
In the past decade, advances in genome sequencing and 
analysis1–4 have led to the discovery of tens of  thousands 
of RNA transcripts that have similar properties to 
mRNAs5,6 but are not translated into proteins7–9. These 
transcripts are collectively referred to as long non- coding 
RNAs (lncRNAs), a term that is generally applied to any 
transcript that has a primary sequence that is longer than 
200 nucleotides and lacks protein-coding potential3,5,6. 
Because of this broad definition,  lncRNAs are hetero-
geneous in their biogenesis10, stability11, abundance5,6 and 
evolution12–15, and thus are also likely to be hetero geneous 
in their mechanisms of function. Indeed, whereas some 
lncRNAs act as functional RNA molecules, others seem 
to be non-functional byproducts of underlying cis regu-
latory elements such as enhancers16–20. Although it 
remains unclear precisely what proportion of lncRNAs 
are functional, dozens of lncRNAs are now known to act 
as regulators of gene expression programmes in diverse 
biological processes21,22.

One of the best-studied examples of a lncRNA that 
regulates gene expression is Xist (X inactive specific 
transcript), which orchestrates X chromosome  inactivation 
(XCI)23,24. Xist was initially identified because it is 
expressed from the inactive X chromosome (Xi) but not 
the active X (Xa)25,26, and was subsequently shown to 
lack a conserved open reading frame25,27, to localize in 
the nucleus28 and to form a unique nuclear compartment 
that ‘coats’ the Xi29. Importantly, deletion of Xist leads 
to failure to initiate XCI30,31, deletion of a single region 
of the Xist RNA ablates its silencing role32, disruption of 

Xist localization on chromatin prevents silencing33, and 
forced expression of Xist on X chromosomes or auto-
somes (in females or males) is sufficient to trigger gene 
silencing in cis34,35. These studies demonstrated that Xist 
acts as a functional RNA molecule that is required for 
transcriptional silencing of X chromosome genes.

Like Xist, other lncRNAs have been implicated in 
gene regulation (for recent reviews, see REFS 21,22). Many 
lncRNAs localize preferentially in the nucleus5,6,36–38, and 
loss-of-function studies have suggested that lncRNAs can 
have broad effects on gene expression39–42. In this Review, 
we discuss emerging insights derived from Xist and other 
lncRNAs (see Supplementary information S1 (table)) for 
a summary of some key lncRNAs) that illumin ate the 
molecular mechanisms by which lncRNAs can regulate 
gene expression in the nucleus. We highlight three key 
mechanisms: the ability to scaffold and recruit multi-
ple regulatory proteins, the ability to localize to specific 
targets on genomic DNA, and the ability to utilize and 
shape three-dimensional (3D) nuclear structure. By inte-
grating these properties, lncRNAs can carry out complex 
regulatory tasks that extend beyond what DNA ele-
ments or proteins are able to do, and we discuss several 
classes of biological processes that are ideally suited for 
 lncRNA-mediated regulation of gene expression.

lncRNAs scaffold regulatory proteins
Many lncRNAs carry out their cellular functions by 
interacting with proteins to form macromolecular 
complexes. These interactions are mediated by specific 
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X chromosome inactivation
(XCI). A process in early 
embryonic development 
whereby gene expression from 
one of the two X chromosomes 
in females is silenced to 
achieve balanced expression 
levels with X‑linked genes 
in males.

Long non-coding RNAs: spatial 
amplifiers that control nuclear 
structure and gene expression
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Abstract | Over the past decade, it has become clear that mammalian genomes encode thousands 
of long non-coding RNAs (lncRNAs), many of which are now implicated in diverse biological 
processes. Recent work studying the molecular mechanisms of several key examples — including 
Xist, which orchestrates X chromosome inactivation — has provided new insights into how 
lncRNAs can control cellular functions by acting in the nucleus. Here we discuss emerging 
mechanistic insights into how lncRNAs can regulate gene expression by coordinating regulatory 
proteins, localizing to target loci and shaping three-dimensional (3D) nuclear organization. 
We explore these principles to highlight biological challenges in gene regulation, in which 
lncRNAs are well-suited to perform roles that cannot be carried out by DNA elements or protein 
regulators alone, such as acting as spatial amplifiers of regulatory signals in the nucleus.
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Polycomb group (PcG) 
proteins
A protein family involved in 
modifying histones and 
modulating chromatin 
structure to silence gene 
expression. PcG proteins 
comprise two main complexes 
— Polycomb repressive 
complexes 1 and 2.

elements — or ‘domains’ — in the RNA sequence, includ-
ing short RNA sequence motifs or larger second ary or  
tertiary structures (for review, see REF. 43). An impor-
tant feature of lncRNAs is that they often contain several 
discrete domains that interact with different proteins21. 
Here we discuss the evidence that lncRNAs can serve 
as scaffolds that coordinate the function of distinct 
 transcription regulatory complexes.

Xist scaffolds multiple proteins to enable transcriptional 
silencing during XCI. XCI involves coordinated recruit-
ment of many regulatory factors to the X chromosome. 
At the onset of XCI, induction of Xist expression triggers 
a cascade of events including loss of histone modifica-
tions associated with transcriptional activity44–48, recruit-
ment of the repressive Polycomb group (PcG) proteins and 
associated chromatin modifications49,50, and chromo-
some compaction51,52 — resulting in transcriptional 
silencing of most genes across the chromosome (FIG. 1). 
Early evidence suggested that Xist might coordinate 

these varied functions through interactions with multi-
ple protein complexes because discrete regions of the 
RNA sequence are required for transcriptional silenc-
ing (A-repeat)32, Polycomb repressive complex 2 (PRC2) 
recruitment (B-F repeat)53, and localization to DNA 
(several, including the C-repeat)32,33,54. Furthermore, 
the functions of some of these regions appeared to be 
independent of one another: for example, deletion of 
the A-repeat precluded transcriptional silencing but did 
not affect Xist localization to genomic DNA32. Yet, which 
proteins were required for these various roles remained 
unknown for many years24,55.

