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Abstract

Beginning with the precedent of XIST RNA as a “chromosomal RNA” (cRNA), there is growing
interest in the possibility that a diversity of non-coding RNAs may function in chromatin. We
review findings which lead us to suggest that RNA is essentially a widespread component of
interphase chromosomes. Further, RNA likely contributes to architecture and regulation, with
repeat-rich “junk” RNA in euchromatin (ecRNA) promoting a more open chromatin state.
Thousands of low-abundance nuclear RNAs have been reported, however it remains a challenge to
determine which of these may function in chromatin. Recent findings indicate that repetitive
sequences are enriched in chromosome-associated non-coding RNAS, and repeat-rich RNA shows
unusual properties, including localization and stability, with similarities to XIST RNA. We suggest
two frontiers in genome biology are emerging and may intersect: the broad contribution of RNA to
interphase chromosomes and the distinctive properties of repeat-rich intronic or intergenic junk
sequences that may play a role in chromosome structure and regulation.

Introduction

During development, genomic DNA becomes packaged differently in various cell-types,
forming regions of active, open euchromatin and inactive, condensed heterochromatin.
Traditionally studies of chromatin regulation have focused largely on the protein
components, particularly histones, and their covalent modifications. However, the discovery
of XIST RNA’s role in X-chromosome inactivation established that RNA can function in
chromatin as a “master switch” for downstream modifications that collectively silence the
chromosome. Here we will consider the potential for other types of “chromosomal RNAs”
(cRNA), which we define as RNA which functions within an interphase chromosome, either
at a specific locus or across a broader chromatin region. Among thousands of putative large
non-coding RNAs (IncRNAs) with unknown function, several are suggested to reside in and
function in chromatin, and many others are speculated to do so. However, the field now
faces the challenge of determining whether these RNAs make a structural/functional
contribution at specific chromatin sites, or simply localize there during their biogenesis.
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Based on recent findings, we postulate that the presence of RNA throughout the interphase
chromosome is more the rule than the exception, not only on heterochromatin, but also
through much or all of euchromatin. We suggest that RNA may prove to be essentially a
fundamental component of interphase chromosomes. We further hypothesize that distinct
properties of repetitive sequences (the vast junk of the genome), might play a major role in
chromosome architecture and regulation, not only at the level of DNA, but in potentially
ubiquitous, euchromatin-associated chromosomal RNAs (ecRNAS).

Insights from XIST RNA and a Paradox of the Barr body

XIST RNA is the paradigm for an RNA that binds and regulates chromatin (Figure 1A) [1~
4] and is well reviewed elsewhere [577]. Here, we limit our discussion of XIST RNA and
female X-inactivation to a few points related to the broader role of RNA in chromatin and
the potential involvement of repeat-rich DNA and RNA. As previously reviewed [8], repeat
elements in DNA have long been noted to correlate approximately with greater or lesser
susceptibility of chromatin to be inactivated by XIST RNA, based largely on studies of X-
autosome translocations, or more recently XIST-transgenes inserted into autosomes [9:10].
However, the more limited or variable inactivation seen in autosomal chromatin (in
individuals or cultured cells) will in large part reflect selection against creating a functional
monosomy for dosage-sensitive genes. A recent study thoroughly examined human
autosomal inactivation in the context of trisomy, where there is no selection against
silencing. Jiang et al. [11] showed that an XIST transgene inserted into one of three
Chromosome 21s (in Down syndrome induced pluripotent stem cells) exhibited
comprehensive spread of heterochromatic marks, and silencing of genes throughout
essentially the whole targeted chromosome. Given that XIST RNA is not indifferent to the
underlying DNA sequence (since some X-linked genes escape silencing) the ability of XIST
RNA to inactivate this autosomal material as thoroughly (or better) than the X-chromosome
[11] supports that the RNA spreads and acts via widely distributed sequence elements
common to all chromosomes. Notably, repeat sequences are highly abundant elements
common to all chromosomes, but their raison d’etre is largely unknown, and they are widely
thought to be “junk”.

