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Long non-coding RNAs:
insights into functions
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Abstract | In mammals and other eukaryotes most of the genome is transcribed
in a developmentally regulated manner to produce large numbers of long
non-coding RNAs (ncRNAs). Here we review the rapidly advancing field
of long ncRNAs, describing their conservation, their organization in the
genome and their roles in gene regulation. We also consider the medical
implications, and the emerging recognition that any transcript, regardless of
coding potential, can have an intrinsic function as an RNA.
The RNA world hypothesis proposes that
early life was based on RNA, which subsequently devolved the storage of information to more stable DNA, and catalytic
functions to more versatile proteins.
Consequently, despite crucial roles in the
ancient processes of translation and splicing, RNA is assumed to have been largely
relegated to an intermediate between gene
and protein, encapsulated in the central
dogma ‘DNA makes RNA makes protein’.
However, the finding that most of the
genome in complex organisms is transcribed, apparently in a developmentally
regulated fashion1–6, and the discovery of
new classes of regulatory non-coding RNAs
(ncRNAs), challenges this assumption and
suggests that RNA has continued to evolve
and expand alongside proteins and DNA.
Although the current literature is dominated by short RNAs, there are an increasing
number of reports describing long transcripts that, rather than encoding protein,
act functionally as RNAs. Although we
currently lack satisfactory classifications for
these transcripts, long ncRNAs are arbitrarily
considered to be longer than ~200 nucleotides, on the basis of a convenient practical
cut-off in RNA purification protocols that
excludes small RNAs4.
Identification of long ncRNAs
As a transcriptional class, long ncRNAs
were first described during the large-scale
sequencing of full-length cDNA libraries in

the mouse6. Although distinguishing long
ncRNAs from other protein-coding mRNAs
is not a trivial process (box 1), it has nevertheless become apparent that a significant
portion of the transcriptome has little or
no protein-coding capacity. The increased
sensitivity of genome tiling arrays provides
an even more detailed view, revealing that
the extent of non-coding sequence transcription is at least four times greater than
coding sequence, and that an abundance of
non-polyadenylated non-coding transcripts
had been previously overlooked4.
These studies also showed that the
transcriptome is surprisingly complex,
with long ncRNAs often overlapping with,
or interspersed between, multiple coding
and non-coding transcripts1,5 (FIG. 1). This
complexity has prompted a shift in our
understanding of gene organization from
a linear to a modular model, in which it is
possible for a sequence to be transcribed
into a range of sense and antisense, coding and non-coding transcripts. Attempts
to untangle this complexity have led to
crude classifications of ncRNAs based on
their genomic proximity to protein-coding
genes, including overlapping, cis-antisense,
bidirectional or intronic ncRNAs. In reality
many transcripts resist classification into
any particular category, and instead exhibit
a combination of these qualities. Other
unusual species of long ncRNAs, such as
trans-spliced transcripts, macroRNAs that
encompass huge genomic distances and
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multigene transcripts that encompass several genes or even the whole chromosome,
further confound efforts for systematic
classification2,3.
Widespread functionality of long ncRNAs
Given their unexpected abundance, long
ncRNAs were initially thought to be spurious transcriptional noise resulting from
low RNA polymerase fidelity 7. However,
the expression of many long ncRNAs is
restricted to particular developmental contexts8, and large numbers of mouse ncRNAs
are specifically expressed during embryonic
stem cell differentiation9 and in the brain,
often exhibiting precise subcellular localization10. The binding of transcription factors
to non-coding loci, together with evidence
of purifying selection acting on ncRNA promoters, suggests that this type of expression
is explicitly regulated1,11,12.
Nevertheless, despite such signatures of
functionality, the generally low sequence
conservation of long ncRNAs has fuelled
the assertion that they are not functional.
However, this conclusion needs to be carefully considered. First, it ignores many
examples that are conserved, and a recent
study ascribes functional roles to a high
proportion of such ncRNAs13. Second, long
ncRNAs are likely to exhibit different patterns of conservation to protein-coding
genes, which are subject to strict functional
constraints and must preserve an ORF. By
contrast, long ncRNAs can exhibit shorter
stretches of sequence that are conserved to
maintain functional domains and structures.
