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Abstract

Mammalian genomes are extensively transcribed, which produces a large number of both coding
and non-coding transcripts. Various RNAs are physically associated with chromatin, through being
either retained in cisat their site of transcription or recruited in #ransto other genomic regions.
Driven by recent technological innovations for detecting chromatin-associated RNAs, diverse roles
are being revealed for these RNAs and associated RNA-binding proteins (RBPS) in gene
regulation and genome function. Such functions include locus-specific roles in gene activation and
silencing, as well as emerging roles in higher-order genome organization, such as involvement in
long-range enhancer-promoter interactions, transcription hubs, heterochromatin, nuclear bodies
and phase transitions.

Mammalian genomes are now known to be prevalently transcribed, with ~70% of the
genome active in generating various RNA products®. Such a large transcript repertoire
consists of both protein-coding mMRNASs and non-coding RNAs (ncRNAS), the latter of
which encompass traditional classes of ncRNA, such as tRNA, ribosomal RNA (rRNA),
small nucleolar RNA (snoRNA) and small nuclear RNA (snRNA), as well as more recently
described classes, including microRNA (miRNA), enhancer-associated RNA (eRNA) and
long non-coding RNA (IncRNA)2-5. Most ncRNA classes interact with specific proteins,
some of which may even form relatively stable ribonucleoprotein particles (RNPSs) to
function in the cell, as exemplified by the small and large sub units of the ribosome (with
rRNASs) and the spliceosome (with U1, U2, U4/6 and U5 snRNAS).

Although it is entirely possible that many transcripts of low abundance are simply ‘noise’,
perhaps reflecting a degree of promiscuous action of the transcription machinery to sample
open chromatin regions, specific and diverse functions have been increasingly ascribed to
each class of RNA molecules, including various architectural and/or gene regulatory roles in
different cellular compartments, adding to a new dimension of functional genomics. Of
course, most RNAs are unlikely to act alone and instead interact with specific RNA-binding
proteins (RBPs). Like protein-based interactions, RNAs have specific sequence motifs as
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well as secondary and higher-order structures that enable them to engage in sequence-
mediated and structure-based molecular interactions; furthermore, RNAs have the additional
ability to form base-pairing interactions with other nucleic acids.

In this Review, we first introduce the modes that RNAs can associate with chromatin in cis
and in frans. We then focus on recent technological advances in detecting the chromatin-
RNA interactome and emerging insights from the analysis of chromatin-associated RNAs
and RBPs, including roles in gene activation and repression across diverse biological
pathways, the formation of several types of nuclear body as well as potential functions in 3D
genome organization. Notable findings are that chromatin-associated RNAs appear to form
‘RNA clouds’ over specific clusters of active gene promoters and their distal enhancers that
are looped into proximity. Furthermore, specific RNA-mediated genomic interactions are
linked to various liquid-liquid phase-separation processes®’, suggesting that the entire
nucleus may be viewed as a membraned compartment of a series of organized yet highly
dynamic membrane-less condensates that shape the functional genome.

Distinct mechanisms to retain RNA on chromatin

In principle, RNA may be associated with chromatin via one of two modes. One is that
newly transcribed RNAs (hascent RNAS) remain at their sites of synthesis due to various
mechanisms. This mode of RNA-chromatin interactions is referred to as c/s-interactions.
The second mode is frans-interactions, which result from RNAs being released from their
sites of transcription to interact with different genomic loci. These modes may act in
combination at a genomic locus: cis-acting RNAs may form specific RNPs, which may then
recruit additional #rans-acting RNAs or RNPs, and thus specific genomic loci may contain
both ¢/s- and trans-acting RNAs to achieve specific regulatory purposes.

Cis-acting RNAs.

One of the best-known c¢/is-mechanisms for retaining nascent RNA to chromatin is through
R-loop formation, which involves annealing nascent RNA back to template DNA during
transcription, forming a double-stranded RNA:DNA hybrid opposite a displaced single
strand of DNA (FIG. 1a). R-Loop formation and its functional impact on genome integrity
have been reviewed®; however, where R-loops predominantly form in mammalian genomes
remains unclear, except for a consensus of their occurrence on promoters and enhancers
associated with GC-skewed sequences®10. Importantly, R-loop formation and dynamics
have been linked to transcription activities under physiological conditions!1-14,

Another mechanism to retain a nascent RNA on its site of transcription is through targeting
of the nascent RNA by additionally amplified RNA (FIG. 1b). Amplified RNA may result
from locally processed nascent RNA or be supplied from a different genomic locus, thus
giving rise to genomic loci that contain both ¢/s- and trans-acting RNAs. This mechanism
has been exploited during the formation of telomeric and pericentromeric heterochromatin
regions through the action of nuclear RNA interference (RNAI) in fission yeast!®-18 and the
repression of retrotransposons by the Piwi-interacting RNA (piRNA) system in Drosophila
melanogastert®29,
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The largest class of nascent RNAs that remain on chromatin is protein-coding pre-mRNAs
(FIG. 1c). A key mechanism for tethering nascent RNAs to chromatin is through their
association with RNA polymerases during transcription. It is now well established that pre-
MRNAs are predominately co-transcriptionally processed into mature mRNAs, although
many partially processed mRNASs are also known to continue their processing post-
transcriptionally after being released from chromatin. The classic co-transcriptional
processing events include 5” capping, pre-mRNA splicing and polyadenylation, which has
been extensively reviewed?1:22. Recent studies suggest that circular RNAs formed through a
non-canonical back-splicing mechanism are another type of cis-acting RNA23:24 Whereas
most circular RNAs are released from chromatin and currently are of unknown function,
some appear to accumulate at their site of transcription, associating with the RNA
polymerase 11 (Pol 1) machinery and acting as a positive regulator of transcription23:24,
However, the mechanism for this new regulatory paradigm remains essentially elusive. The
functional benefit of co-transcriptional RNA splicing by the spliceosome has been well
documented, which enables sequential recognition of functional splice sites in pre-mRNA
emerging from a transcribing Pol 11, and also allows various splicing enhancing and
repressing factors to compete in a timely m anner?!:22.24 4 nd, in addition, nascent RNA
can in turn modulate transcription25, as further detailed below. Certain secondary RNA
processing events, such as miRNA processing and AVf-methyladenosine (m®A) modification,
also appear to take place in a co-transcriptional manner27:28, In this Review, rather than
concentrating on how transcription influences pre-mRNA processing, we focus particularly
on the other side of the relationship; that is, the potential impact of chromatin-associated
pre-mRNA on transcription.

Trans-acting RNAs.

There are at least two modes for frans-acting RNASs to interact with chromatin. One is
through the formation of triplex nucleic acid structures, which involves Hoogsteen base-
pairing interactions of RNA with the major groove of double-stranded DNA2%-30. This type
of RNA-DNA interaction has a stringent requirement for a polypurine sequence in DNA and
a length restriction (FIG. 1d). Triplex structures are thus distinct from R-loops, although
both are RNA:DNA hybrids in nature. Multiple IncRNAs appear to use this triplex
mechanism to dock on specific genomic loci to exert their regulatory functions3%:31, thus
taking full advantage of the molecular recognition strategy that is uniquely suited for nucleic
acids through sequence complementarity.

