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Abstract

A major shift in our understanding of genome regulation
has emerged recently. It is now apparent that the
majority of cellular transcripts do not code for
proteins, and many of them are long noncoding
RNAs (IncRNAs). Increasingly, studies suggest that
IncRNAs regulate gene expression through diverse
mechanisms. We review emerging mechanistic
views of IncRNAs in gene regulation in the cell
nucleus. We discuss the functional interactions that
IncRNAs establish with other molecules as well as
the relationship between IncRNA transcription and
function. While some of these mechanisms are
specific to IncRNAs, others might be shared with
other types of genes.

Introduction

The appreciation of the complexity of the human tran-
scriptome has revolutionized our perception of the regu-
latory potential of RNA. The efforts to generate a
comprehensive atlas of the transcripts expressed in cells
have revealed an extremely large collection of IncRNAs
[1, 2]. The IncRNAs are broadly defined as noncoding
RNA molecules longer than 200 nucleotides. Most of
them are transcribed by RNA polymerase II, thus sharing
similarities with messenger RNAs (mRNAs)—including a
5" 7-methylguanosine cap and a 3" poly(A) tail—however,
they lack coding capacity. To date, the ENCODE project
(GENCODE v26) has conservatively annotated in humans
close to 16,000 IncRNA genes that give rise to more than
28,000 distinct transcripts. Moreover, protein-coding genes
too can produce transcript variants that lack coding
capacity, adding to the vast catalogue of long noncoding
transcripts present in the cells.
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Despite not being translated into proteins, IncRNAs
are functional molecules. Indeed, since the early studies
that demonstrated the central role of Xist in the process of
X-chromosome inactivation [3, 4], a growing body of evi-
dence has described a myriad of functions for IncRNAs in
many cellular processes, such as gene imprinting [5],
differentiation and development [6], antiviral response [7],
and vernalization in plants [8]. Among the variety of mech-
anisms reported (Fig. 1; Table 1), many IncRNAs have been
shown to interact with chromatin-modifying complexes, to
be involved in the conformation of nuclear domains, or in
the activity of transcriptional enhancers [9-12]; others have
been shown to interfere with the transcriptional machinery
or maintain the structure of nuclear speckles [13-15].
Furthermore, some IncRNAs act post-transcriptionally as
regulators of splicing, mRNA decay, protein translation,
protein stability, or as molecular decoys for microRNAs
(reviewed in [16, 17]). What has emerged from all these
studies is that IncRNAs are highly heterogeneous and have
a substantial functional versatility that relies on their ability
as long RNA molecules to conform to different structures
and molecular interactions. Moreover, the deregulation of
IncRNAs has been related to different human diseases, in-
cluding cancer and cardiovascular and neurodegenerative
diseases [18, 19].

However, despite the rapid growth of the field, intri-
guing questions remain, such as whether all or just a
fraction of the existing IncRNAs have a function, or
whether this function can be exclusively ascribed to the
RNA product of the IncRNA gene. Here, by reviewing
the literature, we highlight and discuss different modes
of action of IncRNAs in regulating gene expression in
the nucleus. We distinguish between mechanisms that
are inherent to the RNA molecule or linked to its gene
locus, and recapitulate the current evidence that sup-
ports the concept that, indeed, the majority of the
IncRNAs might be functionally relevant, although highly
heterogeneous in their mode of operation.
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Fig. 1 The multiple dimensions of long noncoding RNA (IncRNA) function. IncRNAs can regulate gene expression by different mechanisms, some
of which are illustrated here. These modes of action include IncRNA transcription-dependent activation or repression of neighbour genes (7),
IncRNA-mediated inter-chromosomal interactions (2), formation of nuclear structures (i.e. paraspeckles) (3) or R-loops (4), IncRNAs as guide (5)
or decoy (6) of transcription factors or as a scaffold for chromatin modifying complexes (7), INcRNAs acting as sponges of miRNAs (8), regulating
post-transcriptional MRNA decay (9), regulating the cellular localization of RNA-binding proteins (RBPs) (70) or DNA-binding proteins (DBPs) (17)
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Beyond IncRNA transcription: trans-regulatory
activities of IncRNAs