Indeed, many long ncRNAs with a known
function, such as Xist, only exhibit high
conservation over short sections of their
length14. Third, rather than being indicative
of non-functionality, low sequence conservation can also be explained by high rates of
primary sequence evolution if long ncRNAs
have, like promoters and other regulatory
elements, more plastic structure–function
constraints than proteins14. Many conserved
regions of the human genome that have been
subject to recent and rapid evolutionary
change are transcribed into long ncRNAs,
including HAR1, a ncRNA expressed in
Cajal–Retzius neurons in the developing
neocortex 15. Moreover, the adaptive radiation
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of non-coding (that is, regulatory) sequences
is likely to specify most of the phenotypic
differences between, and within, species16.
low sequence conservation of long
ncRNAs also prompted the alternative suggestion that it is the process rather than the
product of transcription that is functional.
For example, the cascading transcription of
ncRNAs across the fructose bisphosphate
fbp1+ promoter in yeast is associated with
the progressive opening of chromatin,
thereby increasing access to transcriptional
activators and RNA polymerase17. However,
genome-wide evidence of conserved secondary structure18, splicing patterns12 and
subcellular localization10 suggest that a significant portion of ncRNAs fulfil functional
roles beyond transcriptional remodelling.
The diverse selection pressures acting on
long ncRNAs probably reflect the wide
range of their functions and their relative
importance.
Functions of long ncRNAs
unlike microRNAs or proteins, ncRNA function cannot currently be inferred from
sequence or structure, with the diversity of
long ncRNAs described to date precluding
simple generalizations. The broad functional repertoire of long ncRNAs includes
roles in high-order chromosomal dynamics,
telomere biology and subcellular structural
organization8. One major emergent theme
is the involvement of these ncRNAs in

regulating the expression of neighbouring
protein-coding genes. The importance of
this localized regulation was foreshadowed
by the phenomenon of ‘transvection’, in
which non-coding loci affect the expression
of nearby protein-coding genes in trans 19.
Additionally, the recent observation that
human chromosome 21 largely recapitulates its native expression profile in mouse
cells, despite interspecies differences in
epigenetic machinery, cellular environment
and transcription factors, suggests that
most of the information required for gene
regulation is embedded in the chromosome sequence20. In the following sections
we focus on the ability of long ncRNAs
to regulate gene expression at the level of
chromatin modification, transcription and
post-transcriptional processing.
Chromatin modification. long ncRNAs can
mediate epigenetic changes by recruiting
chromatin remodelling complexes to specific
genomic loci. For example, hundreds of long
ncRNAs are sequentially expressed along
the temporal and spatial developmental axes
of the human homeobox (Hox) loci, where
they define chromatin domains of differential histone methylation and RNA polymerase accessibility 21. One of these ncRNAs,
Hox transcript antisense RNA (HOTAIR),
originates from the HOXC locus and silences
transcription across 40 kb of the HOXD
locus in trans by inducing a repressive

Box 1 | Parsing coding and non-coding transcripts
Coding and non-coding RNAs (ncRNAs) can be difficult to distinguish. In eukaryotes, a
protein-coding transcript is commonly defined by the presence of an ORF greater than 100
amino acids. However, a long ncRNA might contain such an ORF by chance alone, and many
well-characterized long ncRNAs do indeed contain long ORFs. Reciprocally, proteins smaller
than 100 amino acids might also be translated, with functional peptides as small as 11 amino
acids being reported in Drosophila species42. The observation that selection favours
synonymous over non-synonymous mutations to preserve codon usage has been exploited to
help distinguish between transcripts with true rather than spurious ORFs43. Nevertheless,
despite such improvements in the annotation of transcripts in recent years, we still lack a
satisfactory definition of ncRNAs and there remain many ambiguous transcripts that exhibit
both coding and non-coding traits. This might ultimately reflect the likelihood that the genome
has evolved to encode a continuous spectrum of transcripts and information with little regard
for our arbitrary definitions of coding and non-coding transcripts44.
