapees (Figure 7e). Thus, similar to XCI, SPEN is necessary for XCD, 

suggesting that XIST mediates XCD through its interaction with SPEN. The slight 

upregulation of X-linked genes upon SPEN depletion in male hESCs (Figures 7d,e) 

suggests that SPEN also regulates gene expression on the active X chromosome, 

consistent with a broader role of SPEN in gene regulation. 

 

Exploring SPEN’s role in the regulation of XIST-targeted autosomal genes, we 

found that genes overlapping autosomal XIST peaks were weakly, yet significantly, 

upregulated upon SPEN depletion in female naïve hESCs (Figure 7f). Similarly, 

autosomal genes that were upregulated upon SPEN knockdown showed higher XIST 

enrichment compared to those that did not change expression (Figure 7g) and 

significantly overlapped with genes upregulated upon deletion of XIST (Figure 7h), 

demonstrating that SPEN plays a role in autosomal gene regulation together with XIST. 

Interestingly, a similar upregulation of these genes also occurred upon SPEN knockdown 

in male hESCs (Figures 7f-h), suggesting that SPEN presence at these genes may 

contribute to the recruitment of XIST to specific autosomal regions. Overall, these results 

indicate that XIST-targeted autosomal regions are regulated by both XIST and SPEN, 

demonstrating that similar mechanisms are exploited in the repression of X-linked and 

autosomal genes by XIST in naïve hPSCs and in the XCI process. 
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DISCUSSION 

The role of XIST in the unique XCD process of female human pre-implantation embryos 

and naïve hPSCs has been a mystery. We uncovered that XIST is required for this 

process (Figure 7i). Importantly, we also made the unexpected discovery that XIST 

regulates specific autosomal genes during this stage of development, leading to 

differential gene expression between females and males (Figure 7i). 

 

Our findings reveal that XIST can generate functionally different outputs of gene 

expression as human development proceeds: first dampening and later silencing, and 

give first insights into why XIST mediates dampening in one developmental stage and 

silencing in another. The remarkable plasticity of XIST’s ability to regulate gene 

expression provides the exciting possibility that nuclear compartments with a specific 

gene expression output can be rationally engineered. To our knowledge, XIST is the first 

lncRNA in which the same transcript can produce two distinct regulatory outputs during 

development. Prior work uncovered opposing gene regulatory roles for the lncRNA locus 

Haunt, yet these distinct roles arise from the function of the lncRNA transcript on one 

hand and an enhancer-like function of the genomic locus on the other hand (Yin et al., 

2015). It is notable that Xist is normally not expressed in undifferentiated naïve mouse 

ESCs, yet the ectopic induction of Xist in these cells enables XCI and not XCD, 

suggesting that it is not simply the developmental state that determines the gene 

regulatory output of XIST. Therefore, it will be important to decipher whether the 

sequence of the RNA, which differs between mouse and human even within the 
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conserved repeat sequence regions (Nesterova et al., 2001), contributes to the differential 

ability of XIST in human versus mouse naïve hPSCs and pre-implantation embryos. 

 

           Our study reveals that XIST executes XCD and XCI through similar principles. 

Specifically, on the Xd and Xi, the same isoform of XIST transcript is expressed, XIST 

localizes over the entire X chromosome, recruits similar protein effectors (CIZ1 and 

SPEN) and requires SPEN for transcriptional repression (Figure 7i). In addition, a subset 

of X-linked genes escapes the regulation by XIST in both cases. These findings support 

our conclusion that XCD and XCI are regulated by XIST and suggest that a large number 

of effector proteins interacting with the RNA are conserved between XCD and XCI. 

 

Our high-resolution mapping of XIST’s chromatin association showed that XIST 

localizes over the entire Xd, as seen on the Xi. However, despite this extensive spread, 

we found striking differences in XIST accumulation on the Xd and Xi. First, XIST enriches 

most strongly in different regions on the Xd and Xi. The spatial organization of the X 

chromosome may contribute to the distinct enrichment pattern of XIST, since the 

differences in XIST localization are linked to the macro-satellite repeat DXZ4 that 

partitions the Xi into two spatial superdomains (Bonora et al., 2018; Darrow et al., 2016; 

Deng et al., 2015; Froberg et al., 2018; Giorgetti et al., 2016; Horakova et al., 2012; Rao 

et al., 2014; Wang et al., 2016). This conclusion is consistent with prior observations that 

Xist exploits the spatial organization of the X chromosome for the initial spread across the 

X chromosome during XCI initiation (Engreitz et al., 2013). Second, we observed reduced 
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overall levels of XIST on the Xd compared to the Xi. Since reduced accumulation of XIST 

in the X-territory is associated with XCD, our results suggest a model where the 

concentration of XIST within the X chromosome is the critical determinant for the 

magnitude of XIST-mediated gene repression (Figure 7i). 

 

The reduced concentration of XIST on the Xd versus Xi may reduce the 

recruitment of effector proteins to the Xd, leading to XCD instead of XCI. Xist and its 

binding partners have been proposed to execute the maintenance of XCI via phase 

separation (Cerase et al., 2019; Pandya-Jones et al., 2020), which might be hindered at 

lower concentrations. Alternatively, proteins involved in regulating XIST localization and 

function may be present at different levels or differentially modulated in cells with XCD 

and XCI. For instance, the absence or decreased level of proteins such as PTBP1, 

MATR3, TDP-43, SAF-A, CIZ1, and CELF1, all involved in regulating the localization of 

mouse Xist (Hasegawa et al., 2010; Pandya-Jones et al., 2020), or the modulation of their 

function, as for instance through posttranslational modifications, may alter XIST’s ability 

to regulate gene expression. 

 

 Consistent with prior observations (Okamoto et al., 2011; Petropoulos et al., 2016; 

Sahakyan et al., 2017a; Vallot et al., 2017), our imaging data revealed a dispersed cloud 

of XIST surrounding the Xd in human pre-implantation embryos and naïve hPSCs. Our 

genomic approach uncovered specific autosomal regions to which XIST localizes in cells 

with XCD. These results support the possibility that XIST association with chromatin 
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beyond the X chromosome territory results in a reduced local concentration on the Xd in 

naïve hPSCs. It is conceivable that XIST is lost from the X chromosome and associates 

with chromatin regions on chromosomes in spatial proximity. Alternatively, autosomal 

regions may effectively compete for the capture of XIST and thereby reduce the 

accumulation of the RNA on the X chromosome. Regardless of the mechanism, the 

repression of autosomal genes by XIST requires SPEN and autosomal XIST localization 

occurs at genic regions that contain L2 and MIR transposable elements, as seen on the 

X. These observations indicate that autosomal gene repression by XIST and the 

localization of the RNA follow similar principles as on the X chromosome. 

 

            Future efforts that modulate the expression of XIST on the Xd and define all the 

XIST-interacting proteins, together with their posttranslational modifications will help to 

uncover the mechanisms that are critical for XCD versus XCI and lead to a quantitative 

framework of how RNA abundance, sequence elements, protein state and developmental 

stage affect the function and localization of XIST. 

 

 The finding that XIST localizes to specific autosomal regions was surprising as, in 

the mouse system, Xist has always been shown to be confined to the X chromosome 

from which it is transcribed (Jonkers et al., 2008). Multiple studies have reported that the 

ectopic expression of Xist from an autosome is sufficient to induce autosomal gene 

silencing in undifferentiated mouse ESCs. However, to our knowledge, autosomal gene 

regulation by endogenously expressed XIST has not been reported. Intriguingly, 
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autosomal target genes of XIST are involved in the regulation of developmental 

processes. By comparing gene expression levels between females and male naïve 

hPSCs and human pre-implantation embryos, we discovered 87 autosomal genes that 

are more lowly expressed in female cells compared to males and also regulated by XIST. 

Although the differences in autosomal gene expression are relatively small between male 

and female cells, or in female cells with and without XIST, they are consistently found in 

several comparisons including epiblast cells. Further studies are necessary to define the 

consequences of the female-specific downregulation of autosomal genes. Regardless, 

the small but consistent downregulation of autosomal genes by XIST provides an 

unexpected and exciting new role for XIST during early human development. 

 

Intriguingly, XCD resembles the X chromosome dosage compensation mechanism 

in Caenorhabditis elegans (Crane et al., 2015; Ercan et al., 2009; Strome et al., 2014), 

which also reduces the activity of genes on both X chromosomes in hermaphrodites. In 

this case, a specialized condensin complex binds to and partially represses transcription 

from each of the two X chromosomes. Our findings demonstrate that partial X 

chromosome repression on the Xd and in C.elegans are achieved by different regulatory 

processes, further adding to the excitement about X chromosome dosage compensation 

mechanisms. 

 

           In summary, with the demonstration that XIST mediates XCD, our work enables 

future studies of the role of dosage compensation by XCD in human pre-implantation 
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embryos and the human germ line. Moreover, it raises the question of whether the 

autosomal gene regulation by XIST is critical for early human development and the 

differentiation of the germ line. 
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Figure Legends 

Figure 1: XIST expression in female naïve hPSCs correlates with XCD in cis 

A) Representative RNA FISH images for XIST RNA (green) in female naïve hESC lines 

(UCLA1 and H9), a female naïve iPSC line, and in the male naïve hESC line WIN1, as 

indicated. DAPI staining (blue) marks nuclei. Scale bar = 10 microns. 

B) Quantification of RNA FISH data as described in (A), showing the proportion of cells 

with different number of XIST clouds (none, monoallelic or biallelic). 

C) Scatter plot comparing the X/A ratio, based on the sum of read counts from the X-

linked and autosomal genes, respectively, and XIST expression, based on bulk RNA-seq 

data from different naïve conversions or subclones of the indicated naïve hPSC cell lines 

(5 replicates for naïve UCLA1, 2 replicates for H9, 2 replicates for the iPSC line and 2 

replicates the pre-XIST UCLA1 state, Table S1). Pearson correlation (R) and p-value are 

given. 95% confidence intervals are indicated in gray. 

D) Density plot of expression differences between the indicted XIST-positive female naïve 

hPSC line (H9, UCLA1, iPSCs) and an intermediate state arising during the conversion 

from primed-to-naïve hPSCs, in which XIST is not yet expression (UCLA1pre-XIST), for X-

linked genes (X, blue line) and autosomal genes (A, grey line). Dashed vertical line 

represents no change in gene expression. Wilcoxon test p-values for the difference 

between gene expression from the X and A are given (* P<0.05, ** P<0.01, *** P<0.001). 

E) As in (D), except for gene expression changes between each indicated female naïve 

hPSC line and the male naïve hESC line WIN1. 
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F) Scatter plot of the X/A ratio (sum of read counts) vs XIST expression in individual cells 

of the female naïve hESC line H9, based on scRNA-seq data. Pearson correlation (R) 

and p-value are given. 

G) Density plot showing the proportion of reads aligned to one of the two X chromosomes 

(X1) in individual cells of the female naïve hESC line H9, based on allelic analysis of 

scRNA-seq data. The dashed line serves as reference for cells in which both X 

chromosomes (X1 and X2) are active. 

H) Scatter plot of the proportion of reads aligned to X1 (excluding XIST locus) vs reads 

aligned to XIST locus on the X1, for five replicates of female naïve UCLA1 hESCs, based 

on bulk RNA-seq. Pearson correlation (R) and p-value are given. 95% confidence 

intervals are indicated in gray. 

I) Representative RNA FISH image of XIST RNA (green) and nascent transcription spots 

of the X-linked genes THOC2 (yellow) and UTX (red) in female naïve UCLA1 hESCs. 

Scale bar = 10 microns, DAPI demarcates the nucleus. Quantification of the nascent 

transcription pattern for THOC2 and UTX is shown on the right (bi = biallelic, mono = 

monoallelic, none = no signal detected). XIST is expressed monoallelically in nearly all 

cells as shown in (A). 

J) Box plot of the raw signal intensity of the nascent transcription focus of THOC2 and 

UTX on the X with the XIST cloud (XIST+) and away from the XIST cloud (XIST-), based 

on the data shown in (I). 82 individual cells were analyzed. Wilcoxon p-values are given 

(* P<0.05, ** P<0.01). 
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K) As in (I), except for the lncRNA XACT (red) and XIST (green) for female naïve UCLA1 

and H9 hESCs. Quantification of the number of XACT clouds is shown on the right. 

L) As in (J), except for the XACT signal close to and away from the XIST cloud for the 

experiment shown in (K). 15 individual cells were analyzed and the average of the top 

10% of intensities of the XACT signal per X plotted. Wilcoxon test p-values: * P<0.05, *** 

P<0.001). 

 

Figure 2: XIST deletion in naïve hPSCs results in the loss of XCD 

A) Scheme of XIST deletion approach. XIST was deleted in primed H9 hESCs, resulting 

in the KO clones C7 and C18. Primed WT and XIST KO H9 cells were then converted to 

the naïve state with 5iLAF. 

B) Representative RNA FISH images of XIST RNA (green) in female naïve WT H9 hESCs 

and the indicated XIST KO clones. The bottom row shows one representative nucleus, 

boxed in the image above. Scale bar = 20 microns. 

C) Quantification of the percentage of cells from (B) with no, monoallelic, or biallelic XIST 

clouds. 

D) XIST expression level in the naïve WT and XIST KO H9 based on bulk RNA-seq data. 

Error bars correspond to the standard deviation (SD) of replicates. 

E) As in (D), except for the expression level of naïve pluripotency-related markers. 
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F) UMAP of scRNA-seq data from naïve WT and XIST KO (clone 18) H9 hESCs, colored 

by cell line (left) or cluster (right). Far right-top: Proportion of WT and KO cells in each 

cluster; bottom: proportion of cells in each cluster for the WT and KO cell lines. 

G) X/A ratio (sum read counts) for naïve WT and KO H9 cells, based on bulk RNA-seq 

data. Error bars indicate the SD of replicates. 

H) Boxplots of the X/A ratio (sum read counts) for individual naïve WT and KO H9 cells, 

based on scRNA-seq and separated by the clusters defined in (F). Wilcoxon p-values (* 

P<0.05, *** P<0.001) are indicated on top. The number of cells in each cluster is given 

below. 

I) Density plot of the log2 fold change of gene expression between the indicated naïve 

XIST KO and WT H9 hESC lines, for X-linked (blue) and autosomal (grey) genes, based 

on bulk RNA-seq data. Wilcoxon p-value: *** P<0.001, for the difference in autosomal and 

X-linked gene expression. 

J) Density plot of the log2 fold change in expression between naïve XIST KO (merged 

from both clones) and WT H9 hESCs, for genes that escape (red) or are subject (blue) to 

XCD. Wilcoxon p-value between both distributions: *** P<0.001. 

 

Figure 3: XIST localizes across the entire dampened X chromosome 

A) Percentage of DNA reads aligned to each chromosome for input genomic DNA (grey), 

and for the XIST pulldown, by RAP-seq, from two female XiXa fibroblast replicates (R1 

and R2, green), female naïve H9 hESCs (light blue), female naïve UCLA1 hESCs (blue), 



196 
 
 

and female naïve iPSCs (dark blue) with an Xd and Xa. Error bars indicate the SD of all 

input replicates. 

B) Cumulative distribution plot of XIST enrichment scores across all 100kb windows on 

the X chromosome, for the XIST-pulldowns described in (A). Solid vertical line marks no 

enrichment (no difference between pulldown and input); dashed line the two-fold 

enrichment; and the dotted line 20-fold enrichment of pulldown over input. 

C) XIST enrichment along the X chromosome for the cell lines described in (A). The 

enrichment score was averaged across the two fibroblast XIST RAP-seq replicates. 

Unmappable regions are masked in white. The genomic XIST locus is marked. 

D) Differential XIST localization (comparing the relative distribution of XIST on the X using 

diffBind as described in the methods) along the X chromosome between naïve hPSCs 

(the Xd) and fibroblasts (the Xi). Color represents log10(p-values) indicating the 

confidence of the differences in XIST binding in each region, and is positive in genomic 

regions where XIST localization is higher on the Xd in naïve hPSCs, and negative when 

XIST localization is higher on the Xi in fibroblasts. Only regions with significant differences 

(p-value<0.01) are presented. XIST, DXZ4, and FIRRE genomic loci are marked. 

E) Scatter plots showing the linear regression line for the comparison of XIST enrichment 

scores for each genomic region (1Mb windows every 250kb) along the X chromosome in 

the indicated cell line with the density of genes, L2, MIR, SINE and ERVL-MaLR elements, 

respectively, within the same genomic intervals. Pearson correlation (R) and p-value are 

given (ns≥0.05, * P<0.05, ** P<0.01, *** P<0.001). 

F) As in (C), for the genomic locus of KDM6A on the X chromosome. 



197 
 
 

G) Boxplot of XIST enrichment scores at genes subject to XCD or escaping XCD in female 

naïve hPSCs. Escapees and genes subject to XCD were defined by comparing X-linked 

gene expression for each female naïve hPSC line (H9, UCLA1, iPSCs) against the male 

line WIN1 (indicated on the top). The XIST enrichment data from the respective female 

line were then plotted (ie for the H9 vs WIN1 comparison XIST enrichment from the H9 

line). Wilcoxon p-values: NS≥0.05, ** P<0.01. The number (n) of genes in each group is 

shown. 

H) As in (G), except that XIST enrichment is plotted for genes subject to XCD or escaping 

XCD in female epiblast cells at embryonic day (E) 5, 6 and 7. Genes subject to or 

escaping XCD were defined by comparing X-linked gene expression levels between 

female and male epiblast cells from pre-implantation embryos at E5, E6, and E7, 

respectively (top). XIST enrichment is plotted based on the RAP-seq data from naïve 

iPSCs (top; dark blue), UCLA1 (middle; blue), and H9 (bottom; light blue). Wilcoxon p-

values: NS≥0.05, * P<0.05. The number (n) of genes in each group is shown. 

I) Box plots of XIST enrichment in fibroblasts for genes that escape or are subject to XCI. 

Wilcoxon p-value: *** P<0.001. 

 

Figure 4: XIST spreads to specific autosomal regions in female naïve hPSCs 

A) Representative RNA FISH images for XIST RNA (green) in female naïve UCLA1 

hESCs and female human fibroblasts, with a zoom in of the indicated cell to display the 

more dispersed distribution of XIST in naïve hPSCs. Scale bar = 20 microns 



198 
 
 

B) Representative RNA/DNA FISH images (projections) for XIST (green) and X-

chromosome paint (pink) in female naïve UCLA1 hESCs and fibroblasts, revealing the 

spread of XIST beyond the X-territory in naïve hPSCs. Scale bar = 10 microns. 

C) Cumulative distribution plot showing XIST enrichment across all 100kb windows on 

autosomes for female naïve H9 hESCs (light blue), female naïve UCLA1 hESCs (blue), 

and female naïve iPSCs (dark blue) and two fibroblast replicates (light and dark green). 

