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temporal gene expression programmes.

High-throughput sequencing technologies and chroma-
tin state maps have shown that eukaryotic cells produce
a plethora of non-coding transcripts'~. Of these, long
non-coding RNAs (IncRNAs) are defined arbitrarily
as transcripts of more than 200 nucleotides that do not
belong to any other well-defined group of non-coding
RNAs, such as ribosomal RNAs. Through various
mechanisms, IncRNAs have been implicated in a wide
array of cellular processes, including transcriptional
regulation, differentiation, cellular reprogramming and
many others (reviewed elsewhere’°). With varying levels
of evidence, IncRNAs have also been implicated in vari-
ous human diseases’~’. IncRNAs are transcribed by RNA
polymerase II (Pol IT), and their biogenesis is similar to
mRNAs in that they are capped and polyadenylated.
IncRNAs are also usually spliced, although their exon
number and splicing efficiency are on average lower
than those of mRNAs'""*. However, as IncRNAs are
predominantly defined by exclusion criteria, the set of
genes annotated as IncRNAs includes many distinct sub-
groups, exemplifying diverse structural and, presumably,
functional characteristics. Assigning IncRNAs to distinct
functional groups is essential to identify common prin-
ciples, and thus comprises a pivotal step when beginning
to elucidate their roles. This step remains very challeng-
ing, with limited progress being made in the past decade
of IncRNA research.

One type of IncRNA classification is based on the
location at which the IncRNA functions relative to its
transcription site. Trans-acting IncRNAs are transcribed,
processed and then vacate their sites of transcription to
exert their function elsewhere, akin to mRNAs. Their

Abstract | Long non-coding RNAs (IncRNAs) are diverse transcription products emanating from
thousands of loci in mammalian genomes. Cis-acting IncRNAs, which constitute a substantial
fraction of IncRNAs with an attributed function, regulate gene expression in a manner dependent
on the location of their own sites of transcription, at varying distances from their targets in the
linear genome. Through various mechanisms, cis-acting IncRNAs have been demonstrated to
activate, repress or otherwise modulate the expression of target genes. We discuss the activities
that have been ascribed to cis-acting IncRNAs, the evidence and hypotheses regarding their
modes of action, and the methodological advances that enable their identification and
characterization. The emerging principles highlight IncRNAs as transcriptional units highly adept
at contributing to gene regulatory networks and to the generation of fine-tuned spatial and

final destination, be it in the cytoplasm or nucleus, does
not depend on their transcription site. Accordingly, as
long as their levels are properly maintained, transcrib-
ing these IncRNAs from a different genomic location or
supplanting them into the system should not interfere
with their function (that is, their loss of function can be
rescued by their expression from exogenous locations).
A few examples of such IncRNAs have now been exten-
sively characterized'*~'¢, and many additional IncRNAs
have been ascribed trans activities'’ .

By contrast, cis-acting IncRNAs are those whose
activity is based at and dependent on the loci from
which they are transcribed. Transcripts with the poten-
tial of acting in cis likely make up a substantial portion of
known IncRNAs: the majority of IncRNAs are enriched
in the chromatin fraction, and specifically are tethered
to chromatin — presumably at their sites of transcription
— through Pol IT*". If functional, this would indicate that
the effects of these IncRNAs are centred at these loci.
In addition, the fairly low levels at which IncRNAs are
generally expressed, oftentimes just a few molecules per
cell'*?*%, naturally favour a cis mechanism of action, as
diffusion or transport to other cellular compartments
would render these transcripts too diluted to mediate a
plausible function. Functions in cis regulation are also
consistent with the evolutionary trajectories of IncRNAs
(BOX 1), which often lack substantial sequence conser-
vation, yet are sometimes found in conserved locations
relative to other genes across distant species™.

Advancements in our understanding of chroma-
tin organization and transcription regulation, and the
development of perturbation techniques relevant to

102 | FEBRUARY 2020 | VOLUME 21

www.nature.com/nrg


http://orcid.org/0000-0003-0555-6561
mailto:igor.ulitsky@weizmann.ac.il
mailto:igor.ulitsky@weizmann.ac.il
https://doi.org/10.1038/s41576-019-0184-5
https://doi.org/10.1038/s41576-019-0184-5

Box 1| Evolution of cis-acting long non-coding RNAs
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Turnover of long non-coding RNA (IncRNA) loci is a major component of genome
evolution. As discussed extensively elsewhere?, emergence of new IncRNAs genes
generally requires a combination of a promoter and polyadenylation sequences as
well as potentially some splicing signals. Accumulation of the correct combination
of mutations — that is, mutations that enable transcription initiation, recruitment of
RNA processing factors and suppression of transcription termination — might lead to
IncRNA production in a previously transcriptionally silent locus. This IncRNA, or the
act of its transcription, might then acquire cis functions (see the figure, part a; yellow
structure denotes IncRNA transcript). As enhancers already contain elements for the
recruitment of RNA polymerase Il (Polll), it might be possible that few sequence
changes are sufficient to gain or lose IncRNA production at enhancers (see the figure,
part b; yellow wavy lines denote enhancer RNAs). Indeed, one study identified hundreds
of regulatory regions with repurposed activities among closely-related mammalian
species, that is, regions with promoter characteristics in one species and enhancer
characteristics in another'®. Interestingly, most of these regions likely served as
enhancers in the ancestral species, which then acquired species-specific promoter
abilities, demonstrating that enhancers can serve as fertile ground for the creation of
novel transcripts. It is tempting to speculate that enhancers which acquire promoter
capabilities do not necessarily or immediately lose their enhancer activity. Rather, other
features of the enhancer locus (for example, spatial proximity to a target gene) can
favour the creation of a transcript which participates in the same circuit as the enhancer.
Another important, albeit rare, source of new functional IncRNAs is disruption of
protein-coding gene (PCG) open reading frames (ORFs)'*"'? (see the figure, part c;
green wavy lines denote mRNAs). This process may affect preferentially PCGs that have
paralogues in the genome, so that the original PCG function is maintained'®’. One could
hypothesize that, compared with enhancer-derived IncRNAs, PCG-derived IncRNAs
are more likely to act in trans, as the sequences they inherit from their PCG ancestors
would facilitate higher (and perhaps more cytoplasmic) expression'®’. Nonetheless,
such IncRNAs may hold on to cis functionality, as some PCG loci seem to induce cis
effects similar to IncRNA loci. Over time, a cis-acting RNA can accumulate sequences
that will facilitate trans-acting activities and vice versa (see the figure, part d; coloured
circles denote trans factors). As most IncRNAs are found in both the cytoplasm and the
nucleus'®*'*, it is possible that some IncRNAs carry both functions, although such
examples remain scarce'”’.
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the study of IncRNAs (most notably CRISPR-related
technologies), have facilitated the in-depth character-
ization of several cis-acting IncRNAs that operate at
various genomic distances and through apparently
distinct mechanisms of action. From these studies, a
broader picture of the roles of cis-acting IncRNAs is
starting to emerge. In this Review, we begin with an
overview of the prevalence, genomic locations, orien-
tations and conservation of cis-acting IncRNAs, as well
as the functional clues provided by these attributes. We
describe the types of cis effects that IncRNAs can have
on their targets, supplementing with recent examples
of fairly comprehensively studied IncRNAs. Finally,
we elaborate on reported and possible mechanisms of
action employed by cis-acting IncRNAs, as well as the
tools currently being used or developed for investigating
their functions.