A second point, regarding the structure of the Barr Body (BB), sets the stage for our
discussion below of the potential role of abundant repeat-rich “junk” RNAs associated with
euchromatin (ecRNAs). The BB has long been presumed (including by us) to reflect
condensed, silenced genes of the inactive X-chromosome (Xi). However, we realized many
years ago a paradox: since genic DNA is only a small subset of the genome and only a
portion of genes are expressed in a given cell type, why would silencing <10% of the
chromosome produce such a large, solid mass of dense DNA? (In the best preps this mass of
condensed DNA is striking, as shown in Figure 1B). Observed differences in the
organization of gene loci versus repeat-rich “junk” DNA suggested to us that the BB may
actually not represent the entire Xi chromosome, but rather a condensed chromosome core
enriched for silent, repeat-rich DNA ([12] reviewed in: [8]). Although a recent study by
Teller et al. appears to show DNA sequence organization in the BB is random [13], this
study used large pools of BACs (multiple Mb of DNA) rather than probes to specific genes,
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and thus in our view it remains plausible that the condensed BB forms from coalescence of
silent “junk” DNA enriched for repetitive sequences.

Hence, the “Barr Body Paradox” which puzzled us years ago could be explained by the
congregation of silent, abundant repeat-rich DNA to form the condensed heterochromatic
core of the inactive X chromosome. As will be further considered below, a key question is
whether on an active chromosome these repeat-rich sequences produce RNA which helps to
promote more open conformation of the chromosome.

A Few New Prospective “Chromosomal” RNAs: The Challenge is to

Discriminate RNA Localization for Function versus Biogenesis

In recent years numerous studies have reported thousands of enormously diverse non-coding
RNAs of various sizes in mammalian cells. Most have no known function(s), although some
are hypothesized to play a role in chromatin-mediated gene regulation (reviewed in: [14~
17]). A challenge for the field is to discriminate when RNA is with chromatin simply
because it is synthesized there, or plays some role there. A common misconception is that an
RNA that accumulates at a specific chromatin site indicates function there. However, pre/
mRNAs are typically most concentrated at their site of synthesis, therefore all RNAs will
generally exhibit some accumulation /n cis at their gene locus.

Several criteria can be used to evaluate the likelihood an RNA remains with chromatin to
contribute to structure/function, borrowing from the tools and lessons learned from XIST
RNA. For example, the RNAs increased stability upon transcriptional inhibition may suggest
an intimate relationship with chromatin (and will be further illustrated below). Similarly, if
the RNA spreads across or “paints” a large chromatin region as XIST RNA does, this is a
very important indication of chromatin-related function, but is not a requirement, as many
RNAs that might function in chromatin could interact at a more local level. However, The
size of the RNA accumulation at an active locus is also not necessarily indicative of function
either, as this will vary not only with the gene size but also the relative kinetics of
transcription, processing, and transport (e.g. [18:19]), and will be impacted by such things as
detained or slow splicing introns [20]. In select cases a significant RNA accumulation may
form over a chromatin region due to the sheer size of the gene being transcribed (e.g. the
2Mb dystrophin gene: Figure 2A)[19]. Other quite large RNA accumulations often may not
actually be localized over chromatin at all, but rather transcripts can accumulate in non-
chromatin nuclear domains for a variety of reasons. For example, some pre-mRNAs
accumulate in Nuclear Speckles (aka SC35 Domains: accumulations of pre-mRNA splicing
factors) adjacent to their gene where their post-transcriptional processing is completed (e.g.
collagen: Figure 2B) [18]). Other nuclear INcRNAs (e.g. Neat-1 or Neat2/Malatl) also
accumulate in non-chromatin domains in relation to their function (Figure 2C) ([21];
reviewed in: [22]). The task of discerning bona fide “chromosomal RNAs” (cRNAs) would
be easier if an RNA remained on the chromosome through mitosis, but even XIST RNA
detaches, typically in early prophase, although it can be glimpsed briefly on early mitotic
chromosomes in some mouse cells (Figure 2D)[23]. We’ve shown that XIST RNA can be
“forced” to stay on the mitotic chromosome by inhibition of Aurora B kinase [24], and this
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approach may be useful to show other chromosomal RNAs, provided their mitotic release is
similarly controlled through chromatin phosphorylation by AURKB.