A significant body of studies where the IncRNA is spe-
cifically depleted without perturbing its gene locus sup-
ports the notion that many IncRNAs are active species
in regulating gene expression of local or distal genes in
different organisms, including yeast, plants and higher
eukaryotes [6, 20, 21]. Many of these IncRNAs localize
to cellular compartments different from their own locus
of transcription, including other nuclear domains, the
cytoplasm or even polysomes [22]. These observations
suggest that some aspects of IncRNA function are
strictly dependent on the inherent properties of the
RNA molecules, including their ability to fold into
different structures and to conduct molecular interac-
tions with other nucleic acids (i.e. RNA and DNA) and
proteins. Furthermore, the long sequences of IncRNAs
can contain multiple functional domains that interact
with different factors coordinating their activity in time
and space. For instance, several IncRNAs act in cooper-
ation with heterogeneous nuclear ribonucleoproteins
(hnRNPs) [23-26], a large family of RNA-binding pro-
teins involved in different cellular processes, including
alternative splicing, mRNA stability, and transcriptional
regulation [27]. In addition, it is worth noting the
growing evidence showing that some proteins that lack
canonical RNA binding domains are able to bind RNA,
expanding the number of potential binding partners for

IncRNAs, and so extending our view of their regulatory
potential over the cell proteome [28]. Here, we discuss
some of the most prominent types of functional inter-
actions reported for IncRNAs in the nucleus.

IncRNA interactions with chromatin complexes

A large repertoire of IncRNAs are able to interact with
chromatin-modifying complexes. Given the central role
of these complexes during development and disease, this
mode of action has been the subject of great attention,
and it has been proposed that IncRNAs place these pro-
teins at specific gene loci to achieve appropriate temporal
and spatial gene regulation (reviewed in [12, 29, 30]). The
IncRNA-containing complexes can promote either
selective repression or activation of genes, according to
the nature of the chromatin complex [12, 31-33]. For in-
stance, several IncRNAs have been shown to recruit his-
tone H3K4 methyltransferases to promote activation of
gene expression [34-36]. Others bind DNA methyl-
transferases, such as DNMT1 and DNMT3b, and
therefore repress transcription by promoting DNA
methylation [37-39]. Finally, many IncRNAs have
been shown to interact with the polycomb repressive
complex 2 (PRC2), which catalyses generation of the
H3K27me3 silencing mark [34, 40-45]. For several
reasons (reviewed in [46]), PRC2 is the most studied chro-
matin complex with respect to the functional role of
IncRNAs in epigenetic regulation of gene expression. This
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Table 1 Long-noncoding-RNA-mediated nuclear mechanisms

Long noncoding  Function Reference
RNA
INcRNAs interacting with chromatin complexes
Fendrr Differentiation of tissues derived [34]
from lateral mesoderm
HOTTIP Homeotic gene activation at the [35]
HOXA locus
DBE-T Epigenetic regulation of the (36]
FSHD gene
Kenglotl Lineage-specific imprinting at the [37]
Kcng1 locus
PRNA CpG methylation of rRNA genes [38]
Morrbid Survival control of myeloid cells [40]
Linc-Pint Epigenetic regulation of p53 [41]
response
Chaer Epigenetic regulator in the [42]
development of cardiac hypertrophy
PINC Pregnancy-induced, regulates [43]
mammary epithelial differentiation
HOTAIR Silencing of the HOXD locus [44]
Braveheart Activation of cardiovascular [119]
progenitor
ANRIL Transcriptional silencing to control [120]
cellular senescence
IncRNAs as modulators of proteins and enzyme cofactors
NKILA NF-kB inactivation by inhibition (48]
of IkB phosphorylation
Inc-DC Regulate genes involved in dendritic  [49]
cell differentiation
nchRNA-a Enhancer-like functions on the [53]
neighbouring genes
CONCR Involved in DNA replication and [54]
sister-chromatid cohesion
Lethe Prevents DNA binding of the RelA n21]
subunit of NF-kB
INncRNAs binding DNA/RNA-binding proteins
linc-Yy1 YY1-mediated regulation of (64]
myogenesis
RMST SOX2-mediated regulation of [65]
pluripotency and neuronal
differentiation
GAS5 Regulation of the glucocorticoid [58]
response
DINO Regulation of the DNA-damage- [59]
induced p53 response
linc-p21 Repressor in p53-dependent [23]
transcriptional response
SAMMSON Regulation of mitochondrial [122]
homeostasis and metabolism
LUNAR1 Enhancing of IGF1 signalling [123]
IncRNAs forming R-loops and triple helixes
TERRA Maintenance of the telomeric [72]

structure
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Table 1 Long-noncoding-RNA-mediated nuclear mechanisms