The most common mode of #rans-interactions is through protein-mediated interactions with
RNA, in which the RNA acts as a scaffold to bind an RBP, and at least one component of
this RNP is in direct contact with a DNA-bound factor (FIG. 1e). Such a mechanism is
exemplified by the role of scaffold-attachment factor A (SAF-A; also known as hnRNP U)
in trans-localization of the INCRNA Firre32. Interestingly, besides traditionally studied RBPs
with recognizable RNA-binding motifs, a large number of non-canonical RBPs also exist in
mammalian cells, which first surfaced from analysis of ultraviolet-crosslinking of proteins to
mRNA33-35 ncRNA36 or nascent RNA37-39, Some of these approaches take advantage of
physicochemical separation of RNAs and proteins into aqueous and organic phases,
respectively, where RNA-protein complexes are efficiently recovered from the interface of
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the layers for mass spectrometry analyses3840. Interestingly, both canonical and non-
canonical RBPs tend to form complexes to function together, which may thus be deduced
from protein-protein interactomes*L. Many DNA-binding proteins may also have the
capacity to bind RNA. Indeed, hnRNP K was first characterized as a DNA-binding
transcription factor in the regulation of MYC expression#2-44, and the typical transcription
factor PGCla, which is critical for mitochondrial biogenesis, contains a classic RNA
recognition motif (RRM) type of RNA-binding motif4®. To date, multiple classic DNA-
binding transcription factors and epigenome regulators have been found to have the ability to
directly contact RNA, including EZH2 and SUZ12 (both are key components of Polycomb
repressive complex 2 (PRC2))#6-%0, YY1 (REFs°1:52), NELF and DSIF?3%4 CCCTC-
binding factor (CTCF)°, DNA methyltransferases®6:57 and, more recently, SUV39
(REFs%8:59), Therefore, regulatory RNAs may be recruited to specific genomic loci through
direct interactions with an array of both canonical and non-canonical RBPs.

Combinatorial cis- and trans-interaction modes for RNAs.

RNA interaction with chromatin in ¢isor in frans does not have to be mutually exclusive, but
rather can be a combination of both, as discussed above for nascent RNA interacting with
amplified small RNAs during the establishment of heterochromatin. Perhaps the best
established example for combinatorial RNA actions is the InNcRNA Xist, which is involved in
dosage compensation in mammals, as has been extensively reviewed®0:61, A fascinating
aspect of Xistinteraction with the inactive X chromosome (Xi) is its c/s-action initiated by
the expression of several ncRNAs from the X7st locus followed by spreading of the
repressive chromatin signature trimethylation of K27 on histone H3 (H3K27me3) across the
entire Xi62. This spreading phase is likely to involve Xistthat acts in frans, as depletion of a
nuclear matrix protein SAF-A appears to prevent Xistfrom accumulating on the Xi3.64. The
heterochromatin signature is catalysed by PRC2, and spreading of the silenced state requires
cooperative interactions between PRC1 and PRC2. However, the critical RNA elements and
the sequence of actions of PRC1 and PRC2 have been the subject of ongoing debate®5-57. In
any case, X7st-mediated epigenetic regulation has been a prototype for studying RNA-
chromatin interactions in mammalian cells.

Strategies to detect RNA on chromatin

Chromatin-associated RNAs can be profiled using fractionated chromatin followed by deep
sequencing®. In a standard cell fractionation procedure, nuclei are isolated and
sedimentation is used to separate nuclear particles from the nucleoplasmic fraction. Such
nuclear particles have been considered the chromatin fraction and thus used to extract RNA
for sequencing. However, caution must be taken in interpreting the results because the
isolated particle fraction consists of not just chromatin but also a wider ‘nuclear matrix’, and
thus the standard nuclear fractionation protocol cannot fully differentiate between
chromatin-associated versus nuclear-matrix-attached RNAs. To identify true chromatin-
associated RNAs, several experimental approaches have been developed to capture RNA on
chromatin, which can be roughly divided into ‘one-to-many’ versus “all-to-all’ strategies.
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One-to-many strategies.

The one-to-many strategies typically use a specific synthetic RNA or DNA to capture
chromatin associated with a single RNA species, followed by deep sequencing to identify
the constituent DNA loci within the isolated chromatin (FIG. 2a). These include chromatin
isolation by RNA purification (ChIRP)59, capture hybridization analysis of RNA targets
(CHART)70 and RNA antisense purification (RAP)7L. For capturing RNA-containing
chromatin, all three methods use biotin-labelled probes to hybridize to a specific target
RNA. To ensure specificity, multiple probes are divided into two separate pools (the so-
called odd and even pools of probes) to identify common targets®%. However, this approach
is ineffective in dealing with the background problem, as certain RNAs or RNA-containing
particles may stick to beads or probes in a non-specific manner. One way to overcome this
problem is to design a series of probes and use RNase H to test which probes are accessible
to their intended RNA target and which probes are not, as shown earlier’%:72, This would
generate two separate sets of probes for affinity capture in parallel so that the signals
captured by the accessible probe set can be considered the foreground and those non-
specifically pulled down with the inaccessible probe set provide the background. The RAP
procedure partially alleviates the specificity problem by using a longer biotin-labelled probe
for RNA capture’®. In any case, all capture-based approaches would benefit from
background correction after knockdown of the intended RNA.

All capture-based approaches have an intrinsic limitation as the procedures can only study
one specific RNA at a time, but the advantage is their ability to study potential chromatin-
associated RNA regardless of their abundance in the cell, so long as non-specific signals can
be efficiently managed by both experimental and computational approaches. Another major
advantage of such capture-based approaches is the ability to couple with multiple other
strategies to detect all potential interactions in a single set of experiments, as illustrated with
domain-specific ChIRP (dChIRP)’3 to study specific RNA-associated proteins by mass
spectrometry’475 and RNA-RNA interactions via psoralen or ultraviolet-crosslinking as in
RAP-RNA and RNA hybrid and individual-nucleotide resolution ultraviolet-crosslinking
and immunoprecipitation (hiCLIP), respectively’®77_ In principle, RNA capture can also be
coupled with high-throughput chromosome conformation capture (Hi-C)’8 to detect RNA-
linked DNA-DNA interactions.

All-to-all strategies.

Recently, three groups developed related all-to-all strategies to detect RNA-chromatin
interactions globally across RNAs, all of which are based on the use of a bivalent linker that
is able to ligate to RNA on one end and to restriction-digested DNA on the other end; the
methods are applicable to fixed and isolated nuclei (FIG. 2b). One strategy is ‘mapping
RNA-genome interactions’ (MARGI), which uses a bivalent linker to ligate to RNA and
DNA followed by circularization for library construction’®. The other two independently
developed strategies, global RNA interaction with DNA sequencing (GRID-seq)8° and
chromatin-associated RNA sequencing (ChAR-seq)®L, are nearly identical but with one
distinction: GRID-seq uses a linker that carries two restriction sites for a type IIS restriction
enzyme (Mmel) and subsequent digestion to generate size-specific products89, whereas
ChAR-seq sonicates ligated products to obtain smaller fragments before the addition of
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adaptors for library construction8L. The restriction-based approach of GRID-seq ensures that
all reads contain RNA and DNA sequences, which is not certain with either MARGI or
ChAR-seq, but the trade-off is the decreased mapping power of short reads with GRID-seq,
whereas MARGI and ChAR-seq require more sequencing to obtain a sufficient number of
mated RNA and DNA reads. It is also important to emphasize that all of these strategies are
based on RNA proximity to nearby DNA, thus they do not necessarily capture only direct
RNA-chromatin interactions.

