Seminars in Cell & Developmental Biology 56 (2016) 35-47

Fed

Contents lists available at ScienceDirect

Seminars in
CELL & DEVELOPMENTAL
BIOLOGY

Seminars in Cell & Developmental Biology

journal homepage: www.elsevier.com/locate/semcdb

The “Inc” between 3D chromatin structure and X chromosome
inactivation

@ CrossMark

Amy Pandya-Jones, Kathrin Plath*

Department of Biological Chemistry, Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research, Jonsson Comprehensive Cancer Center,
David Geffen School of Medicine at the University of California Los Angeles, Los Angeles, CA 90095, USA

ARTICLE INFO ABSTRACT

Article history:

Received 20 February 2016

Received in revised form 1 April 2016
Accepted 4 April 2016

Available online 6 April 2016

The long non-coding RNA Xist directs a remarkable instance of developmentally regulated, epigenetic
change known as X Chromosome Inactivation (XCI). By spreading in cis across the X chromosome from
which it is expressed, Xist RNA facilitates the creation of a heritably silent, heterochromatic nuclear
territory that displays a three-dimensional structure distinct from that of the active X chromosome. How
Xist RNA attaches to and propagates across a chromosome and its influence over the three-dimensional
(3D) structure of the inactive X are aspects of XCI that have remained largely unclear. Here, we discuss
studies that have made significant contributions towards answering these open questions.
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1. Introduction

X Chromosome Inactivation (XCI) is a critical step in the devel-
opment of eutherian female organisms. In the mouse, XCI is
implemented in two distinct waves during embryogenesis. In a pro-
cess known as imprinted XCI, the cells of early 2-4 cell stage female
conceptuses transcriptionally silence the paternal X chromosome
(Xp) such that X-linked gene expression is derived almost exclu-
sively from the maternal X (Xm) chromosome [1-3]. The inactive
Xp is then maintained in almost all cells of the developing pre-
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implantation blastocyst, except for the epiblast cells. These cells,
which give rise to the embryo proper, reverse silencing and sus-
tain two transcriptionally active sex chromosomes (XaXa) [4]. Upon
implantation, the differentiating epiblast cells transition through a
second round of XCI, in which one of the two X chromosomes, this
time chosen at random, undergoes transcriptional silencing and
facultative heterochromatinization that is heritable throughout all
subsequent cell divisions [5-12]. Studies in a variety of model sys-
tems have revealed important distinctions in the implementation
of both imprinted and random XCI across species [13], making it
pertinent to emphasize that in this review, we limit our discussion
to that of random XCI.
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XCI is attributed with the alignment of X-linked gene dosage
in differentiated female cells with that of their male (XY) counter-
parts [14-16]. Inhibition of XCI in the developing blastocyst affects
survival of female embryos and appears to be caused by a failure
to instate X-linked gene silencing in the future placenta [17-19].
While this phenotype demonstrates a requirement for imprinted
XClin female embryogenesis, it has hampered efforts to understand
whether random XCI is essential for development of the embryo
proper, which would require inhibition of XCI specifically in the epi-
blast but not the trophectoderm cells of an implanting blastocyst.
This arrangement of tissue specific control over XCI can be achieved
through tetraploid complementation of XCI-deficient epiblast cells,
but has not yet been directly tested and as such, the requirement
for random XCI in development remains unresolved [20].

The master regulator of XCI is the long non-coding (Inc) RNA
Xist [21-23]. The Xist locus resides upon the X chromosome and is
thought to remain inactive throughout the development of male
mouse embryos and within the adult male organism [4,17,24-27].
During female development however, Xist expression is tightly and
dynamically regulated. Xist activity becomes detectable in female
embryos at the 2-4-cell stage, at which time Xist RNA is tran-
scribed solely from the Xp chromosome [13,28,29]. This expression
pattern is maintained in cells of the trophectoderm and under-
lies the imprinted XCI that is observed in these cells and in the
extra-embryonic tissues derived from them [30,31]. In later stage
pre-implantation embryos, the erasure of imprinted XCI in epiblast
cells coincides with a resetting of Xist expression, such that the
gene appears inactive or is maintained at very low levels of expres-
sion [3,13,27,29,31]. As these cells exit from the ‘naive’ pluripotent
state, one of the two Xist alleles is upregulated to produce Xist
transcripts that spread in cis along the X chromosome from which
they are expressed, thereby forming a ‘coat’ that remains stable
throughout the interphase portion of the cell cycle [22,32]. How
the upregulation of Xist is ensured on only one of the two X chro-
mosomes, chosen at random, is a matter of intense debate. Most
models posit that Xist activation is promoted by the release of mul-
tiple inhibitory pathways acting in the naive pluripotent state as
well as by an increase in Xist activators due to induction of differ-
entiation, the details of which have been reviewed elsewhere (see
Goodrich et al. in this issue, page 3) [33,34]. Through mechanisms
that are still largely unclear, Xist RNA initiates the eviction of RNA
polymerase II from within the Xist RNA coated territory [35,36].
The onset of X-linked gene silencing is accompanied by a tempo-
rally sequential deposition of repressive H3K27me3 and H3K9me2
marks, enrichment of the repressive macroH2A histone variant, and
DNA methylation on the forming Xi [6-12,37,38]. Together these
and other epigenetic modifications enable the formation and main-
tenance of a transcriptionally silent, heterochromatic chromosome,
known as the inactive X (Xi) [39].

The Xist locus remains active specifically on the Xi throughout
the somatic lifetime of a cell. Investigations into the requirement
of Xist post initiation of XCI defined two distinct phases of the pro-
cess during differentiation. The initiation phase captures the onset
of XCI and is characterized by Xist RNA-dependent X-linked gene
silencing. During this window of time, which generally correlates
with the first 72 h of differentiation, depletion of Xist RNA allows
for reactivation of silenced X-linked genes and reverses the XCI
program. The maintenance phase follows and is characterized by
X-linked gene silencing that is largely Xist-independent. The loss of
Xist RNA during this period correlates with the depletion of some
enriched heterochromatic marks on the Xi, such as macroH2A and
H3K27me3, but extensive reactivation of silenced X-linked genes
is not observed [11,39-43].

The Xist RNA ‘coat’ that forms across the Xi has been largely
defined by signals observed upon the application RNA Fluorescence
In Situ Hybridization (FISH) [44]. Some of the earliest insight into

how Xist RNA associates with the X chromosome was obtained by
treating fixed somatic cells with RNase H, an enzyme that degrades
RNA chains involved in RNA:DNA heteroduplexes [32]. RNase H
does not act on double- or single-stranded RNAs. When the appli-
cation of RNase H preceded the hybridization of fluorescent DNA
FISH probes to Xist RNA, the Xist RNA coat over the Xi territory was
observed to be intact. This finding suggested that the Xist transcripts
were not engaged in extensive, if any, RNA:DNA heteroduplexes
with genomic DNA. However, to ensure that the Xist RNA canindeed
bind DNA, the authors also applied RNase H treatment after the DNA
probe hybridization step. This reversed order of experimental steps
resulted in loss of the FISH signal due to degradation of Xist RNA by
RNase H and confirmed that, although the Xist transcripts are capa-
ble of hybridizing to DNA, they do not directly base pair with DNA
in the cell. An extension of this conclusion is that Xist RNA instead
spreads via associations with chromatin and/or the nuclear matrix.
In support of this, it has been shown that Xist transcripts undergo
extensive cis-medicated chromosome spread when expressed from
cDNA transgenes integrated at ectopic sites on the X or autosome,
or in the context of X:autosomal translocations [41,45-48]. This
property of Xist was recently exploited in a human pluripotent cell
model of Down’s Syndrome (trisomy of chromosome 21) [49]. XIST
expressed from a transgene integrated on one of three chromosome
21’s in these cells effectively implemented heritable autosomal
inactivation in cis. This work not only confirmed that Xist/XIST RNA
spreads independently of X-linked genomic sequences, but also
demonstrated the competence of chromosome 21 to be silenced,
while also uncovering a potential therapeutic approach towards
the treatment of trisomic disorders that catapulted Xist RNA biology
into the realm of translational medicine.