Discerning between trans- and cis-acting IncRNAs
Although the associations of a IncRNA with its site of
transcription, genomic neighbourhood, epigenetic envi-
ronment and mode of conservation (that is, sequence
versus synteny) can all point to a IncRNA acting in cis,
they do not provide direct proof. For example, some
IncRNAs co-expressed with their neighbouring gene
seem to have no cis-regulatory activity but rather coop-
erate with the product of this gene®. Some experimental
indication for cis activity can be achieved by express-
ing the IncRNA from a different genomic location or
supplanting it into the system, for example through
transfection of a vector. If such trans supplementation
does not rescue the phenotype, the IncRNA is suspected
of working in cis. It is noteworthy that some IncRNAs
that act near their transcription sites can be rescued by
trans expression, indicating they are not ‘true’ cis-acting
IncRNAs. For example, the FIRRE IncRNA, which
orchestrates spatial proximity between loci found on
different chromosomes, operates from its site of tran-
scription®, although expressing the IncRNA in trans can
rescue a FIRRE-null phenotype®. Similarly, the NEAT1
IncRNA serves as a scaffold for the assembly of para-
speckles, nuclear membrane-less organelles that form
near its transcription site”’. Paraspeckle-like foci can
also be formed when NEAT] is expressed exogenously*,
although their functionality has not yet been tested.
Nonetheless, the success of trans supplementation is
highly dependent on exact timing and expression levels,
and so failure in such a setting does not prove cis activity.
Additionally, even if trans supplementation does work,
it does not unequivocally prove that the IncRNA does
not work in cis, as it is theoretically possible that when
the IncRNA ‘floods’ the system, a sufficient amount
reaches the vicinity of its site of transcription. More
direct experimental proof can be gained using cells or
tissues generated from a mixed genetic background,
such as through crosses between mouse strains*.
This approach allows perturbation of only a single
IncRNA allele and then exploitation of single-nucleotide
polymorphisms to discern whether the effect is limited
to target genes located on the same allele as the per-
turbed IncRNA, which would confirm a cis mechanism
of action.
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Enhancers

DNA regulatory elements that
activate gene transcription.
Enhancers can operate from
nearby or within their targets, or
across large genomic distances.
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Fig. 1| Genomic locations and prevalence of cis-acting long non-coding RNAs. a | The fraction of transcription start
sites (TSSs) of RefSeq protein-coding gene (PCQ) transcripts or GENCODE v30 long non-coding RNA (IncRNA) transcripts
that overlap regions classified as ‘TSSs’ or, conversely, as ‘enhancers’ in a 15-state chromHMM model of 127 distinct
epigenomes'®>'%, Asterisks indicate P <2.2x107'%, calculated using the two-sided Wilcoxon test. b | The distribution of the
distances between the TSSs of human PCGs belonging to the indicated categories of gene ontology (GO) terms and the
closest IncRNA transcript. Shown are all GO term categories under ‘molecular function’ that contain at least 50 genes.
Highlighted in pink is the GO term category ‘transcription regulator activity'. ¢ | The median number of IncRNA transcripts
found within 1 Mb of the TSS of PCGs that belong to the indicated categories of GO terms (pink: the median number of
sequence-conserved INcRNAs within that same distance). Shown are all GO term categories under ‘molecular function’

that contain at least 50 genes. d | The conservation type for the IncRNA found closest to TSSs of PCGs belonging to the

‘transcription regulator activity’ GO category.

Genomic locations of cis-acting IncRNAs

If functional, IncRNAs that are enriched around their
own sites of transcription are expected to participate
in chromatin-related processes, such as the modula-
tion of chromatin structure, chromatin modifications
or transcription control. The contribution of IncRNAs
to these processes in cis is evidenced by the enrichment
of IncRNA genes in the vicinity of regulatory sequences of
the genome. Most notably, various studies have indicated
that 30-60% of IncRNAs are transcribed from regions
showing characteristics of enhancers®**~, with the vari-
ability arising from the different methodologies and

parameters used for annotating both IncRNAs and
enhancers. When considering the commonly used
annotations of enhancers by chromHMM?, IncRNA
transcription start sites (TSSs) tend to overlap regions
classified as ‘enhancers’ more than protein-coding gene
(PCG) TSSs do (FIC. 1a). This observation is in agreement
with findings showing that many IncRNA promoters
exhibit DNA motifs and protein-binding characteristics
associated with both promoters and enhancers®*.

An additional indication for the widespread cis-
regulatory function of IncRNAs is their enrichment in the
vicinity of genes belonging to specific categories. Various
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Transcription factors

(TFs). Proteins that bind to
specific DNA sequence motifs
found within regulatory DNA
elements — either promoters
or enhancers — to modulate
gene expression.

Chromatin remodellers
Proteins that regulate gene
expression by altering
chromatin structure. Two main
groups exist: those that
mediate post-translational
modifications of histones; and
ATP-dependent chromatin
remodellers, which regulate the
association with and location
of nucleosomes along the
DNA.

Super-enhancer

A particularly active and cell
type-specific enhancer.
Demarcated by high levels of
chromatin modifications such
as histone 3 lysine 27
acetylation (H3K27ac) and
long sequence stretches bound
by transcription factors and
coactivators such as Mediator.

Topologically associating
domain

(TAD). A genomic region with
an average size of ~ 1 Mb
characterized by high-density
chromatin interactions.
Sequences within TADs tend to
form interactions with one
another but less so with
sequences in other TADs.

Enhancer RNAs

(eRNAs). A species of
bidirectional, unstable non-
coding RNAs produced at
enhancers. Considered a
hallmark of active enhancers
and sometimes used for
enhancer annotation.

analyses have shown that the protein products of genes
that flank IncRNA genes are involved in transcription-
related processes"***~*!. A similar analysis of more
recent IncRNA annotations shows that genes involved
in processes related to transcription regulation, such as
transcription factors (TFs) or chromatin remodellers, tend
to have a closer IncRNA neighbour than do other genes
(FIG. 1b). Genes involved in transcription regulation also
tend to be surrounded by more IncRNA genes, suggesting
that multiple IncRNAs might cooperate in their regula-
tion; this trend is more pronounced when considering
the number of conserved IncRNAs"' (FIC. 1¢). Importantly,
although somewhat weaker, this trend is maintained
when normalizing to the number of PCGs within the
same genomic distance, or to the number of annotated
enhancer elements (not shown), indicating that this
enrichment does not reflect merely an increase in regu-
latory intergenic space. The nearest IncRNA neighbours
of transcription-related genes often have conserved
positions rather than sequences (FIG. 1d), pointing to the
potential importance of IncRNA presence — sometimes
independent of the specific sequence — at their vicinity.
The enrichment of IncRNA transcriptional units in close
proximity to genes involved in transcriptional regulation
could be attributed to a requirement for precise and robust
expression levels at such loci, as evidenced by the relative
instability of mRNA products of such genes*, which ena-
bles quick response to stimuli and establishment of dis-
tinct cell states. Alternatively, these IncRNA genes could
provide transcriptional units that are adept at respond-
ing to the levels of the protein products of adjacent
PCGs, thereby allowing the establishment of feedback
or autoregulatory loops (discussed below).

Distances of cis-acting IncRNAs. Cis-acting IncRNAs
can be positioned at various distances and orientations
relative to their target genes, in a manner reminiscent
of enhancers. A genomic position next to an expressed
IncRNA gene is associated with increased expression of
a PCG relative to other PCGs***, suggesting that the
cis effects of IncRNA production are oftentimes con-
tained within fairly short genomic distances. However,
cis-acting IncRNAs are certainly capable of acting over
longer genomic distances. The repressive effects of Xist,
for example, span the entire X chromosome (with the
exception of specific regions that escape repression)
and are not limited to the vicinity of its transcription
site; this is achieved through a proximity-guided mecha-
nism, whereby the 3D architecture of the chromo-
some allows Xist to spread to increasingly distal regions
and extend its effects®. Even cis-acting IncRNAs that
have a more contained effect on select genes can func-
tion over large genomic distances'®"’: for example,
Peril, which is transcribed from a Sox2-related super-
enhancer in mouse embryonic stem cells, positively
regulates the expression of two genes found in a sepa-
rate topologically associating domain (TAD) ~1.5 Mb
away from its transcription site*’. Additionally, multiple
IncRNA genes have been shown to overlap TAD bound-
aries and loop anchors**, endowing these IncRNAs with
the potential of regulating long-range chromatin interac-
tions, thus affecting gene regulation over long distances.
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Orientations of cis-acting IncRNAs. The orientation of
cis-acting IncRNAs relative to their genetic targets is
also variable, as has been reviewed elswhere*"**. Possible
architectures of IncRNA-target units include IncRNAs
that act from a distance®>**; antisense IncRNAs, which
overlap their target genes in the antisense orienta-
tion*~"’; sense IncRNAs, which are typically contained
within introns of the target genes*; divergent IncRNAs,
which are transcribed divergently from the target in the
antisense orientation, oftentimes using a shared pro-
moter’>>*; and IncRNAs arranged in tandem units (that
is, transcribed in the same orientation, either upstream
or downstream) with their targets*>*'. Generally, it seems
that when a IncRNA regulates a cis target from a dis-
tance, there is no preference for a particular orientation,
whereas when IncRNA genes are very close to or even
overlap their targets, the relative orientation of the two
genes can be consequential.