The solid vertical line marks a log2 XIST enrichment of 0, and the dashed line a two-fold 

enrichment of XIST. 

D) Number of significant XIST peaks on autosomes in the indicated cell lines. 

E) Number of XIST peaks on each of the autosomal chromosome, colored as in (C). 

F) Plot showing the location of XIST peaks that are conserved among naïve hPSCs along 

each autosome. 

G) Boxplot of the XIST enrichment scores for autosomal peaks in the naïve hPSCs 

(averaged over the three hPSC lines), divided into peaks that were identified in only one, 

two or three hPSC line(s). Those peaks present in all three lines represent the conserved 

peaks of XIST in naïve hPSCs. Wilcoxon p-values: NS≥0.05, *** P<0.001. The number of 

peaks (n) in each group is given. 

H) Percentage of the base pairs of each autosome covered by conserved XIST peaks in 

naïve hPSCs. 
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Figure 5: Features of XIST-enriched autosomal regions 

A) Scatter plots showing the linear regression line between XIST enrichment scores along 

autosomes (1Mb windows every 250kb) and the density of L2 and MIR elements, 

respectively, within the same genomic interval, for female naïve H9 hESCs (light blue), 

female naïve UCLA1 hESCs (blue), and female naïve iPSC (dark blue). Pearson 

correlation (R) and p-value are given. 

B) Percentage of autosomal genes in indicated categories associated with conserved 

autosomal XIST peaks or any autososomal XIST peaks detected in female naïve H9 

hESCs (light blue), female naïve UCLA1 hESCs (blue), and female naïve iPSC (dark 

blue). 

C) Most highly enriched gene ontologies (p-value<0.000005) and their enrichment values 

(-log10(p-value)) for genes associated with a conserved autosomal XIST peak in naïve 

hPSCs, colored by the odds ratio (log2(observed/expected)). 

D) Examples of XIST enrichment over autosomal regions in the indicated cell lines. 

E) Box plots of expression of genes overlapping (+) or not overlapping (-) conserved 

autosomal XIST peaks or autosomal XIST peaks identified in each of the cell lines 

indicated above. The transcript levels are given for each cell line indicated on the right. 

Wilcoxon p-value: *** P<0.001. 

F) Enrichment (Fisher’s exact odd ratios) of the binding sites of indicated regulators in 

conserved autosomal XIST peaks in hPSCs vs the rest of the autosomes, based on 

ENCODE data from diverse cell types and tissues. 
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Figure 6: XIST mediates the downregulation of gene expression on autosomes in 

female hPSCs 

A) Density plots of changes in autosomal gene expression between the indicated female 

naïve hPSC line (H9, UCLA1 or iPSCs) and male naïve WIN1 hESCs, for genes that 

overlap (blue) or do not overlap (black) with autosomal XIST peaks in each of the 

respective female line. Wilcoxon test p-values indicate that genes under XIST peaks are 

more lowly expressed in female than male hPSCs. 

B) Boxplots showing XIST enrichment across all autosomal genes that are significantly 

more lowly expressed (down) in the indicated female naïve hPSC line (H9, UCLA1 and 

iPSCs) compared to male naïve WIN1 hESCs, and those that do not differ (no change). 

The XIST enrichment scores are plotted from the corresponding female naïve hPSC RAP-

seq data set in each comparison. Wilcoxon p-value: *** P<0.001. The number of genes 

(n) in each group is given. Dashed vertical line represents no change in gene expression. 

C) XIST enrichment in indicated cell lines across the genomic region containing the 

autosomal gene SPON1 (chr11). Below, RNA-seq read counts are shown for male (blue) 

and female naïve hPSCs (red, average of the three female lines and replicates). Zoom in 

into the gene locus is shown below. 

D) Representative RNA FISH image for nascent transcription foci of SPON1 (pink) in 

female (UCLA1) and male (WIN1) naïve hESCs. Quantification of the number of cells with 

no, monoallelic, or biallelic SPON1 signals is shown on the right. 
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E) As in (C), except for the gene HUNK (chr21). 

F) Scatter plot of the transcript level of HUNK or SPON1 compared to that of XIST in each 

replicate of indicated naïve hPSC lines (as explained in Figure 1C), based on bulk RNA-

seq data. Pearson correlation (R) and p-value are given for each gene. 95% confidence 

intervals are indicated in gray. 

G) Boxplot of the Pearson correlation values between XIST expression and the 

expression of all genes that overlap (+) or do not overlap (-) conserved autosomal XIST 

peaks or all XIST peaks in the indicated cells lines (indicated on top). Wilcoxon p-value: 

*** P<0.001. The number of genes (n) in each group is given. 

H) Scatter plot showing the linear regression line between the changes in transcript levels 

of autosomal genes between naïve XIST KO and WT H9 hESCs (based on scRNA-seq 

data of cluster 0 cells) and XIST enrichment around those gene (based on H9 RAP-seq 

data). Pearson correlation (R) and p-value are given. 95% confidence intervals are 

indicated in gray. 

I) Box plots of the transcriptional changes between naïve XIST KO and WT H9 hESCs, 

based on scRNA-seq data (cluster 0 cells), for three XIST enrichment quantiles in naïve 

H9 hESCs, with low (1), middle (2), and high (3) XIST enrichment. 

J) Box plots of normalized read counts for HUNK and SPON1 transcripts in female (red) 

and male (blue) epiblast cells at different stages of pre-implantation development, based 

on scRNA-seq data. 

K) Box plots of the mean normalized expression per cell for all genes under indicated 

autosomal XIST peaks (right) in female (red) and male (blue) epiblast cells at different 
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stages of pre-implantation development (given on top), based on scRNA-seq data. 

Wilcoxon p-values: NS≥0.05, * P<0.05, *** P<0.001. 

L) Box plots of XIST enrichment scores from the indicated cell lines (right) around genes 

that are significantly more lowly expressed (Down) or have no changes in gene 

expression between female and male epiblast cells at indicated developmental stages 

(top). Wilcoxon p-values: NS≥0.05, ** P<0.01, *** P<0.001. 

 

Figure 7: SPEN is required for XIST-mediated gene regulation in female naïve 

hPSCs 

A) Immunostaining for CIZ1 (pink) along with RNA FISH for XIST (yellow) in female 

human fibroblasts and naïve UCLA1 hESCs, and quantification of the proportion of cells 

with CIZ1 accumulation under the XIST cloud. 

B) Schematic representation of the SPEN depletion experiment. 

C) X/A ratios (sum of read counts) in female naïve UCLA1 and male naïve WIN1 hESCs 

upon treatment with siCTRL (control) and siSPEN. Error bars = SD of replicates. 

D) Density plot of the change in gene expression upon treatment with siSPEN in female 

naïve UCLA1 (left) and male naïve WIN1 (right) hESCs, respectively, for X-linked (blue) 

and autosomal (grey) genes. Wilcoxon p-values: ** P<0.01, *** P<0.001. 

E) As in (D), except that box plots depict the transcriptional changes for genes that escape 

XCD or are subject to XCD (defined based on the comparison of transcript levels between 
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UCLA1 and WIN1). Wilcoxon p-value: *** P<0.001. The number of genes (n) in each 

group is given. 

F) As in (D), except for autosomal genes that overlap with autosomal XIST peaks (+, blue) 

or not (-, black). The XIST peaks here belong to the corresponding UCLA1 line. The 

Wilcoxon test indicates that autosomal genes with XIST peaks are upregulated upon 

siSPEN. Wilcoxon p-value: *** P<0.001. 

G) XIST enrichment around autosomal genes that are significantly upregulated (Up) or 

do not change (NC) upon SPEN depletion in female UCLA1 and male WIN1, respectively. 

RAP-seq enrichment scores are from the corresponding UCLA1. Wilcoxon p-value: *** 

P<0.001. The number of genes (n)in each group is given. 

H) Hypergeometric test results for significant overlap between autosomal genes that are 

upregulated (Up) or do not change (NC) upon SPEN depletion in female UCLA1 or male 

WIN1 (right) or upon deletion of XIST (KO, top). Asterisks represent significant p-values 

(*** P<0.0005). 

I) A model of XIST localization and function. A nuclear area containing the X chromosome 

and surrounding autosomes is shown for human female somatic cells (Xi, left), female 

naïve hPSCs (Xd, middle), and female naïve hPSCs without XIST (Xa, right). Zoom-ins 

show the corresponding gene expression state. Left: During XCI, XIST spreads in cis over 

the entire X and interacts with SPEN to mediate complete silencing of most genes on the 

Xi. Autosomal genes are not targeted and regulated by XIST. Middle: During XCD, XIST 

spreads in cis, across the entire X chromosome, and in trans, additionally targeting 

specific autosomal regions. Together with SPEN, XIST reduces the transcript levels of 
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both X-linked genes and autosomal targets, but does not induce complete silencing as 

seen on the Xi. The lower level of XIST in the Xd compared to the Xi (indicated by the 

lighter shading across the X-compartment and the lower number of XIST RNA molecules) 

may be mechanistically linked to the differential gene expression output on the Xd versus 

the Xi. Right: In the absence of XIST in naïve female hPSCs, X-linked genes and 

autosomal genes normally targeted by XIST are expressed at the level seen in male cells, 

identifying XIST as master regulator of XCD and defining a new function of XIST in the 

control of autosomal gene expression. 
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Supplemental Figure Legends 

Figure S1: Characterization of the relationship between XIST and XCD in naïve 

hPSCs [Related to Figure 1] 

A) XIST expression in indicated female naïve hPSC lines (UCLA1pre XIST, H9, UCLA1 and 

iPSC), and male naïve WIN1 hESCs, based on bulk RNA-seq data. For this, 5 replicates 

for naïve UCLA1, 2 replicates for H9, iPSCs, pre-XIST UCLA1, and WIN1, respectively, 

were exploited (Table S1). Median expression of all replicates is shown, with error bars 

corresponding to the standard deviation (SD) between replicates. 

B) X/A ratios for the cell lines described in (A), based on the median expression (RPKM) 

of X-linked and autosomal genes. Median X/A ratios of all replicates is shown, with error 

bars corresponding to the standard deviation (SD) between replicates. 

C) As in (B), except for the formation of the X/A ratios based on mean expression values. 

D) Scatter plot of the X/A ratio (based on the mean expression of X and autosomal genes) 

vs XIST expression in individual cells of the female naïve hESC line H9, based on scRNA-

seq data. Pearson correlation (R) and p-value are given. Linear regression line, with 95% 

confidence intervals, is shown in gray. 

E) Density plot showing the proportion of reads aligned to one of the two X chromosomes 

(X1) in individual cells of the female naïve hESC line H9, selecting only cells with 

detectable XIST expression, based on allelic analysis of scRNA-seq data. The dashed 

line serves as reference for cells in which both X chromosomes (X1 and X2) produce 

equal levels of transcripts. 
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F) Boxplots showing the transcript levels of the X-linked genes GPC3, SMARCA1 and 

SMS in individual female and male epiblast cells of E7 pre-implantation embryos, based 

on scRNA-seq data. 

G) Representative RNA FISH image of XIST (green) and the nascent transcription foci of 

GPC3 (pink) in female naïve UCLA hESCs and the quantification of the nascent 

transcription patterns of GPC3. Note the smaller GPC3 transcription spot on the XIST-

coated X chromosome. Scale bar = 10 microns. 

H) Representative RNA FISH images for the nascent transcription foci of the X-linked 

genes SMARCA1 or SMS in male WIN1 and female UCLA1 naïve hESCs. Quantification 

of the RNA FISH patterns are given below. Scale bar = 10 microns. 

I) Boxplots of the percentage of reads aligned to X1 and X2 in five different replicates of 

naïve and two of primed UCLA1 hESCs, based on the allelic analysis of bulk RNA-seq 

data. Red dots represent reads with SNPs overlapping the XIST transcript. These data 

show that X1 is the active X chromosome and X2 the inactive X chromosome in primed 

UCLA1, which display non-random XCI. 

J) Top: Schematic of how the XACT signal was quantified. Bottom: Average of the top 

10% of XACT cloud signal intensity values per cell, measured either close to XIST cloud 

(green) or away from it (grey). Error bars correspond to the SD. 
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Figure S2: Characterization of XIST KO in naïve hESCs [Related to Figure 2] 

A) IGV plot showing RNA-seq reads in two replicates of WT female naïve UCLA1 hESCs 

at the XIST locus. In the gene model, exons are indicated with thicker lines. These data 

show that all expected exons of XIST are transcribed in naïve hESCs. 

B) IGV plot of RNA-seq data across the XIST locus, from the genome-wide 5’ (top four 

tracks) and 3’ (bottom four tracks) end mapping of transcripts in female naïve UCLA 

hESCs and the female human somatic cell line K562. A zoom-in into the genomic region 

containing the XIST transcriptional start site is shown below. These data reveal the 5’ and 

3’ ends for the XIST transcript in naïve hPSCs and somatic cells. 

C) Schematic representation of the XIST deletion strategy. CRISPR/Cas9 was used to 

homozygously excise a ~2kb region from the promoter region and 5’ end of the XIST 

transcript. The location of the sequences used for PCR genotyping and the length of the 

expected fragments are also given. 

D) PCR genotyping of the XIST KO. Upon deletion, XP-Frw and XE-Rev primers shown 

in (C) can only amplify 1.5 kb region from genomic DNA, while the extension time is too 

short to for the WT amplicon. The XP-Frw and WT-Rev primer set amplifies 942 bp region 

in WT genomic DNA. As the WT-Rev complementary region is not present upon XIST 

deletion, no PCR band is obtained for in hESCs carrying the homozygous XIST deletions. 

The PCR genotyping data are shown for primed WT and XIST KO (clones 7 and 18) H9 

hESCs. 
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E) Box plots of XIST transcript levels in each individual cell of naïve WT and KO (clone 

18) H9 hESCs, for each of the clusters shown in Figure 2F. Wilcoxon p-values: ** P<0.01, 

*** P<0.001.  

F) As in (E), expression level of naïve pluripotency-related marker genes is shown. 

Wilcoxon p-values: * P<0.05, ** P<0.01. 

G) Density plot showing the proportion of reads aligned to one of the two X chromosomes 

(X1) in individual cells of the naïve WT and XIST KO (clone 18) H9 hESCs, based on 

allelic analysis of scRNA-seq data. The dashed line serves as reference for cells in which 

both X chromosomes (X1 and X2) produce equal levels of transcripts. 

H) X/A ratios based on the median expression (RPKM) of X-linked and autosomal genes 

in naïve WT and XIST KO (clones 7 and 18) H9 hESCs, based on bulk RNA-seq data. 

Median X/A ratios of all replicates is shown, with error bars corresponding to the standard 

deviation (SD) between replicates  

I) As in (A), except for the X/A ratio being derived from mean expression data. 

J) Density plot of the change in expression between naïve XIST KO (clone 18) and WT 

H9 hESCs (comparing the average expression of a gene between KO and WT cells of 

cluster 0 described in Figure 2F), for X-linked (blue) and autosomal (grey) genes, based 

on scRNA-seq data. Wilcoxon p-value: *** P<0.001.  

K) Density plot of the change in expression between naïve XIST KO (clone7 or 18) and 

WT H9 hESCs, for genes that escape (red) or are subject to (blue) XCD in WT H9 hESCs, 

based on bulk RNA-seq data. Wilcoxon p-value: *** P<0.001. 
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L) Same as in (K), except for scRNA-seq data, using the average gene expression of all 

single cells in cluster 0. 

 

Figure S3: Defining genes that escape XCD [Related to Figures 2, 3 and 7] 

A) Proportion of genes that escape (red) or are subject (grey) to XCD, defined by 

comparing the transcription state of the indicated female naïve hPSC line (H9, UCLA1, or 

iPSCs) to male naïve WIN1 hESCs or female to male epiblast cells from human pre-

implantation embryos at E7. 

B) Location of XCD escapee genes, as defined in (A), along the X chromosome. XIST 

locus is marked. 

C) Graph showing the overlap between XCD escapees defined in different 5iLAF-cultured 

naïve female hPSC lines as described in (A). 

D) Hypergeometric test for significant overlap between genes that escape or are subject 

to XCD in female naïve UCLA1 hESCs (defined against WIN1) and genes that are more 

highly expressed (Up), not changed (NC) or more lowly expressed in naïve UCLA1 

compared to naïve UCLA1 in the pre-XIST state. Asterisks = *** P<0.0005. 

E) Representative RNA FISH images of XIST RNA (green) for female naïve HNES3 

hESCs. Quantification of the number of cells in which the XIST cloud was detected in 

female (HNES3) and male (HNES1) naïve hESC lines. These HNES lines were derived 

directly from the blastocyst in the t2iLGö culture medium. Scale bar = 20 microns. 
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F) Similar to (D), except that the overlap between genes defined as escape or subject to 

XCD in indicated female to male comparisons. 

G) Boxplots of the proportion of reads aligned to X1 for genes escaping or subject to XCD 

(defined based on the comparison of female naïve H9 hESCs vs male naïve WIN1 

hESCs), based on scRNA-seq data from naïve WT H9 hESCs. 

H) As in (C), additionally adding XCD escapees defined in female epiblast cells from 

human E7 pre-implantation embryos. 

I) Boxplots of the expression level of genes escaping or subject to XCD in the naïve hPSC 

lines indicated on the right, based on bulk RNA-seq data. Escapees and genes subject 

to XCD were defined based on the comparisons given on the top. Wilcoxon p-values: * 

P<0.05, ** P<0.01, *** P<0.001. 

J) As in (I), except that genes escaping and subject to XCD were defined by comparing 

female and male epiblast cells from E7 embryos and that the expression level is plotted 

for all cells of female E3 and E4 embryos and specifically the epiblast cells of E5-E7 

embryos, based on scRNA-seq data. 

K) As in (D), except for the comparison of genes that escape XCD (as defined by the 

indicated comparisons on the top) and XCI (left). 

L) Boxplots of the expression of the XCD escape KDM6A in female and male epiblast 

cells of E5, E6, and E7 embryos. KDM6A was defined as escapee in UCLA1 and E7 

epiblast cells. 
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Figure S4: Comparison of XIST localization on the Xd and Xi [Related to Figure 3] 

A) Boxplot of XIST enrichment scores for all 100Kb windows (every 25Kb) along the X 

chromosome in the indicated cell lines. Enrichment at in the genomic region containing 

the XIST locus is marked with red circles. 

B) XIST enrichment along the X chromosome for two fibroblast replicates. Unmappable 

regions are masked in white. The genomic XIST locus is marked. 

C) Heatmap showing Pearson correlation between XIST enrichment within 100Kb 

windows (every 25Kb) along the X chromosome in indicated cell lines. 