(Continued)
Long noncoding  Function Reference
RNA
VIM-AST Promotion of transcriptional [75]
activation of the VIM gene
COOLAIR Negative regulation of FLC [77]
expression and flowering
Khps1 Transcriptional activation of [82]
SPHK1
MEG3 Transcriptional regulation of genes [83]
of the TGF-3 pathway
INcRNAs in higher-order structures
Xist X chromosome inactivation [106]
Firre Role in adipogenesis; mediates [107, 124]
inter-chromosomal interactions
NEAT1 Nucleation of paraspeckles [14, 15, 109]
MALATT Formation of nuclear speckles [110]

FLC flowering locus C, NF nuclear factor, TGF transforming growth factor,
YY1 Yin Yang 1

has largely prompted our knowledge about the biology of
the complex, with hundreds of studies published over the
past decade, and has also contributed to the debate re-
garding the direct and specific recruitment of PRC2 by
IncRNAs [46, 47], a mechanism that remains to be fully
understood. Moreover, it is still unknown whether the
IncRNAs that interact with chromatin proteins only act as
molecular scaffolds, or whether they also modulate other
aspects of the protein functions.

IncRNAs as modulators of proteins and enzyme cofactors
In most of the known examples, the detailed mecha-
nisms by which IncRNAs enhance or inhibit the activity
of proteins is not completely understood, but are prob-
ably diverse and not restricted to the control of protein
localization on the chromatin. In some cases, IncRNAs
can interfere in the interaction between proteins and
protein-modifying enzymes, impeding posttranslational
modifications and impacting important signalling path-
ways. A study describing an NF-kappaB (NF-«B)-inter-
acting IncRNA (NKILA) showed that this IncRNA binds
NF-«kB/IkB in a ternary complex [48]. In this context,
using in vitro kinase assays, the addition of NKILA to
the reaction was found to inhibit IKK-mediated IxB
phosphorylation by directly masking the phosphoryl-
ation sites, leading to NF-«B inactivation [48]. Also the
IncRNA expressed in dendritic cells (/nc-DC) regulates
protein modification. Inc-DC was found to regulate the
expression of genes involved in dendritic cell (DC) dif-
ferentiation [49]. The results suggested a mechanism
that involves linc-DC interaction with the transcription
factor signal transducer and activator of transcription 3
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(STAT3) [49]. Such interaction was shown to prevent
dephosphorylation of STAT3 at tyrosine Y705 by the
tyrosine phosphatase SHP1, and in this way to control
the transcriptional programme for differentiation of DCs
(Fig. 2a) [49].

Another emerging mode of action of IncRNAs involves
their ability to modulate the enzymatic activity of some
proteins. Among the early studies identifying and anno-
tating IncRNAs [45, 50, 51], a set of them, named as ac-
tivating noncoding RNA (ncRNA-a), was found to have
enhancer-like functions on the neighbouring protein-
coding genes [52]. Two such enhancer-like RNAs
(ncRNA-a3 and ncRNA-a7) were found associated with
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mediator, a transcriptional co-activator complex (Fig. 2b)
[53] and increased the occupancy of two different sub-
units of the complex on the regulated neighbour genes
[53]. Interestingly, the IncRNAs were shown to specific-
ally stimulate the kinase activity of mediator towards the
histone H3 [53]. The results obtained with ncRNA-a3
and ncRNA-a7 [53] suggested that the direct interaction
between an IncRNA and a protein is responsible for the
proper enzymatic activity of the protein partner.

CONCR (cohesion regulator noncoding RNA) is also
included in the small number of IncRNAs reported so
far to modulate an enzymatic activity [54]. CONCR has
been shown to physically interact with DEAD/H box
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Fig. 2 Long noncoding RNAs (IncRNAs) modulate protein activities. a The Inc-DC regulates gene expression through a mechanism of action that
involves its translocation to the cytoplasm, where it interacts with phosphorylated STAT3 and prevents pY705-STAT3 dephosphorylation by the
tyrosine phosphatase SHP1 [49]. b The IncRNAs ncRNA-a3 and ncRNA-a7 functionally and physically associate with the Mediator complex to promote
gene expression of their respective target genes. Either ncRNA-a stimulates the kinase activity of the CDK8 subunit of the complex towards the histone
H3, catalysing the phosphorylation of the serine 10 (H3S10) [53]. € CONCR functions in sister-chromatid cohesion by binding and promoting the ATPase
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protein 11 (DDX11), a DNA helicase involved in DNA
replication and sister-chromatid cohesion [55]. CONCR
and DDX11 colocalize on chromatin, and the silencing
of the IncRNA reduces the binding of the helicase at re-
gions of DNA replication [54]. In vitro assays in the
presence of purified DDX11 protein and RNA have
shown that the binding of CONCR to DDX11 promotes
the ATPase activity of the helicase [54], suggesting that
the IncRNA acts as an RNA effector for the enzyme
(Fig. 20).