In the first half of this review, we will focus on the data that
suggests that 3D chromatin conformation determines the spread
of Xist RNA across the X chromosome. We will also cover the iden-
tification of trans-activating factors and the putative roles(s) they
play in mediating this process. It has long been appreciated that,
once formed, the Xi is structurally distinct from that of the Xa [50].
In the second part of this review, we will address differences in the
3D structure of the Xi in relation to the Xa from cytological, bio-
chemical and genomic perspectives. Our aim is to highlight how
the Xist RNA, by exploiting the 3D architecture of the genome to
exert its function, also critically impacts genome organization.

2. Modeling X chromosome inactivation in vitro

The study of XCI in implanting blastocysts has been limited, at
least in part, by their availability, difficulty of genetic manipulation,
and low cell number for biochemical analyses. Embryonic stem cells
(ESC), derived from epiblast cells of the mouse pre-implantation
blastocyst, expand indefinitely in culture and provide an essen-
tially limitless supply of starting material [51,52]. These cells grow
clonally, which is convenient for the isolation of targeted genetic
mutants. Like the epiblast cells of the blastocyst, female mouse
ESCs maintain two active X chromosomes and upon differentia-
tion, reliably recapitulate random XCI [4]. Thus, this in vitro system
has become a tractable and genetically pliable paradigm for the
molecular dissection of XCI. As the findings discussed within this
review are based largely upon mouse models of XCI, we provide a
short discussion on the benefits and caveats of current mouse cell
culture model systems used to study XCI, as this is information that
will benefit the understanding of later sections.

Cultured female ESCs are the prevailing model system for the
study of random XCI. However, most female ESC lines are unsta-
ble with regards to the X chromosome and within a few cell
cycles in culture become genetically XO [53]. For reasons that are
unclear, genetic stability is retained if the X homologues harbor
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sufficient distinct single nucleotide polymorphisms (SNP), such as
those obtained from an F1 cross of the distantly related C57BL/6
and Cast/Ei strains [54]. This ‘fix’ for stabilization of the XX state
in cultured mouse ESCs has become a very useful research tool for
studies related to XCI as a means of distinguishing between two
otherwise genetically identical chromosomes [27,55,56]. When
combined with the complete skewing of XCI, achieved by heterozy-
gous deletion of Xist which forces inactivation of the X chromosome
housing the intact Xist allele, events that occur specifically on the
Xi can be mapped using genomics and other approaches [23,56].

An additional consideration of working with a female mouse
ESC model system is that the efficiency of differentiation, and
thereby the induction of XCI, varies greatly depending on the cul-
ture conditions used, and the type of differentiation applied can
limit the effective observation of some steps in the XCI process
[27]. Moreover, even within a single experiment, the resulting pop-
ulation of fate-restricted cells is typically neither homogenous nor
completely synchronous with regards to establishment of XCI. To
circumvent these issues, mouse ESC lines with inducible Xist cDNA
transgenes integrated on the X or on autosomes have been created
[46,57]. These ESC lines tend to be male to prevent potential inter-
ference from the spontaneous expression of endogenous Xist that
occurs, albeit at low rates, in female ESC cultures as well as to enable
the straightforward identification of epigenetic changes on the sin-
gle X chromosome. An additional benefit of using male ESCs is that
the establishment of XCI results in rather rapid cell death, a phe-
notype that has been instrumental in defining functional regions
of the Xist RNA [57]. Establishment of XCI on the targeted chro-
mosome (X or autosome) is presumed to underpin the cell death
phenotype. Whether this is due to the silencing of a single locus or
of a set of genes crucial for survival has not been determined [57]. It
also remains unclear whether XCI in male ESCs transitions beyond
the initiation phase prior to cell death and as such, this model sys-
tem may not be appropriate for studies that interrogate the later
steps of XCL

The recent establishment of haploid ESCs that can be stably
propagated in defined media conditions provides a novel model
system for the study of XCI that is particularly well suited to assays
employing forward genetics [58]. Similar to male cells, induction
of XCI on the sole X chromosome in these cells results in cell death
and defects in XCI can be uncovered by screening for survival [59].
However, as with male ESCs induced to undergo XCI, this model
system is unlikely to offer much insight regarding Xi maintenance
and therefore it seems advisable to employ a combination of either
haploid or male cells together with a female model system to fully
assess Xist RNA mutant phenotypes. The former can synchronously
induce Xist while also bypassing the complication posed by the
stochastic choice of which X becomes inactivated in cells harboring
multiple X chromosomes, whereas female ESCs permit studies at
all phases of XCI.

3. 3D chromosome conformation directs the initial pattern
of Xist RNA spreading

As mentioned above, initial experiments probing the nature
of the Xist RNA coat implied that it associates with and spreads
across chromatin without directly interacting with DNA [32,41,49].
How this is achieved has remained a long-standing question in
the field. Efforts to biochemically purify the Xist RNA, which is
thought to function as a large ribonucleoprotein complex (RNP),
have been stymied due to its large size and its tendency to
purify with the insoluble components of the nucleus. Conse-
quently, biochemical insight into Xist RNA function has remained
very limited [60,61]. Fortunately, recent advances in the use of
antisense biotinylated oligomers to isolate chromatin-associated

RNPs upon crosslinking and fragmentation of chromatin, and
the advent of high-throughput DNA sequencing have revolu-
tionized the tractability of Xist RNA and have recently been
used to define Xist RNAs interaction sites on chromatin and to
reveal protein factors that both directly and indirectly associate
with the Xist RNA [36,46,62-65]. Theoretically, the purification of
chromatin-associated RNA complexes is straightforward. The var-
ious approaches each employ biotinylated oligomers antisense to
the RNA of interest, which when applied to lysates from crosslinked
cells expressing the transcript of interest, specifically isolate the
target RNA with associated chromatin and trans-acting protein fac-
tors. However, in practice the approach is not trivial and positive
outcomes are largely dependent upon nuances in the optimiza-
tion of sonication, hybridization, and washing parameters. The
general experimental approach and variables that differ between
RNA Antisense Purification (RAP), Capture Hybridization Analysis
of RNA Targets (CHART), and Chromatin Isolation by RNA Purifica-
tion (ChIRP) are outlined in Fig. 1.