A few recent studies suggest particular INcRNAs bind and potentially regulate sites on
chromatin, or even “paint” large regions, and we consider a few examples here. FIRRE RNA
was reported to localize /n c¢/s and organize trans-chromosomal associations between its
gene locus and several loci from other chromosomes [25], although a more recent report
draws this into question [26]. In any finding based on precise “co-localization” of two loci, it
is important to eliminate any potential for “bleed-through” of a very bright signal in the red
channel which can produce a weak signal in the green channel, creating the appearance that
two signals overlap. Bergmann et al. [26] find FIRRE RNA is actually widely distributed in
the nucleus and its deletion affects regulation of many genes in stem cells, but not those
reported by Hacisuleyman et al. [25]. They suggest the discrepancy may be partly due to low
sensitivity of detection in the earlier study, emphasizing that hybridization efficiency is key
to such studies. Despite remaining questions, the role of FIRRE RNA in nuclei remains of
interest: in fact, a very recent study suggests it controls Xi localization to the nucleolus, a
finding that bears further analysis [27].

Another interesting case of a prospective cRNA is XACT RNA, which was reported to coat
the entire active X-chromosome(s) in pluripotent human cells, similar to XIST RNA'’s
relationship to the Xi [28]. Building on this observation, these authors further proposed that
XACT expression results in reactivation of unstable X-inactivation [29]. While we also see
that XACT RNA forms a fairly large accumulation from the active X-chromosome (Xa) in
pluripotent cells (Figure 3A), the conclusion that this RNA coats essentially the whole Xa,
similar to XIST RNA on Xi, requires better substantiation. The published images show
XACT RNA overlapping only a modest portion of the DNA territory, which the authors
argue was due to technical limitations of DNA/RNA detection. However we routinely see
XIST RNA overlap almost all (~90%) [3] of a chromosome DNA paint (e.g. Figure 3B), but
we see XACT RNA co-localize with a much smaller part of the substantially larger
(decondensed) Xa DNA territory (Figure 3A & D and unpublished results). While the
sizeable XACT RNA accumulation might reflect transcription from this large (~300kb)
locus, further studies are needed to determine whether mature transcripts have a more
extensive association with Xa chromatin, which is a critical point to support its proposed
functional role as a cRNA associated with “activation”.

Another particularly promising prospect for an RNA that likely spreads across Chromosome
15 is ASAR15 (Figure 3E), discovered because disruption of this large locus impacts the
replication timing and stability of the chromosome [30]. Several published images show an
extensive overlap of ASAR15 RNA with chromosome 15 DNA (marked by many loci rather
than a DNA library). In keeping with their hypothesis, the RNA is expressed from just one
homologue and has a similarly long nuclear half-life to that of XIST RNA. It has been
previously hypothesized that XIST-like autosomal RNAs existed to coordinate monoallelic
gene expression [31:32], so ASAR15 is an exciting prospect that may provide a precedent
for this.
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These are but a few recent examples of potential cRNAs which may interact with chromatin
regions outside of their own immediate locus. However, there are thousands more “IncRNA”
sequences in databases which are often very low abundance and may be primarily nuclear,
but are yet to be examined.

Repeat-rich “Cot-1 RNA” as an abundant, stable component of

euchromatic chromosome territories

Prompted by the paradox of the BB discussed above, we long ago performed an unusual
experiment, using “Cot-1" DNA, the repetitive fraction of the genome that reanneals most
rapidly in “Cot” (concentration X time) curves [33:34]. Rather than use unlabeled Cot-1
DNA to suppress cross-hybridization to unwanted repeats as is the norm, we labelled Cot-1
DNA as a probe for RNA FISH, to explore the extent of repeat-containing RNA /n situ.
Since repeat-rich intronic sequences are thought to degrade rapidly, we were struck by the
striking abundance of repeat-rich RNA detected, restricted to the nucleus of all cell types
examined. This repetitive “hnRNA” (heterogeneous nuclear RNA) was associated with
euchromatin and absent over heterochromatin, making a useful assay to determine if a
nuclear or chromosome region was transcriptionally active or not [35], and was widely
adopted for this purpose. However, we long suspected the Cot-1 RNA signal was too
abundant to comprise just intronic repeats in expressed genes, and may reflect something
more fundamental to genome biology. Highly repetitive sequences comprise over half the
human genome; apart from the tandem satellite repeats, there are simple sequence repeats
(SSRs) and highly abundant SINEs and LINEs (short and long interspersed nuclear
elements) and endogenous retroviruses (e.g. HERV-H) widely distributed through our
genomes. Repeat sequences are rarely conserved, however we point out that lack of primary
sequence conservation does not indicate lack of function (as is true for XIST RNA). Further,
we emphasize that there is a highly non-random genomic organization of LINEs and SINEs
in the genome [36738] which is largely conserved, as is their unexplained abundance.