Recent advances in biochemical purification 
approaches enabled identification of the proteins that 
directly interact with Xist56–58. These studies, along with 
several independent functional studies59,60, identified 
SMRT/HDAC1-associated repressor protein (SHARP; 
also known as SPEN and Msx2-interacting protein) 
as a direct Xist-interacting protein that is required 
for chromosome-wide transcriptional silencing on 

Figure 1 | Xist recruits chromatin regulators to silence gene expression 
on the inactive X chromosome. Xist (X inactive specific transcript) performs 
multiple roles during X chromosome inactivation (XCI) by recruiting various 
regulatory complexes at different stages to enact and maintain 
chromosome-wide transcriptional silencing. In embryonic stem cells, both 
X chromosomes are actively transcribed (Xa) and are marked by associated 
active histone modifications, including methylation of histone H3 at Lys 4 
(H3K4me1; not shown) and acetylation of several residues on H3 and H4. 
During the initiation phase of XCI, early in embryonic development, Xist 
expression is activated on one of the two X chromosomes. Xist gradually 
spreads across the inactive X chromosome (Xi) by binding to chromatin 
through interactions with scaffold attachment factor A (SAFA), and recruits 
chromatin regulatory complexes to enact transcriptional silencing. Xist 
directly recruits SMRT/HDAC1-associated repressor protein (SHARP) 
through its A-repeat region (A) to promote histone deacetylation by histone 
deacetylase 3 (HDAC3), which is accompanied by demethylation of H3K4 
and ejection of RNA polymerase II. Xist also recruits multiple complexes 

associated with gene repression, including polycomb repressive 
complex 1 (PRC1; not shown) and PRC2; the latter is recruited through  
an unknown mechanism (question marks) that requires binding of 
heterogeneous nuclear ribonucleoprotein K (hnRNPK) to the B-F  
repeat (B) of Xist as well as the presence of SHARP. The two PRC complexes 
deposit ubiquitylated H2AK119 (not shown) and H3K27me3, respectively, 
whereas the histone methyltransferase SETDB1 deposits the repressive 
H3K9me2 and H3K9me3 marks (not shown). In differentiated cells, the 
maintenance phase of XCI is characterized by stable gene repression 
through DNA cytosine methylation (meC) by DNA methyltransferase 
(DNMT), and the incorporation of the histone variant macroH2A; the 
mechanisms by which Xist recruits DNMT and macroH2A are unknown 
(dashed Xist and question mark). During this maintenance phase, the Xist 
RNA appears to be dispensable for transcriptional silencing, suggesting that 
the repressive marks present at this stage are sufficient to maintain silencing. 
SMRT, silencing mediator for retinoid and thyroid hormone receptors. The 
bottom left three panels are adapted from REF. 57, Nature Publishing Group.
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Imprinted phase of XCI
A process occurring on the 
paternally derived 
X chromosome of two‑ and 
four‑cell stage embryos. 
Extra‑embryonic tissues retain 
this imprinted pattern of XCI, 
whereas embryonic tissues 
reverse this imprinted pattern 
and then randomly inactivate 
one X chromosome.

the X chromosome. SHARP is an RNA-binding protein 
(RBP) that binds to the A-repeat of Xist56,61. SHARP was 
initially identified in humans as an interaction partner 
of the SMRT (silencing mediator for retinoid and thy-
roid hormone receptors) co-repressor complex62, which 
recruits and activates histone deacetylase 3 (HDAC3)63–65.  
Consistent with these observations, both SMRT and 
HDAC3 are required for the exclusion of RNA polymer-
ase II from the X-chromosome territory and subsequent 
transcriptional silencing57. Indeed, deacetylation across 
the future Xi is one of the  earliest detectable events follow-
ing the initiation of XCI66. These results indicate that  
Xist initiates transcriptional silencing by directly bind-
ing to SHARP, thereby recruiting SMRT and HDAC3 to 
 trigger deacetylation on the X  chromosome (FIG. 1).

Induction of Xist expression also leads to the recruit-
ment of PRC2, which deposits the repressive histone 3 Lys 
27 trimethylation (H3K27me3) modification across the 
Xi (FIG. 1). Although genetic deletion of PRC2 has no 
effect on the initiation of transcriptional silencing67,68, 
it is required to maintain transcriptional silencing dur-
ing the imprinted phase of XCI69. PRC2 was initially thought 
to interact with Xist directly70, but recent studies have 
identified two proteins that directly bind Xist and seem 
to be required for PRC2 recruitment: SHARP and hetero-
geneous nuclear ribonucleoprotein K (hnRNPK)56,57,59, 
although the precise details of how these proteins lead 
to recruitment of PRC2 are unclear. The Xist B-F repeat 
is required for PRC2 recruitment71 and binds directly to 
hnRNPK56 (M. Blanco and M. G., unpublished obser-
vations). Notably, the silencing functions of PRC2 and 
of SHARP-recruited HDACs may have distinct dynam-
ics: histone deacetylation enables rapid transcriptional 
silencing, whereas PRC2-mediated changes provide more 
 stable epigenetic memory72. Thus, Xist may coordinate 
the initiation and maintenance of XCI by recruiting 
complementary  regulatory complexes through distinct 
domains in its sequence.

In addition to SHARP and hnRNPK, the Xist lncRNA  
binds to many proteins (10 to >100, depending on 
purification conditions), including a wide range of 
transcriptional silencers, DNA-binding proteins, lamina- 
associated proteins and RNA-modifying enzymes56–58, 
some of which we discuss below. Although the roles of 
many of these proteins remain to be determined, this 
cata logue likely includes additional components that 
enable Xist to accomplish its varied tasks during XCI.

Other lncRNAs that interact with and scaffold regula-
tory proteins. Besides Xist, many nuclear lncRNAs have 
been reported to interact with a diverse range of proteins 
(FIG. 2a). Chromatin regulatory proteins reported to bind 
to RNA include those involved in histone modification 
(such as PcG proteins73–75, G9a76, NoRC77, Lys-specific 
histone demethylase 1 (LSD1)78 and WD-repeat-
containing protein 5 (WDR5)79,80), DNA methylation 
(such as DNA methyltransferase 1 (DNMT1)81) and 
nucleosome remodelling (such as SWI/SNF82). Several 
lncRNAs have been reported to serve as co-activators 
for sequence-specific transcription factors: the lncRNA 
RMST (rhabdomyosarcoma 2-associated transcript) 

is involved in the proper localization of the transcrip-
tion factor SOX2 during neurogenesis83, and the lncRNA 
SRA1 (steroid receptor RNA activator 1) co-activates 
steroid receptor-dependent transcription84. Importantly, 
although many proteins have been reported to interact 
with lncRNAs, in most cases the exact functions of 
these interactions remain unclear; for example, PRC2 
and some other chromatin regulatory complexes 
seem to interact promiscuously with many RNA mol-
ecules, including mRNAs73,85. Nevertheless, various 
studies have shown that in at least some cases these 
RNA–protein interactions can: recruit chromatin regula-
tory complexes to specific genomic sites to regulate gene 
expression80,86–88; competitively or allosterically modulate 
the functions of protein complexes89–91; and/or combine 
and coordinate the functions of multiple independent 
protein complexes39,78 (FIG. 2b).