D) Differential enrichment of XIST in each 100Kb window (every 25Kb) of the X 

chromosome between the indicated female naïve hPSC line and the two fibroblast 

replicates is shown along the entire X chromosome. For this comparison, the XIST 

localization across the X was normalized to only reads that aligned to the X chromosome, 

to highlight the differential distribution of XIST along the Xd and Xi. Red color represents 

genomic regions in which XIST was significantly more enriched on the Xd and blue 

genomic regions in which XIST was significantly more enriched on the Xi, based on 

log10(p-values). Only regions with significant differences (p-value<0.01) are presented. 

The genomic loci of XIST, DXZ4, and FIRRE are marked. 

E) Top: Same as (D), but comparing all naïve replicate to all fibroblast replicates using 

diffBind as described in the methods. The genomic DXZ4 locus is marked. Middle: 

Normalized Hi-C contacts on the Xi (top half) and Xa (bottom half) in the human female 

somatic cell line GM12878. Bottom: Normalized Hi-C contact differences between the Xi 

and Xa. 
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F) Boxplots of the average XIST enrichment scores from the three female naïve hPSCs 

(H9, UCLA1 and iPSC) in X-linked genes subject to or escaping XCD, defined by 

comparing female (HNES3) vs male (HNES1) naïve hESC bulk RNA-seq data. Wilcoxon 

p-value: ** P<0.01.  

G) As in (D), except that the data were normalized to read aligned to the autosomes as 

well as the X chromosome. The global normalization of the data shows that XIST more 

strongly enriched in the Xi compared to the Xd, across nearly the entire chromosome. 

 

Figure S5: Characterization of the XIST enrichment on autosomes [Related to 

Figure 4] 

A) Percentage of reads from the XIST-pulldown (based on RAP-seq) aligning to 

autosomes for the indicated cell lines. 

B) Boxplots showing expression of all genes in indicated female naïve hPSC lines and 

diverse female somatic tissues (extracted from the human Epigenome Roadmap). The 

red dots represent the expression of XIST in each sample. 

C) Number of significant peaks on each autosome in indicated cell lines, normalized by 

chromosome size. 

D) Display of all autosomal XIST peaks in (from outside to inside) naïve iPSCs H9 (dark 

blue), UCLA1 (blue), H9 (light blue), fibroblast R2 (dark green) and R1 (light green). 

E) Diagram showing the intersection between autosomal XIST peaks detected in 

indicated cell lines. 
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F) Boxplots of autosomal XIST peak scores in each female naïve hPSC line, for peaks 

that were identified in only one, two or three hPSC lines. Wilcoxon p-values: NS≥0.05, * 

P<0.05, ** P<0.01, *** P<0.001. The number of peaks (n) in each group is given below. 

G) Density plot showing the length (in base pairs) of conserved autosomal XIST peaks in 

female naïve hPSCs. 

H) Number of XIST peaks in each of the autosomes, for peaks identified in only one of 

the naïve hPSC lines (top), two (middle), or in all three (bottom). 

 

Figure S6: Characterization of the role of SPEN in XCD [Related to Figure 7] 

A) Schematic representation of the sequential RNA+DNA FISH approach on the female 

naïve hESC line H9 and female human fibroblasts. RNA FISH targeting XIST was applied 

first to identify the Xd and Xi, respectively, in each cell. Then, three sequential rounds of 

DNA FISH were performed, each targeting three different genomic loci along the X 

chromosome. 

B) Analysis of the FISH data described in (A). Boxplots of the pairwise distances between 

the DNA probes in each hybridization round were measured in 20 and 16 naïve and 

somatic cells respectively, and are given for the Xd and Xa in naïve hESCs or the Xi and 

Xa in fibroblasts (somatic). Asterisks represent significant p-values (NS≥0.05, ** P<0.005, 

*** P<0.0005). These data show that, as expected, the Xi is dramatically different from 

the Xa in somatic cells. Moreover, the distances of round 3 probes (UTX, XACT and 

GPC3) are significantly smaller on the Xd than the Xa in hPSCs. 
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C) Relative transcript levels of SPEN in female naïve UCLA1 and male naïve WIN1 

hESCs upon treatment with siCtrl or siSPEN, based on qPCR. Error bars correspond to 

the SD in replicates. 

D) X/A ratios based on median gene expression values in bulk RNA-seq data for the 

samples described in (C). Error bars correspond to the SD in replicates. 

E) As in (D), except that the X/A ratio was formed based on mean expression values. 

F) Density plot of the change in expression upon siSPEN in female compared to male 

naïve hESCs, for X-linked (purple) and autosomal (grey) genes. Dashed line represents 

similar effect of siSPEN to gene expression in female and male hESCs. Wilcoxon p-value: 

*** P<0.001. This shows that the upregulation of X-linked genes upon treatment siSPEN 

is higher in females. 

G) XIST expression in female naïve UCLA1 and male naïve WIN1 hESCs upon treatment 

with siCtrl or siSPEN, based on bulk RNA-seq data. 

H) As in (G), except for naïve pluripotency-related marker genes. 
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Summary of Tables 

Table S1. Summary of the genomics data used in this study [Related to all Figures]. 

Summary of the cell lines used in this study and of the corresponding bulk RNA-seq, 

scRNA-seq and RAP-seq data. 

 

Table S2. Expression status of genes in naïve hPSCs [Related to all Figures]. 

Changes in transcript levels are given for all genes between naïve female HNES3 vs male 

HNES1 hESCs, naïve female H9 vs male WIN1 hESCs, naïve female UCLA1 vs male 

WIN1 hESCs, naïve female iPSCs vs male WIN1 hESCs, and naïve female UCLA1 vs 

pre-XIST UCLA1 hESCs. X-linked genes were classified as XCD escape/subject in all 

female vs male comparisons. Autosomal genes were classified as upregulated in female 

(Up), have not significant differences (NS) or downregulated in female (Down) in all 

female to male comparisons. For naïve female UCLA1 vs pre-XIST UCLA1 hESCs 

comparison, X-linked and autosomal genes were classified as Up/NS/Down 

corresponding to genes upregulated, have no significant differences or downregulated in 

naïve female UCLA1 expressing XIST respectively. In addition, the XCD status in female 

E7 epiblast cells and the XCI status in female human somatic cells are given. 

 

Table S3. Sequences of XIST RAP-seq probes, gRNAs, and primers used in this 

study [Related to Figures 2 and 3]. 



216 
 
 

The sequences of the probes used to capture XIST in RAP-seq experiments, of primers 

for PCR validation of the XIST KO, and of gRNAs used for the XIST KO, are given. 

 

Table S4. Genomic features and chromatin states correlated with XIST enrichment 

on the X chromosome and autosomes [Related to Figures 3 and 5] 

This table give the Pearson correlation values between the XIST enrichment along the X 

chromosome and autosomes in naïve H9 and UCLA1 hESCs and naïve hiPSCs, and 

different genomic features (using 1Mb windows every 250kb). For the X chromosome, 

these data are also given for the XIST enrichment on the Xi in female human fibroblasts. 

In addition, the table contains the features enriched in conserved autosomal XIST peaks 

(using LOLA) for naïve-conserved peaks, or peaks detected in naïve H9 and UCLA1 

hESCs and naïve hiPSCs. 

 

Table S5. Genomic coordinates of autosomal XIST peaks detected in female naïve 

hPSCs and female fibroblasts [Related to Figure 4]. 

Coordinates of autosomal XIST peaks detected in naïve hPSCs (H9, UCLA1, and iPSCs) 

or in each of the two fibroblast replicates. For each cell line/replicate, 1 indicates that a 

given peak was detected in the sample, 0 that the peak was not detected. Specificity_tag 

indicates if the peak was classified as conserved autosomal peak in naïve hPSCs or 

somatic conserved (detected in both fibroblast replicated and not in hPSCs). 
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Table S6. Genes overlapping with XIST naïve-conserved autosomal peaks [Related 

to Figures 5 and 6]. 

For autosomal genes, this table show if the gene overlapped with conserved autosomal 

XIST peaks. In addition, this table indicates if the gene is expressed/not expressed in 

naïve hPSCs, and, for those that are expressed, identified them as more lowly 

expressed in female compared to male hPSCs. 
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STAR+METHODS 

 

KEY RESOURCES TABLE 

 

REAGENT or 

RESOURCE  
SOURCE IDENTIFIER 

Deposited Data 

Raw and 

analyzed data  

This paper GSE163439  

Antibodies 

Rabbit Anti-CIZ1 Novus Biologicals NB100-74624 

Chemicals, Peptides, and Recombinant Proteins 

Recombinant 

Human FGF basic 

Protein 

PeproTech 100-18B 

Recombinant 

Activin A 

Cell Guidance Systems GFH6 

Recombinant 

human LIF 

Cell Guidance Systems GFH200 

PD0325901 Cell Guidance Systems SM26 

SB431542 Cell Guidance Systems SM33 

WH 4 023 Cell Guidance Systems SM16 

Y27632 Cell Guidance Systems SM02 

IM12 Cell Guidance Systems SM04 

Critical Commercial Assays 

CytoTune-iPS 2.0 

Sendai 

Reprogramming 

Kit 

ThermoFisher A16517 

Human X 

chromosome 

Paints 

MetaSystems Probes D-0323-100-OR 
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TruSeq Stranded 

mRNA Library 

Prep 

Illumina 20020594 

RNAeasy Qiagen 74104 

KAPA HiFi hot 

start Taq 

Kapa biosystems Kk2502 

Quick-DNA 

Miniprep Plus Kit 

Zymo Research D4069 

Experimental Models: Cell Lines 

Normal Human 

Dermal 

Fibroblasts 

Lonza cc-2511 

UCLA1 Diaz Perez et. al. 2012 N/A 

H9  WiCell Research Institute N/A 

H9_XIST_KO_c7 This paper N/A 

H9_XIST_KO_c18 This paper N/A 

iPSCs This paper N/A 

WIN1 Whitehead Institute N/A 

HNES1 

University of Cambridge  

N/A 

HNES3 

University of Cambridge 

N/A 

Oligonucleotides   

Biotin labeled 

RNA capture 

probes for human 

XIST 

Eurofins Separate file 

Primers IDT Separate file 

gRNAs IDT Separate file 

Recombinant DNA 

PX459 plasmid Addgene 62988 

Software and Algorithms 

R v3.6.3 https://cran.r-project.org/ https://cran.r-project.org/ 

https://cran.r-project.org/
https://cran.r-project.org/
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Trim Galore 
v0.4.1 

Babraham Institute, 

Bioinformatics 

http://www.bioinformatics.babraham.ac.uk/projects/t

rim_galore/ 

https://github.com/FelixKrueger/TrimGalore 

HISAT2 v2.2.0 (Kim et al., 2019) https://daehwankimlab.github.io/hisat2/ 

Samtools v1.9 (Li et al., 2009) http://samtools.sourceforge.net/ 

HTSeq-count 

v0.6.1p1 

(Anders et al., 2015) https://htseq.readthedocs.io/en/release_0.11.1/coun

t.html 

DESeq2 v1.24.0 (Love et al., 2014) http://bioconductor.org/packages/release/bioc/html/

DESeq2.html 

CellRanger v3.0.2 10x Genomics https://support.10xgenomics.com/single-cell-gene-

expression/software/overview/welcome 

Seurat v3.1.5 (Butler et al., 2018; Stuart et 

al., 2019) 

https://satijalab.org/seurat/ 

Scater v1.12.2 (McCarthy et al., 2017) https://bioconductor.org/packages/scater/ 

CrossMap v0.2.9 (Zhao et al., 2014) http://crossmap.sourceforge.net/ 

Bowtie2 v2.2.9 (Langmead and Salzberg, 

2012, p. 2) 

http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml 

Picard v2.1.0 (“Picard Tools - By Broad 

Institute,” n.d.) 

http://broadinstitute.github.io/picard/ 

https://github.com/broadinstitute/picard 

Bedtools v2.26.0 (Quinlan and Hall, 2010) http://bedtools.readthedocs.io/en/latest/ 

MACS v2.2.7.1 (Zhang et al., 2008) https://github.com/macs3-project/MACS 

Igvtools v2.3.80 (Robinson et al., 2011) http://software.broadinstitute.org/software/igv/ 

DiffBind v2.12.0 (Ross-Innes et al., 2012) https://bioconductor.org/packages/release/bioc/html/

DiffBind.html 

LOLA v1.14.0 (Sheffield and Bock, 
2016) 

http://code.databio.org/LOLA 

topGO v2.36.0 (Alexa et al., 2006) https://bioconductor.org/packages/release/bioc/
html/topGO.html 

Fiji v2.0.0 (Schindelin et al., 2012) https://imagej.net/Fiji 

Juicer_tools 

v1.5.3 
(Durand et al., 2016) https://github.com/aidenlab/Juicebox 

ggplot2 v3.3.0 https://ggplot2.tidyverse.o
rg/ 

https://ggplot2.tidyverse.org/ 

Other 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://github.com/FelixKrueger/TrimGalore
https://daehwankimlab.github.io/hisat2/
http://samtools.sourceforge.net/
https://htseq.readthedocs.io/en/release_0.11.1/count.html
https://htseq.readthedocs.io/en/release_0.11.1/count.html
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
http://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome
https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome
https://satijalab.org/seurat/
https://bioconductor.org/packages/scater/
http://crossmap.sourceforge.net/
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://broadinstitute.github.io/picard/
https://github.com/broadinstitute/picard
http://bedtools.readthedocs.io/en/latest/
https://github.com/macs3-project/MACS
http://software.broadinstitute.org/software/igv/
https://bioconductor.org/packages/release/bioc/html/DiffBind.html
https://bioconductor.org/packages/release/bioc/html/DiffBind.html
http://code.databio.org/LOLA
https://bioconductor.org/packages/release/bioc/html/topGO.html
https://bioconductor.org/packages/release/bioc/html/topGO.html
https://imagej.net/Fiji
https://github.com/aidenlab/Juicebox
https://ggplot2.tidyverse.org/
https://ggplot2.tidyverse.org/
https://ggplot2.tidyverse.org/
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RNA-seq for 

UCLA1  

(Sahakyan et al., 2017a) GEO: GSE87239 

UCLA1 Single-

nucleotide 

polymorphisms 

(Sahakyan et al., 2017a) (Sahakyan et al., 2017a) 

H9 Single-

nucleotide 

polymorphisms 

(Collier et al., 2017) (Collier et al., 2017) 

Single-cell RNA-

seq in human 

preimplantation 

embryos 

(Petropoulos et al., 2016) (Petropoulos et al., 2016) 

E-MTAB-3929 

XCI status (Tukiainen et al., 2017) (Tukiainen et al., 2017) 

Human siSPEN ID 

s22831 

Thermo Fisher 4427037 

Human siSPEN ID 

s22829 

Thermo Fisher 4427037 

Human XIST BAC Bacpac resource center RP11-13M9 

Human XACT 

BAC 

Bacpac resource center RP11-35D3 

Human GPC3 

BAC 

Bacpac resource center RP11-678F20 

Human THOC2 

BAC 

Bacpac resource center RP11-121P4 

Human UTX BAC Bacpac resource center RP11-256P2 

Human SMS BAC Bacpac resource center RP11-147O5 

Human 

SMARCA1 BAC 

Bacpac resource center RP11-137A15 

 

 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Kathrin Plath (kplath@mednet.ucla.edu) 

mailto:kplath@mednet.ucla.edu
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All genomics data (RAP-seq and RNA-seq) have been uploaded to a private GEO 

site that can be accessed by the reviewers with GSE163439 and the secure token: 

gzqtksgirzwhnip. 

 

Cell lines and culturing conditions 

Human ESC/hiPSC lines used in this study include UCLA1 (46, XX), iPSC (46, XX), H9 

(46, XX), WIN1 (46, XY), HNES1 (46, XY) and HNES3 (46, XX). Primed hESCs/hiPSCs 

were cultured on inactivated mouse embryonic fibroblasts (MEFs) in hESC media, 

composed of 20% knockout serum replacement (KSR) (GIBCO, 10828-028), 100mM L-

Glutamine (GIBCO, 25030-081), 1x MEM Non-Essential Amino Acids (NEAA) (GIBCO, 

11140-050), 0.1mM 2-Mercaptoethanol (GIBCO, 21985-023), 10ng/mL recombinant 

human FGF basic (R&D systems, 233-FB), 1x Penicillin-Streptomycin (GIBCO, 15140-

122) in DMEM/F12 media (Sigma, D8437). Primed hESCs and iPSCs were split every 5-

6 days using Collagenase type IV (GIBCO, 17104-019). All human ESC and iPSC studies 

received the approval of the UCLA Embryonic Stem Cell Research Oversight (ESCRO) 

Committee (2008-015 and 2007-009). 

 

HNES1 and HNES3 hESC lines were kindly provided by Austin Smith and were 

derived from human blastocysts in t2iLGö culture medium. Those cell lines were 

maintained on an irradiated MEF cell layer in N2B27 supplemented with 1 µM 

PD0325901, 10 ng/ml human LIF, 2 µM Gö6983 (Tocris Bio-Techne, 2285), and 2 µM 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/human
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/embryonic-stem-cell


223 
 
 

XAV939 (Tocris Bio-Techne, 3748). ROCK inhibitor (10µM; Y-27632, Millipore) was 

added for 24 hours after passaging with StemPro Accutase. 

 

 Somatic cell lines used in this study included normal human dermal fibroblasts – 

NHDFs (46,XX) (Lonza lot #472033). NHDFs were cultured in a fibroblast media 

composed of 10% FBS (Life Technologies, 10099141), 100mM L-Glutamine (GIBCO, 

25030-081), 1x MEM Non-Essential Amino Acids (NEAA) (GIBCO, 11140-050), 0.1mM 

2-Mercaptoethanol (GIBCO, 21985-023) in DMEM (Sigma, D6429).  

 

 The female naïve hiPSC line was generated by reprogramming NHDF fibroblasts 

(Lonza, lot #472033) to pluripotency using the CytoTune-iPS 2.0 Sendai Reprogramming 

Kit (ThermoFisher) following manufacturer’s instructions for feeder-dependent 

reprogramming of fibroblasts. Briefly, 100,000 cells were plated into a well of a 6-well 

plate and 24hours later subjected to an overnight transduction with the CytoTuneTM 

vectors. Cell culture medium was renewed daily with fibroblast medium for one week. 

Seven days post transduction cells were harvested by TrypLE Express Enzyme 

(Thermofisher) and plated on a monolayer of irradiated MEFs in fibroblast medium. After 

one day, the medium was changed to naïve (5iLAF) human embryonic stem cell medium 

(see below). Mycoplasma tests (Lonza, LT07-418) were performed routinely for all cell 

lines used in this study to confirm the lack of such pathogens. 

 

Conversion of primed hPSC to the naïve pluripotent state 
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A detailed description of the conversion of the primed hESC line UCLA1 to its naïve state 

has been given in Sahakyan et al. (Sahakyan et al., 2017a). Briefly, the primed hESC line 

UCLA1 was obtained from the Human Embryonic and Induced Pluripotent Stem Cell Core 

of the BSCRC at UCLA and plated on irradiated MEFs as single cells in the presence of 

10uM ROCK inhibitor Y-27632 in DMEM/F12 medium supplemented with 5% KnockOut 

Serum Replacement (KSR), 15% heat inactivated FBS, penicillin/streptomycin, 

nonessential amino acids, GlutaMAX, 0.1mM β-mercaptoethanol, and 10ng/ml FGF2. 