Although all of these global mapping strategies provide options for the research community
to use and further improve, the most important need is to ensure specificity. The first pass in
evaluating the library quality before further bioinformatics analysis is to demonstrate the
strand specificity, as the sequences from the RNA side are supposed to selectively align with
the transcribed DNA strand with evidence for producing detectable transcripts, whereas the
sequences from the DNA side are without strand specificity. A second important specificity
issue is to differentiate between specific and non-specific RNA-chromatin interactions. It is
conceivable that a specific RNA may interact with a single or multiple specific genomic
regions (either through c¢is- or trans-interaction modes), but the same RNA may also travel
around in the nucleus once released from its site of synthesis, thus sticking to all accessible
chromatin regions to contribute to a general RNA-chromatin interaction background. GRID-
seq addresses this problem by using interspecies RNAs (for example, mixing human and D.
melanogaster cells during library construction) so that human RNAs ligated to fly DNA and
vice versa are clearly indicative of background interactions. This background turns out to be
nearly identical to that based on normalized total #rans-acting mRNAs (that is, mMRNA
ligated to all chromosomes other than the chromosome that transcribes the mRNA), thus
allowing the use of the collection of internal frans-acting mRNASs as a control to compute
specific RNA-chromatin interactions. ChAR-seq uses spike-in RNA for such non-specific
control during library construction, thus providing an estimate for the degree of non-specific
RNA-chromatin interactions. However, unlike GRID-seq, published work with either
MARGI or ChAR-seq did not develop a null model to infer specific interactions at the
individual genomic loci.

It is conceivable that additional strategies can be developed to detect RNA-chromatin
interactions either globally or at specific genomic loci by coupling with other detection
methods. For example, the recently developed split-pool recognition of interactions by tag
extension (SPRITE) technology used a barcoding strategy to detect DNA-DNA interactions
from a sonicated nuclear fraction instead of relying on proximity ligation on fixed nuclei as
in Hi-C, which in principle can also be used to detect global RNA-RNA and RNA-DNA
interactions82 (FIG. 2c).

A common drawback of all-to-all approaches is modest sensitivity, and, as a result, many
low-abundance chromatin-associated RNAs may escape detection. One way to overcome
this limitation for a genomic locus of interest is to use methods targeted to the genomic
locus itself (rather than targeting RNAS), for locus-specific analysis of RNA-protein, DNA-
protein and RNA-DNA interactions. A fluorescence in situ hybridization (FISH)-based
strategy has been developed to capture specific genomic loci for multiomic analysis®3, and a
more recent study reported a strategy to use guide RNA coupled with biotinylated nuclease-
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dead Cas9 (dCas9) to detect locus-specific interactions®* (FIG. 2d). Therefore, different
strategies may be combined to address specific biological questions. It is likely that many
new inventions are on the horizon to study RNA-chromatin interactions.

Nascent RNAs in gene regulation

Chromatin-associated RNAs (see BOX 1 for different classes of chromatin-associated RNAS
documented in the literature), whether acting in cisor in trans, may have regulatory
functions in gene expression. Such regulation may activate or silence gene expression in an
RNA-dependent and/or locus-specific manner. As a consequence of these regulatory
functions, genomic regions that are active in transcription remain as euchromatin, whereas
those silenced can eventually become heterochromatin. Interestingly, evidence suggests that
these processes are likely to involve various RNA-mediated feedback and feedforward
mechanisms. In the following, we discuss different types of RNA detected on chromatin and
biological insights into their regulatory functions.

The concept of transcription hubs in the 3D genome.

Increasing evidence suggests that nascent RNAs are not only products but may also function
as regulators of transcription. One class of such nascent RNAs consists of promoter
upstream transcripts (PROMPTS) and eRNAs, both of which are capped but not polyadeny-
lated8>:86, Interestingly, these RNAs were not efficiently captured by GRID-seq, which may
be due to blockage of their ligation to the linker, potentially because of their involvement in
R-loop formation and their relatively low abundance. PROMPT-induced R-loops may
enhance the recruitment of specific transcription factors and chromatin remodellers®”. The
production of eRNA:s is clearly associated with enhancer activities88-90, but how eRNAs
might contribute to transcriptional activation remains a subject of many ongoing
investigations. A recent study suggests that eRNA is able to directly bind to key transcription
co-activators, such as CBP-p300, which may represent an RNA-dependent feedforward
mechanism to amplify enhancer activities®!. Various lines of evidence suggest that eRNAs
may facilitate specific DNA looping of enhancers to target promoters to enhance
transcription2-94, but this has not become a consensus in the field because other studies
failed to detect significant changes in DNA looping after blocking eRNA production90:9°,
Interestingly, deletion of certain target promoters also diminishes eRNA expression&8,
Therefore, the 3D proximity and transcriptional activity at promoter-enhancer interactions
might be mutually reinforcing, thus creating a local environment for recycling
transcriptional factors%. However, the extent to which 3D genomic interactions are a cause
versus a consequence of transcriptional activation remains entirely unclear.

A puzzling observation from recent genomic studies is that genetic inactivation of a given
enhancer does not always lead to detectable functional consequence on transcription92:97,
This might be due to redundant functions of multiple enhancers that target a given promoter
and/or the activation of a ‘shadow enhancer’®. In general, it has been unclear which
enhancers are redundant to one another and how many enhancers may work together, either
redundantly or synergistically, to activate a given promoter. Interestingly, analysis of the
GRID-seq data reveals that nascent pre-mRNASs are not only retained on their sites of
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transcription but also selectively interact with distal genomic sequences (including
enhancers) in the spatial proximity, as if nascent transcripts form individual ‘clouds’ over
regulatory DNA elements® (FIG. 3a,b). This observation, coupled with Pol Il-associated
DNA-DNA interactions detected by chromatin interaction analysis by paired-end tag
sequencing (ChIA-PET)9, introduces the concept of nascent transcript-decorated
‘transcription hubs’ in the 3D space of the nucleus. On average, each hub contains ~4 active
promoters, one or two super-enhancers and up to ~20 typical enhancers8. This hub concept,
which has been similarly proposed based on the interactions of key transcription co-
activators with super-enhancers101 and high-resolution imaging analysis of transcription
factors and Pol 11192.103 provides a potential explanation for the lack of functional impact
when a given enhancer is genetically inactivated, as it is conceivable that deletion of one
enhancer in a transcription hub may not be sufficiently detrimental to transcription. Based on
this hub concept, it also becomes conceivable that removal of one enhancer or promoter
might cause reorganization of an existing hub, thus inducing a degree of reassignment of
promoters and enhancers in the hub, as recently reported1%4. As a result of such modulation
of transcription hubs, a gene may become associated with or excluded from an existing hub
during its activation or repression.

A key unsolved question is whether a given hub-associated RNA simply reflects its transient
interaction with nearby DNA elements or actually has an organizational role in creating or
maintaining such a hub for coordinated transcription of gene clusters. Various INcRNAs have
been documented to have cis-effects on the regulation of neighbouring genes95:106_ A
dramatic case is the IncRNA roX2, which is involved in dosage compensation in D.
melanogaster, where it appears to cover most DNA-DNA interactions on the roX2-bound X
chromosome’3. However, it remains unclear whether such potential function in organizing
genomic interactions applies only to particular IncRNAs or to hub-associated nascent RNAS
in general. This question is also pertinent for the debate on whether an eRNA is required for
mediating a specific promoter-enhancer interaction or is actually involved in an interaction
network within a hub. Given the fact that deletion of a particular enhancer may or may not
have a functional consequence, as it may or may not disrupt a transcription hub, it is possible
that blocking a specific eRNA may not have a measurable functional consequence. Thus, the
concept of transcription hubs may help to explain various conflicting results in the literature
with respect to the functional requirement of eRNAs for transcription control.
Additionally, although individual transcription hubs appear to be mainly associated with
nascent RNAs transcribed from the genes associated with the hub, many IncRNAs are also
thought to function in #rans, thereby influencing the transcription of other genes. Whether or
not the deduced transcription hubs correspond to the proposed ‘transcription factories’ in the
nucleus%7 is another intriguing question to address in future studies. A benefit of
transcription factories is to allow transcription factors to recycle locally, as demonstrated on
an induced heat shock gene in D. melanogaster 8.