Although different in several aspects, such as the
heterogenicity of the protein complexes or the final out-
come of the interaction, in the situations described
above—Mediator-ncRNA-a and CONCR-DDX11—the
IncRNAs have a direct regulatory function on the pro-
tein as well as a structural role as the activity of the
IncRNA is required for the interaction with the gene loci
controlled. As structural changes in proteins caused by
cofactor binding or substrate recognition are well known
to occur, including in the proteins considered in these
examples [56, 57], it can be hypothesized that the
functionality of a IncRNA might be ascribed to its ability
to function as a cofactor (or effector) of its protein inter-
acting partner. This might also imply a functional con-
formation in terms of the three-dimensional structure
for the IncRNA, although there is a need for stronger
evidence to support this interpretation.

The interplay between IncRNAs and DNA/RNA-binding
proteins

Among the proteins that can be modulated by IncRNAs
are the transcription factors—the key players of tran-
scriptional regulation. In the most canonical model, gene
expression control is thought to be mediated by these
DNA-binding proteins (DBPs), whose activation is
usually regulated by signalling pathways and whose
DNA-binding ability is associated with sequence specifi-
city. By contrast, RNA-binding proteins (RBPs) are gener-
ally thought to get involved co- or post-transcriptionally.
However, numerous studies have reported a large number
of proteins, previously known as DBPs or RBPs, as being
equally able to bind both DNA and RNA [28, 58—-62]. For
such a category of proteins, defined as ‘DNA- and RNA-
binding proteins’ (DRBPs), the nature of the interacting
RNA could be most diverse, including IncRNA (reviewed
in [63]). In this regard, several IncRNAs have been
reported to bind previously known DBPs, such as tran-
scription factors, to regulate gene expression. For example,
the linc-YY1, involved in myogenesis, has been shown to
interact with the transcription factor yin yang 1 (YY1)
[64], and the IncRNA RMST and a panel of other IncRNAs
involved in pluripotency maintenance and neuronal
differentiation have been shown to interact physically with
sex-determining region Y-box 2 (SOX2) [65, 66]. To date,
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different modes of action have been suggested with re-
spect to the ability of DRBPs to bind DNA and RNA—for
example simultaneous or competitive binding. For in-
stance, the IncRNA GAS5 has been identified as a func-
tional and physical interactor of the glucocorticoid
receptor (GR) [58]. GAS5 was found to interact with the
activated GR to suppress its binding to glucocorticoid
response elements (GREs) and therefore the expression
of the glucocorticoid-responsive genes (Fig. 3a) [58].
Interestingly, the GAS5-GR interaction occurs at the
DNA-binding domain of the transcription factor, likely
through a mimetic GRE that forms in the secondary
structure of GAS5 [58]. This evidence not only suggests
that a transcription factor is equally able to bind DNA
and RNA, but also indicates that a IncRNA can regulate
gene expression by acting as a binding competitor for
DBPs.

More recently, while investigating the role of IncRNAs
in the p53 pathway, a novel IncRNA, named ‘damage-in-
duced noncoding RNA’ (DINO), was identified in the
regulation of the DNA-damage-induced p53 response
[59]. DINO binds to and stabilizes p53 (Fig. 3b) [59].
Their interaction was found to involve the C-terminus
of p53 and to be maintained while p53 is bound to the
responsive elements of its target genes [59]. The tumour
suppressor p53 is known to have two distinct nucleic
acid binding domains, a DNA-binding core domain and
a second nucleic acid-binding domain located at the C-
terminus, which has long been known to be able to bind
RNA, although earlier studies only obtained evidence of
binding in vitro [67]. The results obtained for DINO
support the notion that p53 can bind simultaneously
DNA and RNA and ascribe to the IncRNA a regulatory
role in p53-mediated gene expression.

