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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, |
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 XClI, (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.



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 XClI, 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



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

XCl 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 XClI field, our
knowledge gained from this body of work on the Xist IncRNA may be extended to
characterize other INcRNAs that contribute to the establishment and/or maintenance of

gene regulatory nuclear compartments.
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Chapter 1

Introduction



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 (IncRNAS) 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 IncRNAs 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 IncRNAs (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
IncRNAs 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, IncRNAs 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



al., 2019; Yao et al., 2019; Pandya-Jones et al., 2020; Valsecchi et al., 2021). However,
a lot is still not known regarding how IncRNAs target specific genomic sites and their
modes of action. Deciphering the detailed molecular mechanisms by which IncRNAs
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 INcCRNA orchestrates X-chromosome inactivation

Xist (X-inactive specific transcript), one of the first IncRNAs to be discovered (Brown et
al., 1991), is also one of the most well-studied examples of a IncCRNA 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
IncRNA 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



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 IncRNA 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 INcCRNA 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).

XCl 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



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



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 IncCRNA Neatl 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).



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
IncRNA 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 XCl, 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



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 ClZ1, 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



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 XCl 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 IncRNAs,
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



silencing (Guenther et al., 2001; Shi et al., 2001; You et al., 2013). Indeed, both SMRT
and HDAC3 are required for RNA polymerase Il (RNA Pol Il) 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 Il 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

10



remodeling and deacetylation (NURD) complex, which itself is a transcriptional repressor
typically found at promoter regions to evict RNA Pol Il 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 XCl, it is unclear whether SPEN is required
for stable long-term gene silencing during the maintenance phase of XClI, 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

XCl 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 XCl 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 XClI 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
etal., 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 naive 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 IncRNA 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 INncRNA 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 INncRNA 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 (IncRNAs) Xist, Kcnglotl, 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

guantitative 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
guantitative 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
XCl 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-XClI” 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 XClI 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 (XistMS26FP) and the X-
linked gene Atrx was efficiently silenced (fig. S1, D and E), demonstrating the functionality
of the XistMSZGFP gllele. Quantitative 3D-SIM analysis of Xist¥S26FP 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 (cage®°CFP) (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
cage®©F" (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 XClI 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-XClI 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 XistMS2GFP 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

56



HDACS3 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 hy 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-XClI (Fig. 3C). Therefore, upon distributing across the pre-Xi, foci comprising
57



two Xist molecules immediately recruit arrays of XCl-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 ClZ1, 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 (AIDR SPEN) in XistMS?-
GFP cells and confirmed that it does not interfere with gene silencing (Fig. 3F and fig. S7,
A and B). We found that AIDR SPEN and wild type (WT) SPEN accumulated similarly in
SMCs on the pre-Xi but, unlike WT SPEN, AIDR 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 MSZGFP territory or
other nuclear regions of the same size. We also examined Xist dynamics for comparison.
We observed a slow exchange of photobleached Xist MS2GFP (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 Cl1Z1 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 ClIZ1 in the Xi is longer than in
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other nuclear regions, suggesting that Xist recruitment reinforces CIZ1 binding to
chromatin (Fig. 31 and fig. S8C). The tight kinetic and spatial (Fig. 3D and movie S4)
relationship between Xist and CIZ1 suggests that ClIZ1 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 AIDR 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-ClZ1 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-BgISL tethering of the SPOC domain to Xist (XistSPOC) is expected to prevent the

63



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-XClI

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 PRCL1 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 (AB-Xist) in ESCs (63, 65-67, 92).
Chromosome territory measurements (by X-paints) showed that the volumetric
occupancy of an Xi formed by AB-Xist is smaller than that formed by the full-length RNA
(FL-Xist) and similar to the Xa (Fig. 4l and fig. S14A). Consistent with this result, 3D-SIM
measurements revealed that the distribution of Xist foci was significantly impaired on a
AB-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 AB-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 PRCL1, 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 XistSP°¢ domain are more likely to

be SCMHD1-independent, whereas genes controlled by SCMHDL 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 SCMHDL1. 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 ClZ1 to form the stable core of protein concentration hubs. These
Xist/ClZ1 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
IncRNAs. 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 IncRNAs establish gene-regulatory nuclear compartments.
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Other IncRNAs 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
86



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, lllustration of live-cell Xist labelling strategy.