The first successful application of this technology to Xist RNA
interrogated patterns of Xist RNA spread across chromatin during
both the initiation and maintenance phases of XCI by RAP-seq (see
Pinter. S. in this issue, page 19) [46]. The chromatin contacts of Xist
RNA in somatic cells, when mapped to the genome at high reso-
lution, revealed an enrichment of X chromosome sequences over
autosomal ones. While this outcome was not particularly surprising
given the characteristic nature of Xist RNA to coat the Xi as revealed
by RNA/DNA FISH studies, it confirmed that the Xist RNA associates
specifically with X-linked chromatin. Notably, Xist RNA occupancy
was detected across the entirety of the X chromosome in these
somatic cells, but accumulated more strongly over regions of high
gene density and H3K27me3 enrichment, and less strongly over
long interspersed nuclear elements (LINEs). One interpretation of
this finding is that although the Xist RNA preferentially associates
with particular regions of the X, it makes contact with all regions
of the X chromosome in all cells during the maintenance phase of
XCI. A logical extension of this possibility is that cells must pro-
duce sufficient molecules of Xist RNA to coat the entirety of the
chromosome.

RT-qPCR measurements of Xist RNA abundance in different
mouse somatic cell types range between 100 and 2000 molecules
per cell [66,67]. While this value probably varies with the DNA con-
tent of cells and dynamic rates of RNA production and turnover, it
seems unlikely that these processes generate the 20-fold differ-
ence in RNA abundance reported by the above studies. Whereas
the discrepancy is most reasonably explained by technical incon-
sistencies, it may be that cells derived from primary mouse tissues,
as performed by Buzin et al., generally express higher amounts of
Xist RNA than immortalized MEFs, which were used in experiments
by Sunwoo and colleagues. Nevertheless, even the highest of these
estimates for Xist RNA abundance are much lower than the mini-
mum number of transcripts that would be needed to coat the entire
X chromosome, as exemplified by the following, admittedly, overly
simplistic scenario. The RAP results require that each basepair of
DNA be stoichiometric with at least one RNA nucleotide. To satisfy
this condition, almost 9000 17.9 kb linear Xist transcripts would be
needed to tile the 160Mb length of the linear chromosome during
the Gap1 phase of the cell cycle. Potentially, these estimates must be
doubled during S and Gap2 phases and further increased to account
for the observed Xist RNA enrichment over most regions of the X.
Thus, data on Xist RNA abundance instead support an alternative
interpretation of the high-resolution chromatin association map of
Xist RNA, which is that the observed occupancy pattern results from
a surprisingly sparse distribution of Xist RNA complexes which,
rather than coating the entire chromosome, occupy discrete regions
of the Xi within individual cells. This more punctuated arrangement
of Xist RNA on chromatin is observed in high-resolution imaging
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Fig. 1. A general overview of the protocols used for the purification of RNA-Chromatin complexes by RAP, CHART, and ChIRP. (A) RNA-expressing cells (For Xist RNA, these
include female somatic cells such as MEFs or ESCs induced to express Xist either through differentiation or treatment with doxycycline if using cells harboring a tetracycline-
inducible Xist transgene) are crosslinked using formaldehyde (CHART), disuccinimidyl glutarate/formaldehyde (RAP), and glutaraldehyde or formaldehyde (ChIRP). Chromatin
is solubilized by sonication with (RAP) or without (CHART/ChIRP) DNase treatment. After incubation of the fragmented chromatin lysate with pooled biotinylated oligos
antisense to the target RNA, oligos are immunopurified using streptavidin beads to isolate captured RNA-chromatin complexes. When studying the chromatin targeting of
RNAs, the RNA isolates are reverse-crosslinked and deproteinated by treatment with proteinase K. Any remaining RNA is degraded by incubation of the lysate with RNase prior
to purification of the selected DNA for high-throughput sequencing library preparation to identify the regions of chromatin targeted by the RNA of interest. This approach
can also be used to isolate the protein components of RNA chromatin complexes if the captured lysates are treated with nucleases rather than a protease. (B) Table listing
the main experimental variables that differ between RAP, ChIRP, and CHART, and their application to studies of Xist RNA.

Fig. 2. The Xist RNA cloud is composed of discrete RNA foci distributed throughout the Xi territory. (A) A representative epifluorescent micrograph of the RNA FISH signal
(green) obtained using DNA probes against the full length Xist RNA in mouse C127 cells, stained with DAPI (purple). (B) Same as (A) except in this experiment cells were
imaged with super resolution 3D-Structured Illumination Microscopy. Inset: Magnification of the Xist RNA signal.
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snapshots of Xist RNA FISH in somatic cells, which have shown that
the coat is formed from a series of ~50-100 separable RNA foci
that decorate the Xi territory [68] (Fig. 2). Assuming that the Xist
RNA bound sites differ between cells or if the Xist RNA traverses
the Xi territory over time, then the resulting Xist RNA-associated
DNA sequences isolated from a population of cells at steady state
may give rise to a similar RAP-seq signature as the one obtained
upon interrogation of Xist RNA occupancy during the maintenance
phase of XCI [68]. It will be important to determine whether the
Xist RNA foci observed with super resolution microscopy do indeed
flux through the Xi or whether they remain statically associated
with distinct chromosomal domains that differ between individ-
ual cells. Understanding this will entail simultaneous imaging of
Xist RNA and specific DNA sequences over time using live-imaging
microscopy or adapting RAP, CHART or ChIRP to single cells [69,70].

The de novo induction of Xist in ESCs was leveraged to interro-
gate the pattern of Xist RNA spread during the onset of XCI [46]. By
applying RAP to an inducible Xist paradigm in male ESCs, whereby
Xist expression occurs from its endogenous locus, it was demon-
strated that, over a time course of hours, the newly expressed Xist
RNA initially transfers from its transcriptional locus to a set of
short (~350kb) regions located distally to its site of transcription,
termed early entry sites. An almost identical occupancy signature
was observed in female ESCs at a very early (6 h) time point of
differentiation suggesting that the mechanism of initial spread-
ing is conserved between the two XCI model systems. The early
entry sites exhibited no strong enrichment for sequence or specific
epigenetic signatures. However, when compared to regions of the
genome that are most likely to interact with the Xist locus, that
is, the sites exhibiting the highest frequency of 3D contacts with
the Xist locus as measured by Hi-C conformation capture, a strik-
ingly high correlation between the early entry sites and their 3D
proximity to the Xist locus was observed [46,71,72]. To determine
causality between chromosome conformation and the identity of
Xist RNA early contact sites, the authors expressed Xist from an
ectopic site on the X chromosome (Hprt locus, 50Mb distal to the
Xist locus). The 3D conformation of the X chromosome around Hprt
is different to that observed for Xist. Nevertheless, the set of early
entry sites identified upon Xist RNA expression from the Hprt locus
remained highly correlated with the genomic regions that contact
Hprt in 3D. Similar results were obtained when Xist was expressed
from an autosome [46]. These findings indicated that Xist RNA uses
a proximity-mediated spreading mechanism to bring it to genomic
regions that are closest in 3D distance to the Xist locus, even though
these sites may be many tens of megabases away when measured
linearly along the chromosome. Importantly, the data argue that
the pre-existing three-dimensional architecture of the chromo-
some directs the pattern of Xist RNA transfer away from its site
of transcription during the onset of XCI (Fig. 3).