Functions of cis-acting IncRNAs

Activating cis-acting IncRNAs. The arguably largest
group of cis-acting IncRNAs are those that function
to augment the expression of target genes, akin to the
function of enhancers. Indeed, most studied examples
of activating cis-acting IncRNAs describe IncRNAs tran-
scribed from regions demarcated as enhancers. Several
characteristics of IncRNAs render them appealing candi-
dates for activating gene expression through parti-
cipating in, or mediating, the activity of the enhancers
from which they are transcribed. First, as described
above, IncRNA genes are enriched at enhancer elements.
Second, IncRNA expression is highly tissue-specific and
cell type-specific'**»**?, as has been shown for many
enhancer elements®®,

In this context, it is important to distinguish
between IncRNAs transcribed from enhancers (some-
times referred to as enhancer IncRNAs or e-IncRNAs)
and another species of non-coding RNAs produced at
enhancers, termed enhancer RNAs (eRNAs) (see recent
reviews® "), Although the two terms are often con-
flated, and although some enhancers produce both
IncRNAs and eRNAs, the main distinctions between
eRNAs and e-IncRNAs are size and stability: eRNAs
are shorter RNA species (~1 kb on average), which are
generally unspliced and non-polyadenylated, and
therefore constitute very unstable transcripts, typically
invisible in RNA-sequencing (RNA-seq) data sets that
are not enriched for nascent transcripts. It is note-
worthy that eRNAs are also generally transcribed in
a bidirectional manner, although some unidirectional
eRNAs have been described®, which may actually be
e-IncRNAs.

Activating cis-acting IncRNAs that modulate enhancer
availability. Initial studies of enhancer-transcribed
IncRNAs suggested that these transcripts modulate
enhancer activity by contributing to the formation or
maintenance of chromatin loops between the underlying
enhancers and the genes they regulate***>>**. This pro-
cess occurs mostly through the recruitment of proteins
involved in establishing such loops (FIC. 2a). For exam-
ple, depletion of a set of activating IncRNAs, termed
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Fig. 2 | Mechanisms of action of activating cis-acting long non-coding RNAs.
Cis-acting long non-coding RNAs (IncRNAs) can activate target protein-coding genes
(PCGs) through various mechanisms. a | IncRNA transcripts (yellow) can act by recruiting
proteins that modulate chromatin loops, thus bringing IncRNA-proximal enhancers into
spatial proximity of the target genes (for example, CCAT1-L). The proteins may be recruited
by direct interaction with the IncRNA or, alternatively, the act of its transcription would
affect DNA accessibility. Green wavy lines denote mRNAs. b | IncRNA transcripts can

also affect the nuclear positioning of their underlying enhancer, thus potentiating the
enhancer to activate target genes (for example, ThymoD). c | Alternatively, IncRNAs can
potentiate target gene-proximal enhancers (for example, Hand20s1), possibly through
direct recruitment of proteins that enhance gene expression. Small purple circles denote
histone modifications. d | Similar to part c, except pre-formed chromatin loops bring

the IncRNA into the proximity of target genes, where it can recruit activating proteins
(for example, UMLILO).

ncRNA-a, caused a reduction in expression of nearby
PCGs; further study showed that these transcripts act
by mediating contacts between their own genomic loci
and the promoters of proximal PCGs through recruit-
ment of the Mediator complex®. Similarly, the IncRNA
CCAT1-L, which is highly expressed in colorectal can-
cer cells from a super-enhancer region located ~500 kb
upstream of MYC, is localized to its site of transcription
and directly interacts with CTCF; possibly through this
interaction, chromatin loops are formed between the
CCATI-L and MYC loci, leading to increased MYC
transcription and enhanced tumorigenicity™.

IncRNAs can also contribute to the formation of
contacts between their underlying enhancers and tar-
get genes through additional, less direct mechanisms,

CTCF

A transcription factor that acts
primarily in chromatin 3D
architecture regulation,
through anchoring long-range
chromatin loops and
demarcating topologically
associating domain
boundaries.

as in the case of ThymoD, a IncRNA expressed from
an enhancer region ~700 kb from the Bcl11b gene in
mouse developing T cell progenitors™. Interference with
ThymoD transcription by insertion of a polyadenylation
(polyA) sequence increased the methylation of CTCF
motifs and reduced occupancy of Pol II and cohesin
throughout the region. Combined, these effects inter-
fered with the chromatin contacts between the Bcl11b
enhancer and promoter, maintaining the Bcl11b enhancer
at the nuclear periphery and hindering Bcl11b expression
(FIG. 2D).

Perhaps relatedly, it was recently demonstrated
that binding of the nuclear matrix factor hnRNPU to
chromatin-associated RNAs — specifically to C,T-1
RNA, which is enriched for repetitive sequences — is
required for hnRNPU-mediated chromatin decompac-
tion”. Although the authors did not note any substantial
transcriptional changes following chromatin compaction
mediated by hnRNPU depletion, the fact that hnRNPU
has also been shown to bind various types of RNA spe-
cies, including multiple IncRNAs™, coupled with the rel-
ative enrichment of IncRNAs in the chromatin fraction,
suggests that the transcription of some cis-acting IncRNA
genes might function to recruit hnRNPU or similar
proteins that promote local chromatin decompaction.

Activating cis-acting IncRNAs that function at target gene
promoters. Cis-acting IncRNAs have also been demon-
strated to contribute to enhancer activity through vari-
ous mechanisms that do not seem to involve modulating
spatial interactions. Such activity would nonetheless
likely require proximity to the target promoter, entail-
ing either that the IncRNA is transcribed proximally to
its target gene or that IncRNA-independent chromatin
interactions would bring it to the spatial vicinity of its
target. One such cis-functioning, enhancer-overlapping
IncRNA is Hand2osl1 (also known as Upperhand or
Hand2as), which is transcribed in mouse cardiac tis-
sues divergently to the gene encoding the Hand2 TF>.
Two crucial enhancers that control Hand2 expression
in various cardiac tissues are located within the second
intron of Hand2os1. Perturbation of Hand2o0s1 transcrip-
tion through insertion of a polyA sequence upstream of
these enhancers reduced the levels of histone 3 lysine
27 acetylation (H3K27ac) and histone 3 lysine 4 mono-
methylation (H3K4mel) at enhancer-proximal regions.
This led to reduced Hand2 levels and a phenotype
resembling that of the embryonic-lethal Hand2 knock-
out™. The authors proposed that transcription through
the Hand2o0s1 locus is required for proper activation
of the enhancers contained within that locus, which
in turn control transcription (and particularly elon-
gation) rates of Hand2 (FIC. 2c). Transcription through
other enhancer-overlapping IncRNA genes has been
suggested to similarly affect the expression of their tar-
gets””. Importantly, however, it was recently reported that
deletion of the Hand2os1 promoter, although leading to
an almost complete ablation of Hand2os1 transcrip-
tion, did not reduce Hand2 levels in cardiac tissues”.
Conversely, deletion of the entire Hand2os1 locus led to
a subtle increase in Hand?2 levels, as well as an increase
in the levels of several additional genes located in its
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Polycomb repressive
complex 2

(PRC2). A histone
methyltransferase protein
complex that induces
trimethylation of histone 3
lysine 27 (H3K27), a histone
modification associated with
long-term epigenetic silencing.

vicinity, and to various cardiac-related morphological
and functional abnormalities. The interplay between
Hand2o0s1, the DNA elements that regulate Hand2 and
the expression of Hand2 is thus more complex than
previously appreciated.

Although the above examples describe IncRNAs
that activate gene expression by making their under-
lying enhancers more available to augment distal gene
expression, other IncRNAs activate gene expression in
cis irrespective of an identifiable active enhancer. For
example, the human IncRNA UMLILO is required for
the induction of several chemokine genes located within
its TAD™. At steady state, the UMLILO locus is found
in close, UMLILO RNA-independent spatial proxim-
ity to these neighbouring chemokine genes, which are
not being transcribed. Upon tumour necrosis factor
stimulation, the UMLILO RNA binds to and recruits
the WDR5-MLL complex, leading to the deposition
of histone 3 lysine 4 trimethylation (H3K4me3) at the
chemokine promoters, thus inducing their expression.
UMLILO knockdown by either small interfering RNAs
or antisense oligonucleotides (ASOs) substantially hin-
ders this activation, indicating that the mature RNA
mediates this activity. In this way, the pre-formed, Pol II-
anchored chromatin loop between UMLILO and its tar-
get genes enables speedy induction of these genes upon
stimulation, and similar IncRNAs likely act to induce the
expression of chemokines located in other TADs. Thus,
although UMLILO is transcribed from a region denoted
as a super-enhancer, the enhancer is seemingly required
for UMLILO functionality by delivering the IncRNA to
close spatial proximity of its target locus, rather than the
other way around.