Nascent RNA for dynamic control of gene expression.

When a nascent pre-mRNA first emerges from transcribing Pol 11 at the promoter-proximal
region, it might form an R-loop, which was recently shown to contribute to transcriptional
pausing®. Conversely, R-loop formation may also create a favourable chromatin environment
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for the recruitment of transcription activators, such as Tip60 and p400, thus facilitating
transcription pause release8” (FIG. 4a). A more recent study shows that R-loops are able to
activate gene promoters by recruiting the DNA methylcytosine dioxygenase TET1 to
demethylate CpG islands1%9. The 5" end of certain pre-mRNAs also carries specific
sequence elements that may not only enhance co-transcriptional splicing but also promote
transcriptional pause release (FIG. 4b). This has been demonstrated with SRSF2, a member
of the SR family member of splicing factors, which undergoes translocation from the
promoter-associated 75K complex to nascent RNA when a high-affinity binding site for this
RBP newly emerges from Pol 11110, Importantly, this switch from the 7SK ncRNA to
nascent RNA is accompanied by the release of the pTEFb enzyme from the 7SK complex to
catalyse multiple phosphorylation events, including those on the Ser2 positions in the C-
terminal domain (CTD) of Pol Il and on transcription elongation factors DISF and NELF,
leading to transcriptional pause release!10. Interestingly, this cascade of events was first
elucidated with the HIV Tat proteinl11112 and, as both Tat and SRSF2 contain related
arginine-rich sequences, both proteins appear to activate transcription using a similar
mechanism. More recently, as support for the physiological relevance of this process,
mutations disrupting SRSF2 function were found to be causal for the blood progenitor
disorder myelodysplastic syndromes13:113.114,

Compared to transcriptional activation via RBPs binding to discrete sequences in nascent
RNAs, PRC2, the enzyme responsible for depositing the H3K27me3 mark on facultative
heterochromatin1®, has been found to interact with newly transcribed RNAs in a highly
promiscuous fashion#?:116, Despite such a broad RNA binding profile, PRC2 clearly has a
degree of specificityl17, for example, GC-rich sequences as recently elucidatedC. It is also
remarkable to note that multiple subunits of PRC2 appear to have the capacity to directly
contact RNA based on in vitro binding studies, either with individual purified
subunits#6-48.118.119 or ysing pre-assembled complexes®%:117.120 |mportantly, such
interactions between PRC2 and pre-mRNAs appear to offer a dynamic mechanism for
transcription control21-123 4 highlighted by two seemingly competing models (FIG. 4c).
In one, PRC2 appears to bind to DNA and RNA in a mutually exclusive
manner49.120.124-126 \yhich may help to explain why PRC2 does not affect many active
genes, as those genes may maintain their highly active state of transcription by using nascent
RNASs to prevent PRC2 from gaining access to chromatin (FIG. 4c, left).

Interestingly, however, mammalian genomes are also populated with a large number of so-
called bivalent promoters that harbour both trimethylation of K4 on histone H3 (H3K4me3),
a positive chromatin mark for gene activation, and H3K27me3, a negative chromatin mark
for gene silencing23.127 which is dynamically regulated during the transition from naive to
primed embryonic stem cells128.129, The question is how such bivalency is maintained on a
subset of gene promoters in a given cell type. As established with Xis#*’, nascent RNA may
guide and facilitate the initial recruitment of PRC2, and additional Xist-interacting proteins,
such as SHARP and SPEN, may act in synergy with PRC2 to enhance heterochromatin
spreading and transcriptional silencing’4130, This principle may apply to bivalent genes in
general (FIG. 4c, right), which is consistent with a broad role of the RBP RBFox2 in
partnership with PRC2 facilitating H3K27me3 deposition in a nascent-RNA-dependent
manner3!, taking advantage of nascent-RNA-recruited PRC2 in a poised statel2>,

Nat Rev Genet. Author manuscript; available in PMC 2020 November 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liand Fu

Page 10

Importantly, a more recent study revealed that RNA, although competing with chromatin for
PRC2 binding, does not block the histone methyltransferase activity per se120. Therefore,
after the initial nascent-RNA-mediated recruitment of PRC2, any additional mechanism to
anchor and/or stabilize PRC2 near bivalent promoters — including the existing H3K27me3
that has been shown to enhance PRC2 binding through its EED subunit!32 — may contribute
to the maintenance of the bivalency of the promoters to limit their transcriptional output.
Such a mechanism thus represents a form of nascent-RNA-dependent feedback control in
regulated gene expression. In reconciling the two competing models for PRC2 targeting and
regulation by nascent RNAs, it is also important to keep in mind that various PRC2
components may interact with chromatin independently of the core complex, as shown with
EZH2 (REF.133) and SUZ12 (REFs*9:134) suggesting that PRC2 might function on different
sets of genes through partnership with different protein binding partners in the cell.

Repeat-derived RNAs for gene silencing

Compared to facultative heterochromatin, constitutive heterochromatin is more stable. It is
decorated by di/trimethylation of K9 on histone H3 (H3K9me2/3) and occurs on
retrotransposons, telomeres and centromeric and pericentromeric regions of autosomes. Our
current understanding of the formation of constitutive heterochromatin, which is mainly
based on studies of fission yeast and D. melanogaster, has been extensively reviewed!35-137,
In general, the process takes place in three phases: first, transcription of repeat-containing
DNA; second, spreading of the H3K9me2/3 heterochromatin mark to neighbouring
sequences; and third, inheritance of such a silenced state after cell division. An intriguing
aspect of this epigenetic control mechanism is the fact that transcription is required for
silencing transcription.

In fission yeast, initial repeat-derived transcripts are amplified by an RNA-dependent RNA
polymerase (RdRP); such amplified double-stranded RNAs are then processed by Dicer to
produce small interfering RNAs (siRNAs); and upon loading onto Ago1l, these guide RNAs
target nascent RNAs to induce transcriptional silencing®38. Both initiation and subsequent
spreading events are enforced by two positive feedforward loops (FIG. 5a). The first loop is
RNA-mediated and involves the interaction of the RNA-induced transcriptional silencing
(RITS) complex with chromatin-associated repeat transcripts, where the RITS complex
recruits specific H3K9me2/3 methyltransferases (Clr4 in fission yeast; SUV39H1 and
SUV39H2 in humans) in a large complex. Once some initial H3K9me2/3 marks are
deposited, the signals are next amplified by the second, RNA-independent loop, as the
methyltransferase itself is able to bind to K9-methylated histone 3 and this histone mark is
also recognized by an additional methylated K9 binding protein (Swi6 in fission yeast; HP1
in humans). Multiple protein-protein interactions reinforce this process, thereby facilitating
H3K9me2/3 spreading to adjacent sequences in a sequence-context-dependent
manner!39.140_Interestingly, a more recent study showed that both SUV39H1 and SUV39H2
are also able to directly bind to RNA%:59, Both of these H3K9 methyltransferases contain a
chromodomain, which has been long known to bind to RNA, but without much
specificityl4l, SUV39H2 carries an additional basic amino-terminal sequence, which has
recently been shown to bind to RNA as well>®. These findings account for their RNA-
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dependent binding to heterochromatin®%:142, together suggesting additional molecular
connections between the first and second feedforward loops.