Given the prevalence of repeats in introns, the challenge was to discriminate whether Cot-1
RNA is a byproduct of genic transcription, or something more interesting. In our recent
study [39], a series of findings support that “Cot-1 RNA” comprises a class of repeat-rich
ecRNAs, and exhibits multiple characteristics similar to XIST, the precedent for a
heterochromatin-associated chromosomal RNA (hcRNA). For example, Cot-1 ecRNA is
strictly localized throughout the active interphase chromosome territory in cis (Figure 3C &
F), and, importantly, does not “drift” into the rest of the nucleoplasm as do other RNAs,
including pre/mRNAs and spliced introns. The Cot-1 ecRNA territory remains undiminished
and tightly localized many (4-32) hours after transcriptional arrest, as well as after
biochemical fractionation that removes >90% of DNA and nuclear proteins, or after
mechanical disruption of nuclei. Yet, this tenacious binding can be released by expression of
a mutant scaffold protein (SAF-A/hnRNP-U) that disrupts the nuclear scaffold. Like XIST
hcRNA, Cot-1 ecRNAs are released from chromosomes in early prophase, as are a host of
putative scaffold proteins. All of these finding suggest the repeat-rich Cot-1 ecRNA behaves
as a stable structural component associated with the nuclear scaffold of active chromosomes.
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The embedded nature of this repeat rich ecRNA in chromatin/nuclear structure required our
testing and identification of the most effective extraction techniques prior to RNAseq
analysis (in progress). However, in situ analysis using probes to specific repeats showed that
the nucleoplasmic Cot-1 ecRNA signal is not due to satellite sequence RNAs, but contains
Alu sequences (more prevalent in gene-rich regions) and showed unexpectedly abundant
LINE-1 (L1) sequences as a substantial component. This L1 RNA has similar characteristics
to Cot-1 ecRNA. Importantly, this abundant L1 RNA signal is from the numerous 5’
truncated L1s, distinct from the small number of full-length L1 elements capable of
retrotransposition. Full-length L1s are inactivated early in development, although recent
evidence indicates they can be activated in cancer [40:41], neurodegeneration (reviewed in:
[42]) and during development in the mammalian brain ([43:44] reviewed in: [45:46]).
However, this likely represents a separate phenomenon from the L1-rich Cot-1 ecRNA
prevalent in all cells.

Repeat-rich RNA as a structural component which may promote more

open euchromatin

The functional significance of Cot-1 ecRNAs is far from established, but evidence suggests
the hypothesis that the presence of these ecRNAs on chromatin likely serves to promote a
more open chromatin state (Figure 4A). This function does not arise through the simple act
of transcribing Cot-1, since inhibition of ongoing RNAPII transcription (and all short-lived
RNAS) for several hours had no visible impact on chromatin structure. A fundamental
possibility suggested by this work is that the physical presence of RNA is required to
promote open chromatin, since only the lack of stable RNAs (primarily Cot-1 RNA) in G1
daughter cells was associated with chromatin clumping and condensation. While
transcriptional inhibition could impact other aspects of cell and nuclear function (e.g.
suppressing production of key proteins, or induction of a stress response), this is not the case
with RNAse experiments, which resulted in rapid chromatin collapse. This suggests that the
physical presence of ecRNA with chromatin is needed to counter chromatin compaction
[37].