That Xist RNA binds discrete regions specific the X chromosome
was also concluded by a later study that characterized spreading
at day 3 and 7 post induction of differentiation in female ESCs [65].
The authors reported that the patterns of Xist RNA occupancy were
highly correlative between these time points and associated with
gene rich regions of the chromosome. Interestingly, occupancy of
Xist RNA over gene poor regions was only noted in MEF cells, sug-
gesting that Xist RNA engagement with the X chromosome occurs
in several steps and undergoes a transition between differentiat-
ing ESCs and the somatic state (MEFs), although the nature of this
potential late transition is yet to be determined (see Pinter. S. in
this issue, page 19).

A corollary to the proximity-transfer model is the idea that
genes proximal to the early entry sites should be silenced faster
than those located more distally. Marks and colleagues character-
ized the dynamics of X-linked gene silencing using RNA-seq over
an 8-day time course in differentiating 129/Cast female ESCs in

which XCI was completely skewed towards the 129 homologue
[73]. The authors identified four gene clusters corresponding to the
degree of silencing that occurred during early (<2 days), interme-
diate (2-4 days) or late (>4 days) periods within the time course.
When mapped to the X chromosome, genes silenced early were,
on average, located more closely in linear space to the Xist locus
than genes within the intermediate cluster. Similarly, genes with
late silencing profiles were more distally located relative to Xist
than those in the intermediate group. By analyzing the data in this
manner, the authors argued that the degree of gene silencing over
time is dependent, at least in part, on the distance between the
gene and the Xist locus. However, as Marks et al. observe genes
located towards the telomeres that are silenced early as well as
many genes located proximal to Xist that show a late silencing pro-
file, it is clear that the concentration of Xist RNA, as determined
via linear spread, is not the sole parameter regulating the dynam-
ics of silencing. While the conclusions are in seeming contrast to
the pattern of silencing expected by a proximity mediated-transfer
model, which would predict that genes in closest 3D proximity to
early entry sites are silenced fastest, the results may not be as incon-
gruous as they initially appear because 3D contact frequencies are
highest closest to the site of interest and decay with increasing lin-
ear distance. It will be of interest to correlate the silencing profiles
obtained in this study with the Xist early entry sites identified by
Engreitz and colleagues to determine whether silencing can also be,
at least partially, explained by proximity-mediated transfer. Fur-
thermore, repeating the silencing time course in cells expressing
Xist from an ectopic locus will greatly help in defining whether
these models of Xist RNA spreading actually contribute to the tim-
ing of gene silencing during the initiation of XCI, as it must also
be considered that the mechanisms regulating Xist occupancy may
be uncoupled from those regulating the dynamics of X-linked gene
silencing.

An additional and curious observation regarding the spreading
of Xist RNA is that, although it does coat the chromosome in cis
when expressed from an autosomal transgene, the efficiency of
coating often appears higher over the X compared to autosomes
[41,48]. For this reason, it has been suggested that chromatin on X
is more permissive to Xist RNA spreading than that of autosomes,
but as discussed earlier, XIST RNA can implement heritable bona
fide chromosome silencing of an autosome that is present in tripli-
cate in a cell culture model of Down’s syndrome. This discrepancy
in Xist RNA coating efficiency of the X compared to autosomes may
result from increased cell death induced by effective silencing of
haploinsufficient genes when Xist is expressed from one autosome
maintained as a diploid pair, but does not preclude the possibility
that differences in 3D genome organization may indeed hamper
the equal and effective spread of Xist over some, if not all, auto-
somes. Current evidence suggests that chromosome architecture
dictates the initial patterns of Xist RNA transfer across a chromo-
some, but it is not the sole determinant (see below) and it will
be important to further our understanding of how chromatin con-
formation and indeed, epigenetic state, impacts the ability of the
Xist RNA in particular, and the growing family of chromatin-bound
RNAs in general, to find their targets, associate with and spread
across chromatin. In the following section, we discuss the data that
implicates trans-acting factors in mediating Xist RNA’s association
with chromatin.

4. Association of Xist RNA with chromatin is mediated by
protein factors

The molecular parameters that regulate the chromatin associa-
tion of Xist RNA can be assessed via distinct experimental avenues.
One approach defines regions of the Xist RNA that mediate spread-
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Fig. 3. The Xist RNA spreads across the X chromosome by transferring to genomic locations in close spatial proximity to the Xist locus during the onset of XCI. Within a
few hours of its initial expression, Xist RNA transfers to genomic sites in close 3D proximity to the genomic Xist locus. These early entry sites, when mapped to a linear
representation of the X chromosome, assume discrete locations that are distributed across the length of the chromosome. The entry sites and 3D maps are not drawn to scale
and are not representative of the number, size or location of the early entry sites on the X. The image simply illustrates the concept of proximity-mediated transfer of Xist

RNA over the X chromosome as defined in Engreitz et al., 2013.

ing by experimentally identifying Xist mutants that display defects
in Xist RNA cloud formation or cloud stability. Alternatively, if one
assumes that a protein, or set of factors, binds both Xist RNA and/or
chromatin to tether the two, then it follows that depletion of the
factor(s) would similarly disrupt the Xist RNA cloud. The prior
intractability of the Xist RNP made identification of associated pro-
tein factors particularly challenging. The recent isolation of the Xist
RNP has removed this obstacle and much effort in the field is being
applied to understanding the functions of the identified proteins in
mediating XCI [36,59,63,64,74]. Loss-of-function screens can also
provide an alternative approach to uncovering the identity of a
factor, and, possibly, its function, if an appropriate phenotype is
assessed [59,75].

One predicted characteristic of a protein tether would be the
ability to bind nucleic acids. This inductive reasoning was used
to pre-select a set of known RNA binding proteins that were tar-
geted in a small scale siRNA screen aimed at identifying factors
that interfered with Xist RNA cloud integrity in the maintenance
phase of XCI [75]. The sole positive result came from knockdown
of SAF-A/hnRNP U (hereafter called SAF-A), a protein that had pre-
viously been shown to enrich on the Xi [76,77]. The depletion of
SAF-A abrogates Xist RNA cloud formation in differentiating female
ESCs and effects cloud disintegration in somatic cells, even though
Xist RNA levels remain stable [36,75]. RT-qPCR analysis of SAF-
A immunoprecipitates from UV-treated cells has demonstrated a
direct interaction between SAF-A and Xist RNA, which has been
confirmed through mass spectrometry analysis of proteins isolated
from the Xist RNP, also under conditions of UV crosslinking [36,75].
SAF-A contains an RGG RNA binding motif as well as a SAF-Box
domain that directs binding to AT-rich chromosomal sequences
[76,78]. SAF-A mutants lacking either of these nucleic acid bind-
ing domains are incapable of rescuing the Xist RNA phenotype that
is observed upon depletion of SAF-A, indicating that both DNA and
RNA binding functions are required to localize Xist RNA to chro-
matin [75]. Arecently published CLIP-PCR map of the SAF-A binding
sites on Xist RNA suggests that SAF-A can bind across the entire
Xist transcript [79]. The location, size and density of SAF-A bind-

ing sites on chromatin remain unknown, but defining them will be
important in furthering mechanistic understanding of how SAF-A
regulates the chromatin-association of Xist transcripts, in particu-
lar, and IncRNAs more generally [80].