Through similar suggested mechanisms, other acti-
vating IncRNAs have been proposed to function in cis
independently of the underlying DNA enhancer or
without overlapping a known active DNA enhancer’ .
The emerging general principle is that an apparently pre-
formed chromatin loop places the IncRNA product in
the proximity of the target genes where, likely through
protein recruitment, it exerts its activating effect (FIC. 2d).
However, as the resolution of available methods for meas-
uring spatial proximity as well as their ability to report on
the frequency of contacts are both limited, it is presently
difficult to rule out a IncRNA contribution to quantitative
changes in spatial chromatin organization around the
target gene. Naturally, in those cases where the IncRNA
is transcribed from a region with enhancer characteri-
stics, the close spatial proximity that enables IncRNA
functionality does not preclude additional activating
roles of the enhancer. Instead, the IncRNA can be thought
of as another factor — alongside TFs, the Pol II machin-
ery and RNA processing proteins — found at enhancers
and relayed to target genes through chromatin loops.

Global consequences of IncRNA production on enhancer
activity. Alongside individual examples, recent studies
are beginning to converge on global principles of the
consequences of IncRNA transcription from enhanc-
ers. We recently reported that in enhancers which pro-
duce IncRNAs, the characteristics of enhancer activity
— such as histone acetylation and activity in enhancer

REVIEWS

assays — are stronger than in enhancers that do not*.
The differential DNA sequence composition of enhanc-
ers that produce IncRNAs, and particularly the presence
of conserved motifs that dictate IncRNA splicing, points
to a causal role of IncRNA processing in enhancer activ-
ity and suggests that the ability to transcribe and pro-
cess IncRNAs is maintained in evolution so as to allow
increased enhancer activity (BOX 1). Relatedly, another
study showed that splicing of enhancer-transcribed
IncRNAs correlates with enhancer activity, and single-
nucleotide polymorphisms that decrease the splicing
efficiency of IncRNAs are associated with decreased
expression of not only the IncRNAs but also the enhancers’
putative target genes”’. Interestingly, although regions
with sequence conservation are generally scarce in Inc-
RNAs, those that are identified are oftentimes regions con-
taining splicing motifs’*”. This observation suggests that
IncRNA maturation contributes to the activity of many
cis-acting IncRNAs. Intriguingly, a recent study found
that reporter loci found in physical proximity to nuclear
speckles — nuclear suborganelles enriched in splicing
factors®™ — are associated with a strong transcriptional
boost upon activation®, plausibly implicating IncRNA
splicing with repositioning to nuclear speckles and
increased transcription of neighbouring loci. Similarly,
transcription was found to be correlated with proximity
to the nuclear speckles and with co-transcriptional splic-
ing efficiency®. Combined, these findings indicate that
IncRNA splicing at enhancers drives enhancer function-
ality. It remains to be determined whether this effect is
direct (that is, mediated by recruitment of splicing factors
that can then promote target gene expression through
various mechanisms®) or indirect (splicing promotes the
generation of mature, stable transcripts or dissociation of
the transcripts from chromatin).

Repressive cis-acting IncRNAs. In addition to activat-
ing functions, cis-acting IncRNAs can act to repress the
expression of target genes. The epitome of a IncRNA that
represses gene activity is Xist, which coats and silences
the inactive X chromosome in placental mammals to
achieve dosage compensation. Xist has been the subject
of extensive study, thoroughly reviewed elsewhere®-*.
Briefly, the A repeat sequence of Xist was proposed
to be important for histone 3 lysine 27 trimethylation
(H3K27me3) deposition and gene silencing through
recruitment of transcriptional repressors such as SPEN
and Polycomb repressive complex 2 (PRC2), although the
exact chronology of protein recruitment and whether
these interactions are direct are both a matter of ongo-
ing debate. Whereas the A repeat is required for the
initiation of Xist-mediated gene silencing, additional
Xist repeats have been proposed to be responsible for its
spreading and coating of the to-be-inactivated X chromo-
some, and for maintaining the inactive transcriptional
state once established®. Although it is not clear to what
extent Xist biology is applicable to other repressive IncR-
NAs, many of the principles discovered through the
study of Xist, as well as the methods developed and cali-
brated for this purpose (particularly for detecting inter-
actions between IncRNAs and proteins and/or DNA),
have been instrumental for IncRNA research.
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Vernalization

The process of induction of
plant flowering, brought on by
exposure to prolonged cold
temperatures.

Enhancer competition

Two (or more) transcriptional
units that can be activated by
the same enhancer, and which
compete over direct binding to
and activation by that enhancer.

Transcriptional interference
A process whereby transcription
through one genomic region
interferes with transcription of a
nearby (often overlapping)
locus, for example, by curbing
the recruitment of trans factors
such as transcription factors or
chromatin remodellers, or
through deposition of chromatin
modifications incompatible with
transcription initiation.

Repressive
complexes

Other IncRNAs repress their cis targets using simi-
lar mechanisms but on smaller scales. For example,
the Arabidopsis COOLAIR IncRNA, which is tran-
scribed antisense to the FLOWERING LOCUS C (FLC)
region, represses FLC transcription during the process
of vernalization”’. Prolonged exposure to cold leads to
an increase in COOLAIR transcription. The result-
ing transcript coats the FLC locus and causes a switch
to a repressed chromatin state, possibly mediated
through a reduction in histone 3 lysine 36 trimethyla-
tion (H3K36me3) levels, which in turn enables PRC2
recruitment and H3K27me3 deposition® (the detailed
studies of the interplay between COOLAIR and FLC
were recently reviewed elsewhere®). Another exam-
ple is the Morrbid IncRNA, which represses nearby
Bcl2111 expression in mouse immune cells by recruit-
ing PRC2 to its locus™. Using a mechanism reminiscent
of that described for the activating IncRNA UMLILO,
a pre-formed chromatin loop brings the Morrbid gene
to the vicinity of the Bcl2I11 locus, to which Morrbid
IncRNA then recruits PRC2, leading to deposition of
H3K27me3 and suppression of Bcl2l11 expression.
Similar target repression through PRC2 recruitment is
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Fig. 3 | Functions of repressive cis-acting long non-coding RNAs. Cis-acting long
non-coding RNAs (IncRNAs) can repress target genes through various mechanisms.
a|Recruitment of proteins that repress gene expression. The IncRNAs can be transcribed
from near the target gene or be brought to its proximity through pre-formed chromatin
loops (for example, Morrbid). Yellow structure denotes IncRNA transcripts, green

wavy lines denote mRNAs and small purple circles denote histone modifications.

b | Competition over available enhancers in the vicinity (for example, PVT1). ¢ | Transcriptional
interference, whereby transcription of the IncRNA near to or (usually) overlapping the target
gene represses target expression, for example, through nucleosome remodelling or
deposition of epigenetic modifications (for example, Airn). PCG, protein-coding gene.

a suggested modus operandi for additional IncRNAs*"*
(FIG. 3a; TABLE 1), although the specificity of PRC2-RNA
interactions has been a subject of debate (see below).

Interestingly, IncRNA loci that repress their neigh-
bouring genes can also overlap and/or function through
DNA enhancers, via enhancer competition (FIG. 3b). For
example, silencing of PV'T1, a highly conserved IncRNA
found downstream of the gene encoding the MYC TF
in all organisms from fish to mammals, was recently
described to result in an increase in cell proliferation
through MYC induction”. The study found that the
PVTI and MYC promoters compete for binding to DNA
enhancers found within the PVTI gene body. Silencing
of the PVTI promoter using CRISPR interference
(CRISPRI) allowed the MYC promoter to form more pro-
nounced contacts with these enhancers, thereby increas-
ing MYC expression and promoting cell proliferation.
Thus, PVTI transcription represses MYC by appropri-
ating the available enhancers. This functionality seems
to depend exclusively on the DNA in the PVT1I locus, as
early arrest of PVT1 transcription using dCas9 does not
affect it*. Of note, additional functions have been attri-
buted to both the PVT1I locus and its IncRNA product,
with various and sometimes seemingly contradictory
effects on cell proliferation®*.

An additional mechanism by which cis-acting
IncRNA genes can repress their targets is transcriptional
interference (FIG. 3c). This is the suggested mode of action
for the Airn IncRNA gene, which is transcribed from
the paternal allele of the Igf2r imprinted cluster and is
required for silencing the paternal Igf2r allele as well
as additional genes in the cluster™. Airn is transcribed
from a promoter within the imprinted Igf2r gene in the
antisense orientation, so that the Airn transcript over-
laps the Igf2r promoter. Curtailing Airn transcription by
inserting several polyA sequences throughout the Airn
sequence led to Igf2r de-repression only when the polyA
sequence was inserted upstream of the Igf2r promoter”.
This result indicates that transcription through the Igf2r
promoter, rather than the mature Airn sequence or tran-
scription through the rest of the locus, is important for
Igf2r silencing. Several yeast IncRNA genes have also
been suggested to function via transcriptional interfer-
ence” ™, including SRG1, which is expressed upstream
of the gene encoding SER3 (REF"). SRG1 deletion causes
upregulation of SER3 in cis, with SRG1 termination
just upstream of the SER3 TSS being important for this
repression. When the SRGI transcription termination
signal is deleted and SRGI transcription continues into
the SER3 region, SER3 repression is abolished*'. A fur-
ther study showed that the repressive effect of SRG1
on SER3 is mediated through nucleosome positioning
in the SRGI locus; in the wake of Pol II transcription
through SRG1, nucleosomes are repositioned so as to
block transcription from the nearby SER3 TSS”. Lack
of SRGI transcription results in reduced nucleosome
occupancy, thereby enabling SER3 expression.