After two days, the culture medium was switched to the 5iLAF naïve hESC medium (1:1 

mixture of DMEM/F12 and Neurobasal supplemented with N2, B27, 

penicillin/streptomycin, nonessential amino acids, GlutaMAX, 0.5% KSR, 0.1mM β-

mercaptoethanol, 50ug/ml bovine serum albumin, 20ng/ml rhLIF, 20ng/ml Activin A, 

8ng/ml FGF2, 1uM MEK inhibitor PD0325901 0.5uM B-Raf inhibitor SB590885, 1uM 

GSK3-β inhibitor IM-12, 1uM Src inhibitor WH-4-023, and 10uM ROCK inhibitor Y-27632). 

Established naïve UCLA1 hESCs were maintained by passaging every 5-6 days with 

StemPro Accutase and re-plating onto freshly plated irradiated MEFs. UCLA1 and H9 

hESCs were converted and cultured either in 5% CO2, 5% O2 (Hypoxia) at 37C or in 5% 

CO2 and atmospheric oxygen level (Normoxia) at 37C.   

 

Bulk RNA-seq  

For bulk RNA-seq, cells were washed with 1xPBS and dissociated with accutase. 

Harvested cells were then lysed using Trizol reagent (Life Technologies #15596018) and 

RNA was isolated using Qiagen RNAeasy kit (Cat #74104) according to manufacturer’s 
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instructions. RNA-seq libraries were prepared with the TrueSeq Stranded mRNA Library 

Prep Kit (Illumina 20020594) according to manufacturer’s instructions. RNA sequencing 

of the naïve UCLA1 R1, R2, and R5, or early naïve UCLA1 hESCs (pre-XIST state) was 

done in Sahakyan et al,. (Sahakyan et al., 2017a). Briefly, cells were harvested, washed 

with 1xPBS, and collected in Trizol (ThermoFisher). RNA-seq libraries were prepared 

using the TruSeq Stranded mRNA Library Prep Kit (Illumina) as described in (Sahakyan 

et al., 2017a). 

 

Processing of bulk RNA-seq data 

RNA-seq reads were trimmed using trim_galore 

(https://github.com/FelixKrueger/TrimGalore) with default parameters to remove the 

standard Illumina adaptor sequences. Reads were then mapped to the human genome 

(hg38 assembly) using HISAT2 (Kim et al., 2019) with default parameters. Reads with 

mapping quality less than 30 were removed using samtools (Li et al., 2009). Read counts 

for each gene were calculated using HTSeq using the following parameters: --

format=bam --order=pos --stranded=reverse --minaqual=0 --type=exon --mode=union --

idattr=gene_name (Anders et al., 2015). Genes with low read count were removed 

(keeping genes with counts-per-million >/= 0.5 in at least two samples). Regularized log 

transformation (rlog) of each gene in each sample was calculated using DESeq2 (Love 

et al., 2014). Rlog values were used as normalized gene expression data unless noted 

otherwise. In addition, RPKM (Reads Per Kilobase per Million mapped reads) values were 

calculated for each gene. Differential gene expression analysis was done using DESeq2 

https://github.com/FelixKrueger/TrimGalore
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(Love et al., 2014). For the analysis of gene expression based on data derived by 

ENCODE, RNA-seq data (RPKMs) were downloaded from the NIH Roadmap 

Epigenomics Mapping Consortium (including both coding and non coding RNAs) (Davis 

et al., 2018). Genes with RPKM=0 across all cell types were removed. Cell types were 

filtered to select only female samples resulting in Blood, Breast, Lung, Brain, and Ovary. 

 

scRNA-seq 

For scRNA-seq, female naïve hESCs (H9) (WT or XIST KO) were dissociated with 

accutase for 5 minutes. Dissociated cells were resuspended in 1xPBS+0.04% BSA and 

passed through a 40micron strainer to avoid cell clumps. Cell concentration was adjusted 

to 800-1200cells/ul before loading cells onto the 10X Genomics Chromium instrument. 

scRNA-seq libraries were generated using the Chromium single cell 3’ reagent kit V3 

following manufacturer’s instructions and library fragment size distribution was 

determined by BioAnalyzer. Individual libraries were designed to target 10,000 cells. 

Afterwards libraries were pooled and sequenced on the Illumina Novaseq 6000 platform. 

 

Processing of single cell expression data 

Reads were aligned using the CellRanger (https://support.10xgenomics.com/single-cell-

gene-expression/software/overview/welcome) count function against the hg38 (GRCh38-

3) genome assembly. To account for mouse feeder cells, we also aligned the reads 

against the mouse mm10 genome assembly. Aligned reads were processed further 

through the Seurat pipeline (Butler et al., 2018; Stuart et al., 2019) and filtered based on 

http://roadmapepigenomics.org/
http://roadmapepigenomics.org/
https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome
https://support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome
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multiple criteria. 1) An initial filtering for genes detected in at least three cells and cells 

with at least 200 detected genes. 2) To remove mouse feeder cells, the number of genes 

detected when aligning to the human and mouse genome was calculated (nFeatures) 

and cells with log2(nFeatures human/nFeatures mouse)>1 were kept for downstream 

analysis. 3) Mitochondrial RNA was quantified per cell. A quality control metric was 

calculated using R function calculateQCMetrics (scater package) (McCarthy et al., 2017)). 

The R function isOutlier (scater package) (McCarthy et al., 2017)) was applied to identify 

outliers based on the library size (nmads>3), number of genes (nmads>3), and the 

percentage of mitochondrial genes in each cell (nmads>1). The data were then 

normalized and scaled, and highly variable genes were detected, using the sctransform 

function (Seurat package) (Butler et al., 2018; Stuart et al., 2019) with default parameters. 

Principal Component Analysis was done using the Seurat function RunPCA on the most 

highly variable genes. The top 20 principal components were used to find the 20 nearest 

neighbors of each cell (FindNeighbors function from Seurat package (Butler et al., 2018; 

Stuart et al., 2019)), following by application of the FindClusters function to identify cell 

clusters. Clusters were visualized by uniform manifold approximation and projection 

(UMAP) dimensional reduction technique using the Seurat RunUMAP function. 

 

To explore the expression changes of genes between naïve WT H9 and XIST KO 

H9 hESCs, the average gene expression for each scRNA-seq cluster was obtained using 

AverageExpression function in Seurat (Butler et al., 2018; Stuart et al., 2019), and the log 

fold change between the WT and XIST KO was calculated for each gene. 
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 Single cell expression data for human male and female pre-implantation embryos 

was obtained from Petropoulos et al., (Petropoulos et al., 2016). The read counts matrix 

was normalized and scaled using sctransform function (Seurat package (Butler et al., 

2018; Stuart et al., 2019)) using default parameters. This was used to explore gene 

expression in each cell. In addition, gene expression fold change between female and 

male at each developmental stage and tissue was directly obtained from Petropoulos et 

al., supplemental table 1 (Petropoulos et al., 2016). 

 

Definition of genes escaping XCD 

The result of the differential gene expression analysis between male and female hPSCs 

or epiblast cells from pre-implantation embryos was used to define genes that escape or 

are subject to XCD. An X-linked gene was defined as XCD escapee in hPSCs if it was 

significantly (log2FoldChange>0.5 and padj<0.01) upregulated in the comparison of 

female naïve hPSCs (H9, UCLA1, and iPSC, respectively) vs male naïve hESCs (WIN1), 

or in the female naïve hESC line HNES3 vs the male naïve hESC line HNES1. For 

defining escapees in epiblast cells of the pre-implantation embryo, the log2 fold change 

was calculated for female to male E7 epiblast cells. The definition of epiblast cells and 

male/female status was obtained from Petropoulos et al. (Petropoulos et al., 2016). An 

X-linked gene was defined as XCD escapee when the gene displayed log2 fold change 

> 1 in female cells compared to males. Published assignments (Tukiainen et al., 2017) 
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were used for genes escaping XCI or subject to XCI. XIST was excluded from 

downstream analysis of XCD subject and escapee characterization.  

 

Variant calling 

For UCLA1 hESCs, a list of known X-linked Single-Nucleotide Polymorphisms (SNPs) 

was obtained from Sahakyan et al., (Sahakyan et al., 2017a). For H9 hESCs, a list of 

known X-linked SNPs in H9 was obtained from Collier et al., (Collier et al., 2017). The 

genotype coordinates (in hg19) in the original VCFs were transferred to the hg38 genome 

built through the liftOver function in CrossMap (Zhao et al., 2014). 

 

Haplotype phasing 

Since the SNP data in both UCLA1 and H9 hESCs were taken form an unphased 

genotypes, a read overlapping a known SNP could not be directly assigned to one of the 

two parental X chromosomes (haplotypes). To directly explore gene expression from 

each X chromosome, phasing haplotypes analysis, which identify the variant alleles that 

are co-located on the same chromosome, was done. Through this process, SNPs were 

assigned to either the X1 or X2. Both primed UCLA1 and H9 hESCs display non-random 

XCI (Collier et al., 2017; Sahakyan et al., 2017a). Consequently, we assigned the X1 to 

be the Xa of the primed state and X2 the Xi. This allowed us to explore expression of all 

SNPs between the two X chromosomes. To assign a SNP to the X1 or X2, RNA-seq data 

from primed UCLA1 and H9 were used. Due to the non-random silencing of one of the 

two X chromosomes, all mono-allelicaly expressed alleles are assigned to the Xa, while 
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the not expressed allele is assigned to the Xi in primed hESCs. To prevent confusion, we 

refer to the primed Xa as X1 and the primed Xi as X2. Specifically, for haplotype phasing 

we followed the following steps. Step 1: For each SNP we determine allelic coverage in 

primed UCLA1 and H9. To this end we used SAMtools mpileup tool (Li et al., 2009) to 

generate SNP coverage pileups, using min-BQ = 20, and max-depth = 1000000. For each 

SNP, the read coverage of the reference and alternative allele was calculated. 2) We then 

assigned each allele to the primed Xa (X1) and Xi (X2), by focusing on X-linked SNPs 

with mono allelic expression (for which the total number of reads > 5 and the absolute 

ratio of reference to alternative allele < 0.2 (80% of reads aligned to either the reference 

or alternative allele). In cases where the reference allele overlapped with more than 80% 

of reads, the reference allele was assigned to the Xa while the alternative allele was 

assigned to the Xi, and vice versa. This approach provided a list of alleles detected on 

the Xa (X1) and Xi (X2) for UCLA1 (39 X-lined phased SNPs) and H9 (524 X-linked 

phased SNPs).  

 

 Haplotype phasing is particularly important for SNP analysis of scRNA-seq data, 

since for assessing the bi- or mono-allelical presence of a SNP, a larger number of RNA-

seq reads needs to overlap that SNP. However, in our scRNA-seq data, only a handful of 

SNP had more than five overlapping RNA-seq reads. More so, these SNPs with many 

overlapping reads were often located in genes that escape XCD, likely because XCD 

escapers tend to be more highly expressed. Consequently, it is difficult to assess the 

expression state of a X chromosome (active or inactive) based on individual SNPs. The 

phasing of X-linked SNPs described above enables the pooled analysis of all RNA reads 
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coming from the X1 or X2 alleles (regardless of the number of reads overlapping a specific 

SNP) 

 

Determination of allelic X-linked expression in RNA-seq data 

SAMtools mpileup tool (Li et al., 2009) was used to generate SNP coverage pileups for 

bulk RNA-seq data, or for each single cell in scRNA-seq data, using min-BQ = 20, and 

max-depth = 1000000. The number of reads covering X1 and X2, along with the ratio of 

reference to alternative allele coverage, were calculated for each SNP. For the phased 

SNP analysis in scRNA-seq data, the number of reads aligned to X1 and X2 was also 

calculated. When calling SNP coverage in the scRNA data, only cells with more than five 

read overlapping all phased SNPs were kept. 

 

RAP-seq 

RNA anti-sense purification followed by DNA sequencing (RAP-seq) for human XIST was 

adapted from Engreitz et al. (Engreitz et al., 2013). Human XIST probes for RAP-seq 

were initially generously designed by (as previously described for mouse Xist) and gifted 

from Guttman Lab at Caltech (https://www.guttmanlab.caltech.edu/). After washing with 

PBS, 10-30 million cells were harvested from confluent cell cultures and incubated with 

freshly-made 10ml 2mM DSG in 1x PBS at room temperature for 45 minutes. Cells were 

subsequently crosslinked further with 10ml 3% formaldehyde for 10 minutes, and the 

reaction was stopped by the addition of 2ml 2.5M glycine. Cells were pelleted at 4˚C and 

subjected to lysate preparation as described by Engreitz et al. (Engreitz et al., 2013). 
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Briefly, the fixed cell pellets were lysed in NP-40 containing cell lysis buffer either with 

glass dounce homogenizer (UCLA1, iPSCs and NHDFs) or without (H9), with further lysis 

of nuclei in a buffer with NP-40, sodium deoxycholate and N-lauroylsarcosine. Chromatin 

was solubilized by sonication and segmented by TURBO DNase digestion, followed by 

XIST RNA pulldown from 5 million cells using 1ug (UCLA1, iPSCs, NHDF R1) or 5ug 

(NHDF R2) and Streptavidin C1 beads. For H9, we generated a new set of 162 custom, 

non-overlapping 90nt long biotinylated oligonucleotides (Eurofins) and used 50pmol. In 

addition, for each cell line we also performed RAP in non-crosslinked cells (refer to as 

input) as a control for XIST enrichment. DNA was eluted by Rnase H digestion, and 

crosslinking was reversed via proteinase K digestion of eluted DNA at 60˚C. The DNA 

libraries were prepared using NEBNext Ultra End Rpair/dA-Tailing Module (NEB) and 

TruSeq DNA adapters (Illumina) ligated using Quick Ligase (NEB). Libraries were 

amplified by KAPA HiFi Polymerase (Roche), pooled, and sequenced on the Illlumina 

HiSeq platform to generate 50bp single-end reads (UCLA1, iPSCs and NHDFs) or 50 bp 

pair-end reads (H9). 

 

RAP-seq alignment 

DNA sequencing reads were trimmed using trim_galore 

(https://github.com/FelixKrueger/TrimGalore) with default parameters to remove the 

standard Illumina adaptor sequence. Bowtie2 (Langmead and Salzberg, 2012) was used 

to align reads to the human genome (hg38) with the default parameters. Reads with 

mapping quality less than 30 were removed using Samtools (Li et al., 2009), and Picard 

https://github.com/FelixKrueger/TrimGalore
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MarkDuplicates (“Picard Tools - By Broad Institute,” n.d.) were used to mark PCR 

duplicates. 

 

Calculation of RAP-seq enrichment 

To calculate RAP-seq enrichment, we first defined genomic windows across the 

chromosomes using four different approaches: 1) We used bedtools makewindows 

(Quinlan and Hall, 2010) to create coordinates of genomic intervals in either 100Kb 

windows every 25Kb (for enrichment analysis), 2) 1Mb every 250Kb (for feature 

enrichment), 3) or non-overlapping 100kb windows (for differential analysis) along the 

genome. 4) We also defined genomic regions that encompass 50kb from start sites 

(TSSs) and over the gene body to capture the XIST level around gene bodies. This was 

used for comparing gene expression and XIST enrichment. We then used bedtools 

intersect (Quinlan and Hall, 2010) to count RAP-seq reads in each respective genomic 

region as defined by the four approaches, from each sample. To account for differences 

in sequencing depth, the read counts in each genomic region were normalized to the sum 

of all reads in that sample. To explore XIST enrichment on autosomes, we also calculated 

scaled enrichment score by normalizing only autosomal windows to the sum of all 

autosomal reads.  

 

RAP-seq enrichment scores in each genomic region were calculated using the 

ratio of the normalized read counts in the RAP-seq XIST pulldown to the input of each 

sample. A region was defined as an unmappable region using the inputs of all samples. 
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Specifically, the R function isOutlier (scater package (McCarthy et al., 2017)) was used 

to identify outliers (having less or more than expected read counts) based on the minimal 

number of reads across all input samples (nmads>4). Genomic regions identified as 

outliers were removed from all downstream analysis. 

 

The normalized enrichment ratios were used in all further computational analysis. 

We note that while the read counts of genomic intervals were defined in 100Kb or 1Mb 

windows every 25Kb and 250Kb, respectively, along the genome, the enrichment scores 

were assigned to the 25Kb or 250Kb windows in the center of the 100Kb and 1Mb 

windows. This was done to prevent overlapping windows in the downstream analysis.  

 

RAP-seq peak calling 

Peak calling was performed using MACS2 callpeak (Zhang et al., 2008) with max-

gap=1000 using the input of each XIST pulldown sample as a control sample. For 

visualization, MACS2 bdgcmp was also used to generate fold-enrichment tracks. The 

normalized bedgraph files were then converted to tdf format using igvtools toTDF 

(Robinson et al., 2011). To compare peak scores between samples, we used bedtools 

merge (Quinlan and Hall, 2010) to compile a list of all detected peaks using either the 

narrow or broad peaks of all samples. We then used bedtools intersect (Quinlan and Hall, 

2010) to intersect between the merged peaks, and the peaks identified in each sample. 
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Differential analysis of RAP-seq data 

Two approaches were used to explore the differential of XIST localization on the X 

chromosome. First, MACS2 (Zhang et al., 2008) was used to call peaks in each of XIST 

pulldown, using the input as control, as described above. The R package DiffBind (Ross-

Innes et al., 2012) was then used to identify differential peaks comparing all three naïve 

female hPSCs to the two Fibroblast cells, using the following filtering parameters: 

filter=10, filterFun=sum and keeping only X-chromosome peaks. Second, DESeq2 (Love 

et al., 2014) was used on the pulldown read counts in each 100Kb window. Regions with 

less than 10 reads in all samples were removed. Significant differences were defined as 

100kb regions with p-value<0.01. Similar to first approach, only reads on the X 

chromosome where selected. We note that XIST is more enriched on the X-chromosome 

in fibroblast cells compared to the naïve cells, and filtering out autosomal reads allowed 

us to identify differences in the relative enrichment in somatic and naïve hPSCs. 

 

 To define conserved autosomal XIST peaks in naïve female hPSCs, broad XIST 

peaks were used, filtering out non-significant peaks (using p-value < 0.05, and fold 

enrichment of >2 for all samples, and >3 for iPSCs). Short length peaks (<500bps) were 

also removed. We note that the right arm of chromosome 8 is likely duplicated in the naïve 

UCLA1 hESC line, as noted by the increased reads in the UCLA1 input. Therefore, XIST 

peaks found in this regions (chr8, peak start >121000000) were removed. Conserved 

autosomal XIST peaks in naïve hPSCs were defined as peaks identified in all three naïve 

hPSC lines (H9, UCLA1 and iPSCs) and in none of the two fibroblast replicates. 
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Conserved XIST peaks in somatic cells were defined as peaks identified in both fibroblast 

replicates but none of the naïve hPSC samples. 