A second protein implicated in tethering of Xist RNA to chro-
matin is the transcription factor Ying and Yang 1 (YY1). Like SAF-A,
knockdown of YY1 does not appear to affect Xist RNA levels, but
does cause disappearance of the Xist RNA cloud in somatic cells [81].
The requirement for YY1 during initiation of XCI is unknown. Xist
RNA displays little sequence conservation between species. How-
ever six distinct repetitive sequences have been identified in both
mouse and human homologs [21,82]. The repeats, coined A-F, are
each composed of a sequence or set of sequences repeated in tan-
dem, although the number of repeated units differs between mouse
and human (see the article by Moindrot and Brockdorffin this issue,
page 58). YY1 appears to interact with three sites located directly
upstream of the F repeat within the genomic Xist locus and binds
to the Crepeat of Xist RNA in vitro. These findings suggest that YY1
likely nucleates Xist at its site of transcription by concerted binding
of both DNA and RNA. Whether this nucleic acid co-binding activity
is limited to functions at the Xist locus or whether YY1 binds across
the entire X chromosome to mediate tethering of the RNA at sites
distal to Xist remains unclear. That YY1 can functionally and simul-
taneously bind both DNA and RNA has recently emerged from work
showing that YY1 binds across the genome at active enhancer ele-
ments and promoter sequences, where YY1 directly interacts with
regulatory RNAs transcribed from these elements [33].

To date, the data on SAF-A and YY1 remain the strongest avail-
able evidence for the involvement of trans-acting factors in the
association Xist RNA to chromatin. As the repertoire of factors
that co-bind DNA and RNA increase, so does the likelihood that
additional factors will be identified that also mediate Xist RNA
occupancy on chromatin. As the example of YY1 demonstrates,
understanding how these tethers function within the context of XCI
will undoubtedly continue to reveal general mechanisms regarding
the functional association of RNA at the chromatin interface.
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5. Multiple domains within Xist RNA confer binding to
chromatin

The requirement of the Xist RNA repeats for initiation of XCI
was investigated in an ambitious study, in which inducible Xist
transgenes, deleted of single or multiple repeats, were integrated
upon the X chromosome in male ESCs [57]. As described earlier,
induction of wild-type Xist resulted in cell death. In screening
mutants for survival, the authors uncovered a role for the A-repeat
in mediating silencing of X-linked genes. Remarkably, chromoso-
mal coating and Xist RNA cloud formation was not grossly affected
in the A-repeat (AA) mutant cells when assayed by RNA FISH)
[57]. This finding suggested that the cis-spreading and transcrip-
tional silencing abilities of the Xist RNA are functionally separable
and most likely mediated by different domains of the transcript. In
accordance with this finding, the general levels of Xist RNA occu-
pancy on the X as measured by RAP-seq were also surprisingly
similar in cells expressing either wild type or AA Xist transgenes
[46]. However, inspection at higher resolution revealed a two-fold
decrease in the localization of AA Xist RNA over transcription-
ally active genes. The first kilobase (kb) of the Xist RNA contains
the ~350nt A repeat and also binds SHARP/SPEN, a transcriptional
repressor required for Xist RNA-mediated gene silencing [36,59,63].
Taken together, these data support a model in which SHARP/SPEN
binds the Xist RNA A repeat to implement transcriptional silencing.
However, the RAP-seq result suggests that this RNA domain could
instead confer gene silencing by locally invading regions of active
transcription. Uncovering the mechanistic underpinnings regard-
ing how the A-repeat induces transcriptional silencing will require
a better understanding of SHARP/SPEN function and as well as a
deeper appreciation for the Xist domains that facilitate spread-
ing.

The experiments that identified the involvement of the A-repeat
in gene silencing also indirectly tested for the minimal Xist RNA
sequence required to coat the X by assaying for the presence of a
of a cloud-like signal FISH signal upon Xist expression. It appears
that the first ~6 kb of the transcript are sufficient to recapitulate
the initiation of XCI [57]. Similar findings were obtained in a sep-
arate study that made use of female ESCs lacking the Xist terminal
exon (exon 7) [79]. Whereas wild type Xist RNA is 17.9 kb in length,
differentiation of this mutant line resulted in expression of a stable
~10.2 kb transcript. The authors found that the percentage of cells
displaying an Xist RNA cloud matched that of wild type cells during
the early stages of differentiation, but they note a loss of Xist RNA
clouds in the mutant cells after 8 days of differentiation. The dis-
cordance between the observation of a defect in XCI upon deletion
of Xist Exon 7 in female cells but not in the inducible system sug-
gests that the male cells, which undergo cell death after about 48 h
of Xist expression and do not differentiate during this time, do not
enter the maintenance phase of XCI and, as such, are incapable of
revealing defects in late steps of Xi formation.

An alternative approach to screen for the functional require-
ment of an RNA element has been the use of Locked Nucleic
Acids (LNA) as they display increased hybridization properties that
encourage duplex formation and can complement genetic ablation,
particularly if the LNA can compete for binding of a trans-acting fac-
tor [84]. When LNAs were targeted against the C-repeat of Xist RNA
in female differentiated cells, detachment of the Xist RNA from the
X chromosome was observed [85]. The Xist RNA cloud remained
stable when LNAs against the B, E and F repeats were used, impli-
cating the C-repeat (and a short 3’ flanking sequence) in tethering
of Xist RNA to chromatin. These findings regarding Xist RNA cloud
stability were made in fibroblasts. When the requirement of the
Xist C-repeat in coating and silencing of the presumptive Xi dur-
ing the onset of XCI was tested using inducible cDNA transgenes as
described above, it was found to be dispensable [57].

The functional demonstration that both the C-repeat and Xist’s
large exon 7 are involved in the upkeep of the Xist RNA coat sup-
ports a long-standing hypothesis in the field, which is that distinct
regions of the Xist RNA mediate attachment to chromatin [57].
Furthermore, that the C-repeat and sequences within the termi-
nal exon function during the maintenance phase of XCI but are not
apparently essential during the initial spread of the Xist RNA, reflect
the possibility that the different domains of Xist mediate chro-
matin attachment at distinct stages of XCI. The evidence supporting
a requirement of the identified domains in mediating chromatin
attachment of Xist RNA is based largely on qualitative assess-
ments of the Xist RNA cloud integrity as revealed by FISH, which,
as an approach, is unlikely to reveal subtle defects in spreading
and coating of Xist RNA over the Xi. Future experiments regard-
ing the mechanism(s) of Xist RNA spread will greatly benefit from
the recent development of new technologies like RAP, CHART and
ChIRP, that interrogate Xist RNA biology at an unprecedented level
of resolution and that also provide a more quantitative assessment
of RNA spread along chromatin.

In this section, we have attempted to summarize the current
state of affairs concerning how Xist transcripts tether to and translo-
cate across chromatin. The data generated to date support a model
in which Xist RNA takes advantage of the 3D genomic landscape to
spread across X chromosome to induce formation of the Xi. In the
following section, we turn our attention to the question of what
happens to the Xi once it has been silenced.