Indeed, many lncRNAs appear to serve as  physical 
scaffolds, exploiting their large size to interact with multi-
ple regulatory complexes simultaneously. Examples  
include Xist (FIG. 2c) and HOX transcript antisense RNA 
(HOTAIR), which regulates the HOXD gene cluster 
during limb development. HOTAIR associates with 
both PRC2, which deposits the repression-associated 
H3K27me3 modification, and the LSD1–CoREST–
REST complex, which erases the activation-associated 
H3K4me2 modification, thereby coordinating two 
distinct yet functionally related chromatin-modifying 
activities78. The lncRNA Kcnq1ot1 (KCNQ1 opposite 
strand/antisense transcript 1) (Supplementary infor-
mation S1 (table)) associates with both PRC2 and 
G9a, which write different repressive modifications 
(H3K27me3 and H3K9me3, respectively)92. A large-
scale study found that many lncRNAs in mouse 
embryo nic stem cells associate with multiple chromatin 
regulatory complexes39.

In addition to scaffolding different complexes 
with distinct functions, some lncRNAs encode repeti-
tive RNA domains that might enable high-avidity 
and/or multi valent interactions with one specific pro-
tein or complex (FIG. 2b). As an example, the lncRNA 
Firre (functional intergenic repeating RNA element) 
(Supplementary information S1 (table)) includes 12 
repeated exons that evolved through segmental duplica-
tions in its genomic locus93,94 (FIG. 2d). Each of these exons 
can interact with the nuclear scaffolding protein scaffold 
attachment factor A (SAFA; also known as hnRNPU), 
which is an abundant component of the nuclear matrix. 
SAFA contains both DNA- and RNA-binding protein 
domains93,94 and is responsible for nuclear retention of 
many RNAs95,96. The repetitive structure of Firre might 
enable high- affinity interactions with chromatin and/or 
the formation of an interconnected, multimeric network 
of Firre RNA molecules at multiple sites on genomic 
DNA (FIG. 2d, see below).

LncRNA-mediated complexes are thought to be 
flexible, enabling tethering of multiple complexes in a 
modular manner such that their interactions are physi-
cally independent (FIG. 2a). Genetic dissection of yeast 
TLC1, known as telomerase RNA component (TERC) 
in humans (Supplementary information S1 (table)), 
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Figure 2 | Long non-coding RNAs as scaffolds that integrate diverse 
regulatory proteins. a | Various regions of the long non-coding RNA 
(lncRNA) molecule — each encoding specific sequence motifs or structural 
elements — can interact with distinct protein complexes in a modular 
manner. Functional regions can be connected by flexible linkers. b | LncRNA–
protein interactions can have various functions, including: combining the 
functions of multiple proteins; localizing lncRNAs to genomic DNA; 
modifying the structure of lncRNAs or proteins; competitively inhibiting 
protein function (as decoys); and providing a multivalent platform, for 
example, to increase the avidity of protein interactions or to promote RNA–
protein complex polymerization. c | Multiple modules can together create 
lncRNAs with diverse functions. For example, the mouse Xist contains 
repetitive sequences (A-F repeats) that interact with distinct protein 
complexes. An interaction with scaffold attachment factor A (SAFA) tethers 
Xist to DNA56,57,95. Interactions with SMRT/HDAC1-associated repressor 
protein (SHARP)56–58 lead to transcriptional silencing. Xist interacts with 
SHARP through its A-repeat domain, which encodes eight tandem repeats 

that can hybridize to one another to provide multiple SHARP-binding sites61. 
Interactions with lamin B receptor (LBR) lead to repositioning of Xist- 
targeted loci to the lamina136. d | The Firre lncRNA is encoded at a locus that 
produces dozens of RNA isoforms with multiple copies of a repeating RNA 
domain (RRD). Multivalent interactions between Firre and SAFA anchor Firre 
to chromatin93 and may form a scaffold that organizes chromosomal 
architecture. Firre may recruit additional proteins to this compartment. 
e | Telomerase RNA component (TERC) has distinct modules that interact 
with the protein components of the telomerase complex, such as telomerase 
reverse transcriptase (TERT) and the H/ACA proteins. These independent 
modules are connected by flexible linker regions97. TERC also encodes the 
sequence template for reverse transcription and extension of telomeric DNA. 
f | LncRNA–protein complexes can be dynamically regulated, for example, by 
altering the concentration of components that recognize the same RNA 
domain, or by altering the structure of the RNA through post- transcriptional 
RNA modifications or RNA remodelling (for example, by RNA helicases) so it 
can be recognized by new proteins. m6A, N6-methyladenosine.
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revealed that this lncRNA comprises multiple domains 
connected by flexible linkers that are relatively uncon-
strained in their specific sequence and length97 (FIG. 2e). 
Similarly, genetic deletions of specific domains in Xist, 
HOTAIR, Firre and others32,78,93 have demonstrated 
some degree of functional independence of lncRNA 
domains. These results are consistent with the notion 
that lncRNAs can bring together unique combinations of 
functional complexes that may not interact or colocal ize 
with one another except when engaged by the lncRNA. 
In most cases, the precise functions enabled by these 
unique combinations remain unclear and are under 
active investigation.

The composition of lncRNA–protein complexes 
can be dynamically controlled (FIG. 2f), including by 
changing the concentration of RBPs that recognize 
the same RNA element98 or by altering the structure 
or post- transcriptional modifications of the lncRNA. 
For example, N6-methyladenosine (m6A) modifications 
of Xist are required for the recruitment of YTHDC1, 
which is an m6A-binding protein, and for transcrip-
tional silencing through an unknown mechanism99. 
Like other RNAs, which seem to have alternative struc-
tures in vivo61, the 7SK non-coding RNA has two dif-
ferent RNA structures that interact with distinct sets of 

proteins100. The dynamic regulation of lncRNA–protein 
complexes remains relatively unexplored, and may best 
be revealed by single-molecule imaging or biochemical 
techniques that can define and characterize composi-
tionally distinct lncRNA complexes that coexist in the 
same cell.

lncRNAs localize to specific DNA sites
Many lncRNAs, including Xist, regulate transcription 
by recruiting regulatory protein complexes to precise 
genomic locations. Proper localization of Xist and other 
lncRNAs on chromatin is crucial for their functions. 
Recent studies highlight two strategies to control how 
lncRNAs identify and interact with regulatory target 
sites on chromatin: affinity interactions to chromatin- 
or DNA-binding proteins, and proximity inter actions, 
which are mediated by the 3D architecture of the 
genome (BOX 1; FIG. 3a).