 

Features analysis for XIST localization on the X and on autosomes 

Two different approaches were used to identify genomic features associated with XIST 

enrichment. First, we correlated XIST enrichment scores in genomic intervals with interval 

scores of various genomic features, including gene density and repeats. For this, the gene 

annotation file was obtained from UCSC (“TxDb.Hsapiens.UCSC.hg38.knownGene,” 

n.d.), and  DNA repeat annotations were downloaded from the UCSC Genome Browser, 

track RepeatMasker, table rmsk (Karolchik et al., 2004). The number of annotated genes 

and repeats in a given genomic interval was calculated and pearson correlation was used 

to calculate the correlation between the XIST enrichment score and feature count in each 

genomic interval (1Mb windows every 250Kb). The XIST locus (and an additional 10Mb 

at either end) was removed for these analyses, similar to Engreitz et al. (Engreitz et al., 

2013). Second, we calculated the enrichment of different features with conserved 

autosomal XIST peaks of naïve hPSCs. In addition to the features described above, we 

took advantage of the LOLA Core database (Sheffield and Bock, 2016). The R package 

LOLA (Sheffield and Bock, 2016) was used to compute the enrichment of the different 

features within the conserved autosomal XIST peaks.  

 

Gene Ontology Analysis 
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Enrichment for gene ontologies was performed for genes overlapping with conserved, 

naïve hPSC-specific autosomal XIST peaks using the R package topGO (Alexa et al., 

2006) with a Fisher test.  

 

Immunofluorescence staining 

For immunofluorescence staining, naïve hPSCs were seeded on feeder-coated 

coverslips and NHDF were seeded directly on the glass coverslips. After 24-48 hours, 

cells were fixed with 4% PFA for 10 minutes and washed with 1xPBS, afterwards 

permeabilized with 0.5% Triton X-100 in 1xPBS, and then blocked with 1% BSA in 1xPBS 

with 0.05% Tween-20 for 40 minutes. Primary antibody incubation was conducted 1% 

BSA for 1h at RT. Samples were again washed with 3xPBS-tween and incubated with 

fluorescent secondary antibodies at 1:400 for 45 min, then washed and counterstained 

with DAPI for 5 min and mounted using Vectashield. The secondary antibodies used in 

this study were all from Life Technologies used at 1:400 dilution. Images were taken using 

LSM 880 Confocal Instrument (Zeiss) or Zeiss Axio Imager M1. For image processing Fiji 

(ImageJ) was used.  

 

RNA FISH 

For RNA FISH, hPSCs were seeded on a feeder-coated coverslips 24-48 hours before 

fixation, which keeps hESC colony size small. NHDF were seeded directly on the glass 

coverslips.  Coverslips were washed with DPBS, fixed with 4% formaldehyde for 10 min, 

permeabilized with cold (4°C) 0.5% Triton X-100 in DPBS for 10 min, and serially 
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dehydrated with cold (4°C) 70-100% ethanol for 10 minutes each step. Afterwards 

coverslips were air dried and hybridized with labeled DNA probes in a humidified chamber 

at 37°C overnight. Next day, coverslips were washed with 50% formamide in 2x SSC, 2x 

SSC, then 1x SSC at 42°C for 20 minutes each step. For nuclei staining, coverslips were 

stained with DAPI and mounted with Vectashield (Vector labs: H-1000). Double-stranded 

DNA probes were generated from full length cDNA constructs or BACs as described 

previously (Solovei, 2010). The BACs used include XIST (RP11-13M9), XACT (RP11-

35D3), GPC3 (RP11-678F20), SMS (RP11-147O5), SMARCA1 (RP11-137A15), THOC2 

(RP11-121P4), UTX (RP11-256P2) and SPON1 (RP11-774G22). Every new batch of 

probes was first tested on normal human dermal fibroblasts. For X chromosome paints 

combined with RNA FISH, XIST RNA FISH was done as described above and afterwards 

the coverslips were post-fixed with 4% PFA for 10 minutes and X chromosome painting 

was done following to manufacturer’s instructions (Metasystems Probes, cat:D-0323-100-

OR). Images were taken using LSM 880 Confocal Instrument (Zeiss) or Zeiss Axio Imager 

M1. For image processing and analysis Fiji (ImageJ) was used. For XACT signal 

quantification, images were converted into 8-bit images using Fiji and afterwards signal 

intensity was measured by drawing line over signal of interest and extracting pixel 

intensities with profile plot tool. Intensity values were exported as csv file for plotting.  

 Signal intensity of the nascent transcription focus of THOC2 and UTX on the X-

chromosome was done as described in Ding et al., (Ding and Elowitz, 2019). 

 

Generation of XIST KO lines 
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To generate XIST KO lines, we electroporated primed H9 hESCs with two PX459 

plasmids (Addgene #48139) carrying two different gRNAs, one targeting XIST promoter 

and one XIST exon 1 and both in case of successful transfection would generate 2kb 

deletion. gRNA sequences are added to STAR methods. gRNAs were cloned into PX459 

as described before (Ran et al., 2013). Cell were electroporated using Lonza 4D-

Nucleofector and P3 Primary Cell kit (Cat. V4XP-3024) according to manufacturer’s 

instructions. Electroporated cells were seeded on feeder-coated plated in primed hESC 

media with 10uM ROCK inhibitor Y-27632. After 48 hours, cells were selected with 

puromycin (Puro cassette was expressed from PX459 plasmid) and surviving colonies 

were further propagated. To confirm the deletion, genomic DNA was isolated from the 

bulk population using Zymo Quick-DNA isolation kit (Cat. D4069) for PCR genotyping. 

PCR primers XP-Frw (CACAAAGATGTCCGGCTTTCA) and XE-Rev 

(CCTGCTGAATGCAAATGGGG) generate 1.5 kb bend upon deletion of 2kb. After this 

step, individual colonies were isolated from the targeted hESC population and screened 

for homozygous and heterozygous XIST deletions. To detect the WT allele, we used the 

primers XP-Frw and WT-Rev (CTCTGCCAAAGCGGTAGGTAC), which amplify a 942bp 

region from the WT allele and cannot amplify anything upon deletion as the WT-Rev 

complementary sequence is not present upon deletion. With this screening strategy, 2 

homozygous clones were selected for the experiments.  

 

siRNA-mediated knockdown of SPEN 
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For siRNA-mediated depletion of SPEN, we used a mix of two different siRNAs targeting 

different exons of human SPEN (Thermo Fisher #4427037, IDs: s22831, s22829). Equal 

amounts of siRNA were mixed prior to transfection. As a negative, control scramble 

siRNA was used (Thermo #AM4611). Cells were transfected using Lipofectamine 

RNAiMAX reagent (Life Technologies Cat #13778150). After 24 hours of transfection, 

cells were transfected again using the same siRNA mix. After 2 rounds of transfection 

and in total 48 hours, cells were harvested, and RNA was isolated using Qiagen RNAeasy 

kit (#74104) according to manufacturer’s instructions. Afterwards RNA-seq libraries were 

constructed as described above. 

 

Hi-C data analysis 

Xa and Xi Hi-C contacts (.hic files) from GM12878 somatic cells were downloaded from 

Rao et al. (Rao et al., 2014) (GSE63525). Knight-Ruiz (KR) normalized observed and 

expected contact matrixes were generated using Juicebox dump command of the 

Juicebox tool (Durand et al., 2016). Distance normalized interaction signals 

(observed/expected) were calculated at 1Mb resolution for the X chromosome.  
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ABSTRACT 

 

Expression of the long non-coding RNA Xist and its spreading across the X-chromosome 

have been closely associated with X-linked dosage compensation, yet some studies have 

reported the presence of Xist expression without gene silencing. Additionally, the 

silencing ability of Xist is thought to be restricted within a narrow developmental window 

surrounding pluripotency, beyond which Xist can no longer induce transcriptional 

repression, except for a small subset of hematopoietic progenitors that can transiently re-

establish X-chromosome inactivation (XCI). However, a recent study showed that XIST 

can trigger chromosome-wide silencing when incorporated into an autosome in 

differentiated neural cells. To address these conundrums, we employed genomics and 

imaging approaches, and demonstrated the lower enrichment of Xist across the X, which 

correlates with reduced X-linked gene silencing in early XCI, along with the novel 

spreading of Xist to autosomes and partial repression of autosomal target genes 

Surprisingly, we found that Xist is still able to induce partial silencing of several X-linked 

genes in differentiated cells, and we speculate that the lack of complete silencing is due 

to the distribution of Xist over the transcriptionally inactive regions of chromatin. Together, 

our results highlight that differentiated cells still retain epigenetic plasticity to respond to 

Xist, and illustrate how the localization of Xist may serve as a good predictor of its 

consequent gene regulation output on the X-chromosome. 
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INTRODUCTION 

 

X-chromosome inactivation (XCI) is a dosage compensation mechanism utilized by 

female placental mammals early in embryonic development to silence one of the two X-

chromosomes, thereby achieving similar X-linked gene expression levels between XX 

females and XY males (Avner and Heard, 2001; Plath et al., 2002; Payer and Lee, 2008; 

Augui et al., 2011; Gendrel and Heard, 2014; Galupa and Heard, 2015). The X-inactive 

specific transcript (Xist) long noncoding RNA (lncRNA) is the master regulator of XCI that 

is transcribed from the X, and directs chromosome-wide gene repression by physically 

coating the future inactive X-chromosome (Xi) in cis (Clemson et al., 1996; Engreitz et 

al., 2013; Simon et al., 2013) to form an Xist cloud, as visualized by fluorescence in situ 

hybridization (FISH). Xist also recruits a myriad of protein complexes that contribute to 

the transcriptional shut-off of X-linked genes (Chu et al., 2015; McHugh et al., 2015; 

Minajigi et al., 2015). 

 

 In mouse, Xist first triggers XCI at the four- to eight-cell stage pre-implantation 

embryo (Wang et al., 2016; Borensztein et al., 2017). In support of the role of Xist within 

a pluripotency context, Xist appears to lose its ability to trigger silencing in mouse 

embryonic stem cells (ESCs) that are differentiated past 48 hours (Wutz and Jaenisch, 

2000). On the contrary, one recent study showed that an XIST transgene incorporated 

into one of three copies of chromosome 21 (chr21) in differentiated neural stem cells 

derived from trisomic Down syndrome patients can induce efficient chromosome-wide 

gene repression (Czerminski and Lawrence, 2020). Thus, it is of fundamental interest to 
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decipher the developmental and epigenetic context beyond pluripotency in which Xist can 

still exert its repressive function, so as to better harness its silencing ability for potential 

translational applications, as well as understanding the mechanisms by which Xist 

execute XCI. 

 

 Xist upregulation and localization across the X-chromosome had always been 

associated with X-linked gene silencing (Avner and Heard, 2001; Plath et al., 2002). Yet, 

in human, both the X-chromosomes in female pre-implantation embryos and in naïve 

ESCs remain transcriptionally active despite XIST coating both Xs (Okamoto et al., 2011; 

Petropoulos et al., 2016; Dror et al., in review). Similarly, in the mouse, recent imaging 

data from our lab also highlighted the lack of X-linked gene silencing with the presence 

of biallelic transcripts for two X-linked genes, Atrx and Mecp2, which are normally 

subjected to silencing, in early differentiating cells that displayed Xist expression and 

cloud formation (Markaki et al., in review). 

 

 Therefore, in this study we set out to investigate the mechanism underlying the 

decoupling of Xist expression from transcriptional silencing,. By employing genomics 

approaches, we uncovered the differential Xist spreading phenotypes in female 

differentiating mouse ESCs at different stages of development, with reduced 

accumulation of Xist across the Xi in early differentiating ESCs compared to their late 

differentiated counterparts. This correlates with the attenuation of X-linked dosage 

compensation in early differentiating cells, in contrast to complete XCI in late 
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differentiated cells, suggesting that the failure of Xist to implement silencing in early 

differentiating ESCs may represent a transient state on the way to XCI. 

 

Additionally, we identified a novel localization of Xist to autosomes, which we 

recently observed in human naïve ESCs (Dror et al., in review), but was never previously 

reported in the mouse system. The propagation of Xist to autosomes can also be 

recapitulated in various mouse cell types, including in fully differentiated male mouse 

embryonic fibroblasts (MEFs) carrying an inducible Xist transgene on the Xa (tetO-Xist 

MEFs). Furthermore, Xist is able to transcriptionally downregulate the autosomal genes 

that it targets, suggesting a potential physiological relevance in the female-specific 

autosomal gene regulation during early embryonic development. 
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RESULTS 

 

X-linked dosage compensation is reduced in female early differentiated EpiLCs 

At the onset of XCI, the upregulation of Xist is accompanied by its physical spreading 

across the entire X-chromosome to form a cloud, a process that can be recapitulated in 

vitro by differentiating female mouse ESCs to epiblast-like cells (EpiLCs) (Guyochin et 

al., 2014). Xist expression and cloud formation had typically been closely tied to X-linked 

gene silencing (Avner and Heard, 2001; Plath et al., 2002). Surprisingly, we discovered 

from our bulk RNA-seq data that early Day 2 differentiated EpiLCs exhibited deficient X-

linked dosage compensation, as evidenced by the higher ratio of read counts aligned to 

X-linked versus autosomal genes (X/A ratio), compared to their late Day 4 differentiated 

counterparts (Figure 1a). This higher X/A ratio closely matches that in undifferentiated   

ESCs that do not undergo XCI (Figure 1a), despite having similar levels of Xist expression 

and the presence of Xist clouds in both differentiation timepoints (Figures 1b,c).  

 

 When we defined a strict cutoff of X-linked genes that were significantly 

downregulated (log2 fold change < -1 and p-value < 0.05), we identified 25 such genes 

in Day 2 EpiLCs, all of which were further repressed by Day 4 of differentiation except for 

Gpc4, which is likely an outlier as its expression is higher than that in undifferentiated 

mESCs with both X-chromosomes still active (Figure 1d). Thus, this implies that Xist-

mediated silencing is incomplete during early mESC differentiation, but continues 

progressively over development before full-fledged XCI is achieved. 
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 Closer inspection of the Xist cloud morphology revealed a greater extent of its 

nuclear dispersal in Day 2 EpiLCs, in which Xist appeared to spread outside of the inactive 

Xi territory, as observed by Xist RNA FISH, as opposed to the conventional compact Xist 

cloud that is well characterized for complete XCI in late Day 4 differentiated EpiLCs 

(Figure 1c) and in female somatic cells like MEFs.  

 

To elucidate the genome-wide localization pattern of Xist, we performed RNA 

Antisense Purification, followed by high-throughput DNA sequencing (RAP-seq), a 

technique that utilizes antisense biotinylated probes targeting Xist RNA to map its 

interaction with chromatin at high resolution (Engreitz et al., 2013), and found that Xist 

distributes broadly across the entire length of the X-chromosome (Figure 1e), with a 

considerable overlap of Xist peaks in both Day 2 and Day 4 EpiLCs (Figure 1f). These 

Xist peaks show a greater amount of enrichment in Day 4 compared to Day 2 EpiLCs 

(Figure 1g).  When we plotted Xist enrichment against X-linked genes that were 

significantly downregulated in Day 2 and Day 4 EpiLCs compared to mESCs, defined as 

log2 fold change<-0.5 and p-value<0.05, or not significantly downregulated, we found that 

genes that were downregulated in Day 4, but not in Day 2 EpiLCs, had higher levels of 

Xist binding (Figure 1h), implying that X-linked genes are hindered from silencing despite 

Xist enrichment in Day 2 EpiLCs. 

 

Xist localizes beyond the X-chromosome territory in female EpiLCs 

Given the similar amount of Xist expression at both timepoints of differentiation (Figure 

1b), but less Xist binding on the X in Day 2 EpiLCs (Figure 1g), we posited that Xist likely 
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localizes beyond the X-chromosome territory. Indeed, close examination of the RAP-seq 

data uncovered the unique spreading of Xist to autosomes (Figures 2a,b,c), with more 

abundant autosomal Xist binding in Day 2 than in Day 4 EpiLCs (Figure 2c). This concurs 

with our imaging data that illustrate the dispersed Xist cloud phenotype in Day 2 EpiLCs 

becoming condensed into a compact cloud over the Xi by Day 4 of differentiation (Figure 

1c). The spreading of Xist to autosomes is an unexpected discovery, as Xist localization 

has always been known to be restricted in cis to the X-chromosome territory (Jonkers et 

al., 2008). Nonetheless, these results closely mirror recent findings from our lab in naïve 

human ESCs, in which the lower enrichment of XIST across the dampened X-

chromosome, which displays incomplete XCI with partial repression of X-linked genes, is 

accompanied by XIST spreading to specific autosomal regions (Dror et al., in review). 

 

Xist enriches over the A-compartment and represses autosomal genes in female 

EpiLCs 

To gain further insight into this novel Xist localization on chromosomes in trans, we called 

PC1 scores using published mouse ESC Hi-C datasets (Dixon et al., 2012), and found 

Xist accumulation mainly over autosomal domains enriched for the open, transcriptionally 

active A-compartment (Figure 2d), especially over autosomal regions that harbor active 

histone modifications, such as H3K4me2 and H3K9Ac, but not repressive chromatin 

domains marked by H3K9me3 (Figure 2e). Next, we called peaks across the autosomal 

domains where Xist binds, identified genes residing within and outside these peaks and 

compared their expression levels, and found that autosomal genes under Xist peaks tend 

to be significantly more lowly expressed than those not targeted by Xist (Figure 2f). 
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To interrogate the transcriptional impact of Xist spreading on autosomes, we 

analyzed our bulk RNA-seq data and found that autosomal genes under Xist peaks are 

significantly downregulated in Day 2, but not in Day 4 EpiLCs (Figure 2g), likely because 

Xist binding across all autosomes is reduced from the Day 2 to Day 4 transition (Figure 

2c). Furthermore, upon intersecting our data with the in vivo single-cell RNA-seq analysis 

from E5.5 mouse conceptuses (Mohammed et al., 2017), we uncovered a significant 

correlation between autosomal genes under Xist peaks and X-reactivation (Figure 2h), 

lending support to our in vitro data that Xist represses the autosomal genes where it 

spreads to. Finally, Gene Ontology analysis demonstrated that many of the autosomal 

genes under Xist peaks in early EpiLCs are associated with embryonic development, 

including genes like Bmp4 and Ezh2 involved in epidermis development, and Gsk3b and 

Notch1 implicated in Wnt signaling (Figure 2i), thereby hinting at a putative biological role 

for the propagation of Xist to autosomes. In a similar vein, XIST-targeted autosomal 

genes in naïve human ESCs are significantly enriched for differentiation and 

developmental gene ontology terms (Dror et al., in review). 