C, 3D-SIM projections showing XistMSZGFP 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 (um?3) of Xist foci at D2 and DA4.

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

molecules (cage®°©FP) (AFU) per pixel kernel density, detected by 3D-SIM.

87



A Single-particle
tracking of XistMS2-GFP B

Selected trajectories Time (sec)

120

3D distributions

Displacement

g AR T &

Confining potential

v f-eo
: £ L‘xh il £ =/
L “Ei | 4
L..v»? Wio 7 3 ) 1 30 4Erphica
o' 02 04 06 %0z 04 06 o
| -0 r (um =11 pm)
0 1 2 3 (um) 0.5pm n=11000

F G HeB classmcatwon H Radial maxima chromatin densities

live-cell 3D-SIM imaging

Xist m as from Xist trajectories

Z-projection S 7 500 nm 7
3 ' 3 250 nm
(5 2% 100 nm 6
>< St — 5
P —
‘4' 4 ‘=——
3 I 3 ————
2 2 ————
100 J ’ (Ic)1
0 40 80 120
n=356;10 Time (sec)
Compartment Compartment
| B A B A J E’
40/R=0.8 50R=0.83 40[R=0.83 .. -
p<2.2e-16 p<2.2e-16 p<2.2e- 16 12
§30 : g g 30 gg"]
; ; ? A EE e . - - b e >
o g 30 o gt
&2 20 & 55 D4
o < 2
[a] . o a Baw
d 10 28
0 ¥ <] Ada s VY W T
I A | LA o o N, Sl - memwe . — — - > m—
004 0 004 008 006-003 0 003 008 0 10 20 30 40 50 20 80 100 120 140 160
DO Hi-C PC1 D4 Hi-C PC1 D4 RAP-seq (Mb)

Fig. 2 Xist foci are locally confined

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

centered about their centers of mass. n denotes the number of foci analyzed.
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A, Trajectories of XistMSZGFP foci imaged for 2 minutes (5sec/ frame). Inset: Projection of

one frame from live-cell 3D-SIM experiment showing an XistMS2-GFP cluster at DA4.

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

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

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

with distance from origin <r. The distance marked with the dashed line at r=0.22um



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 XistMS"GFP (green)

and H2B-Halo’™%46 (magenta), based on live-cell 3D-SIM. Bar: 1uym.

G, Segmentation of H2B-Halo’F%46 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.
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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 ClZ1
(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
guartiles, 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 'F¢46 and AIDR-

SPEN-Halo’™846 together with XistMS2GFP on D2 and DA4.
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G, Particle volume measurements in Xist-associated (green) and nuclear (magenta)

fractions, on D2 and D4, comparing AIDR-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 ClZ1-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-Halo™R, PCGF5-Halo™R, CELF1-mCherry and PTBP1-
Halo™R 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

BgIG/SL, XistSPoC),

B, Violin plots showing the silencing of X-linked genes on XistSP°C upon depletion of
endogenous SPEN. X-linked genes are classified according to their silencing half-times
during normal XCI. 0 indicates complete silencing by XistSP°¢ 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: Sum.

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: 5um.

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 um?3)

in the Xi and in nuclear regions on D2 and D4.
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|, Boxplots showing the volume (um?3) 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 (AB-Xist) after 18hrs of doxycycline induction.

J, Boxplots showing the minimal (left) and average (right) distance between Xist foci in

FL- or AB-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 pBgllI5k 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 Bglll and BamHI and cloned into the pBgllI5k plasmid by infusion
cloning yielding the pBgllI5k-24xMS2 plasmid (which replaces the 16xMS2 repeat array
originally contained in the pBgllI5k 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