Complex transcriptional units involving cis-acting
IncRNAs. The capability of cis-acting IncRNAs to
activate or repress their target genes through various
mechanisms is also being utilized in the regulation
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Table 1| Representative proteins or protein complexes suggested to interact with cis-acting long non-coding RNAs

Protein or
complex

PRC2

ATRX

SPEN

hnRNPU

WDR5-MLL

GO9a

CTCF

Mediator

Cohesin
YY1

HNRNPK

DNMT3B

Bound cis-acting

Organism  Method of identification and fixation

Proposed outcome of interaction

LncRNA
Xist!07:168 Mouse RIP (native)/iDRiP (UV C-L) PRC2 recruitment and maintenance on the Xi
Morrbid* Mouse RIP (native) + PAR-CLIP (UV C-L) PRC2 recruitment to the target gene
Kenglot1 (REF®") Mouse RIP (native) PRC2 recruitment to target genes
ANRASSF1 (REE9) Human RIP (native) PRC2 recruitment to the target gene
Xist'® Mouse RIP (UV C-L) Remodelling of Xist RNA, thereby enhancing
PRC2 binding
XiSTLSSC I Mouse iDRiP (UV C-L)/ChIRP-MS (formaldehyde C-L)  Recruitment of SPEN to the Xi
+ CLIP-gRT-PCR (UV C-L)/RAP-MS (UV C-L)
+RIP (UV C-L)
Xistios27e-172 Mouse iDRiP (UV C-L)/ChIRP-MS (formaldehyde Accumulation of Xist on the Xi
C-L)/RAP-MS (UV C-L)/RIP (UV C-L)
HOTTIP™® Human RIP (native) Recruitment of WDR5-MLL to target genes
UMLILO> Human RIP (formaldehyde C-L) + biotin-RNA Recruitment of WDR5-MLL to the target gene
pull-down (native)
Evxlas'” Mouse RNA-ChIP (formaldehyde C-L) Recruitment of WDR5-MLL to the target gene
Hoxb5/6as'"* Mouse RNA-ChIP (formaldehyde C-L) Recruitment of WDR5-MLL to the target gene
Airn'® Mouse RIP (C-L) GYa recruitment to the target gene
Kenglot1 (REF*") Mouse RIP (native) PRC2 recruitment to target genes
CCAT1-L** Human RIP (UV C-L) + biotin-RNA pull-down (native) Recruitment of CTCF to maintain chromatin
looping with target locus
Jpxtt Mouse RIP (UV C-L) + RNA pull-down (native) Extrication of CTCF from the Xist promoter
ncRNA-a7 (REF.%) Human RIP (UV-CL) + gelfiltration (native) Recruitment of Mediator to promote chromatin
looping with target locus
Evxlas'’* Mouse RIP (native) + biotin-RNA pull-down (native) Recruitment of Mediator to the target gene
Xist'®® Mouse iDRiP (UV C-L) Repulsion of cohesin from the Xi
Sox2ot'”® Mouse RIP (formaldehyde C-L) Recruitment of YY1 to the target gene
Xist'7 Mouse RIP (UV C-L) + in vitro RNA pull-down Xist loading onto the Xi
(native)
Xist*o:170 Mouse RIP (formaldehyde C-L)/ChIRP-MS Recruitment of HNRNPK
(formaldehyde C-L) + CLIP-gRT-PCR (UV C-L)
Airn*® Mouse RIP (formaldehyde C-L) Recruitment of HNRNPK
Kcnglot1 (REF.*) Mouse RIP (formaldehyde C-L) Recruitment of HNRNPK
yylncT*° Human CHOP-MS (UV C-L) + RIP (C-L) Localinhibition of DNMT3B

ChlP, chromatin immunoprecipitation; ChIRP, chromatin isolation by RNA purification; CHOP, chromatin oligo affinity precipitation; C-L, crosslinking;

CLIP, crosslinking and immunoprecipitation; DNMT3B, DNA (cytosine-5)-methyltransferase 3B; iDRiP, identification of direct RNA-interacting proteins;

IncRNA, long non-coding RNA; MS, mass spectrometry; PAR-CLIP, photoactivatable ribonucleoside-enhanced CLIP; PRC2, Polycomb repressive complex 2;
qRT-PCR, quantitative PCR with reverse transcription; RAP, RNA antisense purification; RIP, RNA immunoprecipitation; UV, ultraviolet; Xi, inactive X chromosome.

of highly complex transcriptional units. For example,
IncRNA transcription was shown to contribute to
the creation of diverse transcripts from the complex
Protocadherin a locus, where an alternative first exon
— out of 13 possible exons — is stochastically chosen
to be expressed in individual neurons'®. Stochastic
transcription of an antisense IncRNA from one of the
alternative first exons resulted in demethylation of a
CTCEF binding site contained within that exon, which
allowed CTCF binding and formation of a chromatin
loop between the exon and the downstream enhancer.
Such looping promotes sense transcription from the
selected promoter, resulting in the production of
transcripts with different first exons in individual
neurons, a process which contributes to neuronal

100

self-identity'".

Multiple IncRNA genes can cooperate together
to fine-tune target gene expression. For example, the
yeast ICR1 and PWRI IncRNAs cooperate to regulate
the expression of the gene encoding Flo11 cell sur-
face protein®. ICRI is transcribed upstream to and on
the same strand as FLOI11, and transcription of ICR1
represses FLO11, likely through transcriptional inter-
ference. ICRI is itself regulated by transcription of the
overlapping PWRI IncRNA, likely also through tran-
scriptional interference. The proposed model is that
competitive binding of the trans-acting Flo8 or Sfl1 to
the vicinity of the FLO11 promoter determines which
IncRNA is expressed: either ICR1, in which case FLO11
transcription is repressed, or PWRI, in which case
ICRI transcription is repressed and FLO11 is activated.
This system establishes heterogeneous expression of
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Auto-regulatory feedback
loops

A type of transcriptional
regulation network in which a
gene product regulates its own
levels, for example, a
transcription factor which binds
its own locus and activates (or
represses) transcription.

FLO11 in clonal cell populations’'”". Additional regu-
latory networks consisting of multiple cis-acting IncRNA
genes have been described™'*?, most notably multiple
IncRNA genes involved in mammalian X chromosome
inactivation (reviewed elsewhere!®).

IncRNAs are also particularly appealing candidates
for forming auto-regulatory feedback loops or sensing
of transcriptional outputs. We recently characterized
Chaserr, a highly conserved IncRNA located imme-
diately upstream of the gene encoding the chromatin
remodeller CHD2 (REF*). Loss of Chaserr, which is lethal
in mice, results in upregulation of the adjacent CHD2.
This CHD2 overexpression causes downregulation of a
subset of genes with particular genomic characteristics:
they are the downstream gene in a two-member tandem
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Fig. 4 | Plausible functions of cis-acting long non-coding RNAs. Various additional
mechanisms by which cis-acting long non-coding RNAs (IncRNAs) activate or repress
their targets are expected to be uncovered as IncRNA research advances. a | IncRNAs
could form auto-regulatory loops together with transcription factors (TFs) and
chromatin modifiers. These may include both positive and negative feedback loops.
Yellow structures denote IncRNA transcripts, green wavy lines denote mRNAs, pink
circles denote activating factors and purple circles denote repressive factors.

b| Cis-acting IncRNAs could synchronize between the activity of different TFs, for
example, by binding a factor that can then recruit another or by serving as a scaffold

on which factors can interact with each other. Coloured circles represent various
protein factors. ¢ | Cis-acting IncRNAs transcribed in the vicinity of protein-coding
genes (PCGs) could buffer the effects of TFs or transcriptional repressors, for example, by
sequestering these factors so that a steady local concentration is maintained that allows
steady target gene expression. d | IncRNAs may nucleate phase-separated structures
around their transcription loci, which could maintain a high local concentration of
transcription-related factors — similar to the effects proposed for enhancer hubs.

transcriptional unit, where the upstream neighbour is
expressed at fairly high levels. The suggested model
is thus that CHD2 overexpression induced by loss of
Chaserr leads to CHD2 accumulation at transcription
termination sites of highly expressed genes. When
the promoter of another gene happens to be found
immediately downstream, this CHD2 accumulation
interferes with its transcription, resulting in downreg-
ulation of the downstream neighbour. Intriguingly, the
Chaserr—CHD2 transcriptional unit is itself arranged in
a highly conserved tandem organization, presenting a
way for CHD2 to regulate its own levels: when CHD2
levels are high, its increased binding near the Chaserr
transcription termination site could interfere with
the transcription of its own gene downstream, thereby
keeping CHD2 levels at bay. Although it is not yet clear
how exactly Chaserr depletion causes CHD2 over-
expression, it is tempting to speculate that this involves
aberrant nucleosome positioning at the CHD2 promoter,
as described for the SRG1-SER3 transcriptional unit®-”.
This possibility is particularly appealing as the CHD2
protein is itself implicated in nucleosome reposition-
ing'", providing an elegant way for self-regulation of its
levels in a Chaserr-dependent manner.