Relevant to this, it is important to note that when XIST RNA first coats and silences the X-
chromosome, Cot-1 RNA is also lost across the bulk of the chromosome and Cot-1 DNA
then condenses to form the Barr Body (Figure 4B) ([12], reviewed in [8]). Findings further
suggest that XIST-mediated silencing of Cot-1 and genes may be spatially [12] and
temporally [47] separable. While we believe such observations have profound implications
for chromosome structure and the “repeat genome”, this needs to be looked at more closely
for more genes, potentially specific “Cot-1" sequences, and preferably during human
initiation of Xi (where condensation of DNA in the BB is more readily apparent). The model
we envision is one in which many silenced genes position at the immediate outer periphery
of a condensed core of repeat-rich DNA(Figure 4B—C), which we note could prove
mechanistically similar to positioning of autosomal genes adjacent to heterochromatic
mouse chromocenters for silencing [48].
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Earlier studies had forwarded what was a controversial concept that a non-chromatin nuclear
matrix or scaffold of insoluble proteins bound with RNA provides a structural underpinning
of the nucleus necessary for transcription, splicing, and DNA replication [49754], which is
disrupted by RNAse treatment [55]. Many chromatin and scaffold proteins (e.g. SAF-A/
hnRNPU, HP1 & CBX-7) are capable of binding both RNA and DNA, which make them a
perfect “bridge”, or appear to require RNA in order to bind chromatin. We speculate that
once this structural RNA is embedded in chromatin/scaffold proteins it becomes very stable,
like Cot-1 and XIST RNA. The physical presence of this RNA may somehow provide the
“water” to keep the chromatin/scaffold “sponge” from shrinking (condensing). In its
absence, the chromatin/scaffold proteins can no longer interact with each other or with
DNA, and the structure collapses. Hence ecRNAs may bridge canonical chromatin with non-
chromatin elements of interphase chromosome structure and provide support to open up
chromatin.

Chromosomal RNAs, Cot-1 RNA, and a Flood of Low-abundance non-

coding nuclear RNAs

Transcriptome studies document a vast “dark matter” of nuclear RNA, including thousands
of often very low abundance IncRNAs, enhancer RNAs (eRNAs), and intergenic transcripts,
with recent efforts aiming to discriminate the chromatin bound fraction [56:57]. It was
reported that chromatin bound RNAs are “tethered” via RNAPII [57], which would not be
unexpected for RNAs at their transcription site. Hence the challenge still remains to
discriminate whether such RNAs are with chromatin simply due to synthesis or they
contribute to chromatin function.

Since repeats will be prevalent in this morass of RNA species ([58:59] reviewed in [60]), a
collection of very low abundance nuclear ncRNAS, as well as pre-mRNAS, may contribute at
some level to the robust Cot-1 RNA discussed above. However, pre-mRNAs and many
IncRNAs and eRNAs are reported to be short lived following transcriptional inhibition [61™
63], whereas Cot-1 ecRNA signal persists for long periods after transcription arrest with
several different inhibitors [39]. Interestingly, /ntronic RNAs (which would be repeat rich)
were found to accumulate in xenopus oocyte nuclei, and these were also shown to be
exceptionally stable [64], whereas most introns of pre-mRNAs in mammalian nuclei are not.