The dilemma with the general applicability of this elegantly elucidated pathway is that D.
melanogaster and mammalian genomes do not encode RARP. In flies, a related RNAI
pathway is involved!® (FIG. 5b). Initially, primary piRNAs are generated from
retrotransposons, which are loaded onto the Piwi complex to target retrotransposon
transcripts with the aid of multiple Piwi complex components, including Asterix143 and
Panoramix144. To fully establish the silent state both locally and on other loci, repeat-derived
RNAs are consecutively processed by the ping-pong mechanism4®. As in fission yeast, the
spreading phase involves a network of interactions that involves Piwi, SUV39, HP1 and
several other factors46:147 However, although the piRNA system provides a mechanism to
amplify transposon-derived small RNAs to silence retrotransposons in both flies and
mammals20, it remains unclear whether such a piRNA-dependent pathway is also
responsible for establishing constitutive heterochromatin in centromeric and pericentromeric
regions. As the piRNA pathway mainly operates in germ cells in both flies and mammals,
there is a possibility that the heterochromatic state is maintained throughout development
once established in the germline. Alternatively, certain reinforcing mechanisms might exist,
which would be consistent with the expression of major satellite repeats in somatic cells in
mammals148. In this regard, it is interesting to note that an intron-targeted siRNA has been
shown to induce H3K9me2/3, which modulates alternative splicing probably through
reduced transcription elongation4®, and multiple Argonaute proteins, including Agol and
Ago2, have been detected on chromatin®0-152, These findings suggest that whereas the
piRNA system is devoted to silencing retrotransposons in germ cells, the sSiRNA pathway
might be responsible for the formation and/or maintenance of constitutive heterochromatin
in centromeric and pericentromeric regions in somatic cells.

Heterochromatin is heritable after cell division and even through multiple generations of
some organisms. In Caenorhabditis elegans, for example, this process appears to involve
multiple proteins that organize different types of granules in the cytoplasm%3. A general
question is whether both maintenance and inheritance of constitutive heterochromatin
require not only locally amplified RNAs but also repeat-derived RNAs supplied in trans,
because constitutive heterochromatin still undergoes a detectable degree of turnoverl®4, A
recent study in fission yeast suggests that sSiRNAs supplied in #rans can indeed induce
heterochromatin formation on the endogenous allele in the euchromatin region55,
Therefore, it appears that after initial RNA-dependent induction of heterochromatin
formation, additional RNAs may be required to maintain the status of the silenced chromatin
state. This complex pathway may thus be connected to additional RNA processing steps, as
suggested by the roles of various factors involved in pre-mRNA splicing, transport and RNA
decay for the inheritance of heterochromatin1®6:157_ For example, a variant of the RNA
export factor NXF1 has a role in maintaining silencing (and thus limiting transposition
activity) of intracisternal A particle (IAP) retrotransposons in mice58.159, Much remains to
be explored to understand the functional interplay between regulated RNA metabolism and
epigenetic control of gene expression.
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RNAs in nuclear body formation

A newly emerged concept is the liquid-liquid phase separation associated with various
membrane-less subcellular domains® 7. It is striking to note that the vast majority of the
examples to date involve RNAs. Because RBPs are the major class of proteins that contain
so-called low-complexity domains (LCDs), which are intrinsically disordered and have the
tendency to form liquid-like droplets in vitrol69.161 it has become evident that RNAs may
drive various phase-transition processes, thereby contributing to the organization and
dynamics of the 3D genome (FIG. 6a). Here, we discuss the function of chromatin-
associated RNAs in this context.

The nucleolus: a paradigm for conceptualizing the formation of nuclear bodies.

The nucleolus is a highly specialized nuclear body for ribosome biogenesis'62 which has
been suggested to provide a general conceptual framework for the formation of other nuclear
bodies, such as Cajal bodies and nuclear speckles®3-165_ The nucleolus is organized around
ribosomal DNA (rDNA) clusters distributed on five different chromosomes in mammalian
cells, in which transcription of rDNA is coupled with rRNA processing and ribosome
assembly. Such concerted activities are subdivided into at least three cytologically distinct
zones within the nucleolus (FIG. 6b): the fibrillar centre (FC) for rRNA transcription, the
dense fibrillar compartment (DFC) for rRNA processing and the granule compartment (GC)
for rRNA modification and ribosome assembly162. Each of these compartments is associated
with a unique set of proteins, such as Pol | for the FC, fibrillarin (FIB1) for the DFC and
nucleoplasmin (NPM1) for the GC. Remarkably, a recent study showed that each of these
compartments has the property of liquid droplets, which undergo highly dynamic homotypic
fusion as well as coalescence between different compartments, and disruption of the nuclear
actin network causes coalescing of all three compartments into a single liquid droplet166,

Although this elegant study demonstrated that FIB1 and NPM1 are each able to form
separate droplets due to their LCDs, it leaves open the questions of what connects these
droplets and what is the mechanism (or mechanisms) to keep distinct droplets apart? Co-
transcriptional rRNA processing®” and ribosome assemblyl68 that take place in a highly
ordered fashion are likely to be responsible for anchoring these compartments to the sites of
rRNA transcription, as well as for connecting all three compartments together. Interestingly,
a recent study revealed that the RNA helicase DDX21 forms a ring around multiple Pol |
complexes, which is regulated by the snoRNA-containing INCRNA SLEAT to regulate rDNA
transcription19, It is thus possible that DDX21 rings may help keep the FC from fusing to
the DFC and GC. Another IncRNA, LoNA was recently found to bind via its 5" sequence to
the RBP nucleolin (NCL) to modulate rDNA transcription and through its 3 sequence with
FIB1 to regulate rRNA modification1’0. ZoNA may thus help to bridge the FC to both the
DFC and GC. Based on these recent discoveries, it is conceivable that although
compartment-specific proteins form separate liquid droplets, distinct sets of RNAs and RBPs
may help to keep them connected as well as to prevent them from coalescing, suggesting
that RNPs may play central roles in facilitating liquid-liquid phase separation to coordinate
ribosome biogenesis in the nucleus.
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Cajal body: layered RNP liquid droplets?

Cajal bodies are nuclear structures associated with the biogenesis and recycling of multiple
snRNAs required for pre-mRNA splicing?71:172_ Interestingly, several histone genes are also
linked to this nuclear subdomain173:174 Multiple observations suggest that Cajal body
formation and dynamic regulation follow almost identical principles to the nucleolus (FIG.
6¢). First, the engineered expression of the replication-dependent histone gene A2B or an
exogenous array of U2 snRNA expression units was found to be sufficient for de novo
formation of a Cajal body165175, A recent study using the circularized chromosome
conformation capture with deep sequencing (4C-seq) method also showed that multiple U-
type snRNA genes as well as Cajal body-associated histone genes are clustered around Cajal
bodies, which involves not only intra-chromosomal but also inter-chromosomal
interactions!’8. This initiation mechanism thus resembles a nucleolus assembly resulting
from rDNA expression from different chromosomes. Second, ShRNP maturation from Cajal
bodies requires the survival of motor neuron (SMN) complex and related Germin
proteinsl?7178 and, interestingly, these proteins show intimate association but not direct
overlap with Coilin, a scaffold protein for Cajal bodies!’9:180, The integrity of Cajal bodies
also depends on nuclear actin!82, and live-cell imaging suggests constant fission and fusion
during the cell cyclel82. These observations are highly reminiscent of distinct
subcompartments in the nucleolus, suggesting that individual Germin-decorated Cajal bodies
may correspond to separate liquid droplets that are connected by nascent snRNAs as well as
a highly intricate protein-protein interaction network during their co-transcriptional
processing and assembly183, Of note, the cytoplasmic P-bodies and stress granules appear to
mirror the behaviour of Cajal bodies in the nucleus via multivalent RNA-protein
interactions!84185 especially in light of the recent identification of multiple spatially
stacked granules that are important for transgenerational RNAI inheritance in C. elegans'®3,

Nuclear speckles and paraspeckles: storage sites or organizers of gene clusters?