Protein interactions provide lncRNA affinity for chro-
matin. To bind to chromatin on the X chromosome, 
Xist interacts with the nuclear matrix protein SAFA56,57,95 
(FIGS 2c,3a). High-resolution maps of Xist binding show 
that the RNA localizes broadly across the X chromo-
some, rather than at focal sites, likely mirroring the 

Box 1 | Eukaryotic nuclei exhibit multiple, hierarchical levels of spatial organization

The spatial localization of RNA, DNA and proteins in the 
nucleus is crucial for the proper functioning of nuclear 
processes and, consequently, it is highly organized and 
regulated. The nucleus contains several different nuclear 
bodies with high concentrations of specific RNAs and 
proteins, including: nucleoli, which are involved in both 
transcribing ribosomal RNA and assembling ribosomes176; 
nuclear speckles, which are involved in the regulation of 
pre-mRNA processing and splicing155; and the nuclear 
speckle-associated paraspeckles, the function of which is 
poorly understood (see the figure, part a). Nuclear bodies 
can be highly dynamic structures; for example, the 
formation of paraspeckles depends on the expression 
of the long non-coding RNA NEAT1 (nuclear enriched 
abundant transcript 1)149,150. In addition to the compart-
mentalization of RNA and proteins into nuclear bodies, 
DNA is organized in a hierarchical manner across many 
length scales, starting at the level of entire chromosomes 
down to individual genes. Chromosomes occupy discrete 
regions in the nucleus called chromosome territories 
(see the figure, part b) and generally avoid extensive 
intermingling111. Each chromosome is segregated into 
two spatial compartments, called A and B, that 
correspond to chromosomal domains and are 
transcriptionally active or inactive, respectively177 
(see the figure, part c). Both A and B compartments 
contain self-associating structures called topologically 
associating domains (TADs), which have a median size of 
800 kb (REF. 137). In many cases, TADs are bordered by the 
protein CCCTC-binding factor (CTCF)126,137, which binds 
to linearly distant DNA sequences and brings them into 
close three-dimensional proximity, resulting in the 
formation of a chromatin loop (see the figure, part d). TADs are highly conserved across cell types and species137, 
and may provide a mechanism whereby neighbouring genes can be co-regulated by concentrating regulatory proteins 
or RNAs within a defined space.
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relatively ubiquitous localization of SAFA101. Knockdown 
of SAFA or deletion of its RNA-binding domain leads 
to diffuse Xist localization throughout the nucleoplasm 
and loss of transcriptional silencing on the X chromo-
some56,57,95. Notably, SAFA localizes not only on the 
X chromosome but also on autosomes, and therefore 
on its own cannot account for the specific localization 
of Xist to the X chromosome (see below). Nonetheless, 
SAFA seems to provide the physical link that tethers the 
Xist lncRNA to genomic DNA.

Other lncRNAs use various mechanisms to achieve 
affinity for specific regions of the genome, including 
interactions with DNA- or chromatin-binding pro-
teins93,102. In some cases, these mechanisms enable very 
punctate patterns of lncRNA localization to chromatin, 
in contrast to the broad localization of Xist. For  example, 

the roX (RNA on X chromosome) non- coding RNAs, 
which mediate X chromosome dosage compensation 
in Drosophila spp. males103 (Supplementary infor-
mation S1 (table)), interact with chromatin through 
CLAMP (chromatin-linked adaptor for MSL pro-
teins), a sequence-specific DNA-binding protein102. 
CLAMP recognizes ~150 copies of a specific motif 
spread across the X chromosome, leading to a punc-
tate pattern of roX RNA localization at these sites104–106. 
Other examples include the highly abundant ~7 kb 
lncRNA MALAT1 (metastasis associated lung adeno-
carcinoma transcript 1), which co- purifies with DNA 
at active genes across the genome and shows a speci-
fic pattern of enrichment at the 3ʹ ends of genes107,108 
(FIG. 3a). MALAT1 seems to be recruited to active genes 
as part of the transcriptional machinery and shows 

Figure 3 | Patterns and mechanisms of long non-coding RNA 
localization to chromatin. a | Two main strategies are used by long 
non-coding RNAs (lncRNAs) to identify and interact with specific sites on 
chromatin: three-dimensional (3D) proximity (relative to their sites of 
transcription) and affinity interactions with chromatin (mediated by 
interactions with chromatin- or DNA-bound proteins). LncRNAs use 
various combinations of these two strategies to identify regulatory 
targets. For example, Xist (X inactive specific transcript) displays a 
localization pattern dominated by 3D proximity. Its affinity for chromatin 
is dependent on interactions with scaffold attachment factor A (SAFA), 
which binds DNA relatively ubiquitously; thus, Xist spreads to sites in close 
3D proximity to its locus and forms a single compartment in the nucleus. 
By contrast, MALAT1 (metastasis associated lung adenocarcinoma 

transcript 1) has a localization pattern that is dominated by affinity 
interactions: MALAT1 localizes to nuclear speckles and co-purifies with 
chromatin specifically at sites of active transcription. b | Genetic 
experiments involving changing the location of the Xist gene (from its 
endogenous locus to other locations on the X chromosome or on 
autosomes) demonstrated that 3D proximity defines Xist localization 
on chromatin. In ectopic loci on autosomes, Xist not only localizes 
to chromatin that is in proximity to its transgenic locus but also silences 
the expression of nearby genes (red circle), indicating that the specificity 
of its function is determined by its localization. c | Features intrinsic to 
lncRNAs, such as their abundance, might control the extent to which they 
spread to and regulate nearby genes. HOTTIP, HOXA transcript at the 
distal tip; Kcnq1ot1, KCNQ1 opposite strand/antisense transcript 1.
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stronger interactions on chromatin with genes that are 
spliced and polyadenylated107. Thus, the specificity of 
localization and function of lncRNAs is in part deter-
mined by the proteins through which they attain affinity 
for chromatin.

Three-dimensional proximity can guide lncRNAs to 
their target sites. Protein affinity alone often does not 
entirely determine lncRNA localization. Xist, for exam-
ple, localizes and functions exclusively in cis, on the 
same chromosome from which it is transcribed. Based 
solely on affinity, it is unclear how Xist could localize 
across the entire X chromosome yet not spread to other 
chromosomes — including the other X chromosome, 
which contains the same sequences. Indeed, neither 
DNA-binding specificity nor chromatin state can explain 
the restriction of Xist in cis, because at the initiation of 
XCI both X chromosomes are competent for silencing66. 
Instead, Xist localization and function appear to be con-
trolled primarily by the location of its transcription on 
the genome (FIG. 3b).