6. Does the 3D structure of the Xi differ from that of the Xa?

In 1949, Barr and Bertram documented the presence of a
nucleolar-associated focus, which they termed a ‘nucleolar satel-
lite’. The focus stained strongly with nucleic acid dyes, such as
cresyl violet or DAPI, and importantly, was observed in female, but
not male, feline neurons [86]. A series of papers published dur-
ing the following decade reported similar findings in somatic cells
from a variety of mammalian tissues, many of which posited that
the nucleolar satellite was composed of two female homologous X
chromosomes; thereby explaining the absence of the structure in
male cells [87-90]. In 1960, Ohno and colleagues invoked the size
of the X chromosome, as measured during mitosis, relative to the
size of the focus, to perceptively and correctly argue that only a
single X chromosome comprised the cytological structure [91,92].
The authors also suggested that the high contrast-staining pattern
was due to ‘greater compactness’ of one X within a diploid nucleus.
Through seminal contributions to the XCI field over the past 50
years, primarily by Mary Lyon but also by many others, it is now
known that the ‘nucleolar satellite’ is indeed the somatic Xi or Barr
body (Bb) [22,93]. Answers to whether the characteristic, intense
staining pattern of the Xi with nucleic acid dyes is due to differences
in the compaction of the Xi chromosome compared to its active
counterpart (Xa) have been less forthcoming. In the following sec-
tions, we consider the cytological and biochemical studies that test
the hypothesis that there exist fundamental differences in the chro-
matin structure of the Xa versus the Xi. We focus on data that assess
3D chromosomal volume, the distance between chromosomal seg-
ments and chromosomal contact frequencies, to show that the data
support a model in which changes in the large-scale architecture of
the X-chromosome, rather than increased compaction of the basic
chromatin structure, dictate differences between the Xi and the Xa.

7. Shape and volume distinguish the Xi from the Xa

Compacted chromatin is thought to adopt a more densely
packaged arrangement of nucleosomes than open chromatin and,
therefore, would be expected to fill a smaller volume. This logic
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has been used to predict a smaller nuclear volume for the Xi over
the Xa. DNA FISH probes that paint chromosomes have gener-
ally been employed to estimate chromosomal volume and through
application of this technique, multiple studies using RNA/DNA FISH
to identify the Xist RNA-coated Xi, have reported that the vol-
ume occupied by the Xi is smaller than that of the Xa. Using the
total nuclear volume as a normalizer, a standard ratio of between
1.25+0.05 is consistently reported [55,94,95]. However, to deci-
sively conclude that the nuclear space occupied by the Xi is indeed
smaller than that of Xa, the difference between the Xa and Xi should
be compared to, and significantly differ from, that between homolo-
gous autosomes. By conducting this additional normalization step,
Rinke and colleagues showed that the average difference in nor-
malized chromosomal volume between X homologs falls within
the range observed for autosome pairs. Thus, rather than being
caused by increased compaction, the difference in the volume of
the Xi compared to the Xa may simply be due to a natural varia-
tion in the nuclear space occupied by homologous chromosomes
[95]. Since XCI is random, the authors did not distinguish one X-
chromosome homologue from another, thus it remains possible
that the Xi is indeed consistently smaller than the Xa and that the
chance of an autosome occupying a larger volume than its homo-
logue is instead randomly distributed between the two. To account
for this, experiments must test for the probability of a difference in
the normalized volume between homologous chromosomes, rather
than the difference itself. This can be achieved by repeating the
measurements of chromosomal volume in polymorphic cells that
also harbor a heterozygous Xist deletion. This mutation will force
inactivation of the chromosome housing the active Xist allele and
through application of SNP-sensitive FISH to distinguish between
individual X chromosomes and autosomes, it may be possible to
determine whether the Xi has a higher than average likelihood of
being smaller than the Xarelative to autosomes of the same genetic
background.

Another experimental consideration in the use of FISH to assess
chromosome volume is that, the state of the chromatin may affect
the FISH outcome, as compacted chromatin may be less accessi-
ble to probe hybridization. Additionally, DNA FISH protocols often,
but not necessarily, involve heating and/or dehydration of samples
prior to probe hybridization. As these treatments can interfere with
3D chromosome structure, results from these techniques must be
interpreted with these caveats in mind [96-98]. The definition of
chromosome volume is further compounded by the fact that the
boundaries of chromosomal territories are hard to define because
they tend to be euchromatic and therefore adopt a more ‘open’
conformation that correlates with an overall weaker, more diffuse
fluorescent signal [32,56,99]. This latter factor can impact estimates
of chromosome volume because the boundaries of chromosomes
are determined by a user-defined thresholding of FISH probe flu-
orescence intensity. At lower threshold values, the partial nuclear
volume of the Xa is larger than that of the Xi. This pattern inverts
at higher cutoffs because a greater percentage of the Xi has, on
average, higher fluorescence intensities [99]. The reason for this
is likely due to differences in the overall organization of the chro-
mosome, such as denser packaging/compaction of the chromatin
or rearrangement of the structure of the Xi. However, this can be
tricky to demonstrate because, if chromatin structure influences
the intensity of the fluorescent FISH signal, which in turn affects
measurements of chromosome volume, then volume cannot be
used to estimate compaction as it is itself directly dependent on
fluorescence intensity of the FISH signal.

Teller and colleagues tried to address the dependency of volume
on fluorescence thresholding by segmenting the chromosome into
units of volume (voxels) [99]. The fluorescence was then measured
as an intensity value per voxel. The mathematical manipulation
of segmenting the Xi territory into units of volume introduces

an independent parameter that uncouples measurements of total
chromosome volume from overall fluorescence intensity. Thus, the
integration of the total fluorescence per voxel, over all voxels, when
normalized to the total volume of the chromosome, yielded the
average signal intensity (ASI), which was used as a proxy for chro-
matin compaction. The authors report an ASI ratio between the Xi
and Xa of 1.2 that is invariant across a range of fluorescence thresh-
olds. It would be convenient to know what the ASI ratio would be
if comparing an open euchromatic chromatin state to one that is
definitively compacted, such as the chromocenters found in mouse
somatic cells. However, in the absence of a comparative scale, the
authors conclude that the 20% difference in ASI values between the
Xa and Xi suggests only minimal differences in their comparative
level of chromatin condensation.

As mentioned above, the notion that the Xi is more compacted
than the Xa originated from the observation that the Xi stains more
intensely with nucleic acid dyes than the Xa. Smeets and colleagues
took advantage of this property to measure chromatin compaction
across the X homologs [68]. The authors used DNA FISH on non-
dehydrated samples to distinguish X chromosomes from autosomal
DNA and then compared the co-localizing DAPI staining pattern
to identify the Xi and Xa territories, which were then segmented
by DAPI intensity using high-resolution imaging. In this way, the
X territories could be described by the percentage of the overall
segmented space that falls within a given intensity class, across
a distribution of intensity classes. It is important to note that X
chromosomes are more AT rich than autosomes. When stained
with DAPI, which preferentially binds AT-rich DNA, X chromosomes
will fluoresce more intensely. In this instance however, compar-
ing between X chromosomes normalizes for the bias in nucleotide
composition. The authors found that a greater proportion of the
Xi chromatin, when normalized to the nuclear background and
then compared to that of the Xa, contributes to classes representing
higher DAPI intensities. This difference was accompanied by a com-
mensurate decrease in the proportion of Xi chromatin within low
intensity classes. 3D reconstructions of the DAPI signal revealed
a network of channels throughout the nucleus, which within the
Xi territory, were clearly diminished in diameter and invasiveness,
suggesting that the overall increase in DAPI staining of the Xi results
from a decrease in the inter-chromatin space within the Xi terri-
tory.