Cases such as Chaserr—CHD?2 also provide a clue
about the enrichment of IncRNA genes in the vicinity of
genes encoding TFs and chromatin remodellers (FIC. 1D).
As these genes are involved in transcription-related pro-
cesses, regulatory elements in the form of transcriptional
units, such as IncRNA genes, would be particularly adept
at responding to target levels, thus providing a platform
for the creation of auto-regulatory loops. Although the
mechanisms by which such IncRNAs act are likely to
be highly diverse, and adapted to the control of specific
target genes, one prevalent feature might be that the
protein product of the target gene would itself bind to
and/or regulate the IncRNA gene (FIG. 4a). Many addi-
tional mechanisms can be hypothesized for cis-acting
IncRNAs (FIG. 4b-d) which, in combination with multiple
trans-acting factors, could promote spatial and temporal
control of gene expression in a manner adapted to the
needs of individual target genes.

Mechanisms of action of cis-acting IncRNAs
Other criteria by which to categorize cis-acting Inc-
RNAs, alongside their effect on their target genes, is
by their mechanism of action. A growing number of
cis-acting IncRNAs, some of which are discussed above,
have been studied in depth in recent years, which allows
initial conclusions about the general principles by which
they function to be drawn. Intriguingly, cis-acting Inc-
RNAs, whether activating or repressing, seem to operate
through highly similar mechanisms.

The functional feature. An initial question when assign-
ing a mechanism of action to a cis-acting IncRNA is
which feature of the IncRNA confers the function: the
DNA element that encodes the IncRNA'* (rendering
the IncRNA transcript itself irrelevant for the cis-acting
regulatory function); the RNA product; or the act of
RNA transcription or RNA processing®. Identifying
the functional feature requires careful probing using
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Disordered regions
Proteins or regions within
proteins that do not adopt an
ordered or well-defined 3D
structure. These regions can
serve as linkers between
structured regions, or be
functional themselves.

various perturbation techniques. One type of func-
tional feature does not exclude another; an active DNA
element, such as an enhancer, can also encode a func-
tional IncRNA. Moreover, a region whose transcrip-
tion is important can also produce a mature IncRNA
transcript with a distinct function. Few such cases of
multiple functional features have been described, with
the evidence that supports them typically consisting
of discordant effects of locus removal and RNA deple-
tion on the expression of genes in cis and on additional
phenotypesllib,l(ﬁ'

The distinction between the functional features of
a IncRNA is not always clear-cut. For example, an ele-
gant study showed that the process of dissociation of
the A-ROD IncRNA from the chromatin is important
for activating transcription of the nearby DKKI gene’™.
A-ROD is located ~130 kb downstream of DKK1, with
the two loci being in close, A-ROD-independent spatial
proximity. Small interfering RNA-mediated A-ROD
knockdown, which targets only the mature, chromatin-
released fraction of the IncRNA, repressed DKK1
transcription. However, similar DKK1 repression was
achieved when using ASOs targeted to A-ROD introns,
which specifically target the chromatin-bound fraction
without immediately affecting the nucleoplasmic levels.
Repression of DKK1 was also achieved when blocking
A-ROD splicing or polyadenylation, which presumably
results in inhibition of A-ROD chromatin dissociation.
Together, these results imply that the process of disso-
ciation of mature A-ROD from chromatin, rather than
strictly its act of transcription or the mature RNA, ren-
ders the IncRNA accessible to bind and recruit regula-
tory proteins, thereby enhancing the expression of DKK1
(REF". The conserved splicing signals identified in Inc-
RNAs in general, and in enhancer-associated IncRNAs
in particular, might indicate that the process of disso-
ciation from chromatin, which relies on RNA matura-
tion steps, could be important for the activity of many
cis-acting IncRNAs.

Recruitment or repelling of specific proteins. The major-
ity of functional cis-acting IncRNAs seem to function
through binding to RNA-binding proteins (RBPs).
IncRNAs have been demonstrated to bind to silencing
complexes, such as PRC2; activating complexes, such
as WDR5-MLL; proteins involved in genome topology,
such as cohesin or CTCF; and a multitude of other pro-
teins and protein complexes (TABLE 1) — with some of
these interactions validated to be functionally impor-
tant. Under this scenario, the highly cell type-specific
expression of IncRNAs'**>*** renders them attractive
candidates for guiding ubiquitously expressed TFs,
chromatin-modifying proteins or genome topology-
related proteins to their own transcription locus or its
vicinity'”, thereby establishing cell type-specific chro-
matin states. RNA binding has also been suggested to
reinforce, rather than initiate, protein recruitment.
For example, a positive feedback loop has been propo-
sed to guide the DNA enrichment of the YY1 TE whereby
nascent RNA captures the protein as it dissociates from
the chromatin, promoting its re-binding to nearby DNA
elements and augmenting local transcription'”.

REVIEWS

Importantly, however, the specificity of protein-RNA
interactions of most RBPs is unclear. Up to 25% of all
RNAs were discovered to be bound by PRC2 (REFS''*!!Y),
with the selectivity and specificity of these interactions
being a subject of ongoing debate'*"''*. In addition, recent
studies that characterized the RNA interactome of cells
identified hundreds of proteins not previously known to
interact with RNA"'®""”. RBPs include many proteins that
lack canonical RNA-binding domains; rather, binding to
RNA seems to be mediated by other domains, such as
DNA-binding domains that moonlight as RNA-binding
domains or disordered regions''*?. Whether these non-
canonical RBPs can identify specific RNA sequences or
structures, or whether they bind RNA indiscriminately,
remains unclear. Interestingly, many of the non-canonical
RBPs have known functions in chromatin organization
and transcriptional regulation, emphasizing the potential
that cis-acting IncRNAs have in shaping various aspects
of chromatin structure and regulation by refining the
chromatin association of proteins.

Of note, some cis-acting IncRNAs have been pro-
posed to act not by recruiting but rather by repelling
protein binding to their locus'”'. For example, upon
lipopolysaccharide stimulation, the PACER IncRNA,
which is transcribed divergently from COX-2, binds to the
inhibitory p50 and sequesters its binding to the COX-2
promoter, thereby enabling activation of COX-2 (REF.”).
Similarly, it has been proposed that PRC2 binding to
RNA prevents it from binding to chromatin, thereby hin-
dering the acquisition of repressive marks'>'*>. Whether
the type of protein domain involved could dictate the
outcome of the interaction remains to be investigated;
for example, if the DNA-binding domain is respon-
sible for both DNA and RNA binding, it is plausible that
these events compete with one another, possibly resulting
in protein sequestration rather than recruitment.

Local chromatin changes through the act of IncRNA pro-
duction. In addition to direct binding of the IncRNA
transcript by proteins, multiple studies point to a connec-
tion between the act of transcription and locus character-
istics such as chromatin modifications, topology, motility
and accessibility, suggesting that transcription through
a IncRNA gene, rather than the IncRNA product, could
influence target gene expression. Both Pol IT complex
members as well as a multitude of Pol II interacting
factors have been demonstrated to recruit chromatin-
modifying complexes during transcriptional elongation
(reviewed elsewhere'*®), which can depose epigenetic
modifications at the transcribed locus or in its vicinity.
Transcription has also been shown to affect chroma-
tin folding'*”'** and to reposition DNA into the active
compartment by disrupting chromatin interactions*'*’.
Relatedly, Pol II transcription has been shown to increase
the relative mobility of transcribed loci'*’. Interestingly,
another study found that Pol II-mediated transcription
hinders locus mobility'*’, with the discrepancy possibly
due to the length scales at which mobility was assayed.
Nonetheless, the joint conclusion is that transcription
or transcription-coupled processes bear implications
on the rigidity and mobility of the transcribed loci.
Thus, the act of transcription through a IncRNA gene
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CRISPR—-Cas9

A bacterial immune
mechanism whereby a Cas9
protein uses short guide RNA
(eRNA) sequences to target
and cleave foreign DNA.
CRISPR—Cas9 can be used for
gene editing, by ectopic
expression of both Cas9 and a
gRNA that targets the gene of
interest.