To understand how genomic location leads to cis- 
restricted function of Xist, several groups characterized 
Xist localization during the initiation of XCI at high 
resolution109,110 and found that Xist initially localizes to 
the DNA regions that most frequently contact the Xist 
genomic locus in 3D space109. Moving Xist to a new 
location of the X chromosome, which exhibits a distinct 
pattern of proximity contacts, led to a new localization 
pattern that reflected its new location109 (FIG. 3b). Thus, 
Xist exploits 3D genome organization to find its regula-
tory targets. This proximity-guided localization strategy 
likely explains how Xist initially localizes to the Xi and 
not to other chromosomes, because DNA regions on a 
given chromosome are physically closest to other sites on 
the same chromosome, in what is termed a chromosome 
territory111 (BOX 1). As it spreads from its site of tran-
scription, Xist modifies chromatin state and chromo-
some architecture (see below); selective localization to 
the Xi may involve multiple iterations of Xist spreading 
in proximity to its transcription locus and sub sequently 
changing nuclear architecture to draw in more distant 
regions of the Xi109.

Such a 3D proximity-guided localization mechanism 
highlights a unique role for lncRNAs in gene regula-
tion. Unlike proteins, which must be imported into the 
nucleus after translation and thus inherently lack infor-
mation about their loci of origin, lncRNAs can function 
immediately upon their transcription and processing 
in the nucleus and regulate the expression of genes that 
are in close 3D proximity on a specific allele (FIG. 3a). 
In addition to enabling allele-specific gene regulation, 
a proximity-mediated search strategy might also explain 
how a low-abundance lncRNA can reliably identify tar-
get genes in the nucleus, because it is present at a high 
concentration at sites that are proximal to its genomic 
locus (FIGS 3a,c).

Numerous lncRNAs have been reported to regu-
late the expression of one or several spatially proximal 
genes80,92,112. For example, Kcnq1ot1 is expressed in 
a monoallelic manner from the imprinted Kcnq1 locus 

and silences the expression of several neighbouring 
genes in the same chromosomal domain92, likely utiliz-
ing spatial proximity to enable allele-specific regula-
tion in a manner similar to Xist. The lncRNA HOTTIP 
(HOXA transcript at the distal tip) (Supplementary 
information S1 (table)) is encoded in the HOXA gene 
cluster and recruits various transcriptional activators to 
spatially proximal HOXA genes80. Importantly, several 
lncRNAs have been demonstrated to regulate proximal 
gene expression when they are expressed adjacently to 
or recruited to a reporter gene on a plasmid80,113,114, sug-
gesting that, like Xist, the specificity of their localization 
and function is primarily encoded by physical location 
rather than by preferential affinity for their regulatory 
targets. Thus, spatial proximity may have a dominant 
role in guiding the specificity of many RNA regulators 
to their target genes.

Although the physical architecture of chromo-
somes generally favours interactions between loci on 
the same chromosome, regions on different chromo-
somes can also be located in close physical proximity in 
the nucleus115 (BOX 1). There are now several  examples 
where the principle of proximity-guided search can 
enable lncRNAs to interact with regions on different 
chromosomes. Notable examples include Firre, which 
is encoded on the X chromosome and forms a punctate 
cloud in the nucleus that includes multiple sites on other 
chromosomes93 (see below), and the CISTR–ACT locus, 
which is encoded on chromosome 12 in humans but is 
frequently found to colocalize with the SOX9 locus on 
chromosome 17 (REF. 116). Although the precise mech-
anisms by which these inter-chromosomal contacts 
affect gene expression are unknown, these findings show 
that  lncRNAs can identify and interact with genomic tar-
gets on different chromosomes through 3D proximity, 
exploiting the spatial contacts of their genomic loci to 
identify and localize to sites throughout the genome.

Genomic localization by combination of affinity and 
three-dimensional proximity. Together, these data sug-
gest that many lncRNAs balance the protein-affinity 
and 3D-proximity strategies to locate and interact with 
their target sites in the genome. For some lncRNAs, 
3D proximity dominates their localization to chromatin 
(FIG. 3a). The localization of Xist during early XCI seems 
to be guided primarily by proximity109, likely because it 
interacts with chromatin through a relatively ubiquitous 
factor, SAFA. For other lncRNAs, the affinity compo-
nent dominates their localization: MALAT1 localizes 
to thousands of actively transcribed genes throughout 
the genome, most of which are not located in proximity 
to its genomic locus107,108. This pattern of interactions 
presum ably arises because the proteins that interact with 
MALAT1 have a high affinity for actively transcribed 
loci. Xist and MALAT1 illustrate the two extremes, and 
other lncRNAs may localize to chromatin using com-
binations of affinity and proximity93,116. For example, 
roX2 binds to specific DNA locations that are defined 
in part by the binding pattern of CLAMP, but preferen-
tially binds to CLAMP-binding sites that are in close 3D 
proximity to the roX2 locus104,117.
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The precise balance between the two strategies of 
affinity and proximity may depend on the abundance 
and/or stability of the lncRNA (FIG. 3c). For example, 
low-abundance lncRNAs like HOTTIP (<1 copy per cell) 
only interact with and regulate genes in very close prox-
imity, perhaps because the lncRNA cannot attain a high 
enough concentration at sites in the nucleus beyond its 
vicinity. By contrast, Xist is present at moderate levels 
(50–100 copies per cell118) and has low specificity; these 
properties may enable Xist to spread across the entire 
X chromosome while limiting its ability to spread to 
other chromosomes. Finally, MALAT1 is highly abun-
dant (~3,000 copies per cell119) and stable120, which may 
allow it to diffuse throughout the nucleus to search 
for sites with which it has high affinity. Thus, proper-
ties intrinsic to each lncRNA may control the extent of 
lncRNA diffusion and localization in the nucleus.

lncRNAs shape nuclear organization
The role of RNA in shaping nuclear architecture has long 
been speculated121–124, and recent examples have identi-
fied nuclear-retained lncRNAs that are required for the 
formation of specific nuclear structures. Indeed, some 
lncRNAs seem to use their abilities to scaffold proteins 
and bind chromatin to manipulate the architecture of the 
nucleus. Below, we discuss the evidence that  lncRNAs 
act to establish nuclear compartments, defined here as 
spatial locations that contain high concentrations of 
 specific RNAs, proteins and/or genomic sites.