Apart from volume, the shape of the X chromosomes in somatic
cells has also been assessed using both conventional confocal
and super-resolution 3D microscopy [94,99]. Interestingly, the Xi
appears quite spherical and exhibits a smooth, regular surface.
In contrast, the Xa adopts a flatter, ellipsoid-like shape with a
larger, more irregular surface (Fig. 4). Although the parameter(s)
that determine chromosome shape remain unknown, assessing the
influence that the Xist RNA exerts over the geometry of the Xi would
be a very interesting starting point in understanding these differ-
ences.

There exist multiple caveats associated with using fluorescence-
based approaches to infer relative levels of chromatin compaction
and while findings obtained with such techniques must be inter-
preted with caution, multiple independent studies have concluded
that the Xi is, on average, 20% smaller than the Xa, lending cre-
dence to the idea that the arrangement of Xi chromatin is distinct
from that of the Xa. Furthermore, data from the study by Smeets
et al. suggest that this difference may be due to compaction of the
inter-chromatin space rather condensation of the basic chromatin
structure. We expand upon this idea in the following section with a
discussion of cytological and biochemical findings that collectively
show that although the basic chromatin structure of the Xi appears
similar to that of the Xa, large-scale sub-chromosomal structural
differences between the two homologues are observed.
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Fig. 4. The shape and chromatin organization of the Xi is distinct from that of the Xa. The inactive X chromosome adopts a smoother, more spherical shape than the Xa,
which tends to be more ellipsoid with a more irregular surface area (not drawn to scale). The enlarged Xi and Xa chromosomes each contain a representation of two large
chromosomal segments (red and white outlined regions) that differ in their relative arrangement but not in their compaction. Sample intersegment distances (ISDs) are
depicted as white lines and illustrate how changes in overall domain architecture of the Xi relative to the Xa can alter ISD measurements at the multi-Mb scale but that ISDs
between single or sub-Mb domains (region labeled 1-16) remain unchanged. Images adapted from Teller et al., 2011.

8. The basic chromatin structure of the Xi is similar that of
the Xa

In the nucleus, chromatin is built upon the basic 11 nM ‘bead
on a string’ fiber, composed of linear DNA wrapped twice around
nucleosomes. It is thought that the 11 nM fiber then folds into a
30 nM fiber which forms the basic structure of chromosomes [100].
The structure, indeed, even the existence of the 30 nM fiber in vivo is
highly debated [101]. In vitro however, isolation of chromatin under
low salt conditions (5nmM NacCl) yields a 10 nM fiber that transi-
tions into a 30nM one with increasing salt (up to 80 mM NacCl)
[102,103]. Naughton and colleagues used this biochemical prop-
erty to interrogate the distribution of 30 nM chromatin fibers that
associate with a more ‘open’ chromatin conformation across the
Xi and Xa chromosomes in human somatic lymphoblastoid cells
[104,55]. Open chromatin is associated with transcribed and regu-
latory regions, and as such, is thought to generate 30 nM chromatin
fibers with disruptions in nucleosome distribution. By this defi-
nition, 30 nM fibers derived from closed chromatin regions likely
display a more regular nucleosomal arrangement. To enrich for
sequences associated with a more open structure, the authors sepa-
rated partially digested chromatin through a sucrose gradient. DNA
fragments purified from individual gradient fractions were then
size separated by gel electrophoresis. It is assumed that chromatin
fragments of similar length and structure will sediment equally
though the column. However, fragments of chromatin that adopt a
more ‘open’ chromatin structure will sediment more slowly in the
gradient than fragments of the same size that are more compact.
Thus, DNA sequences isolated from a single gradient fraction that
are retarded relative to the bulk upon electrophoresis through a
gel, are considered to have originated from regions of more open
chromatin. Isolation of these retarded fragments and hybridization
to SNP-sensitive microarrays, allowed Naughton et al. to identify
the regions of the Xa and Xi that corresponded to a more open con-
formation. Interestingly, these sites enriched equally (over input)
on the Xa as well as the Xi and when mapped back to the X chro-
mosome, the distribution within 1Mb windows across the X was
extremely similar. The authors then focused on Transcription Start

Sites (TSS) because these sequences generally associate with open
chromatin, and in so doing, found no difference in the abundance of
open chromatin at promoters for genes silent on both the Xa and Xi.
It must be noted that no observable differences between samples
using SNP sensitive arrays may be due to the high failure rate associ-
ated with this technique. The hybridization conditions between the
probe and its target are determined not only by the SNP but also by
the flanking sequence. For this reason, each set of probes targeted
against a SNP will have different optimal hybridization parameters
and under insufficiently stringent conditions, differences between
samples may not be revealed [105]. However, when the authors
assessed the TSS’s of genes active on the Xa but silent on the Xi,
they did observe a two-fold depletion that was limited to the TSS,
as no differences were noted at sites upstream or downstream. The
notion that the chromatin of the Xi is more compact than the Xa
is over 50 years old and it is perhaps surprising that the Xi does
not appear generally depleted of open chromatin relative to the Xa,
save for small regions encompassing the TSSs of active genes. These
findings suggest that differences in the structure of the chromatin
fiber between the Xi and Xa, if any, exist at scales larger than that
of the 30 nM fiber.

Recent work has shown that changes in epigenetic state of
chromatin can alter the frequency of interactions between chro-
mosomal segments [106,107]. Given that XCI is associated with
large-scale changes in histone modifications on the X chromosome
and that little evidence supports changes in the chromatin fiber
between the Xi and Xa, it may be that differences in chromatin
compaction between the Xa and Xi instead result from rearrange-
ments between sub-chromosomal domains. Teller and colleagues
tested this possibility by measuring the linear 3D distance between
neighboring segments of the Xa and Xi [99]. To this end, adja-
cent chromosomal segments were tiled with DNA FISH probes of
contrasting colors, and the average inter-segment distances (ISD)
were determined. In analyzing four 30-50Mb segments that, when
tiled, spanned the length of the X chromosome, the authors found
that the 3 ISDs were, on average, 45-68% shorter on the Xi than
on the Xa. This corresponds to a contraction in length of approx-
imately 0.5-1.5uM. Similarly, 15 ISDs were measured between
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sixteen 10Mb segments tiled across the length of the chromosome.
In this case, only 4 ISDs exhibited any significant difference in
length between the two X homologs and of these, the ISD with the
largest length differential encompassed the centromere. To deter-
mine whether shortening of ISDs at the 10Mb scale translated to
detectable differences at smaller distances, the authors further seg-
mented two of the four 10Mb domains that displayed differential
ISDs, but found no significant change between the two X chromo-
somes at the 1Mb scale. In a separate study using a highly similar
method, ISD length measurements at the sub-megabase scale did
not reveal any differences between the Xa and Xi except for a 1.5
fold increase in ISD contraction on the Xi relative to the Xa between
gene-richregions [55]. To summarize these data, it appears that the
greatest contraction in inter-segment distances observed between
identical regions of the Xa versus the Xi occur over large 30-50Mb
sub-chromosomal domains. Smaller scale contractions around the
centromere are also observed at 10Mb scale, with only significant
reductions in ISD length at the 0.5-4Mb scale in regions with high
gene density (Fig. 4).