(or any gene) could lead to pronounced effects on
the surrounding chromatin, ultimately influencing the
transcriptional output of neighbouring genes.

Studying cis-acting IncRNA function

An initial indication about the function of a particu-
lar cis-acting IncRNA can usually be gathered from its
expression patterns and genomic location. For example,
aIncRNA located adjacent to, and co-expressed with, a
key regulatory gene would be a likely candidate for regu-
lating that gene (although sometimes IncRNA pertur-
bation coupled with expression analysis of genes over
larger distances identifies other targets)*®'. Similarly,
a IncRNA transcribed from an enhancer would be a
candidate for modulating the activity of that enhancer.
Therefore, the first step often consists of perturbing the
expression of the IncRNA, followed by assessment of
the levels of the putative target genes, as well as assay-
ing the chromatin environment and 3D structure of
its genomic locus in perturbed cells, so as to identify
changes that might explain the effects on target genes.

Mapping functional features in cis-acting IncRNAs.
Various perturbation techniques can be used to study
both the function and the functional feature of the

ribozyme
insertion

a CRISPRi/a
dCasi‘}KRAB/VPM
CRISPR editing

‘ ‘ Pol Il and associated proteins

b DNA Transcription initiation
CRISPR knockout (full body or promoter) 4 v
CRISPRi or CRISPRa X v
polyA or ribozyme insertion X X
RNA:i or CRISPR-Cas13 X X

IncRNA. As each method has both advantages and
disadvantages, and as different and even contradictory
results can be reached through different perturbations
(as described for the perturbation of Hand2os1 expres-
sion through deletion versus polyA insertion)™’’, an
informative combination of perturbation techniques
should be employed, as well as careful interpretation of
their respective results'*.

The use of CRISPR-Cas9-related techniques'*>'** has
substantially improved our ability to study IncRNAs.
CRISPR knockouts aimed at abolishing the expression
of a IncRNA usually target a region encompassing the
first exon of the IncRNA (FIG. 5). Care should be taken
to ensure that no alternative promoters come into
play"*. Although such knockouts should target as small
a genomic region as possible — generally not beyond a
few hundred base pairs — the resulting phenotype
could nonetheless be due to disruption of the DNA ele-
ment rather than prevention of IncRNA transcription
or mature IncRNA production. Instead, CRISPRi can
be used to prevent transcription of the IncRNA — by
either steric hindrance of the Pol II machinery or local
modulation of the chromatin environment — without
changing the underlying DNA sequence. CRISPR acti-
vation (CRISPRa) is also a particularly useful tool for

polyA or -

Elongation and RNA processing Mature RNA
v v
4 4
?° 4
X° v

2Unless it affects the chromatin environment. "Depending on the location of the insertion or targeting.

Fig. 5 | Methods for mapping functional features in cis-acting long non-
coding RNAEs. a | Various types of perturbations can be used to probe the
function and identify the functional feature of cis-acting long non-coding
RNAs (IncRNAs), which target the IncRNA at different stages. CRISPR editing
entails deletion of the first exon or a particular region within the target
sequence by a Cas9 protein, which is recruited by guide RNAs (gRNAs).
For CRISPR interference (CRISPRI), a catalytically dead Cas9 (dCas9) is used
to reduce expression of a gene rather than induce DNA breaks. This is
oftentimes achieved by fusing dCas9 to a repressive effector protein, such as
a KRAB domain, although recruitment of dCas9 alone can sometimes be
sufficient for inducing silencing, likely through steric inhibition of RNA

polymerase Il (Poll). Similar to CRISPRi, CRISPR activation (CRISPRa) entails
recruitment of a dCas9 fusion protein to a target genomic locus, except the
Cas9 is fused to an activator domain, commonly the VP64 activation domain.
Insertion of a polyadenylation (polyA) sequence causes premature, co-
transcriptional cleavage of the nascent transcript and halts transcription.
Self-cleaving ribozyme sequences degrade the RNA and may also affect
continuance of transcription. RNA knockdown can be achieved by RNA
interference (RNAI) using either small interfering RNAs (siRNAs), antisense
oligonucleotides (ASOs) or the RNA-targeting enzyme Cas13.b| Correspon-
dence between the functional feature of a IncRNA locus and the expected
outcome of various perturbation techniques. AGO2, protein argonaute 2.
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CRISPR display

Utilization of CRISPR-Cas9 for
the recruitment of non-protein
components. For example, long
non-coding RNA sequences
can be fused to the guide RNA
and be brought to the target
locus via ‘dead’ Cas9.

Self-cleaving ribozyme
sequences

RNA sequences that can
catalyse a reaction that would
cut their own RNA.

RNA interference

(RNAI). Short non-coding RNA
molecules — either microRNAs
or short interfering RNAs —
bind to complementary
sequences in the target genes,
leading to translation inhibition
or target RNA degradation.

studying the effects of cis activation of IncRNAs (FIC. 5).
However, a major caveat of CRISPRi and CRISPRa is
that the observed phenotypes might be due to chromatin
changes rather than prevention of IncRNA transcription.
This is especially true if the IncRNA overlaps a regulatory
element, which can itself be affected by the recruitment
of activating or repressing proteins, although spread-
ing of epigenetic modifications can also lead to changes
in the chromatin environment of the target genes.
Indeed, the catalytically inactive (‘dead’) Cas9 (dCas9)
fused with KRAB or VP64 that are most commonly used
for CRISPRi and CRISPRa, respectively, are also used for
mapping enhancer elements"**'*’.

Novel CRISPR techniques are continually being devel-
oped, including some that are expected to be useful for
IncRNA research. For example, the recently discovered
Casl13, a CRISPR family member that serves as an RNA
targeting enzyme, has been demonstrated to be useful
for RNA knockdown through guide RNA-mediated
target identification and cleavage'*® (FIG. 5). Importantly,
Casl3-mediated knockdown was suggested to be as effi-
cient as, but much more specific than, antisense-based
knockdown methods, reducing the potential for off-
target effects, although this report awaits support from
independent studies. Similarly to dCas9 fusion proteins,
future studies can be imagined that utilize catalytically
inactive Cas13 proteins fused to various proteins that
modulate target RNA activity, such as RNA editing
proteins'”, which will facilitate identification of active
elements within the IncRNA sequence. In addition,
CRISPR display can be used for probing the functionality of
mature IncRNA transcripts by recruiting them to ectopic
sites and measuring their effect on gene expression. This
method has been successfully used to show that, among
others, the A repeat of Xist and the HOTTIP IncRNA
have a repressive and an activating effect, respectively,
when recruited to the promoter of a reporter gene'.
Nonetheless, these effects were very modest, as were
similar attempts at ectopically tethering eRNAs'"*!*!,
suggesting either that (some) IncRNAs lose functionality
when detached from their transcription sites or that this
technique requires further calibration and adaptation so
as to allow full reconstitution of IncRNA functionality.

To study the consequences of IncRNA transcription
more directly and separate them from both the underly-
ing DNA and the function of the mature IncRNA, several
studies have made use of insertion of polyA sequences
or, more recently, self-cleaving ribozyme sequences®»!**
(FIC. 5). Both methods entail insertion of a sequence —
generally in the order of 50-800 bp — that causes prema-
ture, co-transcriptional cleavage of the nascent transcript
and discontinuance of transcription, the main benefit
being no potential for off-target effects. Self-cleaving
ribozymes may prove to be a particularly useful tool for
the study of IncRNA biology, as their effects can poten-
tially be induced and/or reversed by addition of a signal
or by using ASOs that block the ribozyme sequence,
respectively'**'*’. However, the efficacy of ribozymes
is currently variable', and the rules for the design of
effective ribozyme insertions require further study.

It is noteworthy that the effects of ‘the act of tran-
scription’ may be specific to transcription through a
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particular region within the IncRNA gene. Therefore, an
additional consideration when analysing results of polyA
or ribozyme sequence insertions is the exact insertion
place, as well as the distance to which Pol II contin-
ues transcribing after a polyA or ribozyme sequence
has been encountered, and the dynamics at which the
nascent transcripts are then cleaved. Pol II continues
to transcribe for ~2.5-3 kb after encounter of a polyA
site’**. The effect of ribozyme-mediated cleavage on
the continuance of transcription is less clear and might
depend on local sequence attributes that dictate fold-
ing dynamics. Integration sites should thus be chosen
with awareness of these constraints. The importance
of proper placement of polyA sequences is elegantly
demonstrated in a study of the Airn IncRNA™.