Xist shapes the three-dimensional structure of the 
 inactive X chromosome. Expression of Xist during XCI 
leads not only to changes in chromatin structure and 
histone modifications but also to large-scale remodelling 
of the 3D architecture of the Xi58,125–129 (FIG. 4). One of the 
most striking architectural changes associated with 
the induction of Xist is the repositioning of the entire 
Xi adjacently to the nuclear lamina130, which is a nuclear 
compartment generally associated with transcription-
ally inactive genes131,132 (FIG. 4a). Recent proteomic stud-
ies revealed that Xist directly interacts with the lamin B 
receptor (LBR)57,58, which is a transmembrane protein at 
the inner nuclear membrane that interacts with lamin B 
and is required to anchor chromatin to the nuclear 
lamina133–135. Knockdown of LBR or disruption of the 
Xist–LBR interaction leads to defective recruitment of 
the X chromosome to the nuclear lamina, demonstrat-
ing that this large-scale architectural change is directly 
mediated by Xist. Deletion of LBR or LBR-binding sites 
on Xist also prevents this lncRNA from spreading to 
actively transcribed genes across the X chromosome and 
abolishes Xist-mediated gene silencing136. These results 
indicate that Xist reshapes nuclear structure by tethering 
the X chromosome to the nuclear lamina, and that this 
tethering is required for Xist to access genes across the 
X chromosome and silence their transcription.

In addition to relocating to the nuclear lamina, the 
Xi adopts a unique 3D structure following XCI58,125–127. 
Normally, chromosomes form a series of self- interacting 
architectural domains, termed topologically associated 
domains (TADs), each of which includes hundreds of 

kilobases of DNA137 (BOX 1). During XCI, the Xi seems 
to lose this typical TAD structure and instead forms 
two ‘mega-domains’ of interactions across the chromo-
some126,128,129 (FIG. 4b). Whereas the patterns of contacts on 
most chromosomes show punctate interactions between 
specific loci, the mega-domains on the Xi exhibit a more 
random pattern of interactions125–127. The two mega- 
domains on the Xi are demarcated at the DXZ4 locus126, 
which is essential to maintain this boundary128,129.

A final notable feature of the architecture of the Xi is 
the existence of 27 long-range, higher-order DNA loop-
ing interactions (termed superloops) between genomic 
loci that are separated by 7–74 Mb, including inter-
actions between loci in separate mega-domains126,128. 
These superloops are only observed on the Xi but not the 
Xa126 (FIG. 4a). Intriguingly, several of the loci that partici-
pate in these superloops encode lncRNAs, including 
the DXZ4 locus (which encodes the lncRNAs DANT1 
and DANT2 (REF. 138)), FIRRE, ICCE (also known as 
LOC550643) and XIST itself, each of which is expressed 
from the Xi126,128. It is unknown whether these lncRNAs 
mechanistically contribute to the formation of these 
unique 3D genomic contacts, or whether these contacts 
are mediated by the genomic DNA near these lncRNA 
loci and do not depend on the lncRNAs themselves.

The precise mechanisms by which Xist establishes 
or maintains this unique chromosomal architecture 
remain unclear. Deletion of Xist after establishment of 
XCI leads to a partial reversion of the Xi structure back 
to that of the Xa125. This occurs without reactivating the 
expression of silenced genes on the Xi, indicating that 
these structural effects are actively maintained by Xist 
and are not merely caused by transcriptional silencing. 
One possible explanation for these observations is that 
these structural effects are maintained by the Xist–LBR 
interaction. Xist may also affect chromosomal architec-
ture by recruiting PcG proteins, which can influence 
3D chromosome architecture by aggregating into PcG-
associated domains139–142, or by recruiting other struc-
tural proteins such as SMCHD1 (structural maintenance 
of chromosomes flexible hinge domain-containing pro-
tein 1), which is known to contribute to the higher-order 
structure of the Xi143.

Other lncRNAs nucleate and organize nuclear compart-
ments. In addition to Xist and its role in XCI, other 
lncRNAs are now known to organize higher-order 
chromosome architecture87,93. For example, Firre forms 
a punctate compartment in the nucleus that includes 
not only its locus on the X chromosome but also sev-
eral specific loci on mouse chromosomes 2, 9, 15 and 17 
(REF. 93) (FIG. 5a). Genetic deletion of Firre leads to loss 
of the observed colocalization of these interacting DNA 
loci, indicating that the lncRNA is required for these 
inter-chromosomal interactions, and also leads to broad 
transcriptional changes including many genes involved 
in RNA processing and electron transport chain metab-
olism93,144. Notably, Firre is required for adipogenesis40, 
and several of the loci with the strongest Firre occu-
pancy encode genes that are involved in energy metab-
olism and/or adipogenesis93. These observations suggest 
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that Firre may promote these architectural changes to 
 spatially coordinate the regulation of genes involved in 
the same biological process.

Whereas Xist and Firre mediate the formation of 
compartments that shape the organization of DNA, other 
lncRNAs nucleate and maintain nuclear bodies that 
concentrate specific proteins and/or RNAs145–147 (BOX 1). 
One of the best examples is the 23 kb NEAT1 (nuclear 
enriched abundant transcript 1) lncRNA (Supplementary 
information S1 (table)), which nucleates the formation 
of compartments called para speckles, containing various 
mRNAs and RBPs148–150 (FIG. 5b). The functions of para-
speckles remain poorly defined, but they are known to 

be dynamically regulated in vari ous processes (including 
response to viral infection151), to lead to nuclear reten-
tion of certain mRNAs that had been subjected to high 
levels of adenosine-to-inosine editing (potentially to 
limit their translation in the cytoplasm152) and to con-
centrate and potentially sequester certain RBPs to limit 
their functions in the nucleus151. NEAT1 is required for 
the structural integrity of this nuclear body: knockdown 
or knockout of NEAT1 leads to the dispersion of para-
speckle proteins149,150, and synthetic tethering of NEAT1 
to a genomic site is sufficient for local paraspeckle for-
mation153. Paraspeckle integrity requires not only the 
NEAT1 RNA itself but also its ongoing transcription, 