Nuclear speckles are a major type of nuclear subdomain of mammalian cells that harbour the
majority of splicing factors®3 (FIG. 6d). Nuclear speckles colocalize with one of the most
abundant IncRNAs, MALAT1, although this IncRNA does not appear to be required for
nuclear speckle assembly or maintenancel8. Nuclear speckles are thought by many in the
splicing field to be storage sites for splicing factors, as indicated by the observed recruitment
of splicing factors from nuclear speckles to a nearby chromosomal locus expressing an
induced pre-mRNA187. However, by RNA capture, MALATI was found to associate with
active gene promoters’>, which has been confirmed more recently with SPRITES2, showing
extensive inter-chromosomal interactions around nuclear speckles. Thus, it appears that,
although the core of nuclear speckles is mainly composed of splicing complexes ready for
recycling, highly active genes are organized around individual nuclear speckles, as if
chromatin-tethered RNPs are drawn towards a nearby nuclear speckle through surface-
tension-driven coalescence, as recently demonstrated with a dCas9-based optogenetic
technology188. In response to inhibition of transcription, nuclear speckles become coalesced
and this process is readily reversible upon resuming transcription1®?, indicating that nascent
RNASs serve to connect chromatin to nuclear speckles.
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It is interesting that recent studies have unveiled a series of phase transition events from
transcription to co- and post-transcriptional RNA processing, which may underlie the spatial
relationship between chromatin and nuclear speckles. As recently proposed1?0, enhancers
(especially super-enhancers) involved in transcriptional activation may undergo sequential
phase transitions, which involves LCD-containing transcription co-activators, such as MED1
and BRD4 (REFs101.191) ‘as well as Pol 11 itself192:193 RNA-binding splicing factors and
regulators are a major class of LCD-containing proteins. For example, the splicing regulator
RBFox2 has been found to be part of the large assembly of splicing regulators whose
assembly depends on critical tyrosine residues in its LCD1%, and multiple hnRNP splicing
regulators also showed the propensity to form liquid droplets that are important for their
splicing regulation functions!®5. One may thus envision a cascade of liquid-liquid phase
transitions from the sites of transcription to the core of nuclear speckles.

Paraspeckles represent another interesting liquid-liquid phase transition paradigm. This
nuclear subdomain is always adjacent to a nuclear speckle (hence the name, FIG. 6d), but
unlike nuclear speckles the associated INCRNA NEATI has been shown to be required for
the assembly and maintenance of this nuclear subdomain in mammalian cells196.197,
Paraspeckles harbour >30 RBPs, many of which are known to undergo phase separation, as
exemplified by the analysis of paraspeckle-associated RBM14 and FUS (also known as
TLS)198.199 1t has been unclear why a paraspeckle is always next to a nuclear speckle, but a
recent study revealed that NEATI nucleates a large number of RBPs that collectively bind to
almost the entire ensemble of primary miRNAs (pri-miRNAs) as well as the microprocessor
for their processing?%0, Because ~80% of pri-miRNAs reside in introns of various pre-
mRNASs20L which are likely to be processed at or near nuclear speckles, this strongly
suggests a concerted interplay between primary (intron removal) and secondary (pri-miRNA
processing) RNA processing events that contributes to the spatial relationship between
paraspeckles and nuclear speckles, whereby separate liquid droplets are connected via
nascent pre-mRNAs.

Heterochromatin also forms liquid droplets.

Compared to nascent-RNA-nucleated nuclear bodies, recent studies reveal that HP1, a major
component of heterochromatin, is able to form liquid droplets in vitro and to nucleate focus
formation in vivo202:203 This functional property of HP1 is likely to account for the
interaction among different telomeres, which are major genomic regions largely composed
of constitutive heterochromatin, as if each telomere end may form a liquid droplet and
certain groups of telomere droplets may fuse to connect different chromosomes in the
nucleus?%4, As discussed above, heterochromatin is also nucleated by chromatin-associated,
repeat-derived RNAs, thus hinting at the involvement of RNPs in organizing and regulating
dynamic fusion and fission of HP1-containing liquid droplets, especially when trans-acting
repeat-derived RNAs are joining the process for maintenance and inheritance of
heterochromatin. Therefore, the regulatory principle appears similar to that for other nuclear
bodies that involve both nascent chromatin-associated RNAs as well as additional frans-
acting RNAs (that is, snRNAs and histone mRNAs in Cajal bodies as well as partially
processed pre-mRNAs in nuclear speckles and paraspeckles). The principle of RNA-
nucleated formation of these major nuclear bodies may also apply to the formation of other
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types of cellular bodies, such as PML and Sam68 bodies in the nucleus295:29 and Yb body
for primary piRNA biogenesis in the cytoplasm?207:208,

RNAs in functional genome organization

Despite intensive studies of genome organization in the past decade, a fundamental issue
remains regarding genomic interactions and genome organization as a cause or a
consequence of gene expression. This problem is also pertinent to RNAs, which may have
regulatory functions in transcription rather than being simply products of transcription.
Analysis of chromatin-associated RNAs suggests that these RNAs, whether produced in cis
or joined in frans, may provide the proposed multiple valencies for gene activation by
transcription enhancers, especially super-enhancers19. Because nascent RNAs associated
with super-enhancers are the major class of chromatin-associated RNAs revealed by GRID-
seq®9, such nascent-RNA-nucleated transcription hubs are likely to contribute to the
establishment of chromosome territories20%:210, Because active genes tend to locate at the
periphery of individual chromosome territories and nuclear bodies (particularly nuclear
speckles) are known to fill the spaces between chromosome territories?11, coordinated
transcriptional and co-transcriptional RNA processing events may thus provide driving
forces for both intra- and inter-chromosomal interactions in the nucleus.

Many RBPs are now known to have intrinsically disordered domains for driving liquid
droplet formation and mediating liquid-liquid phase separation. Interestingly, recent studies
show that even certain RNAS, such as PolyQ-encoding triplet repeats, contain specific
secondary structures that help facilitate phase separation?12:213_ |mportantly, RNAs not only
facilitate liquid-liquid phase transition but also prevent the collapse of liquid droplets, and in
certain cases they also inhibit the formation of pathological aggregation of specific
RBPs214-217 as highlighted by their functional implications in the development of
neurodegenerative diseases?18. Therefore, nuclear RNAs and their interactions with specific
RBPs may be viewed as linkers for different parts of the genome.