 

Collectively, these results highlight, for the first time in the mouse system, that Xist 

localization is not confined to the Xi in the early phase of development, as evidenced by 

the remarkable trans-spreading behavior of Xist to autosomes, and that majority of these 

Xist-enriched autosomal genes are down-regulated, albeit to a smaller extent compared 

to Xist-mediated transcriptional shut-off of X-linked genes. 
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Xist localizes to autosomes in male Xist-inducible MEFs 

The female mouse ESC to EpiLC differentiation scheme offers a unique platform to 

investigate the link between the differential spreading of Xist and its consequent gene 

regulation output during the course of XCI. However, EpiLCs represent a transient 

developmental entity that cannot be easily isolated (Hayashi et al., 2011). Thus, we turned 

to an alternative tractable system that enables stable culture in vitro, while also displaying 

dispersed Xist spreading characteristics in mouse differentiated cells, in which Xist 

expression is known to not induce XCI – the male Xist-inducible MEFs. These cells may 

offer insights into how Xist localization correlates with gene expression dynamics.  

 

Male cells contain only one X-chromosome and will therefore not have 

endogenous Xist expression. In order to induce Xist, we used a MEF line that harbors an 

inducible Xist allele, in which its endogenous promoter is replaced with a tetracycline-

responsive promoter, and an M2rtTA trans-activator in its Rosa26 locus, such that 

doxycycline (Dox) treatment for just 6 hours is sufficient for Xist expression and 

concomitant cloud formation in the majority of the cells, and these clouds exhibit a larger 

extent of nuclear dispersal with increasing duration of Dox treatment (Figures 3a,b). In 

fact, the Xist cloud was so extensively dispersed, especially for longer periods of Xist 

induction, that it sometimes covered more than half the nuclear volume (Figure 3a), an 

unusual phenotype that was never observed previously in any Xist-expressing cell. This 

led us to speculate that Xist spreads beyond the X and onto autosomes in these MEFs. 

Indeed, subsequent RAP-seq analysis performed at different timepoints of Dox treatment 
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(1, 6, 24 and 48 hours) revealed not only the broad coating of Xist across the entire X-

chromosome, but also on autosomes, by 6 hours of Xist expression (Figures 3c,d).  

 

Xist accumulates over the B-compartment and partially represses autosomal genes 

in male Xist-inducible MEFs 

Intriguingly, Xist enriches over the closed and transcriptionally inert B-compartment of 

autosomes in these male Xist-inducible MEFs (Figure 3e), where compact and gene-poor 

domains of chromatin preferentially reside, in contrast to its accumulation over the open 

and transcriptionally permissive A-compartment in female EpiLCs (Figure 2a). However, 

despite the distinct difference in the autosomal binding patterns of Xist, as observed by a 

minimal overlap of all autosomal Xist peaks between both cell types (Figures 3f,g), Xist 

still tends to localize across lowly-expressed autosomal genes in these Xist-inducible 

MEFs (Figures 3c,h), and also mediates the small but significant repression of autosomal 

genes under Xist peaks (Figure 3i), similar to that observed in female EpiLCs (Figure 2g) 

and in human naïve ESCs (Dror et al., in review). 

 

SPEN mediates the partial repression of X-linked genes in male Xist-inducible 

MEFs 

Even though Xist physically coats the entire X-chromosome in male Xist-inducible MEFs, 

X-linked gene silencing appears to be impeded, as demonstrated by the persistent 

presence of an Atrx RNA FISH signal within the Xist cloud, regardless of the cloud 

morphology (Figure 4a).  However, when we performed bulk RNA-seq on these MEFs 

with Xist inducibly expressed for up to two weeks, we noticed a partial down-regulation of 



286 
 
 

X-linked genes by 6 hours of Xist expression, compared to control MEFs without Xist 

induction, and the magnitude of this partial repression increases slightly with the duration 

of Xist expression (Figure 4b). Specifically, about 8% of X-linked genes were 

downregulated within 6-24h of Xist induction, which is elevated to roughly 20% of X-linked 

genes repressed after 1-2 weeks of Xist expression (Figure 4c). Importantly, this 

repression can be abrogated by siRNA-mediated knockdown of SPEN, also known as 

SMRT- and HDAC-associated repressor protein SHARP (Figure 4d), a key transcriptional 

repressor that is recruited by and binds directly to Xist to initiate X-linked gene silencing 

(McHugh et al., 2015; Dossin et al., 2020). Thus, the same protein factor SPEN that 

mediates efficient X-linked gene silencing in differentiating female EpiLCs and male Xist-

inducible ESCs is also responsible for the partial down-regulation of X-linked genes in 

these male Xist-inducible MEFs. 

 

Several Xi markers are enriched with Xist in male Xist-inducible MEFs 

In spite of the mild silencing phenotype in these Xist-inducible MEFs, several classic Xi 

markers that are known to be typical hallmarks of XCI are found to co-localize with the 

Xist cloud within as early as 4 hours of Xist expression (Figure 4e,f). These include the 

protein Cip1-interacting zinc finger protein 1 (CIZ1), which binds directly to Xist to enforce 

its localization on the Xi (Ridings-Figueroa et al., 2017; Sunwoo et al., 2017), the 

Polycomb repressive complex 1 (PRC1)-dependent histone modification H2AK119ub that 

is associated with early XCI (Brockdorff, 2017; Zylicz et al., 2019), and RNA Polymerase 

II (RNAPII) exclusion, which marks the creation of a silent nuclear compartment at the 

onset of XCI (Chaumeil et al., 2006). However, the canonical heterochromatin mark 
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H3K27me3 that is known to accumulate on the Xi (Plath et al., 2003; Brockdorff, 2017) 

did not enrich with the Xist cloud in these Xist-inducible MEFs, a finding that was 

nonetheless supported by a previous study demonstrating the failure of H3K27me3 

deposition after Xist induction beyond a narrow window in ESC differentiation, which is 

further discussed below (Kohlmaier et al., 2004). Thus, the XCI machinery that permits 

X-linked gene silencing can be established, but precludes robust and complete 

chromosome-wide repression in these male Xist-inducible MEFs.  

 

Xist-mediated silencing is gradually diminished in increasingly differentiated male 

Xist-inducible ESCs  

Our discovery that several X-linked genes can be partially repressed in a fully 

differentiated cell line like MEFs was not expected, as a critical developmental window 

between pluripotency and 48 hours of differentiation had previously been defined for Xist 

to effectively discharge its gene silencing role, but this was performed in the context of an 

Xist cDNA transgene integrated within an autosome in male mouse ESCs, with silencing 

assessed using only two genes (Wutz and Jaenisch, 2000). To quantitatively examine the 

extent of chromosome-wide silencing in its endogenous context, we harnessed the Tet-

On Xist male pSM33 mouse ESC line carrying a tetracycline-inducible promoter in place 

of the endogenous Xist promoter, with the M2rtTA trans-activator in its Rosa26 locus. Xist 

expression is triggered from the single X-chromosome with 24 hours of Dox treatment at 

different timepoints of all-trans retinoic acid-induced differentiation, and RNA from both 

Dox-treated and untreated samples for each day of differentiation up to Day 12 is 

harvested for assembling RNA-seq libraries (Figure 5a).  
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Bulk RNA-seq analysis revealed that X-linked gene silencing occurred efficiently 

up to 48 hours of differentiation, but became gradually compromised over time, as seen 

by the positive correlation of the X/A ratio and duration of differentiation (Figure 5b), 

despite comparable levels of Xist expression across all timepoints (Figure 5c). Silencing 

was completely abrogated by Day 9 of differentiation (Figure 5b). Hence, Xist can only 

effectively implement silencing within a narrow 48-hour timeframe surrounding 

pluripotency, beyond which its repressive ability becomes severely attenuated. 

 

Xist localization differs between early and late differentiated male Xist-inducible 

ESCs  

To understand how the differential X-linked gene silencing dynamics may be influenced 

by changes in the localization of Xist, we performed RAP-seq on Day 2 and Day 6-

differentiated pSM33 ESCs that inducibly expressed Xist for 24 hours, exhibiting efficient 

and deficient X-linked gene silencing respectively, and found similar amount of Xist 

binding in both conditions (Figure 5d), with Xist spreading across the entire length of the 

X-chromosome (Figure 5e), despite the distinct difference in the output of their gene 

silencing capacity. Nonetheless, there are some differences in the localization pattern of 

Xist between Day 2 and Day 6-differentiated cells (Figures 5e,f). Notably, Xist is more 

enriched within the vicinity of its transcription locus, as well as the Dxz4 locus, in Day 2 

than in Day 6-differentiated cells (Figure 5f). The Dxz4 locus is of particular interest in the 

XCI field, as this conserved macrosatellite repeat locus has been described to separate 
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the Xi into two distinct mega-domains in both mouse and human female cells (Deng et 

al., 2015; Giorgetti et al., 2016; Bonora et al., 2018).  

 

Furthermore, we characterized the spreading of Xist to autosomes (Figure 6a), 

with minimal amount of overlap in shared Xist peaks between Day 2 and Day 6-

differentiated cells (Figure 6b). Indeed, we found that Xist spreads preferentially to the 

transcriptionally permissive A-compartment on the X and autosomes in Day 2-

differentiated cells, as opposed to its enrichment over the transcriptionally repressive B-

compartment on the X and autosomes in the Day 6-differentiated counterparts, as 

evidenced by the positive and negative correlations with the PC score, calculated based 

on Hi-C data in MEFs, respectively (Figures 6c,d). Consistent with this observation, the 

Xist localization patterns across both the X and autosomes were more highly correlated 

between the Day 6-differentiated ESCs and male Xist-inducible MEF datasets, than 

between the Day 2 and Day 6-differentiated ESCs of the same cell type (Figures 6e,f). 

 

Taken together, these data suggest that the differential genome-wide distribution 

of Xist may account for its inability to mediate X-linked gene silencing in late differentiated 

ESCs beyond the critical developmental window. Coincidentally, these results also draw 

important parallels between the ability of Xist to execute X-linked gene silencing in female 

EpiLCs and male Xist-inducible Day 2-differentiated ESCs, where Xist is found to localize 

to the transcriptionally active A-compartment, versus impaired chromosome-wide 

silencing in male Xist-inducible Day 6-differentiated ESCs and MEFs, where Xist 

preferentially accumulates over the transcriptionally inactive B-compartment.  
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DISCUSSION 

 

Xist upregulation and localization across the X-chromosome in cis have always been 

associated with X-linked gene silencing, but in this present study, we demonstrate that 

high levels of Xist expression alone do not automatically confer efficient gene silencing. 

By exploiting our extensive RAP-seq and RNA-seq datasets gathered from various 

mouse cell types that model different stages of development, we also made the 

unprecedented discovery that Xist can not only propagate to chromosomes in trans, but 

also mediate the repression of autosomal genes that it targets.  

 

The finding that Xist can localize to autosomes was not anticipated, as the current 

long-held view is that Xist spreading is limited to the X-chromosome from which it is 

transcribed in female mouse cells (Jonkers et al., 2008). Several studies have previously 

reported that the ectopic expression of Xist/XIST from an autosome (Lee and Jaenisch, 

1997; Wutz and Jaenisch, 2000; Hall et al., 2002a; Kelsey et al., 2015), or its localization 

onto autosomal regions in the context of X to autosome (X;A) translocations (Hall et al., 

2002b; Popova et al., 2006; Yang et al., 2011; Loda et al., 2017), can enact autosomal 

gene silencing in both mouse and human cells. In fact, this has heralded the exciting 

possibility that Xist/XIST can be exploited for potential therapeutic purposes, as one 

seminal study demonstrated the remarkable ability of XIST to induce chromosome-wide 

silencing of one of three copies of chr21 where it is integrated in Down syndrome patient-

derived induced pluripotent stem cells (iPSCs), thereby aligning overall gene expression 

levels to that in normal individuals with two copies of chr21 (Jiang et al., 2013). However, 
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to our knowledge, Xist accumulation on autosomes and its subsequent autosomal gene 

regulation by endogenous Xist have never been reported.  

 

Although Xist can influence autosomal gene regulation, the physiological 

relevance of this ability remains enigmatic. Nevertheless, our data raise the interesting 

possibility that autosomal genes targeted by Xist may be involved in the transcriptional 

regulation of differentiation and embryonic development, based on the enrichment of 

these gene ontology terms in early female EpiLCs (Figure 2i). Further studies are required 

to elucidate the biological significance of the female-specific targeting of these autosomal 

genes, as well as its implication for the possible differential autosomal gene regulation 

between females and males. 

 

 In our female EpiLC differentiation model, lower levels of Xist binding on the X-

chromosome (Figure 1g), together with higher levels of Xist binding on the autosomes 

(Figure 2c), were detected in Day 2 relative to Day 4 EpiLCs. This is consistent with our 

observation by FISH of a more dispersed Xist cloud, suggesting that Xist spreads beyond 

the X-chromosome, in Day 2 compared to Day 4 EpiLCs (Figure 1c). Combining these 

RAP-seq and imaging data with our RNA-seq analysis that showed reduced X-linked 

dosage compensation in Day 2 but not in Day 4 EpiLCs (Figure 1a), we propose a model 

in which the concentration of Xist sequestered on the X-chromosome is critical for 

determining the extent of X-linked gene silencing, similar to the phenomenon of X-

chromosome dampening observed in human naïve ESCs (Dror et al., in review). 
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 The lower amount of Xist enrichment on the Xi in Day 2 EpiLCs may lead to a 

decreased binding and subsequent recruitment of protein partners required for Xist to 

implement gene silencing. This effect is likely enhanced for the subset of proteins involved 

in condensate formation, whose function is dependent on their higher-order aggregation 

(Cerase et al., 2019; Pandya-Jones et al., 2020). It is also possible that Xist recruits 

different protein factors, and/or the proteins recruited harbor different post-translational 

modifications that modify their function, in early versus late differentiation, thereby 

modulating the ability of Xist to mediate the transcriptional repression of the X. Delineating 

the complete repertoire of protein interactors of Xist, along with their modifications across 

EpiLC differentiation, should define the differential silencing capacity of Xist, and may 

potentially shed light on the mechanism underlying the compaction of the Xist cloud within 

the X-chromosome territory during the maintenance phase of XCI. 

 

 In ascertaining the critical window for X-linked gene silencing (Wutz and Jaenisch, 

2000) using male Xist-inducible ESCs, we found that Xist spreads broadly across the 

entire length of the X-chromosome in both early and late differentiated ESCs, which 

showed efficient and deficient gene silencing, respectively (Figure 5e). But upon closer 

inspection, we noted some differences in their Xist enrichment (Figure 5f), one of which 

is located near the macrosatellite repeat locus Dxz4 that acts as a hinge region to 

demarcate the separation of the X into two large “super-domains” (Deng et al., 2015; 

Giorgetti et al., 2016; Bonora et al., 2018). This unique spatial organization of the X-

chromosome is likely to contribute to the differential localization phenotype of Xist, as Xist 
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has been known to harness its intra-chromosomal proximity in three-dimensional (3D) 

space for its initial spread at the onset of XCI (Engreitz et al., 2013).    

 

 Beyond this restrictive developmental window surrounding pluripotency that 

permits Xist-mediated silencing, even cancer cells that re-activate their pluripotency 

program (Sell, 2004; Dreesen and Brivanlou, 2007) can no longer induce silencing, 

except for a small minority of cancer cells that can partially downregulate a few genes 

close to the XIST locus (Hall et al., 2002a; Chow et al., 2007; Minks et al., 2013). In 

another study that utilized male Xist transgenic mice in which silencing of the single X-

chromosome resulted in cell death, the authors noted that only a specific group of 

hematopoietic progenitor cells could transiently re-establish XCI (Savarese et al., 2006), 

further supporting the prevailing view that Xist is unable to enforce silencing in 

differentiated/somatic cells.  

 

Intriguingly, we discovered that in fully differentiated male fibroblasts that inducibly 

expressed Xist, Xist is able to mediate partial repression of X-linked genes (Figure 4b,c). 

This surprising result was nonetheless supported by a recent publication showing the 

remarkable ability of XIST to induce substantial dosage compensation of trisomy 21 in 

Down syndrome patient-derived iPSC-differentiated neural cells that contain a Dox-

responsive XIST transgene on one of its three chr21 (Czerminski and Lawrence, 2020). 

However, this study reported that ectopic XIST was able to exert efficient silencing within 

1-2 weeks, with negligible escape from silencing across the entire chromosome, whereas 
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transcriptional repression of the X in our Xist-inducible MEFs remained incomplete even 

after 2 weeks of Xist expression.  

 

In conclusion, even though differentiated cells extend beyond the supposed strict 

developmental window for Xist-mediated silencing, they still seem to retain considerable 

epigenetic plasticity to respond to Xist, albeit to varying degrees that may be dependent 

on multiple parameters, such as the specific developmental stage, Xist RNA abundance, 

and differences in RNA sequence between mouse and human Xist/XIST (Nesterova et 

al., 2001) that can affect the type and amount of proteins recruited by Xist/XIST to execute 

silencing. Understanding the mechanistic basis and interplay of factors required by 

Xist/XIST to effectively induce chromosome-wide silencing beyond pluripotency in 

different cell types will elevate the therapeutic value of this unique lncRNA in ameliorating 

the adverse phenotypic effects of trisomic disorders, and potentially other chromosomal 

duplications and abnormalities (Theisen and Shaffer, 2010).  
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FIGURE LEGENDS 

 

Figure 1: Reduced X-linked gene silencing in early female differentiating EpiLCs  

A) Ratio of read counts aligned to X-chromosomal versus autosomal genes (X/A ratio) in 

mouse embryonic stem cells (mESC), Day 2 (D2) and Day 4 (D4) EpiLCs, based on 

bulk RNA-seq data. Error bars correspond to the standard deviation of two replicates. 

B) Log10 normalized Xist expression levels in mESC, D2 and D4 EpiLCs, based on bulk 

RNA-seq data. Error bars correspond to the standard deviation of two replicates. 

C) Representative RNA FISH images of Xist (green), which marks the inactive X-

chromosome, and Tsix (magenta), which marks the active X-chromosome, in Day 2 

and Day 4 EpiLCs. 

D) Heatmap of the scaled expression levels comparing across mESCs, D2 and D4 

EpiLCs of the 25 X-linked genes that were significantly downregulated, defined as 

log2 fold change<-1 and p-value<0.05, by D2 EpiLCs. 

E) Xist enrichment, defined as the ratio of Xist pulldown over its input, across the X-

chromosome for D2 and D4 EpiLCs. Green and blue rectangles beneath the Xist 

enrichment plots represent Xist enriched peaks. Unmappable regions are masked in 

white. The genomic Xist locus is marked. 