Figure 4 | Architectural changes to the X chromosome during X chromosome inactivation. The X chromosome 
undergoes major structural changes during X chromosome inactivation (XCI). Before the expression of Xist (X inactive 
specific transcript) in female cells, both X chromosomes are transcriptionally active, not strongly associated with the 
nuclear lamina (part a, left) and adopt a similar organization to that of the autosomes, including characteristic 
topologically associating domains (TADs; see BOX 1) (part b, left). Once Xist has been expressed by one allele, it begins to 
spread across the future inactive X chromosome (Xi), and its interaction with lamin B receptor (LBR) enables it to 
re-position the X chromosome to the nuclear lamina (a, middle). Finally, active genes are sequestered into the Xist 
compartment (red circle) and silenced (part a, right). During this process most TADs on the X chromosome are lost, and 
two large ‘mega-domains’ are formed, separated by a boundary at the DXZ4 locus, which has been observed to associate 
with the nucleolus through an unknown mechanism (part a and part b, right). The DXZ4 locus also forms long-range 
interactions (known as superloops) with specific loci on the inactive X chromosome, including loci encoding the lncRNAs 
FIRRE and LOC550643 (also known as ICCE)128. In part b, the heatmap diagram depicts contact frequency between 
genomic sites on the X chromosome, simulating the visualization of high-throughput chromosome conformation capture 
data. Red boxes denote TADs or mega-domains, which are chromosomal regions with elevated frequency of internal 
chromatin interactions. Top middle panel in part a is adapted with permission from REF. 136, AAAS.
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SR proteins
Proteins that contain domains 
enriched in Arg–Ser 
dipeptides. Many SR proteins 
are nuclear and involved 
in RNA processing.

suggesting that paraspeckle formation is coupled to 
NEAT1 bio genesis154. This dependence on transcription 
enables both rapid assembly as well as rapid disassembly 
of para speckles154, potentially providing a mechanism 
by which nuclear compartment  formation and function 
might be  dynamically controlled.

Another remarkable example is MALAT1 (Supple-
mentary information S1 (table)), which localizes to 
compartments called nuclear speckles (FIG. 5c). Nuclear 
speckles contain various splicing, RNA-processing and 
transcription factors, including many SR proteins155, 
and are thought to function as a storage– assembly–
modification area for RNA-processing proteins when 
they are not actively engaged156. Actively transcribed 
genes associate with the periphery of nuclear speck-
les157,158. Genome-wide mapping of MALAT1 localiza-
tion to DNA showed that it associates with all actively 
transcribed genes in a dynamic and transcription- 
dependent manner107,108. MALAT1 also interacts with 
dozens of RBPs, including multiple SR proteins159–162 

(Supplementary information S1 (table)). Although 
MALAT1 is not required for the overall integrity of 
nuclear speckles, MALAT1 loss-of-function mutation 
leads to improper localization of a subset of nuclear 
speckle proteins162,163. The functional consequences of 
this improper localization are unclear. Because MALAT1 
associates with actively transcribed genes, its role might 
be to help reposition active genes to the periphery of 
nuclear speckles. According to this model, MALAT1 
might organize these nuclear structures by scaffolding 
interactions between active genes, nuclear speckles and 
certain RNA-processing proteins (FIG. 5c).

A model for how lncRNAs can shape three-dimensional 
nuclear structures. The above examples indicate that, 
by virtue of their ability to serve as molecular scaffolds, 
lncRNAs can assemble nuclear compartments that con-
tain multiple regulatory factors and their targets. This 
model of lncRNAs as scaffolds suggests that the dynamic 
assembly of nuclear compartments may involve passive, 

Figure 5 | Long non-coding RNAs can form spatial compartments in the nucleus. a | Interactions with proteins and 
DNA enable long non-coding RNAs (lncRNAs) to form dynamic spatial compartments in the nucleus. Assembly may be 
controlled by passive diffusion and interactions that are characterized by specific association and dissociation constants 
(Kon and Koff). The lncRNA Firre forms high-affinity interactions with specific DNA loci on different mouse chromosomes, 
resulting in the colocalization of these loci in three-dimensional (3D) space to facilitate the co-regulation of genes 
involved in energy metabolism and/or adipogenesis. b | The upregulation of the lncRNA NEAT1 (nuclear enriched 
abundant transcript 1), which initially localizes in close 3D proximity to its transcribed locus, nucleates the formation of 
paraspeckles. These are characterized by high local concentration of NEAT1 and of paraspeckle proteins. c | High affinity 
to both protein and DNA enables lncRNAs to recruit genomic loci to functional nuclear bodies to influence gene 
expression. For example, interactions between MALAT1 and protein components of pre-organized nuclear speckles 
could assist in promoting transcription or regulating mRNA splicing. Pol II, RNA polymerase II.
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diffusion-based processes rather than active, ATP-
dependent mechanisms. For example, how the entire 
X chromosome becomes associated with the nuclear 
lamina during XCI might be explained by the abili-
ties of Xist to passively diffuse through the nucleus 
and to interact both with DNA (through SAFA) and 
with the nuclear lamina (through LBR). Once the Xist 
RNA tethers one region of the X chromosome to the 
 lamina, the movement of the rest of the chromosome 
may be constrained164,165, promoting further interactions 
mediated by other Xist molecules (FIG. 4a). Similarly, 
NEAT1 may establish a paraspeckle compartment 

co-transcriptionally, while being tethered to chromatin 
by RNA polymerase II, by attracting paraspeckle pro-
teins that diffuse in the proximity of, and stably interact 
with, the NEAT1 RNA (FIG. 5b).

In some cases, the ability of protein components 
within these compartments to self-interact may also 
contribute to compartment assembly and maintenance. 
For example, nuclear compartments can be formed 
through liquid–liquid phase separation, in which sets 
of cellular components passively de-mix to form separ-
ate compartments166–168. Such de-mixing processes are 
driven by interactions between multivalent components. 

Figure 6 | The unique abilities of long non-coding RNAs as regulators of gene expression and nuclear architecture. 
a | Long non-coding RNAs (lncRNAs) can spatially amplify regulatory signals in the nucleus. Regulatory information 
encoded by the promoter of a protein-coding gene has limited ability to affect the expression of nearby genes, owing to 
topological constraints on chromatin structure (top). Regulatory information in the promoter of a lncRNA gene can be 
spatially amplified by diffusion of the lncRNA to genes in close spatial proximity (bottom). b | By virtue of their ability to 
encode multivalent structures and scaffold multiple types of regulatory protein, lncRNAs seem to be particularly suitable 
for nucleating the formation of cellular substructures. The formation of nuclear compartments by lncRNAs may help to 
partition the nucleus into distinct territories that enhance the efficiency of regulatory processes. These compartments may 
comprise regions of high concentration of specific regulatory factors (left pullout), or include specific genomic target sites 
that might reside on different chromosomes (right pullout). c | Expression of lncRNAs (purple and blue) may enable dynamic 
assembly and disassembly of functional nuclear compartments. These compartments may contain the same regulatory 
proteins (grey circles) but assemble around different genomic sites by virtue of the position of the lncRNA locus.
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Genomic imprinting
An epigenetic phenomenon in 
which expression of a gene is 
restricted to a single allele 
based on parental origin.