RNA interference (RNAi)-related techniques can also
be used to study IncRNA functionality (FIG. 5). Small
interfering RNAs or short hairpin RNAs are thought
to operate mainly in the cytoplasm, although there are
some reports of the presence of Argonaute proteins in
the nucleus and their utility in targeting of nuclear RNAs,
including IncRNAs™*'*. Nonetheless, it is unclear how
sensitive the chromatin-associated fraction of an RNA
is to such perturbations, which in the case of cis-acting
IncRNAs is likely the active fraction. Various types of
ASOs, by contrast, have been shown to be effective in
reducing levels of nuclear RNAs, including chromatin-
associated RNAs*77*1%, especially when targeted to
intronic regions of the RNA. However, it is important
to note that in cases where RNAi-based interference
targets the RNA co-transcriptionally, cleavage of nas-
cent transcripts might lead to Pol II drop-off some
distance after the cleavage site, and so similar consid-
erations and interpretations to those described above
for polyA or ribozyme sequence insertions are relevant.
In addition, a major caveat of antisense-based tech-
niques is the as yet unclear propensity for and rules of
off-target hybridizations, as well as the possible activa-
tion of a cellular immune response'”’. Although these
shortcomings can be somewhat abrogated by using var-
ious types of chemically modified oligonucleotides, or
using multiple ASOs targeting the same gene'"'*%, the
results should nonetheless be interpreted with caution.
Generally, when employing any type of RNAi-based
techniques, it is important to also ensure appropriate
controls, such as multiple non-targeting sequences, are
used.

Mapping interactions of cis-acting IncRNAs. Methods
being used to study the mechanisms of action of cis-
acting IncRNAs focus on interactions of the IncRNA
with DNA (so as to identify sites at which it could be
active) or with proteins (so as to identify potential inter-
acting partners), such as RNA antisense purification'”.
Such methods have been thoroughly discussed in a
recent review'’; briefly, they rely on probes that target
an RNA of interest, followed by identification of bound
proteins through mass spectrometry or of bound DNA
regions through PCR or high-throughput sequencing.
Such methods should be complemented by recipro-
cal pull-downs of identified proteins so as to validate
interaction with the IncRNA.
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Similar methods have recently been developed
for the investigation of multiple cis-acting IncRNA
genes in parallel. For example, global RNA interaction
with DNA sequencing (GRID-seq)""' entails global
RNA-DNA ligation followed by fragmentation and
sequencing, so as to identify the subset of chromatin-
bound RNAs as well as the loci to which they bind.
Mapping RNA-genome interactions (MARGI),
chromatin-associated RNA sequencing (ChAR-seq)
and RNA and DNA interacting complexes ligated and
sequenced (RADICL-seq) are based on similar princi-
ples’>>** (reviewed elsewhere'*’). All four techniques
uncovered substantial chromatin enrichment of many
RNA species, including both coding and non-coding
RNAs. Improvements in the sensitivity and resolution of
such techniques, alongside complementary approaches,
should help identify the fraction of cis-acting RNAs
whose association with focal target loci is functionally
significant, and does not merely reflect spreading to loci
found in close spatial proximity to their sites of tran-
scription. Nonetheless, a few general observations can
already be made from existing data. For example, GRID-
seq identified a particular enrichment of chromatin-
associated RNAs around super-enhancers, with the level
of RNA association correlating with increased expres-
sion of neighbouring genes'”, reinforcing the positive
association between enhancer activity and non-coding
RNA production described above. Combined with indi-
vidual mechanistic studies, such experiments could begin
to shed light on general cis-acting IncRNA characteristics
such as their expression levels, their distance from their
target genes, shared features of the regions they bind
and more, thus enabling general conclusions about the
functionality of this class of IncRNAs to be drawn.

Conclusions and perspectives

Deep sequencing of transcriptomes from diverse tis-
sues and cell types has facilitated the annotation of
tens of thousands of IncRNAs in mammalian genomes.
Although the fraction of IncRNAs that are functional -
that is, confer any type of fitness advantage - is not
yet known, even the most modest estimates place this
number at hundreds of transcripts. Cis-acting IncRNAs
likely comprise a substantial subgroup of these, and
as such plausibly affect gene regulation through various
mechanisms (FIGS 2-4). Regulating the release of Inc-
RNAs from chromatin, as well as their transport within
or export out of the nucleus, can all help fine-tune such
cis activities, and likely affect the abilities of different
cis-acting IncRNAs to act on genes within their immedi-
ate neighbourhood, their TAD, across a few megabases
or across an entire chromosome. Some progress has been
made towards identifying the sequence elements that
dictate the enrichment of long RNAs on chromatin or
in the nucleus'**"'"’, but the overall rules governing the
post-transcriptional fate of such RNAs remain largely
unknown.

Within gene regulatory networks, IncRNAs can act
alongside cis factors, such as DNA regulatory elements
and epigenetic modifications, as well as trans factors,
such as TFs and small non-coding RNAs. Compared
with these trans factors, which are translated or loaded

into active complexes in the cytoplasm, IncRNAs have a
unique ability to exert their function in cis, as they are
targeted by the act of their biogenesis to a specific locus.
As other functional cis-acting elements such as enhancers
clearly outnumber functional cis-acting IncRNAs, and as
most IncRNAs are poorly conserved in evolution (BOX 1),
it seems that IncRNAs are used for gene control only
in specific scenarios. It is interesting to speculate what
relative advantages IncRNA-mediated regulation might
entail: for example, the ability to coordinate regulation
of larger, cross-TAD regions; the ability to confer tran-
sient effects via regulation of IncRNA stability; and the
ability to nucleate phase-separated organelles via multi-
valent binding of other factors (FIC. 4). By contrast, the
limited abundance of most IncRNAs, coupled with
the stochasticity of gene expression, makes them less
suitable for performing ‘housekeeping’ gene regulatory
activities. For example, it is unlikely that cells would
often rely on the presence of a specific low-abundance
IncRNA molecule for the formation of a critical chroma-
tin interaction. As IncRNAs are produced by the same
machinery that transcribes and processes mRNAs, they
also possess unique abilities to sense the state of differ-
ent components of this system, and so are particularly
well suited to participate in regulatory feedback loops
with products of neighbouring chromatin-related genes.
Importantly, the unique features of cis-acting IncRNAs,
combined with the ability to effectively degrade RNA
using antisense or CRISPR-based tools, render them
attractive candidates for targeted therapeutics through
highly specific activation or repression of target genes'**.

As we attempted to illustrate above, the complex web
of interdependencies between gene regulatory processes
makes it particularly difficult to pinpoint the direct con-
sequences of IncRNA transcription. Although the notion
of a chromatin-tethered IncRNA recruiting general TFs
or chromatin modifiers to the vicinity of its locus is an
appealing candidate for a common and straightforward
mechanism of action, the apparent lack of specificity
and selectivity exhibited by most proteins implicated in
such functions points to a more complicated scenario.
IncRNA production could assist recruitment of activat-
ing or repressive complexes to target genes indirectly,
such as by affecting nuclear position or motility of the
locus, which in turn affects the availability of the loci to
form chromatin or protein interactions. Thus, IncRNA
binding might follow or reinforce protein recruitment,
rather than serving a main or a direct role in this process.
Distinguishing between the direct and indirect effects of
IncRNA production is particularly challenging as these
are often highly correlated with each other: inhibiting
the transcription of a locus could affect its nuclear posi-
tioning, chromatin looping, epigenetic modifications
and interacting proteins, with each of these processes
affecting each other, making a direct order of events hard
to discern.

Furthermore, the study of IncRNA functionality is
complicated by the high dependency of the observed
effects on the method by which IncRNA production is
perturbed. Most IncRNA studies to date have employed
only one or few techniques, making it hard to identify
with certainty the functional feature of a IncRNA as well
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as the consequences of its production. The increasing
number of studies which utilize multiple perturbation
techniques to study individual IncRNAs, as well as more
in-depth characterizations of previously described Inc-
RNAs, are expected to help unravel general principles of

IncRNA functionality.

Cis effects on transcription of nearby genes imposed
by the production of a IncRNA - regardless of the func-
tional feature or order of events that mediate them — are
not limited to IncRNAs. For example, some mRNA loci
have been demonstrated to serve as enhancers that modu-
late the expression of genes found in cis

identified that the majority of chromatin-associated
RNAs are in fact pre-mRNAs, which are enriched
around their sites of transcription, suggesting that these
pre-mRNAs may participate in gene regulation prior
to export and translation. All in all, these observations
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highlight that the interplay between transcription of

33159, presumably

through similar mechanisms to those employed by cis-

acting IncRNAs. Relatedly, the GRID-seq technique'’
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