To keep different RNP droplets separate, it appears that at least two large forces are
operating. One is through the attachment of heterochromatic regions to the nuclear
envelope?!® and the other may be related to the poorly defined and highly debated nuclear
matrix220, One of the main components of the operationally defined nuclear matrix is SAF-
A, and several studies highlight its role in establishing nuclear architecture for regulated
gene expression. Depletion of SAF-A prevents Xist-containing complexes from targeting the
X chromosome to be inactivated®3:64, which is accompanied by the induction of additional
Cajal bodies?2! and impaired long-distance DNA-DNA interactions222. A more recent study
further revealed that the ATPase activity of SAF-A regulates its interaction with chromatin-
associated RNAs and that oligomerization of this nuclear matrix protein drives chromatin
decompaction?23, Therefore, the nuclear matrix may provide a general meshwork for
docking of different nuclear compartments as well as active exchanges of components from
those compartments.
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Conclusions and perspectives

The organization of a functional genome in the nucleus has been largely investigated from
the perspective of DNA-DNA interactions. In this Review, we focus on the contribution of
chromatin-associated RNAs to genome organization and the formation of various nuclear
sub-domains. Given prevalent transcription from mammalian genomes, many different
classes of ncRNASs are now appreciated for their regulatory functions, not just as products of
gene expression. The apparent formation of transcription hubs decorated by protein-coding
RNA suggests that pre-mRNAs may also function as InNcRNAs for regulated gene expression
before and/or during their processing into mature mRNAs26:131 Future research will be
devoted to understanding the potential function of chromatin-associated RNAs, including
both nascent pre-mRNAs and different classes of ncRNAs that are likely to interact with
chromatin as RNPs. Different RNAs may function either as organizers of specific
transcription hubs for gene activation or repression, or as mediators for defined phase-
separation processes in the nucleus. Most published studies have concentrated on RNAs
transcribed from well-annotated genomic regions, but less effort has been geared towards the
chromatin interaction profiles of repeat-derived RNAs, which are difficult to differentiate
between their cis- and trans-modes of action. Much progress is anticipated in this fast-
moving field, which will provide critical insights not only into gene function and regulation
in development and differentiation but also into vital disease processes.
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Protein-coding mMRNAs
RNAs that have protein-coding capacity after processing.

Non-coding RNAs (ncRNAS).
RNAs that do not have protein-coding capability, although some RNAs classified as ncRNAs
actually encode small peptides.

Ribonucleoprotein particles (RNPS).
Particles consisting of RNAs and RNA-binding proteins.

3D genome
Genomic DNA organized in different functional states, forming higher-order structures in
the 3D space of the nucleus.

RNA clouds

Traditionally referring to large-scale regions of accumulated RNA in microscopy images
(particularly mammalian Xist RNA coating the entire inactive X chromosome), here we use
a broader definition encompassing chromatin-associated RNA foci at various genomic
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scales, including RNAs associating with clusters of DNA elements or segments of
chromosomes.

Promoters
DNA segments that nucleate the formation of the transcription initiation complex to drive
transcription.

Enhancers
DNA segments that enhance transcription. Many active enhancers are now known to also
generate RNA known as enhancer RNA.

Liquid-liquid phase separation
Formation of membrane-less assemblies or condensates of proteins or protein complexes
that undergo active fusion and fission.

R-loop
An RNA:DNA hybrid with the non-template strand remaining as single-stranded DNA.

Heterochromatin
Compacted chromosomal regions that largely lack transcription activity.

Triplex
A three-strand RNA:DNA structure that involves non-canonical base-pairing between RNA
and double-stranded DNA.

Shadow enhancer
A DNA element that is used as an alternative enhancer when another enhancer is inactivated.

Transcription hubs

Active gene clusters that may be far apart in terms of linear chromosomal distance but are
folded into 3D spatial proximity. Genes in transcription hubs may functionally modulate one
another, and their close spatial proximity allows local recycling of the transcription
machinery.

Super-enhancers
DNA segments ranging in size from 10 to 40 kb that contain clusters of multiple active
enhancer elements.

Typical enhancers
DNA segments, usually <0.5 kb in length, that can enhance transcription of nearby
promoters.

Transcription factories
Nuclear regions that have relatively high concentrations of the transcription machinery.

L ow-complexity domains (L CDs).
Protein domains containing dipeptide repeats enriched with glycine, tyrosine, sering,
glutamine, phenylalanine, arginine and so forth.
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Different classes of chromatin-associated RNAS

The RNA-chromatin interactome of mammalian cells generated by global RNA
interaction with DNA sequencing (GRID-seq) and that of Drosgphila melanogaster
produced by both GRID-seq and chromatin-associated RNA sequencing (ChAR-seq)
provide a general landscape of chromatin-associated RNAs that belong to several
important classes.

PremRNAS

Nascent protein-coding RNAs interact with chromatin predominately at their sites of
transcription, and the interaction levels are proportional to their levels of transcription®0,
These findings are in line with the widespread association of both coding and non-coding
transcripts with multiple chromatin remodellers?24,

snRNASs

Among small nuclear RNAs (snRNAs) functioning in pre-mRNA splicing, u2 snRNA
and its variants are most prevalent on chromatin (similarly, ué snRNA is also quite
abundant (X.I. and X.-D.F., unpublished observations)). Both u2 and u6 snRNAs
constitute the catalytic core of the spliceosome22®, indicating that splicing takes place in
the proximity of chromatin, consistent with real-time analysis of intron turnover22,

snoRNAs

A few small nucleolar RNAs (snoRNAs) have been well characterized for their functions
in guiding ribosomal RNA (rRNA) modifications?2’, but the function of most other
expressed snoRNAs from multicellular organisms remains unknown. The detection of
various SnoRNAs on chromatin raises an intriguing possibility that some of these
snoRNAs may participate in epigenetic control of gene expression by modifying other
chromatin-associated RNAs, which represents a new direction in which to explore
potential regulatory roles of snoRNAs in the genome. A cluster of snoRNAs has been
linked to diseases in humans, such as Prader-Willi syndrome228, A specific sSnoRNA has
been suggested to modulate alternative splicing via base-pairing interactions with an
intronic element?2, snoRNAs have also been detected at both ends of certain long non-
coding RNAs (IncRNAs) that appear to function in sequestering splicing regulators as a
way to regulate alternative splicing23%. How these mechanisms might be related to
specific diseases remains unclear.

InNcRNASs

Multiple abundant InNcRNAs have been detected on chromatin by one-to-many
approaches, revealing potential roles of MALATI and NEATI in organizing gene clusters
for transcription’®, Xistin spreading gene silencing on the inactive X chromosome’! and
distinct mechanisms for 7SK RNA to modulate promoter and enhancer activities231.,
These INcRNAs have also been consistently detected by all-to-all strategies’3-81,

Repeat-derived RNAs
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These RNAs are traditionally analysed by fluorescence in situ hybridization (FISH), but
they are also readily detectable with all-to-all methods’%-81, However, it has been
challenging to precisely assign these repeat RNAs to specific genomic loci. Functional
studies suggest that these repeat-derived RNAs play central roles in heterochromatin
formation and/or maintenance8232,
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Fig. 1|. Different modes of RNA-chromatin interactions.

a | Nascent RNAs can form R-loops, which predominately occur at promoters and enhancers

(top). Given divergent transcription from many promoters and most enhancers, R-loops may
consist of divergent transcripts (bottom) that could jointly contribute to the formation and
dynamics of the resulting R-loops®-10, b | Nascent RNA is targeted by amplified small
RNASs on its site of transcription, a process frequently associated with heterochromatin
formation®-20, ¢ | Nascent pre-mRNA remains on chromatin for co-transcriptional
processing (top) and RNA modification (bottom), which may play important roles in
feedback control of transcription21:22:25.26.28 ( | Trans-acting RNA may form a triplex
structure on double-stranded DNA using the Hoogsteen base-pairing rule, a strategy
exploited by various long non-coding RNAs2%-31, e | RNA serves as a scaffold to nucleate
the formation of specific protein complexes on chromatin to control gene expression by
promoting enhancer-promoter interactions, facilitating chromatin remodelling or directly
contributing to specific chromatin modification activities*6-50.55.87.91 CTCF, CCCTC-
binding factor; dsRNA, double-stranded RNA; eRNA, enhancer RNA; Pol Il, RNA
polymerase 11; RBP, RNA-binding protein; RITS, RNA-induced transcriptional silencing
complex; siRNA, small interfering RNA.
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Fig. 2|. Strategiesfor global analysis of RNA-chromatin interactions.
a | One-to-many approach based on RNA capture followed by deep sequencing of associated