For instance, two subcompartments form in the nucleo-
lus through phase separations driven by the FIB1 (rRNA 
2ʹ-O-methyltransferase fibrillarin) and nucleo phosmin 1 
proteins, both of which contain RNA-binding domains 
as well as low-complexity domains that can poly-
merize169. Many other RBPs contain low- complexity 
domains that facilitate self- aggregation170,166, and in some 
cases RNA has been shown to facilitate this process167,171. 
LncRNAs might initiate such liquid– liquid phase tran-
sitions either by increasing local concentrations of such 
RBPs (for example, NEAT1-mediated recruitment of 
paraspeckle proteins; FIG. 5b) or by directly participat-
ing in heterotypic multivalent interactions through 
RNA sequence repeats (for example, the repetitive RNA 
domains of Firre and its interactions with SAFA; FIG. 2d).

The importance of self-reinforcing interactions 
within compartments is not necessarily limited to 
liquid– liquid phase separation. The Xist-mediated 
recruitment of DNA to the nuclear lamina may be aided 
by changes in chromatin state that enable DNA tethering 
to the lamina independently of continuous interactions 
with Xist, allowing a single, unengaged Xist molecule 
to bind to new parts of the X chromosome and recruit 
them to the nuclear lamina. Testing these lncRNA- 
mediated nuclear compartment dynamics will require 
the use of live-cell imaging of multiple compartments to 
determine how lncRNAs cause directed movement and 
 organization of nuclear structures.

Principles of lncRNA regulation
The properties described above — including the abilities 
to scaffold proteins, localize to DNA across 3D nuclear 
territories and organize nuclear structures — may help 
to explain how many lncRNAs mechanistically control 
gene expression. Xist, for example, uses these abilities 
to induce XCI: it recruits multiple protein complexes to 
sites in close 3D proximity and alters nuclear archi-
tecture to initiate and maintain transcriptional silenc-
ing. Other lncRNAs may use various combinations of 
these capabilities to regulate gene expression. In this 
 section, we explore how these properties enable unique 
types of regulatory function, which might explain why 
mammalian cells use lncRNAs to control certain gene 
expression programmes.

Spatial amplification of regulatory information. As dis-
cussed above, lncRNAs can localize and spread across 
chromatin in proximity to their genomic loci. Because 
of these properties, some lncRNAs, including Xist, Firre 
and Kcnq1ot1 (Supplementary information S1 (table)), 
can simultaneously regulate multiple genes that are 
spatially clustered. This form of regulation precludes 
the need for independent regulatory elements at each 
gene. Studies in bacteria, in which genes of similar func-
tion are organized in linear operons, suggest that this 
arrangement can increase efficiency by ensuring the 
coordinated expression of functionally dependent com-
ponents172. LncRNAs may provide a similar means to 
achieve efficient regulation in eukaryotes by controlling 
clusters of genes that are assembled together based on 
shared function (for example, Firre and genes involved 

in adipogenesis) or regulation (for example, Xist and 
X chromosome genes during XCI). In such cases, the 
lncRNA effectively amplifies the regulatory information 
that is encoded in its  promoter to control a broader gene 
expression programme.

LncRNAs are unique in their ability to spatially 
amplify regulatory information encoded by DNA. Unlike 
proteins, lncRNAs can act in close proximity to their site 
of transcription; and unlike DNA regulatory elements, 
lncRNAs can amplify DNA-encoded regulatory signals 
to different extents according to their expression levels 
(FIGS 3c,6a). Furthermore, lncRNAs are not necessarily 
restricted by topological constraints of the chromatin 
fibre, allowing them to diffuse to or mediate contacts 
at spatially proximal sites that might even reside on 
different chromosomes. This mode of control can also 
enable coordinated allele-specific expression of multiple 
proximal genes. The unique ability of RNA regulators 
to accomplish this task is highlighted by the convergent 
evolution of lncRNAs involved in chromosome-wide 
dosage compensation in other organisms, including roX 
in Drosophila spp.103 and Rsx (RNA on the silenced X) in 
metatherians173, as well as in genomic regions subject to 
genomic imprinting174.

Spatial partitioning of the nucleus for efficient regula-
tion. By virtue of their functions as scaffolds and signal 
amplifiers, lncRNAs can also provide unique platforms 
to guide regulatory complexes to specific locations in 
the nucleus (FIG. 6b). These functions might involve com-
bining different regulatory factors, recruiting chroma-
tin regulatory complexes to specific sites on DNA, or 
increasing the local concentration of a particular factor 
through multimerization. The resulting nuclear com-
partments may improve the kinetic efficiency of nuclear 
processes. For example, the concentration of regulatory 
factors and their targets in specific territories might 
enhance the efficiency of target search, while prevent-
ing the localization of these regulatory factors to regions 
of the nucleus where they are not needed. Examples 
such as Xist and NEAT1 suggest that lncRNAs can 
serve as the physical scaffolds to spatially partition the 
nucleus into functional compartments (Supplementary 
 information S1 (table)).

Dynamic assembly and disassembly of functional com-
partments. Because lncRNAs are functional immedi-
ately upon transcription and can diffuse in the nucleus, 
regulating their transcription and/or degradation may 
enable rapid assembly or disassembly of nuclear com-
partments (FIG. 6c). For example, continued transcrip-
tion of  lncRNAs such as NEAT1 is required to maintain 
their associ ated nuclear compartments (paraspeckles 
in the case of NEAT1)145–147,149,150. This property may 
be particu larly useful for combinatorial assembly of 
dynamic regulatory programmes in specific cell types 
or conditions, and indeed many aspects of nuclear struc-
ture are dynamically regulated. One example is the local-
ization of DNA to the nuclear lamina: although ~40% of 
the genome is associated with the lamina in any given 
cell type, the specific regions of the genome vary from 
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cell to cell175. LncRNAs may have an important role in 
this process, particularly given the newly appreciated 
ability of LBR to bind RNA136. Through this mech anism 
and others, some lncRNAs may act to dynamically 
assemble  compartments that contain co-regulated genes.

Concluding remarks
LncRNAs can have specialized functions in diverse bio-
logical processes and can shape nuclear structure and 
regulate gene expression. They occupy a unique posi-
tion in the regulatory landscape of the nucleus, with 
an intrinsic and efficient capacity for dynamically and 

locally amplifying DNA-encoded regulatory informa-
tion. The examples presented in this Review provide 
a first glimpse into these varied functions and mech-
anisms of action of nuclear lncRNAs. Many questions 
remain, including which lncRNAs in fact act to regu-
late gene expression as well as how these principles 
are integrated to perform specific cellular functions. 
As functional and mechanistic dissection of lncRNAs 
progresses, we will be able to refine our understanding 
of these principles as well as uncover additional mech-
anisms by which lncRNAs address biological challenges 
in gene regulation.
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