Many of the repetitive sequences detected may also be part of longer intergenic transcripts.
It’s been shown that truncated L1 elements contain non-canonical promoters which can
drive expression of neighboring sequences [65] as can LTRs of endogenous retroviruses
(ERV) [66] [67] [68], hence these could drive intergenic (repeat) transcription as well. A
recent study found that osmotic stress in mammalian cells results in active genes continuing
transcription into the downstream intergenic region (which we note would also be repeat
rich) [69], and the authors suggest that this RNA may function to prevent chromatin collapse
similar to the structural role suggested for Cot-1 ecRNAs [39]. However, what “promoter”
(INRNAs, eRNAs, genic or intergenic element, etc) produces Cot-1 ecRNA in non-stressed
cells is still unknown.
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As discussed above, recent evidence suggests that the presence of RNA on euchromatin
following transcription arrest counters a tendency for chromatin to condense, yet the RNA
sequence itself may not matter, or it might only need to match the DNA locus /n ci/s.
However, since comparison to a chromosome library of unique sequences suggested the
majority of RNA sequences accumulated on an interphase chromosome are repetitive [39],
and there is an unexplained non-random pattern of repeat sequences in chromosomal
domains, the repeat sequences could prove key to regional chromosome regulation. While
still speculative, we consider that the unusual physical properties of repeat sequences
provide unique “architectural” potential; i.e. they can form structures of a hon-canonical
nature that we’ve barely begun to imagine, such as inter-strand connections to make an RNA
or RNA-protein lattice [21:70]. For example, some simple SSRs form triplex or Z-DNA
[71], and interspersed repeats can form hairpins, triplex DNA and single-strand or multi-
strand G-quadruplexes (reviewed in: [72:73]). G-quadruplexes at the DNA level are reported
to play roles in regulating chromatin structure and expression (reviewed in: [74]), and such
sequences are predicted to be enriched in the 3 UTR of L1 ([75], reviewed in:[76]), and thus
in Cot-1 ecRNA, which might also form such structures. In addition, many repeat sequences
retain protein binding and regulatory sequences from the parent element, hence repeat
containing ecRNAs can still bind specific RNA binding proteins [77:78], in a manner which
may also impact chromatin packaging.

Finally, we consider that the presence of ecRNA on chromatin may serve to promote a more
open state by interacting with transcription factors, or potentially even chromatin
remodelers. It is noteworthy that some transcription factors are reported to bind RNA as well
as DNA [79] and two very recent studies [80-81] provide evidence that ncRNAs associated
with gene transcription were found to retain a transcription factor (e.g. YY1) at the
transcription site. This supports a model in which some transcription supports continued
expression from that locus, in a manner which we suggest may not be through simple
binding of a factor on that one gene, but potentially by supporting a more complex RNA-
protein structure (aka: scaffold, matrix, lattice)(Kolpa et al, submitted), that influences the
architecture of the immediate chromosomal region. An extension of this is that we propose
ecRNA promotes an open chromatin state not only near canonical promoters, but in
intergenic regions around active genes. The absence of most or all ecRNA from chromatin
may be necessary to form condensed chromatin for mitosis or in heterochromatin domains.
Hence, repeat-rich ecRNAs may be present throughout the “junk” DNA of the active X
chromosome prior to XIST inducing heterochromatin formation and gene silencing (Figure
4B), which would explain the paradox of the Barr body, as discussed above.

Conclusion

RNA'’s role in chromatin is a growing area of interest but still is largely restricted to
particular RNAs at particular sites, thought of as specialized instances. We suggest, based on
recent evidence as well as earlier studies, that RNA is prevalent throughout interphase
chromatin, not just because it is made there, but because RNAs, even following transcription
arrest, make a major structural contribution to the chromatin state. Hence cRNAS are not just
involved in inducing heterochromatin (e.g. XIST hcRNA), but the presence of cRNA in
euchromatin may be important to counter a natural tendency for chromatin and the nuclear

Curr Opin Genet Dev. Author manuscript; available in PMC 2017 May 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hall and Lawrence

Page 9

scaffold to condense (e.g. Cot-1 ecRNA). Moreover, the vast diversity of transcripts with
unexplained function are rich in various classes of repeat sequences. The possibility should
be given more consideration that the repeat elements that comprise half our genome are not
trivial bystanders, but may be a significant common theme with a biological role, with the
potential to contribute to chromosome architecture in ways we have only begun to imagine.
Finally, we want to acknowledge work dating back 50 years which reported that repeated
sequences are prevalent and expressed in a development and cell type specific manner [82]
[34] [33], and further suggested a role for repeats in genome regulation [83] [33].
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FIGURE 1.
A) XIST RNA is expressed from and coats the silent interphase X-chromosome territory /in

cfs, and can be seen as a large RNA signal in the three color image at left and the separated
channel to the right. The RNA initiates a cascade of chromatin modifications at both protein
and DNA levels (including histone modifications as seen in the three color image and
separated channel at right) as well as architectural changes to form the heterochromatic Barr
Body (see arrow in the separated DAPI channel at right). B) The Barr Body structure is
striking in some cell preparations, including for this autosome (chromosome 4) carrying an
XIST transgene.