The emerging evidence concerning the active role of
IncRNAs on transcription factors suggests that gene ex-
pression benefits from an additional mode of regulation.
Indeed, the possibility that a IncRNA can bind and regu-
late a transcription factor, or any other protein involved
in gene expression, confers numerous advantages to the
cell. For instance, IncRNAs are known to be highly cell
and tissue specific [68, 69], which means that, without
changing the transcriptional machinery, cell- and tissue-
specific regulation of gene expression could be achieved.
Alternatively, IncRNA-dependent regulation could also
be considered in terms of cost-effectiveness, as RNAs
are energetically less expensive to produce for the cell in
comparison with proteins. Also, IncRNAs are more
rapidly produced than proteins in response to stimuli—a
favourable dynamic that could confer faster cellular re-
sponses. Moreover, they can act locally at their site of
transcription, whereas proteins need to be translated
from their encoding RNAs in the cytoplasm and be
returned to the nucleus. Although the IncRNA diversity



Marchese et al. Genome Biology (2017) 18:206

Page 6 of 13

Q

o
q HSPs

® Glucocorticoid
(> RNAPII
7\ GRE
‘”’7’3 GAS5
Cyt
Nuc\\

DNA damage

@ s
(> RNAPII
7\ PRE

€ DINO

the activated glucocorticoid receptor (GR), which, following the binding of

| bno | 4] coknia |
"

Fig. 3 Long noncoding RNAs (IncRNAs) regulate gene expression by interacting with DNA-binding proteins. a The INcRNA GAS5 interacts with

and translocates to the nucleus. GAS5-GR interaction prevents GR from binding to the glucocorticoid-response elements (GRE) contained in
responsive genes [58]. b DNA-damage-activated tumour suppressor protein p53 induces the transcription of the IncRNA DINO, which, in turn,
binds and stabilizes p53, promoting the binding of the transcription factor to the p53-response elements (PRE) of target genes [59]

its ligand and the IncRNA, dissociates from heat-shock proteins (HSPs)

remains underappreciated, and their functionality poorly
characterized, the evidence obtained to date and the
model proposed suggest that IncRNA-DRBP interac-
tions are as relevant as protein—protein interactions in
the regulation of gene expression.

Direct interaction between IncRNAs and the DNA: R-loops
and triple helixes

While the interaction with transcription factors might
confer some IncRNAs with the capacity to recognize
specific gene loci, the specificity in gene regulation by
IncRNAs has also been linked to their ability as nucleic
acids to directly bind to the genomic DNA. These inter-
actions might be key for target recognition. One of the
mechanisms whereby IncRNA directly binds DNA in-
volves the formation of structures known as R-loops.
These are nucleic acid structures that form usually dur-
ing transcription by reannealing of the nascent RNA to
the DNA template, giving rise to a RNA-DNA hybrid
and a displaced single-stranded DNA (ssDNA) [70].

When not properly resolved, R-loops might induce DNA
damage and genomic instability [71]. For instance, the
telomeric IncRNA TERRA has been shown to form R-
loops at short telomeres in yeast, contributing to the
activation of the DNA damage response by promoting re-
cruitment of the Rad51 recombinase in a telomere-length-
dependent manner [72]. Interestingly, the murine TERRA
can also act at distant genomic loci, where it binds and
antagonizes the chromatin-remodeler ATRX [73].

In contrast to the above, R-loops can regulate gene ex-
pression [74]. For the IncRNAs found to regulate mRNA
transcription through the formation of R-loops, the
mechanism of regulation is in cis as the R-loop formed
by the transcription of the IncRNA regulates the expres-
sion of the closest protein-coding gene, transcribed in
antisense orientation with respect to the IncRNA. This
is, for example, the situation observed for the IncRNA
VIM-AS1, which forms an R-loop around the promoter
for the gene encoding vimentin (VIM), which, in turn,
causes chromatin opening and enhances the binding of
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transcriptional activators of the NF-kB pathway [75]. By
contrast, an R-loop-dependent transcriptional repression
has been observed for the FLOWERING LOCUS C
(FLC) in Arabidopsis thaliana. FLC expression and flow-
ering are known to be regulated by multiple pathways
[76], as well being as negatively regulated by a IncRNA
named COOLAIR [77]. COOLAIR is oriented antisense
to the FLC gene, and its transcription, and R-loop for-
mation, represses FLC expression during prolonged pe-
riods of low temperature, preventing in this way the
plant from flowering [77]. R-loop stabilization (by binding
of the protein NODULIN HOMEOBOX to the ssDNA of
the R-loop) in the promoter region of COOLAIR has by
contrast been found to repress COOLAIR transcription,
allowing FLC expression [77]. To date, our knowledge of
the involvement of IncRNAs in R-loop-mediated gene
regulation remains very limited. However, considering
the high number of sense—antisense paired genes in the
genome [78, 79], as well as the ability of some IncRNAs
to form R-loops in trans [80], it is likely that other
IncRNAs will be identified to regulate gene expression
via R-loops.