F) Venn diagram depicting the overlap of Xist RAP-seq peaks on the X-chromosome in 

D2 and D4 EpiLCs. 

G) Average Xist enrichment in D2 and D4 EpiLCs within ±2.5Mb flanking the Xist 

summits, which refer to the highest point called from each Xist peak, for D2 EpiLCs. 
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H) Boxplots of Xist enrichment by RAP-seq against X-linked genes that are significantly 

downregulated (Down), defined as log2 fold change<-0.5 and p-value<0.05, or not 

significantly downregulated (NS) by bulk RNA-seq, comparing D2 EpiLCs with mESC 

(left), and D4 EpiLCs with mESC (right). Wilcoxon test p-values: NS≥0.05, ** P<0.01. 

The number of X-linked genes (n) in each category is provided. 

 

Figure 2: Xist spreads to the A-compartment of autosomes and mediates partial 

repression of autosomal target genes in female EpiLCs 

A) Xist enrichment, defined as the ratio of Xist pulldown over its input, across 

chromosome 16, a representative autosome, for D2 (green) and D4 (blue) EpiLCs. 

B) Xist enrichment by RAP-seq aligned to each chromosome for D2 (light blue) and D4 

(dark blue) EpiLCs. 

C) Zoom in of (B), excluding Xist enrichment on the X-chromosome. 

D) Boxplots of the PC1 scores of regions enriched or not enriched in Xist on autosomes 

in D2 EpiLCs. Red dotted line indicates PC1 score=0. Negative PC1 score represents 

the A-compartment while positive PC1 score represents the B-compartment. Wilcoxon 

test p-value: *** P<0.001. 

E) Bar graphs showing the mouse ESC histone modifications that correlate with the 

autosomal regions targeted by Xist localization. R represents the Pearson correlation 

score between Xist enrichment in D2 EpiLCs by RAP-seq and the respective histone 

marks.  

F) Boxplots of gene expression levels in ESC, D2 and D4 EpiLCs grouped based on the 

presence or absence of Xist peaks that bind across autosomal genes by RAP-seq. 
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Wilcoxon test p-values: NS≥0.05, * P<0.05. The number of genes (n) in each group is 

given. 

G) Boxplots of autosomal gene expression fold change comparing D2 EpiLCs with no 

silencing in ESC (left), and D4 EpiLCs with ESC (right). Autosomal genes are 

categorized based on the presence or absence of Xist peaks in each comparison. 

Wilcoxon test p-values: NS≥0.05, ** P<0.01. The number of genes (n) in each 

category is provided. 

H) Line graphs indicating the spearman correlation between genes and X-reactivation of 

autosomal genes in embryonic Day 5.5 female mouse conceptuses when both X-

chromosomes are still active, grouped based on whether the gene is under Xist peak 

(blue) or not (grey). Wilcoxon test p-value: *** P<0.001.  

I) Gene ontology terms (-log10(p-value)) for autosomal genes targeted by Xist in D2 

EpiLCs. 

 

Figure 3: Xist spreads to the B-compartment and mediates partial repression of 

autosomal target genes in male Xist-inducible MEFs 

A) Representative RNA FISH images of Xist RNA depicting three different classes of Xist 

clouds in male Xist-inducible MEFs. 

B) Bar graphs showing the proportion of the classes of Xist clouds in (A) formed in male 

Xist-inducible MEFs that were treated with Dox for 1h, 6h, 24h and 48h. 

C) Xist enrichment, defined as the ratio of Xist pulldown over its input, across a selected 

region of chromosome 7 (shown by red box), a representative autosome, for male 

Xist-inducible MEFs treated with Dox for 1h, 6h, 24h and 48h. RNA-seq reads from 
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control MEFs without Dox treatment for this corresponding region are shown in pink. 

Green boxes represent regions with low to no gene expression overlapping with higher 

Xist enrichment by RAP-seq. 

D) Xist enrichment by RAP-seq aligned to each chromosome for male Xist-inducible 

MEFs treated with Dox for 1h, 6h, 24h and 48h (top). Zoom in of Xist enrichment for 

autosomes, excluding Xist enrichment on the X-chromosome (bottom). 

E) Boxplots of the PC1 scores of regions enriched or not enriched in Xist on autosomes 

in male Xist-inducible MEFs treated with Dox for 48h. Red dotted line indicates PC1 

score=0. Negative PC1 score represents the A-compartment while positive PC1 score 

represents the B-compartment. Wilcoxon test p-value: *** P<0.001. 

F) Read counts of Xist enrichment by RAP-seq across chromosome 6, a representative 

autosome, for male Xist-inducible MEFs treated with Dox for 48h (blue) and female 

D2 EpiLCs (red). 

G) Venn diagram of the overlap of Xist RAP-seq peaks on autosomes in male Xist-

inducible MEFs treated with Dox for 48h and female D2 EpiLCs. 

H) Boxplots of gene expression levels grouped based on the presence or absence of Xist 

peaks that bind across autosomal genes by RAP-seq in male Xist-inducible MEFs 

treated with Dox for 48h. Wilcoxon test p-value: *** P<0.001. 

I) Boxplots of autosomal gene expression fold change in male Xist-inducible MEFs 

treated with Dox for 48h. Autosomal genes are categorized based on the presence or 

absence of Xist peaks. Wilcoxon test p-value: *** P<0.001. The number of genes (n) 

in each category is given. 
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Figure 4: Partial downregulation of X-linked genes and enrichment of canonical XCI 

markers in male Xist-inducible MEFs 

A) Representative RNA FISH images of Xist (red) and an X-linked gene that is normally 

subjected to silencing, Atrx (green), in male Xist-inducible MEFs treated with Dox for 

48h. 

B) Ratio of read counts aligned to X-chromosomal versus autosomal genes (X/A ratio) in 

male Xist-inducible MEFs treated with Dox for 6h, 24h, 1 week and 2 weeks, based 

on bulk RNA-seq data. Control cells without Dox treatment are shown for comparison. 

Error bars correspond to the standard deviation of two replicates per time point. 

C) Cumulative distribution plots of the percentage of genes downregulated on autosomes 

(left) and X-chromosome (right) for Dox-induced Xist expression for 6h (red), 24h 

(green), 1 week (blue) and 2 weeks (purple), compared to their respective untreated 

(no Dox) controls. The solid vertical line indicates a log2 fold change of zero, while the 

dashed line marks a log2 fold change of 1, which implies a 50% reduction in gene 

expression.   

D) Ratio of read counts aligned to X-chromosomal versus autosomal genes (X/A ratio) in 

two biological replicates of male Xist-inducible MEFs treated with Dox for 48h without 

siSPEN (red bars on left), and with siSPEN (green bars on right), based on bulk RNA-

seq data. Control cells without Dox (blue bars on left) and without siSPEN (green bars 

on right) treatment are shown for comparison. 

E) Representative RNA FISH images of Xist (green) combined with immunofluorescence 

for three canonical XCI markers (magenta) CIZ1, H2AK119ub and exclusion of RNA 

Polymerase II (RNAPII), in male Xist-inducible MEFs treated with Dox for 4h. 
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F) As in (E), for male Xist-inducible MEFs treated with Dox for 48h. 

 

Figure 5: Xist-mediated gene silencing is attenuated with increased differentiation 

in male Xist-inducible ESCs 

A) Schematic showing the timeline of bulk RNA-seq samples harvested for 24h Dox 

treatment (red arrows) and their respective controls without Dox treatment (blue 

boxes) across 12 days of differentiation in male Xist-inducible ESCs. 

B) Ratio of read counts aligned to X-chromosomal versus autosomal genes (X/A ratio) in 

24h Dox-treated (blue bars) and untreated (red bars) male Xist-inducible ESCs 

differentiated for up to 12 days, based on bulk RNA-seq data. 

C) Xist expression level in 24h Dox-treated (blue bars) and untreated (red bars) male 

Xist-inducible ESCs differentiated for up to 12 days, based on bulk RNA-seq data. 

D) Xist enrichment on the X-chromosome as a percentage of all Xist mapped reads by 

RAP-seq in input, Day 2 and Day 6 differentiated male Xist-inducible ESCs treated 

with Dox for 24h. 

E) Xist enrichment, defined as the ratio of Xist pulldown over its input, across the X-

chromosome for Day 2 (green) and Day 6 (blue) differentiated male Xist-inducible 

ESCs treated with Dox for 24h. Unmappable regions are masked in white. The 

genomic Xist locus is marked. 

F) Differential enrichment of Xist in each 100Kb window (every 25Kb) of the entire X-

chromosome between Day 2 and Day 6 differentiated male Xist-inducible ESCs 

treated with Dox for 24h. For this comparison, the Xist localization across the X was 

normalized to only reads that aligned to the X-chromosome, to highlight the differential 
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distribution of Xist on the X, with red color representing genomic regions in which Xist 

was more enriched for Day 2, and blue color representing genomic regions in which 

Xist was more enriched for Day 6 cells. The genomic loci of Dxz4 and Xist are marked. 

 

Figure 6: Xist spreads to the A- and B-compartment for early and late differentiated 

male Xist-inducible ESCs respectively 

A) Xist enrichment as a percentage of total DNA sequencing reads aligned to each 

chromosome for 24h Dox-treated male Xist-inducible mESCs differentiated for 2 days 

(green) or 6 days (blue) (top). Zoom in of Xist enrichment for autosomes, excluding 

Xist enrichment on the X-chromosome (bottom). 

B) Venn diagram of the overlap of Xist RAP-seq peaks on autosomes in 24h Dox-treated 

male Xist-inducible mESCs differentiated for 2 days or 6 days. 

C) Scatterplots of the PC score (calculated based on Hi-C data in MEFs) versus Xist 

enrichment on the X-chromosome by RAP-seq for Day 2 (left) and Day 6 (right) 

differentiated male Xist-inducible ESCs treated with Dox for 24h.  Pearson correlation 

(R) and p-value are given. Positive R value denotes higher Xist enrichment on the A-

compartment while negative R value denotes higher enrichment on the B-

compartment. Each data point represents a 500Kb window. 

D) As in (C), for Xist enrichment on autosomes. 

E) Heatmap depicting the Pearson correlation (R) between Xist enrichment within 100Kb 

windows (every 25Kb) across the X-chromosome in indicated cell lines. 

F) As in (E), for Xist enrichment on autosomes. 
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METHODS 

 

Cell culture 

Female wild-type mouse F1 2-1 and male mouse pSM33 Xist-inducible embryonic stem 

cells (ESCs) were cultured on 0.5% gelatin-coated plates (porcine skin gelatin, Sigma) 

that were pre-seeded with irradiated DR4 feeders, which were obtained from Day 14.5 

mouse embryos with appropriate animal protocols in place. These cultures were 

maintained in mouse ESC media containing knockout Dulbecco’s Modified Eagle Medium 

(DMEM) (Life Technologies), 15% fetal bovine serum (FBS) (Omega), 2mM L-glutamine 

(Life Technologies), 1x MEM non-essential amino acids (NEAA) (Life Technologies), 

0.1mM β-Mercaptoethanol (Sigma), 1x Penicillin/Streptomycin (Life Technologies) and 

1000U/mL mouse leukemia inhibitory factor (LIF) (homemade). ESCs were maintained 

as small colonies, and passaged with trypsin (Life Technologies) and single-cell 

dissociation at 70-80% confluency. All cell lines used in this study were incubated at 37°C 

with 5% CO2, and mycoplasma tests (Lonza) were carried out routinely to ensure the 

absence of such pathogens. 

 

Female EpiLC differentiation 

Female wild-type F1 2-1 ESCs were first adjusted for three passages to feeder-free 

conditions in the presence of LIF and two inhibitors, 0.4μM PD0325901 and 3μM 

CHIR99021 (2i+LIF), and then cultured for at least three passages in serum-free 2i+LIF 

N2B27 media containing 1x N2 supplement (ThermoFisher), 1x B27 supplement 

(ThermoFisher), 2mM L-glutamine (Life Technologies), 1x NEAA (Life Technologies), 
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0.1mM β-Mercaptoethanol (Sigma) and 0.5x Penicillin/Streptomycin (Life Technologies), 

prior to differentiation to epiblast-like cells (EpiLCs). To induce differentiation, cells were 

dissociated with StemPro Accutase (Life Technologies) and seeded on Geltrex-coated 

plates (Geltrex LDEV-free Reduced Growth Factor Basement Membrane Matrix, Life 

Technologies) at a density of 2x105 cells/ml in N2B27 media supplemented with 20ng/ml 

Activin A (Peprotech) and 12ng/ml basic Fibroblast Growth Factor (bFGF) (R&D 

Systems). Fresh media was exchanged daily until the cells were harvested for analysis. 

 

Male ESC differentiation 

Male mouse pSM33 Xist-inducible ESCs were dissociated to single cells with trypsin (Life 

Technologies) and counted. Cells were seeded in 2ml of MEF media (DMEM (Invitrogen) 

supplemented with 10% FBS (Omega), 2mM L-glutamine (Life Technologies), 1x NEAA 

(Life Technologies), 0.1mM β-Mercaptoethanol (Sigma) and 1x Penicillin/Streptomycin 

(Life Technologies)), at a density of 2x105 cells per 4cm2 on gelatinized plates (porcine 

skin gelatin, Sigma). 24 hours after seeding, the culture media was changed and 1μM all-

trans retinoic acid (Sigma) was added. Fresh media was exchanged daily until the cells 

were harvested for analysis. To induce Xist expression, 2μg/ml doxycycline (Dox) (Sigma) 

was added to the culture media for 24 hours. 

 

Male MEF culture 

Male Xist-inducible mouse embryonic fibroblasts (MEFs) were cultured in MEF media. 

MEFs were dissociated to single cells with trypsin (Life Technologies) and seeded in 2ml 

of MEF media at a density of 2x104 cells per 4cm2 on tissue culture plates for RNA 
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collection or onto sterile 12mm glass coverslips for IF/FISH experiments. Xist expression 

was induced by the addition of 2μg/ml Dox (Sigma) for 6 hours to 2 weeks, depending on 

the experiment. For knockdown experiments, siRNAs were added upon cell plating (see 

section ‘siRNA-mediated knockdown of SPEN’). 

 

RNA FISH probe synthesis 

RNA FISH probes were labeled using homemade Nick Translation and fluorescent 

dUTPs as described in Cremer et al., 2008. Xist probe was made from a full-length mouse 

Xist cDNA plasmid (p15A-31-17.9kb Xist) as template, and Atrx probe was created using 

BAC RP23-265D6, which was purchased from CHORI-BACPAC. 

 

RNA FISH procedure 

Coverslips were rinsed twice with 1x PBS, and the cells were fixed with 3% 

paraformaldehyde (PFA) (Electron Microscopy Sciences) in 1x PBS for 10 min at room 

temperature (RT). After fixation, cells were permeabilized with 0.5% Triton X-100 (Acros) 

in 1x PBS containing 2mM vanadyl ribonucleoside complex (NEB) for 10-20 min at RT, 

before rinsing twice with 1x PBS and washing 3 times for 5 min each in 2x SSC (Ambion). 

Coverslips were then incubated for 1-3 hours at RT with 50% formamide (Fisher) in 2x 

SSC pH 7.2 solution before storing at 4°C until samples from all time points had been 

collected. Prior to probe hybridization, probes were denatured for 5 min at 95°C, 

coverslips were brought back to RT and dried, before incubating with probes for 24 hours 

at 37°C in a sealed humidified chamber. The next day, coverslips were washed 6 times 

in 2x SSC, followed by 3 times in 4x SSCT (SSC with 0.05% Tween-20) at 42°C for 15 
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min per step, protected from light. Finally, cells were post-fixed with 4% PFA in 1x PBS 

for 10 min at RT, stained with 1:10000 dilution of DAPI (0.5mg/ml) and mounted with 

Vectashield (Vector Labs) on glass slides, before sealing with Biotium Covergrip coverslip 

sealant (ThermoFisher). All procedures were performed and used reagents were 

disposed according to standard laboratory safety practices. Images were acquired using 

the LSM 880 Confocal Microscope (Zeiss), and Fiji (ImageJ) was used for image 

processing and analysis. 

 

Immunofluorescence staining 

Coverslips were rinsed twice with 1x PBS, and the cells were fixed in 2% PFA (Electron 

Microscopy Sciences) in 1x PBS for 10 min. After fixation, cells were permeabilized with 

0.5% Triton X-100 (Acros) in 1x PBS for 10-15 min, before transferring to blocking buffer 

solution (1x PBST containing 2% bovine serum albumin (BSA) and 0.5% fish skin gelatin) 

for 1 hour. Cells were then incubated with primary antibody for 45 min, washed 3 times 

with 1x PBST, followed by incubating with secondary antibody for 30 min and washing 3 

times with 1x PBST. Both antibody incubation steps were performed in a dark humidified 

chamber. Finally, cells were post-fixed with 4% PFA in 1x PBS for 10 min, stained with 

1:10000 dilution of DAPI (0.5mg/ml) and mounted with Vectashield (Vector Labs) on glass 

slides, before sealing with Biotium Covergrip coverslip sealant (ThermoFisher). All 

procedures were performed at RT, and used reagents were disposed according to 

standard laboratory safety practices. Images were acquired using the LSM 880 Confocal 

Microscope (Zeiss), and Fiji (ImageJ) was used for image processing and analysis. 
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Immunofluorescence staining combined with RNA FISH 

Immunofluorescence staining preceded RNA FISH whenever these two procedures are 

performed together. 

 

Antibodies and dilutions 

Endogenous CIZ1 was detected with a rabbit polyclonal antibody NB100-74624 (1:800 

dilution, Novus Biologicals), histone H2AK119Ub with a rabbit monoclonal antibody 

8240S (1:1000 dilution, Cell Signaling Technology), and RNA Polymerase II with a mouse 

monoclonal antibody 05-623 (1:1000 dilution, Millipore). The two secondary antibodies 

used are donkey anti-rabbit IgG CF568 antibody SAB4600076 (1:400 dilution, Sigma), 

and goat anti-mouse IgG CF568 antibody SAB4600309 (1:400 dilution, Sigma). 

 

siRNA-mediated knockdown of SPEN 

Silencer Select siRNAs (Ambion) against SPEN (s72337) were diluted to 20nM in 1x 

siRNA buffer (60mM KCl, 6mM HEPES pH 7.5 and 0.2mM MgCl2), aliquoted and stored 

at −80°C until further use. Under sterile conditions at RT, 2.5μl of 20nM siRNAs were 

added to 80μl of fresh Opti-MEM solution (Gibco). Lipofectamine RNAiMAX transfection 

reagent (1.6μl, ThermoFisher) was added to 80μl of Opti-MEM solution and subsequently 

added to the siRNA/opti-MEM solution after 5 min of incubation. The resulting solution 

was mixed by pipetting and incubated at RT for 20 min, before adding dropwise to 2x104 

cells in 0.8ml of culture media and plated in 1 well of a 12-well plate. The next day, the 

culture media was exchanged and a second round of siRNA treatment was performed. 