The conclusions drawn from the above observations are largely
supported by data obtained by electron microscopy (EM), which
has shown that the Xi chromatin folds into largely independent
domains that are each 60-300nM in diameter and are separated
by channels of up to 400nM in width, that appear contiguous
with the surrounding nucleoplasm [68,108]. That the contraction
in ISDs at the 30 + Mb scale accompanies an absence of change at
smaller genomic distances coupled with the observation that the
Xi chromatin appears to adopt a higher order folding pattern by EM
inspection, suggests a model in which segments of the X coalesce
into larger domains during formation of the Xi and it is these alter-
ations in the overall 3D architecture of the chromosome, rather than
compaction of the basic chromatin fibers, that define the distinct
genomic conformation of the Xi. In the following and final section,
we explore the findings that have emerged from the application
of Chromosome Conformation Capture techniques to study the 3D
organization of the X Chromosome.

9. The Xi forms a bipartite structure with 3D contacts that
differ from the Xa

The advent of high throughput sequencing coupled with the
development of Chromosome Conformation Capture (3C) tech-
niques has made it possible to probe the frequency with which
any one DNA sequence contacts all other genomic sites across
the genome of a cell [109]. These novel applications provide an
independent method for probing genome organization, and have
revealed that regions of open, or more transcriptionally active,
chromatin self-associate to form what has been termed the ‘A’
compartment whereas closed, more transcriptionally silent regions
form the ‘B’ compartment. Within each of these compartments,
chromosomes are organized into topologically associating domains
that range in size from 40 kb to 3Mb across the genome and appear
to be conserved across cell types [71,72,107].

Conformation capture techniques have been applied to under-
stand the changes in contacts made by genes on the Xi relative
to those on its active counterpart. Taking advantage of X-linked
polymorphisms and skewing of XCI through deletion of Xist, Splin-
ter and colleagues have demonstrated that active genes on the Xa
show a propensity to interact with other active regions, both in cis
and in trans [56]. On the Xi, active genes that escape XCI, such as
Jarid1C, form contacts with other escapee loci. However, analysis of
the genes subject to silencing on the Xi that on the Xa engage in mul-
tiple long-range contacts, show a remarkably stunted repertoire of
contacts on the Xi [56,107,110,111]. While incomplete digestion of
heterochromatic Xi chromatin may account for this observation,

the more interesting possibility is that the attenuation of specific
intra-chromosomal contacts between silenced loci on the Xi results
from modifications to its overall architecture, which would be in
accordance with the findings described above by Teller and col-
leagues [99].

Furthering this line of inquiry, two groups used Hi-C technol-
ogy to characterize all possible contacts made by the Xa and Xi at
100kb or better resolution. Both groups reported that Xi contact
points are segregated into two large superdomains [107,110]. The
contact map is surprisingly consistent across a panel human and
mouse cells, the latter of which were harvested from both in vitro
and in vivo growth conditions that are representative of different
developmental stages. The invariance in the observed long-range
contact frequencies suggests that the unique genomic architecture
of the Xi forms in an ordered manner that is consistent between
cell types and across species.

Predictive 3D modeling of the Hi-C data depicts the Xi as a
bipartite structure composed of two arms that each exhibit a large
degree of spatial separation [110]. Each arm represents a single Hi-
C superdomain. It is interesting that the bipartite structure was
noted by Ohno and Hauschka over 50 years ago, who, regard-
ing the appearance of the Xi in their chromatin spreads from
mouse cells, wrote: “Indeed, the sex chromatin often seems clearly
bipartite. . .[and]. . ..results from the tendency of a single heteropy-
knotic X to fold at the middle” [91]. It turns out that the two arms
are separated by a hinge/boundary region, which in both mouse
and humans is located proximal to the DXZ4/Dxz4 locus [107,110].
In humans, DXZ4 is located within the Xq23 band, 74.6 kb upstream
of the Plastin gene and 296.5 kb downstream of the angiotensin II
receptor locus (AGTR2). This macrosatellite repeat is composed of
12-100 3 kb repeating units that are heterochromatinized on the X
in males and on the Xa in females [112]. On the Xi, however, this
repeat region is packaged into euchromatin and is bound by the
factors CTCF and YY1 [110,113]. CTCF is an essential protein that
functions as a versatile transcriptional regulator, but recently has
been characterized as playing a major role in the organization of
chromatin[114]. The DXZ4 locus generates an RNA that is expressed
on both the Xa and Xi from a bi-directional promoter located
within each repeat [115]. The DXZ4 locus also forms two long-
range interactions with other euchromatic, CTCF-bound repetitive
sites on the Xi. These regions are located at 58Mb proximal to and
132Mb distal to the DXZ4 locus and are also actively transcribed
[107,113]. An additional 25 Xi-specific long-range (7-74Mb) inter-
actions were identified, for which the anchor sequences for three of
them encode the non-coding RNAs XIST, FIRRE and Loc550643 [107].
Although the functional significance of these long range interac-
tions remains unclear, it is curious that, in the absence of Xist, genes
on the Xi that remain silenced re-initiate contacts similar to those
found for the homologous alleles on the Xa [56]. It will be inter-
esting to test whether similar changes in contact frequencies are
observed upon loss of FIRRE/Firre, DXZ4/Dxz4 and Loc550643, the
results of which may reveal insight into how IncRNAs in general,
and XCl-related ones in particular, influence genome architec-
ture.

In this second section, we have tried to succinctly summarize the
data from a very large body of work regarding the structure of the
Xiand how it is distinguished from the Xa. While the available data
does not strongly support increased condensation of the chromatin
fiber comprising the Xi, it seems clear that there are differences in
the shape and overall architecture of the Xi compared to the Xa
that, importantly, can now be quantified with novel high-resolution
imaging and high-throughput sequencing techniques. Why these
differences exist remains unclear and future work in this area will
hopefully uncover causal link(s) between these parameters and the
maintenance of the silent state of the Xi.
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10. Towards a comprehensive understanding of Xist RNA
function

A quarter century of research on Xist RNA biology has detailed
how upregulated expression of Xist during embryogenesis results
in coating of the presumptive Xi by the Xist RNA and heterochro-
matinization of the chromosome, to ultimately lock in a heritable,
transcriptionally silenced state. To achieve this remarkable feat,
the Xist RNA exploits and also shapes chromosome conformation
by directly preventing contacts between sites on the X or through
indirect alteration of the linear chromatin character. Much of the
work that uncovered these functions of Xist RNA remains pio-
neering and seminal, not only within the XCI field but also for
the fields of epigenetic regulation of gene expression and IncRNA
biology. Yet, for all of the discoveries that have been made, the
length of the Xist RNA coupled with its requirement for chromatin
attachment has severely hindered its in vitro tractability and has
stunted the advancement of mechanistic insight regarding how
the Xist RNP functions. Recent advances in novel technologies that
permit directed genome editing in vivo (CRISPR), the character-
ization of global chromatin structure (Hi-C), the comprehensive
elucidation RNA-chromatin contacts (RAP/CHART/ChIRP), as well
the production of genome-wide nucleic acid-protein interaction
maps (ChIP, CLIP, RAP-MS, CHiRP-MS, DRiP and similar methods)
promise a fascinating and data-rich avenue of research, by which
the mechanisms of Xist RNA function can be probed in vivo at an
unprecedented level of detail across many different developmental
stages. While much work remains, there is no doubt that the future
of Xist RNA research is bright and will continue to illuminate the
world of IncRNA biology.
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