Another way of recognizing chromatin DNA by
IncRNAs is the formation of RNA-DNA triplexes [81].
Such structures are generally thought to serve as an
anchor for the recruitment of chromatin modifiers in
proximity to the gene promoters [81]. This was origin-
ally reported for noncoding RNAs produced in the pro-
moter of ribosomal RNAs, which, by forming local
triple-helix structures, can recruit the DNA methyltrans-
ferase DNMT3b and induce silencing of rRNA genes
[38]. Similarly, it has been suggested that RNA-DNA
triplexes mediate the recruitment of PRC2 and
trithorax-group/mixed-lineage leukemia (TrxG/MII) pro-
tein complexes, both in cis (on the Foxfl gene) and in
trans (on the Pitx2 gene), by the murine IncRNA Fendrr
[34]. By combining in vitro pull-down and in vivo
triplex-capture assays, the IncRNA KhpsI was shown to
form a RNA-DNA triplex [82]. Khpsl is an antisense
RNA of the proto-oncogene SPHK1 encoding sphingo-
sine kinase 1 and was shown to form the triplex up-
stream of the transcription start site of SPHKI—in this
way activating SPHKI expression by recruiting the his-
tone acetyltransferase p300/CBP [82]. More recently,
other IncRNAs have been reported to recruit chromatin
modifiers in an RNA-DNA triplex-dependent manner,
at promoters of both neighbouring and distal genes
[83-85]. An intriguing possibility is that RNA-DNA
triplexes formed by IncRNAs could serve to bypass the
need for additional proteins for the specific recruit-
ment of epigenetic factors, although much remains to
be understood regarding what drives the IncRNAs to
form triplexes and how their formation and resolution
dynamics are regulated.
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IncRNA functions linked to their own gene locus
The activity of several noncoding RNAs is tightly con-
nected to their own site of transcription. In this instance,
the IncRNA remains in the proximity of its own locus,
where its transcription seems to be closely linked to the
local association of factors that determine an active or
repressive chromatin state. It is thus challenging to un-
couple the function of the IncRNA from other inherent
attributes of the gene locus, including DNA sequence,
transcriptional state and chromatin conformation. Here,
we describe mechanisms of IncRNAs in this context.

Active enhancers as a source of functional ncRNAs
Enhancers are short regions of DNA that are bound by
transcription factors and augment the expression of
genes contacted through chromatin ‘looping’ [86]. They
represent a paradigmatic example of noncoding loci that
involves regulation by multiple elements: DNA se-
quence, three-dimensional (3D) chromatin conformation
and RNA transcription. Enhancers generally produce
unspliced and non-polyadenylated transcripts named en-
hancer RNAs (eRNAs). Several studies have evaluated the
relationship between enhancer transcripts and gene activa-
tion (reviewed in [86]), showing that the levels of eRNAs
correlate with mRNA synthesis of the neighbouring genes
[51, 87]. Also supporting the notion that eRNAs contribute
to enhancer function, eRNA levels correlate with the activ-
ity of the enhancer [53, 88, 89], and enhancers that produce
eRNAs bind transcriptional co-activators to a higher extent
[51, 87], have higher DNase hypersensitivity and marks of
active chromatin compared with non-transcribed enhancers
[86, 90]. While some work has shown that the eRNA is
dispensable for the deposition of active histone marks at
enhancers [91], several other studies have provided abun-
dant proof that eRNAs are functional as RNA species. For
instance, eRNAs produced from enhancers adjacent to E2-
upregulated genes are required for the observed ligand-
dependent induction of target coding genes, increasing the
strength of specific enhancer—promoter looping [89]. Simi-
lar observations have been made for eRNAs transcribed
from androgen-receptor-regulated enhancers [92], a go-
nadotropin hormone a-subunit gene enhancer [93] or
MYODI enhancers, where eRNAs regulate the chromatin
accessibility of the transcriptional machinery [94]. Although
it is still not well understood how eRNAs boost enhancer
activity, a study performed in neurons showed that eRNAs
might facilitate the transition of paused RNA polymerase II
into productive elongation by acting as a decoy for the
negative elongation factor (NELF) complex [95]. This evi-
dence suggests that the eRNA can establish local interac-
tions with proteins that either enhance or inhibit the
transcriptional activity of the enhancer, constituting an
additional element of the enhancer function.
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Cis-regulation by IncRNAs: act of transcription versus RNA
product
A scenario where the function of the noncoding RNA is
linked to both the RNA product and the act of transcrip-
tion could well also apply to some IncRNAs. For ex-
ample, the IncRNA Airn, originally identified in mouse
as promoting genomic imprinting of the maternal
protein-coding Igf2r gene cluster, where Airn itself is
encoded [96], was later shown to act independently of
its RNA [97]. Indeed, by shortening the endogenous
Airn to different lengths by homologous recombination
or repositioning its promoter, Airn-mediated silencing of
Igf2r was shown to be caused by transcriptional inter-
ference, where the transcriptional overlap of Airn re-
duced the recruitment of RNAPII to the Igf2r promoter,
independently of its IncRNA product (Fig. 4a) [97].
However, transcriptional overlap could not explain the
imprinting of the other genes in the Igf2r cluster—Slc22a2
and Slc22a3—suggesting that at least some of Airn silen-
cing properties do reside in its RNA and not just the act
of transcription (Fig. 4a) [97, 98].