After both rounds of transfection comprising a total of 48 hours of siRNA treatment, cells 
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were harvested and their RNA was extracted using the RNeasy kit (Qiagen) according to 

the manufacturer’s protocol. RNA-seq libraries were then assembled as described below.   

 

Bulk RNA-seq 

Cells were washed with 1x PBS and dissociated to single cells with trypsin. Harvested 

cells were then lysed with Trizol reagent (Life Technologies) and RNA was extracted with 

the RNeasy kit (Qiagen) according to the manufacturer’s protocol. 4μg of RNA per sample 

was used for RNA-seq library preparation using the TruSeq Stranded mRNA Library Prep 

Kit (Illumina), following the manufacturer’s protocol. Libraries were sequenced using 

NovaSeq S2 (Illumina) at 50bp paired-end settings. 

 

Processing of bulk RNA-seq data 

RNA-seq reads were trimmed using trim_galore with default parameters to remove the 

standard Illumina adaptor sequences (https://github.com/FelixKrueger/TrimGalore). Reads 

were then mapped to the mouse genome (mm9 assembly) using TopHat2 (Kim et al., 

2013) with default parameters. Reads with mapping quality less than 30 were removed 

using samtools (Li et al., 2009). Read counts for each gene were calculated using HTSeq 

using the following parameters: --format=bam --order=pos --stranded=reverse --

minaqual=0 --type=exon --mode=union --idattr=gene_name (Anders et al., 2015). Genes 

with low read count were removed (keeping genes with counts-per-million >/= 0.5 in at 

least two samples). Regularized log transformation (rlog) of each gene in each sample 

was calculated using DESeq2 (Love et al., 2014). Values of rlog were used as normalized 

gene expression data unless noted otherwise. In addition, RPKM (Reads Per Kilobase 

https://github.com/FelixKrueger/TrimGalore
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per Million mapped reads) values were calculated for each gene. Differential gene 

expression analysis was performed using DESeq2 (Love et al., 2014). 

 

RAP-seq 

RNA anti-sense purification followed by DNA sequencing (RAP-seq) was performed as 

previously described (Engreitz et al., 2013). Briefly, after washing once with 1x PBS, cells 

were trypsinized and counted, before crosslinking with freshly-made 2mM disuccinimidyl 

glutarate (DSG) (ThermoFisher) in 1x PBS (used 4ml of DSG crosslinking solution per 10 

million cells) for 45 min at RT. Next, cells were further crosslinked with 3% methanol-free 

formaldehyde (FA) (ThermoFisher) in 1x PBS (used 4ml of 3% FA per 10 million cells) for 

10 min at RT, and the reaction was quenched by the addition of 1:5 dilution of freshly-

made 2.5M glycine (Promega). Cells were then pelleted at 4°C, flash-frozen in liquid 

nitrogen and stored in -80°C until samples from all time points had been collected. Fixed 

cell pellets were lysed in NP-40 containing lysis buffer supplemented with sodium 

deoxycholate and N-lauroylsarcosine. Chromatin was fragmented by sonication, followed 

by TURBO DNase (ThermoFisher) digestion. Probe hybridization (mouse Xist probes for 

RAP-seq were generously designed and gifted from the Guttman Lab at Caltech 

(https://www.guttmanlab.caltech.edu/)) was performed using 50pmol of probe per 5 

million cells for 3 hours at 37°C. After multiple stringent washes, DNA was eluted by 

RNase H (NEB) digestion, and crosslinking was reversed via Proteinase K (Sigma) 

digestion of eluted DNA at 60˚C overnight. DNA libraries were prepared using NEBNext 

Ultra End Repair/dATailing Module (NEB), followed by ligation of TruSeq DNA adapters 

(Illumina) using Quick Ligase (NEB). Finally, libraries were amplified using KAPA HiFi 
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Polymerase (Roche), pooled, and sequenced on the NovaSeq S2 platform (Illumina) to 

generate 50bp paired-end reads. 

 

RAP-seq alignment 

RAP-seq reads were trimmed using trim_galore with default parameters to remove the 

standard Illumina adaptor sequences (https://github.com/FelixKrueger/TrimGalore). Bowtie2 

(Langmead and Salzberg, 2012) was used to align reads to the mouse genome (mm9) 

using the default parameters. Reads with mapping quality less than 30 were discarded 

using Samtools (Li et al., 2009), and Picard MarkDuplicates (“Picard Tools - By 

Broad Institute,” n.d.) were used to mark PCR duplicates. 

 

Calculation of RAP-seq enrichment 

Genomic windows were first defined across the chromosomes using four different 

approaches: 1) We used bedtools makewindows (Quinlan and Hall, 2010) to create 

coordinates of genomic intervals in either 100Kb windows every 25Kb (for enrichment 

analysis), 2) 1Mb every 250Kb (for feature enrichment), 3) or non-overlapping 100kb 

windows (for differential analysis) along the genome. 4) We also defined genomic regions 

that encompass 50Kb from transcription start sites (TSSs) and over the gene body to 

capture Xist levels around gene bodies. This was used for comparing gene expression 

and Xist enrichment. We then used bedtools intersect (Quinlan and Hall, 2010) to count 

RAP-seq reads in each respective genomic region as defined by the above four 

approaches from each sample. To account for differences in sequencing depth, the read 

counts in each genomic region were normalized to the sum of all reads in that sample. 

https://github.com/FelixKrueger/TrimGalore


310 
 
 

To characterize Xist enrichment on autosomes, we calculated a scaled enrichment score 

by normalizing only autosomal windows to the sum of all autosomal reads. 

 

RAP-seq enrichment scores in each genomic region were calculated using the 

ratio of the normalized read counts in the RAP-seq Xist pulldown to the input of each 

sample. A region was defined as an unmappable region using the inputs of all samples. 

Specifically, the R function isOutlier (scater package (McCarthy et al., 2017)) was used 

to identify outliers (having less or more than expected read counts) based on the minimal 

number of reads across all input samples (nmads>4). Genomic regions identified as 

outliers were removed from all downstream analysis. The normalized enrichment ratios 

were used in all subsequent computational analyses. We note that while the read counts 

of genomic intervals were defined in 100Kb or 1Mb windows every 25Kb and 250Kb, 

respectively, along the genome, the enrichment scores were assigned to the 25Kb or 

250Kb windows in the center of the 100Kb and 1Mb windows. This was done to prevent 

overlapping windows in the downstream analyses. 

 

RAP-seq peak calling 

RAP-seq peak calling was performed using MACS2 callpeak (Zhang et al., 2008) with 

max gap=1000 using the input of each Xist pulldown sample as a control sample. For 

visualization, MACS2 bdgcmp was also used to generate fold-enrichment tracks. The 

normalized bedgraph files were then converted to tdf format using igvtools toTDF 

(Robinson et al., 2011). To compare peak scores between samples, we used bedtools 

merge (Quinlan and Hall, 2010) to compile a list of all detected peaks using either the 
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narrow or broad peaks of all samples. We then used bedtools intersect (Quinlan and Hall, 

2010) to intersect between the merged peaks and the peaks identified in each sample. 

 

Differential analysis of RAP-seq data 

To examine the differences in Xist localization across the X-chromosome we compared 

Xist enrichment within 500kb windows across the X-chromosome between D2 and D4 of 

Xist induction in MEFs.  

 

Analysis of genomic features for Xist localization  

Two different approaches were used to identify genomic features associated with Xist 

enrichment. First, we correlated Xist enrichment scores in genomic intervals with interval 

scores of various genomic features, including gene density and repeats. For this, the gene 

annotation file was obtained from UCSC (“TxDb.Mmusculus.UCSC.mm9.knownGene,” 

n.d.), and DNA repeat annotations were downloaded from the UCSC Genome Browser, 

track RepeatMasker, table rmsk (Karolchik et al., 2004). The number of annotated genes 

and repeats in a given genomic interval was calculated, and Pearson correlation was 

used to calculate the correlation between the Xist enrichment score and feature count in 

each genomic interval (1Mb windows every 250Kb). The Xist locus (and an additional 

10Mb at either end) was removed for these analyses, similar to Engreitz et al. (Engreitz 

et al., 2013). Second, we calculated the enrichment of different features with conserved 

autosomal Xist peaks. In addition to the features described above, we took advantage of 

the LOLA Core database (Sheffield and Bock, 2016), in which the R package LOLA was 
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used to compute the enrichment of the different features within the conserved autosomal 

Xist peaks. 

 

Gene Ontology analysis 

Enrichment for gene ontologies was performed for genes overlapping with conserved, 

EpiLC-specific autosomal Xist peaks using the R package topGO (Alexa et al., 2006) with 

a Fisher test. 
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Chapter 5 

 

Conclusion 
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By leveraging on multiple diverse approaches ranging from super-resolution live-cell 

imaging to high throughput genomics, we set out to address three primary objectives: (i) 

elucidating the molecular mechanism by which the chromosome-wide silencing 

compartment on the inactive X-chromosome (Xi) is formed and maintained across X-

chromosome inactivation (XCI), (ii) determining if XIST, the master regulator of XCI, is 

responsible for X-chromosome dampening (XCD) in early human development, and (iii) 

characterizing the link between the genome-wide localization patterns of Xist and its X-

linked gene silencing ability. 

 

Xist induces the spatial aggregation of proteins within locally restricted sites on 

the X-chromosome 

In Chapter 2, we put forth a new model illustrating how Xist sets up the Xi compartment 

that mediates stable, long-term repression of X-linked genes. This model comes from our 

main observation by super-resolution live-cell imaging that Xist forms distinct foci that are 

confined to only about 50 sites across the entire X-chromosome. Each site contains two 

Xist molecules, which bind and recruit various protein factors early in XCI to form what 

we call supra-molecular complexes (SMCs), before Xi heterochromatin formation and 

chromosome-wide silencing are implemented. Over time, these Xist-SMCs seed the 

spatial aggregation of more protein partners, in particular, CIZ1 and CELF1 for 

localization across the Xi, PCGF5 and other components of Polycomb Repressive 

Complex 1 (PRC1) for inducing heterochromatinization and Xi compaction, as well as the 

key transcriptional repressor SPEN, aided by its intrinsically disordered regions (IDRs) 
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that promote intermolecular protein interactions, thereby gradually expanding this sphere 

of silencing across the entire X-chromosome. 

 

 Our proposed Xist-SMC model answers one of the biggest unresolved questions 

in the XCI field: how does a relatively low stoichiometry of about 100 Xist molecules, 

which is also observed by other groups in female somatic cells (Smeets et al., 2014; 

Sunwoo et al., 2015), spread across the entire 167Mb length of the X-chromosome to 

ascertain the robust silencing of more than 1000 genes? The dense nucleation of Xist-

SMCs within the Xi enables the super-stoichiometric concentration of more Xist 

interactors, and coupled with PRC1-mediated chromatin compaction, facilitates the 

spatial probing and consequent silencing of a larger number of genomic targets.  

 

Importantly, this model also lends credence to a role for liquid-liquid phase 

separation (LLPS) in establishing and maintaining the Xi compartment (Cerase et al., 

2019; Pandya-Jones et al., 2020), as multi-valent interactions afforded by IDR-containing 

proteins like SPEN are known to be critical elements for sustaining LLPS (Mittag and 

Forman-Kay, 2007; Uversky, 2015; Banani et al., 2017; Turoverov et al., 2019), a 

biological phenomenon that has been increasingly recognized in diverse gene regulatory 

contexts (Dundr and Misteli, 2010; Shevtsov and Dundr, 2011; Banani et al., 2017; Shin 

and Brangwynne, 2017). Furthermore, recent work from our lab demonstrated the 

necessity of Xist to scaffold a macromolecular protein assembly comprising four different 

RNA binding proteins (RBPs), whose concentration increases over time to form a 
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membrane-free condensate with phase separating properties, for the stable localization 

of Xist and its maintenance of X-linked gene silencing (Pandya-Jones et al., 2020).   

 

Future work is required to define the complete repertoire of protein factors that 

contribute to Xist-SMC formation, as various proteomic and genomic screens for mouse 

Xist interactors have uncovered almost a hundred different protein partners, many of 

whose functions in XCI remain enigmatic (Chu et al., 2015; McHugh et al., 2015; Minajigi 

et al., 2015; Moindrot et al., 2015; Monfort et al, 2015). It will also be of interest to 

determine the similarities and differences by which this XIST-SMC model operates in the 

human system, as mice and humans are known to employ vastly different X-linked 

dosage compensation strategies, especially during early embryonic development 

(Sahakyan et al., 2018). This may shed light on the inability of XIST to enact complete 

silencing in human pre-implantation embryos in a process called XCD (Petropoulos et al., 

2016; Sahakyan and Plath, 2016; Sahakyan et al., 2017), which is discussed below. 

 

XIST regulates X-chromosome dampening and autosomal genes in early female 

human development 

In Chapter 3, we showed the requirement of XIST in controlling XCD, as knocking out 

XIST in various human pluripotent stem cell (hPSC) lines that model XCD in vitro led to 

the loss of transcriptional downregulation on the dampened X-chromosome (Xd). By 

applying a genomics technique that examines the chromatin binding of XIST with high 

resolution, we discovered that there is an increased amount of XIST accumulation on the 

Xi than on the Xd, driving our speculation that XIST may be unable to exert complete 
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silencing on the Xd owing to the reduced enrichment of XIST. Moreover, we characterized 

a novel function of XIST, that it cannot only propagate to certain autosomal regions 

outside of the X-chromosome territory, but also repress some of the autosomal genes 

that it targets, resulting in a sex imbalance of the XIST-enriched autosomal gene 

expression levels that is also observed in human pre-implantation embryos in vivo.  

 

Several non mutually-exclusive factors may account for the differential gene 

silencing capacity in XCD versus XCI: (i) decreased XIST levels on the Xd likely result in 

the concomitant reduction of protein factors bound by XIST that contribute to various 

aspects of XCI, (ii) different effector proteins may be recruited for XCI compared to XCD, 

and/or (iii) alteration of protein function by post-translational modifications. Therefore, 

further efforts should aim to delineate and compare the complete XIST interactomes, 

together with their protein states, that are responsible for both XCD and XCI, in order to 

generate a quantitative framework for determining how XIST RNA abundance and their 

associated protein levels/state collectively influence the X-linked gene regulatory outputs. 

 

Nonetheless, the dual ability of XIST to regulate both XCD and XCI implies that 

this same lncRNA can produce functionally different gene expression outcomes across 

human development: first dampening of both X-chromosomes in female pre-implantation 

embryos, and then chromosome-wide silencing of one of the two X-chromosomes. 

Exactly how and when this developmental switch from XCD to XCI occurs remain open 

questions. Regardless, this is still a noteworthy discovery, because based on our 

understanding, no other RNA transcript capable of yielding two unequal gene regulatory 
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outputs has been reported. The exceptional plasticity of XIST to modulate distinct gene 

expression profiles in different developmental settings offers the potential to create 

nuclear compartments with specific gene regulatory outcomes, which can be exploited 

for therapeutic purposes that are discussed below. 

 

Our finding that XIST can associate with chromosomes in trans is not anticipated, 

as it directly contradicts the prevailing view that Xist spreading is limited to the X-

chromosome from which it is transcribed (Jonkers et al., 2008). Past studies have 

highlighted the ability of XIST/Xist to suppress gene expression when it is ectopically 

induced from an autosome (Lee and Jaenisch, 1997; Wutz and Jaenisch, 2000; Hall et 

al., 2002a; Jiang et al., 2013; Kelsey et al., 2015), or when it spreads onto certain 

autosomal regions in X to autosome (X;A) translocations (Hall et al., 2002b; Popova et 

al., 2006; Yang et al., 2011; Loda et al., 2017), but to our knowledge, this is the first time 

that autosomal spreading by XIST/Xist expressed from its endogenous locus is reported. 

 

Furthermore, the distribution of XIST to autosomes appears to have physiological 

relevance, as gene ontology analysis revealed the enrichment of differentiation and 

developmental processes for the autosomal genes targeted by XIST. XIST also mediates 

the small but significant downregulation of these autosomal target genes, though the 

ramifications of this female-specific repression merit further research. Nevertheless, this 

fascinating finding heralds a potential novel function of XIST beyond XCD and XCI in 

early human development that is waiting to be explored. 
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Xist localization correlates with its gene silencing capacity 

In Chapter 4, we sought to dissect the relationship between the genome-wide localization 

pattern of Xist and its differential ability to implement transcriptional silencing, which was 

first introduced in Chapter 3. By analyzing numerous genomics datasets gathered from 

mouse cells at different stages of XCI, we found an overall lower enrichment of Xist on 

the Xi in early differentiating cells that is associated with reduced X-linked gene silencing, 

which is reminiscent of XCD in early human development, relative to the higher levels of 

Xist accumulation in late differentiated cells with complete XCI.  

 

 Upon interrogating the genomic features that underpin the differential Xist 

localization patterns, we demonstrate that cells with competent X-linked gene silencing 

exhibit preferential Xist distribution over the transcriptionally active A-compartment, 

particularly genomic regions that contain active histone marks. In contrast, cells 

portraying deficient or partial repression of a small fraction of genes tend to correlate with 

the spreading of Xist into the transcriptionally inactive B-compartment, especially 

chromatin domains where repressive histone modifications reside. Thus, it seems that 

the genomic locations where Xist propagates serve as a good predictor of its ability to 

trigger gene silencing. Further mining of published genomics datasets and harnessing 

machine-learning tools should provide deeper insights into numerous other genomic 

features, including repetitive elements like LINEs and SINEs, DNase hypersensitivity sites 

and topologically associated domain (TAD) boundaries, which may be important for 

dictating Xist localization. 
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 Last but not least, we showed that Xist is still able to induce partial X-linked gene 

repression in a mouse somatic cell line, which has long exceeded a supposed critical 

developmental window surrounding pluripotency that is permissive for Xist-mediated 

silencing (Wutz and Jaenisch, 2000). However, the extent of this partial gene suppression 

cannot be increased to mimic the complete XCI-like silencing with longer duration of Xist 

expression, unlike in human differentiated neural stem cells that have XIST inducibly 

expressed on one of the three copies of chromosome 21 (Czerminski and Lawrence, 

2020). Hence, XIST/Xist seems to retain a considerable amount of plasticity to execute 

chromosome-wide gene repression, thereby challenging the long-held view that the 

function of XIST/Xist is restricted to a developmentally regulated narrow timeframe. This 

remarkable potential of XIST/Xist to control gene regulatory outputs in different cells and 

developmental settings holds great promise in pursuing further research to better 

understand and capitalize on the exciting therapeutic prospects of this lncRNA for treating 

disorders caused by chromosomal abnormalities, such as duplications, trisomies and 

aneuploidies (Theisen and Shaffer, 2010). 
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