Curr Opin Genet Dev. Author manuscript; available in PMC 2017 May 21.

*




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hall and Lawrence

Page 16

FIGURE 2.
A) Photo: The large (2MB) dystrophin gene produces a substantial accumulation of nascent

transcripts localized over chromatin. Illustration: Other analyses [19] showed this was a
“tree” of multiple transcripts (red) in synthesis on the large gene (blue), producing what
looks like a small fir tree (which can be often seen by electron microscope). B) Photo:
Collagen pre/mRNAs (red), which require processing of 50 introns in a relatively small
transcription unit, produce a large post-transcriptional accumulation in non-chromatin
Nuclear Speckles (visualized using the spliceosome assembly factor SC35), which is
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adjacent to the Collagen genes (green) [18]. lllustration: Collagen pre-mRNA (red) emanates
from the gene (green) and is processed in the Nuclear Speckle (blue). C) Photo: NEAT1 is
an architectural-RNA that is required to form the underpinnings of non-chromatin nuclear
structures termed paraspeckles, enriched for specific proteins. Illustration: The paraspeckles
(blue) form on NEAT1 RNA (red) transcribed at the gene locus (green) but then move into
the nucleoplasm [21]. D) Mouse Xist RNA in some mouse cell types is retained long enough
to be glimpsed on mitotic chromosomes before it detaches, and can be seen to paint the
whole Xi except the centromere.
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FIGURE 3.
A) We find that XACT RNA produces a substantial accumulation (almost the same size as

XIST RNA), but “paints” only a portion of the Xa territory. The Xa territory is very large
and distended in pluripotent human stem cells (WIBR2 hESCs), and the XACT RNA signal
would be much larger than the XIST RNA signal (which is coating a compacted Xi territory)
if it painted the whole Xa territory. B) Even on a large autosome (Chromosome 4) carrying
an XIST transgene, we consistently find that XIST RNA paints the vast majority of the
chromosome territory. The green XIST RNA channel is shown alone in the insert. C) Cot-1
ecRNA signal consistently forms a tightly cis-limited RNA territory, with little to no “drift”
of RNA away from the parent DNA territory (shown for a single human chromosome in a
mouse/human hybrid cell). D) An illustration of the amount of interphase X-chromosome
territory typically “painted” by XIST RNA (green) and XACT RNA (yellow) in a
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pluripotent cell (as seen by us and in published images) [28]. E) An illustration of the
amount of interphase chromosome-15 territory typically “painted” by ASAR5 RNA (as seen
in published images) [30]. F) An illustration of the amount of a human interphase
chromosome territory typically “painted” by Cot-1 ecRNA in mouse/human hybrid cells (as
seen in our published images) [39].
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FIGURE 4.
A) Model for the widespread presence of RNA bound throughout much of interphase

chromatin, with two broad types of “chromosomal RNAs” (cCRNASs): euchromatin-associated
chromosomal RNAs (ecRNAS, green) present on active chromatin, such as Cot-1 ecRNAs,
and heterochromatin-associated chromosomal RNAs (hcRNAS), such as XIST RNA (red).
Left: All three chromosomes (pink, yellow and blue) are active and coated with ecRNA.
Right: When XIST hcRNA coats the previously active yellow chromosome, ecRNAs are
lost, and this potentially contributes to chromosome condensation. Whether there are other
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hcRNAs associated with other facultative heterochromatin at the nuclear periphery remains
to be determined (note: Cot-1 ecRNAs are not found in silenced chromosomal regions up
against the nuclear periphery). B) Left: Cot-1 ecRNA (red) is expressed from active
chromosomes (e.g. Xa) which may help maintain an open chromatin state. Middle: When
XIST RNA (yellow) first coats the X-chromosome, Cot-1 ecRNA is silenced, which may
facilitate the compaction of Cot-1 DNA into the core of the chromosome territory forming
the BB. Right: Genes position at the periphery of this condensed repeat-rich core to facilitate
efficient silencing, while genes that escape silencing may be more peripheral. C)
Simultaneous hybridization to three silenced genes on the inactive X-chromosome position
just outside the condensed BB similar to the illustration at right above [12].
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