More recently, using a similar approach to that de-
scribed for Airn, genome editing of the IncRNA Lockd
locus was used to investigate whether the IncRNA
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functions through its transcript or DNA elements con-
tained in its genomic locus [99]. The study suggested
that Cdknlb is positively regulated by a cis-element at
the promoter of Lockd, whereas the IncRNA is dispens-
able for this function (Fig. 4b) [99]. The authors of the
work could not exclude the possibility that the Lockd
transcript exerts other functions [99]. However, consider-
ing that the transcriptomic analysis, following complete
depletion of Lockd, showed Cdknib as the only gene af-
fected significantly, this IncRNA might well represent an
actual case of there being a functional byproduct of the
Lockd cis-element.

Similarly, to gain insight into the relationship between
IncRNAs and regulation of gene expression i cis, Engreitz
and colleagues approached the question on a larger scale,
evaluating the effects of the genetic manipulation of 12
IncRNA and six mRNA loci on the expression of nearby
genes [100]. By combining CRISPR-Cas9-mediated
genome editing (including heterozygous deletions of
the promoters, insertion of polyadenylation signals
downstream of the transcription start sites, and dele-
tions of exonic, intronic or splicing sites) with a variety
of measurements (i.e. RNA-seq, GRO-seq, ChIP-seq),
the investigators observed that functional interactions
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Fig. 4 Gene regulation linked to long noncoding RNA (IncRNA) transcription. a Airn transcription reduces the recruitment of RNAPII to the Igfor
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between neighbouring genes are frequent, both for
IncRNAs and protein-coding loci, and that such cross-
talk relies on different manners of function [100]. These
include transcriptional- or co-transcriptional-related
processes, such as promoters that act as proximal en-
hancers, where the RNA has no function per se, or the
process of splicing that has cis-regulatory functions,
partially dependent on the nascent transcript [100]. Al-
though the number of loci evaluated in the study is still
very limited considering the thousands of IncRNA-
mRNA gene pairs present in the genome [101], none of
the IncRNA loci included in the study seemed to re-
quire the IncRNA itself for the investigated cis-regula-
tory function [100]. It is interesting to note that similar
results were achieved for the protein-coding genes ana-
lyzed, which points to the notion that genes, independently
of their coding or noncoding status, can exert cis-regulatory
activities that are independent of the RNA produced. How-
ever, it should be considered that, as this study only evalu-
ated the effect of the IncRNAs over their neighbouring
genes, no conclusion can be extrapolated regarding the
functions of the mature RNA products beyond the regula-
tion of local genes.

IncRNAs and higher-order structures

The distinction between cis- and trans-regulatory ac-
tivity of IncRNAs is not clear when taking into
consideration the 3D organization of nuclear compart-
ments. The nuclear conformation can explain co-
activation or co-repression of gene loci dependent on
the special proximity and the local concentration of
the involved factors, including IncRNAs. The genome
is in fact a packaged 3D structure that forms higher-
order chromatin structures, such as intra- and inter-
chromosomal loops and nuclear compartmentalization
[102]. This is nowadays known to be the result of
specific and regulated interactions between DNA, pro-
teins and RNAs, and IncRNAs are increasingly being
recognized as important organizers of this architecture
[9, 103, 104]. Moreover, emerging evidence supports
the notion that nuclear compartmentalization could be
based on liquid-phase separation dependent on the
biophysical properties of the molecules that constitute
the distinct chromatin domains [105]. In this context, the
cooperative association of highly abundant IncRNAs with
other RNAs and proteins might be significant for the for-
mation and dynamics of nuclear compartments.