DNA fragments®®-71, b | All-to-all strategy through in situ linker ligation to RNA and DNA
on fixed nuclei’®-81, ¢ | A split-pool strategy to barcode isolated nuclear particles, thus
enabling the profiling of RNA-RNA, RNA-DNA and DNA-DNA interactions®2. d | Locus-
specific capture either through a hybridized probe or using a nuclease-dead Cas9 (dCas9)-
based method, which can be used for de novo identification of RNAs and proteins on
specific genomic loci®4. gRNA, guide RNA; RT, reverse transcription.
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a Deduced transcription hubs on human chromosome 11 b Nascent ‘RNA cloud’ on a transcription hub
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Promoter of chromatin- i Nascent RNA ‘cloud’ 00004 Inactive promoters and
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Fig. 3|. Nascent-RNA-decorated transcription hubs and a model for RNA-nested hub for mation.
a | Deduced transcription hubs on a human chromosome (chromosome 11) in MDA-MB-231

breast cancer cells based on the RNA-chromatin interactome detected by global RNA
interaction with DNA sequencing (GRID-seq). b | ‘RNA cloud’ on a transcription hub,
suggesting a potential role of nascent RNA in networking regulatory DNA elements in the
hub99:190, Also illustrated is the potential local recycling of RNA polymerase 11 and other
transcription factors within the hub19, RNP, ribonucleoprotein particle.

Nat Rev Genet. Author manuscript; available in PMC 2020 November 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

a R-loop-dependent regulation

Promoter R-loop /\

Page 34

Recruitment of Tip60, p400

| an and other activators
\

Supercoiling Resolved
& supercoiling
OVOVOTLOTHITIVOV 2 ‘ (S;‘c% Mp;%g r{f 1“% 00IVOCOLO0OTOT
> o Gene body
Gene body
Pol ll
o*iau,se Pol Il pause release
b Nascent RNA sequence-specific regulation
TAR or ESE
Nascent mRNA
Promoter Gene body Promoter

OVOVOLOLITOTIVOTOY RS 00 00OTOVLITITOLOTOTOTOLOLOTHLITHU

Polll pause
7SKRNA  pTEFb -~
¢ PRC2 feedback control
. Nascent mRNA
PRC2 depleted Nascent mRNA PRC2 recruitment - B PRC2
from promoter PRC2 to promoter X
aW%&&&O‘&E‘\&O’,&WW% ? 09000000 NP X XX I ETR N S5
o H3K4me3 Active promoter ' Bivalent promoter
© H3K27me3 Pol Il elongation Pol Il elongation
— —_—

Fig. 4 |. Roles of chromatin-associated nascent RNA in transcriptional activation or repression.
a | Formation of an R-loop in the promoter proximal region leads to transcriptional

repression through pausing of RNA polymerase 11 (Pol 1) (left)®. R-Loop-dependent
recruitment of transcriptional co-activators may contribute to transcriptional pause release
(right)®’. b | Specific sequences from nascent RNA induce translocation of HIV Tat or
cellular SRSF2 from the 7SK complex to the nascent RNA (left), thereby relocating the Pol
Il C-terminal domain (CTD) kinase pTEFb from the inhibitory 7SK complex to the paused
Pol 1l complex to drive transcription pause release (right)}19-112, ¢ | Two competing models
for nascent-RNA-dependent recruitment of Polycomb repressive complex 2 (PRC2) to
provide a feedback control mechanism for gene expression. One model proposes that
nascent RNA competes with nearby chromatin for PRC2 binding (left)49:120.124-126
whereas the other suggests that PRC2 may use nascent RNA as a stepping stone to catalyse
trimethylation of K27 on histone H3 (H3K27me3) (right)74130.131 These two models
appear to respectively apply to highly active promoters predominately associated with
trimethylation of K4 on histone H3 (H3K4me3) and bivalent promoters marked with both
H3K4me3 and H3K27me3. ESE, exonic splicing enhancer; SR, splicing factor characterized
by repeats of serine (S) and arginine (R) amino acids; TAR, transactivation-responsive
region.
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Fig. 5|. RNA-dependent and RNA-independent feedback loops for establishing and locally
spreading heterochromatin.

a| In fission yeast, RNA-dependent RNA polymerase (RdRP)-dependent amplification of
local repeat-derived RNA occurs and then Dicer-processed small interfering RNAS (SiRNAS)
target nascent RNA to induce a network of interactions, resulting in the recruitment of
SUV39 to deposit H3K9me on chromatin. This inhibitory histone mark next recruits
heterochromatin protein 1 (HP1) and, together with SUV39, facilitates H3K9me spreading
into adjacent genomic regions!>-18.139.140 1y | In Drosophila melanogaster, the primary
transposon transcript is processed into Piwi-interacting RNAs (piRNAS), which then target
nascent RNA to recruit SUV39 and HP1 to establish and spread methylation of K9 on
histone H3 (H3K9me)19:20.145-147 Ago3, Argonaute 3; Aub, Aubergine; dsRNA, double-
stranded RNA,; Pol I, RNA polymerase II; RISC, RNA-induced silencing complex; RITS,
RNA-induced transcriptional silencing complex.
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Fig. 6 |. RNAsin liquid-liquid phase separation and nuclear body formation.
a | Multivalent interactions in low-complexity domain (LCD)-containing proteins promote

the formation of liquid droplets. Their interactions with RNAs may then partition liquid
droplets into spatially distinct domains®7:160, b | Scheme of dynamic liquid droplets in three
different phases in the nucleolus for ribosomal DNA (rDNA) transcription (in the fibrillar
centre (FC) domain), ribosomal RNA (rRNA) processing (in the dense fibrillar compartment
(DFC) domain) and ribosome assembly (in the granule compartment (GC)
domain)162.166-170 ¢ | Both locally produced and trans-supplied small nuclear RNAs
(snRNAs) and histone mRNAs drive the formation of liquid droplets in Cajal bodies!’1-174,
d | Formation of nuclear speckles induced by co-transcriptional and post-transcriptional pre-
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mMRNA processing. Paraspeckles are known to form adjacently to nuclear speckles, and a
large long non-coding RNA NVEAT1 is essential for the formation and maintenance of this
nuclear subdomain. The connection between nuclear speckles and paraspeckles might result
from a phase separation induced by primary microRNA (pri-miRNA) processing from
various introns63.196.197.201 FIB1 fibrillarin; NPM1, nucleoplasmin; NCL, nucleolin; Pol I,
RNA polymerase I; Pol I, RNA polymerase I1; Pol 111, RNA polymerase I11; RBP, RNA-
binding protein.

Nat Rev Genet. Author manuscript; available in PMC 2020 November 24.



	Abstract
	Distinct mechanisms to retain RNA on chromatin
	Cis-acting RNAs.
	Trans-acting RNAs.
	Combinatorial cis- and trans-interaction modes for RNAs.

	Strategies to detect RNA on chromatin
	One-to-many strategies.
	All-to-all strategies.

	Nascent RNAs in gene regulation
	The concept of transcription hubs in the 3D genome.
	Nascent RNA for dynamic control of gene expression.

	Repeat-derived RNAs for gene silencing
	RNAs in nuclear body formation
	The nucleolus: a paradigm for conceptualizing the formation of nuclear bodies.
	Cajal body: layered RNP liquid droplets?
	Nuclear speckles and paraspeckles: storage sites or organizers of gene clusters?
	Heterochromatin also forms liquid droplets.

	RNAs in functional genome organization
	Conclusions and perspectives
	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |
	Fig. 6 |