Among the IncRNAs involved in shaping the 3D struc-
ture of the genome, some seem to have a role in the
compartmentalization of the DNA in a 3D proximity-
guided mechanism, such as Xist, which scaffolds a number
of proteins that in turn tether the IncRNA to genomic
DNA [106], the IncRNA Firre that, through the binding of
hnRNP-U, acts as a platform for trans-chromosomal
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interactions (Fig. 5a) [107], and the more recently identi-
fied trait-relevant (TR)-lincRNAs suggested to regulate
proximal TR-protein-coding gene expression by modulat-
ing local chromosomal architecture [108]. By contrast,
other IncRNAs have been found to form specific nuclear
structures, such as the IncRNAs NEATI and MALAT1I in-
volved in the nucleation of paraspeckles [14, 15, 109] and
nuclear speckles [110], respectively.

The role of IncRNAs in nuclear organization is well
exemplified by the IncRNA NEATI, which, as mentioned
above, drives the formation of nuclear bodies known as
paraspeckles. Paraspeckles are subnuclear structures
characterized by high local concentrations of specific
proteins and RNAs, implicated in the regulation of gene
expression by sequestering mRNAs and proteins involved
in nuclear processes, including transcription [111, 112].
NEAT] is an abundant mono-exonic IncRNA that, follow-
ing processing at its 3" end, produces a polyadenylated
3.7-kb NEAT1_1 isoform and a non-canonically processed
23-kb NEAT1 2 isoform [111]. Several studies have identi-
fied NEATI_2 as an essential component for the forma-
tion of paraspeckles and have shown that the nucleation
process begins during the biogenesis of the IncRNA and
that the IncRNA acts as a scaffold for the binding of para-
speckle proteins (Fig. 5b) [14, 15, 109, 113, 114]. Under
physiological conditions, the expression of NEAT1 2, and
thereby paraspeckle formation, occurs in specific cell types
involved in pregnancy and lactation [115, 116]. However,
the appearance of paraspeckles is known to occur ubiqui-
tously under certain stress conditions [111]. In line with
this, NEAT1 has been identified recently as a direct tran-
scriptional target of p53, and NEATI-dependent forma-
tion of paraspeckles has been shown to contribute to the
tumour-suppressor function of p53 [117, 118]. In conclu-
sion, as paraspeckle formation requires both the NEAT1
RNA and its ongoing transcription, and NEATI expres-
sion is rapidly regulated in response to stress, the resulting
nuclear compartmentalization represents a functional and
dynamic manner for controlling gene expression and cel-
lular responses.

Concluding remarks

Compiling evidence supports the involvement of IncRNAs
in the correct execution of gene expression programs,
which can be ascribed to three different levels of gene ac-
tivity: (i) the underlying genomic sequence of the locus,
which contains elements able to bind regulatory proteins
such as transcription factors; (ii) the act of transcription
that can either act as positive feedback or cause transcrip-
tional interference; and (iii) the RNA product itself. The
combination of these three dimensions of gene function
together with the topological localization in the nucleus is
therefore what mediates the effect on gene regulation.
However, what makes functional IncRNAs unique is their
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ability to establish molecular interactions with proteins
and nucleic acids to temporally and spatially modulate
their activities and/or localization. The examples
reviewed here illustrate this mechanistic versatility of
IncRNAs—flexibility arising also owing to their evolu-
tionary plasticity. However, only the identification of
the RNA sequences and structural elements that confer
IncRNAs with these capabilities, as well as the deter-
mination of the biochemical and biophysical properties
of the IncRNA-containing complexes, will lend further
insight into the mechanisms that IncRNAs employ for
gene regulation. As our comprehension of IncRNA
mechanisms progresses, this will not only expand our
view of transcriptional regulation, but also of other im-
portant biological processes centred on the chromatin,
such as the DNA damage response, DNA repair and
DNA replication. Considering the many and diverse
functions of IncRNAs, it is therefore not surprising that
their alterations contribute to the development and

maintenance of many different human diseases. A better
understanding of the mechanisms underlying the functions
of IncRNAs will help us to understand the pathophysiology
of human diseases and to design novel therapeutic strat-
egies and will also benefit fundamental research.
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