The extensive overlapping of alternatively spliced coding and non-coding isoforms further
confounds the problem of distinguishing coding and non-coding transcripts, and indeed there
might be a false dichotomy between them. One of the first and best characterized long
ncRNAs, SRA, was later found to also encode a protein that acts antagonistically to the
function of the ncRNA45. Reciprocally, many mRNAs can also function at an RNA level. For
example, the p53 mRNA acts intrinsically as an RNA regulator by binding the Mdm2 protein,
which in turn induces p53 expression and function46. A synonymous ‘silent’ mutation interferes
with this process, and other similar silent mutations that affect protein translation are
prevalent throughout the genome47. Moreover, 3′ UTRs of mRNAs can be expressed separately
from the associated mRNA48 and can impart functional information independently of the
encoded protein49,50. Together these studies indicate that transcripts can potentially function
both at an RNA level and to encode protein.
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chromatin state, which is proposed to occur
by recruitment of the Polycomb chromatin
remodelling complex PRC2 by HOTAIR21
(FIG. 2a). This model fits other chromatin
modifying complexes, such as Mll, PcG,
and G9a methyltransferase, which can
be similarly directed by their associated
ncRNAs9,22–24. Such a mechanism might
resolve the paradox of how a small repertoire of chromatin remodelling complexes,
which often have RNA binding domains
but little DNA sequence specificity, are able
to specify the complex array of chromatin
modifications that are apparent throughout
development.
Although the model of recruitment of
chromatin modifying complexes by ncRNAs
has been informative in our understanding
of epigenetic phenomenon such as imprinting, it is probably only part of the story.
x chromosome inactivation is mediated by the
iconic long ncRNA, Xist. A small internal
non-coding transcript from the Xist locus,
RepA, recruits PRC2 to silence one X chromosome25, whereas PRC2 is titrated from
the remaining active X chromosome by the
antisense transcript Tsix. However, another
study describes an alternative mechanism
whereby Xist and Tsix anneal to form an
RNA duplex that is processed by Dicer to
generate small interfering RNAs (siRNAs),
which are required for the repressive
chromatin modifications on the inactive
X chromosome26. The contribution of these
two different pathways to coordinate long
and small RNAs in chromatin remodelling
infers the existence of a global, integrated
regulatory network based in RNA.
Transcriptional regulation. The pervasive
transcription of enhancers27 and promoters28 anticipates a core role for long ncRNA
in regulating the process of transcription.
The means by which such ncRNAs regulate
transcription are expanding to encompass
a diversity of mechanisms, as shown by the
following examples.
Proximal promoters can be transcribed
into long ncRNAs that recruit and integrate
the functions of RNA binding proteins
into the transcriptional programme, as
exemplified by the repression of cyclin D1
transcription in human cell lines29. DNA
damage signals induce the expression of
long ncRNAs associated with the cyclin D1
gene promoter, where they act cooperatively
to modulate the activities of the RNA binding protein TlS. TlS subsequently inhibits
the histone acetyltransferase activities of
CReB binding protein and p300 to silence
cyclin D1 expression (FIG. 2b). The ability of
www.nature.com/reviews/genetics
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Figure 1 | Genomic organization of coding and non-coding transcripts.
schematic diagram illustrating the complexity of the interleaved networks

ncRNAs to recruit RNA binding proteins,
one of the largest protein classes in the mammalian proteome, to gene promoters hugely
expands the regulatory repertoire available
to the transcriptional programme29.
long ncRNAs also act as co-factors
to modulate transcription factor activity.
For example, in mice, the ncRNA Evf2 is
transcribed from an ultraconserved distal
enhancer and recruits the binding and
action of the transcription factor DlX2 to
this same enhancer to induce expression
of adjacent protein-coding genes30 (FIG. 2c).
Many similar enhancers are transcribed
in cells in which they are active — this could
be a general strategy for regulating the
expression of key developmental genes27.
long ncRNAs can regulate RNA
polymerase (RNAP) II activity through
other mechanisms, including by interaction
with the initiation complex to influence
promoter choice. For example, in humans,
a ncRNA transcribed from an upstream
region of the dihydrofolate reductase
(DHFR) locus forms a triplex in the major
promoter of DHFR to prevent the binding
of the transcriptional co-factor TFIID31
(FIG. 2d). This could be a widespread mechanism for controlling promoter usage as thousands of triplex structures exist in eukaryotic
chromosomes32.
long ncRNAs can also effect global
changes by interacting with basal components of the RNAP II-dependent transcription machinery. ncRNAs that interact with
RNAP II machinery are typically transcribed
by RNAP III, thereby decoupling their
expression from the RNAP II-dependent
transcription reaction they regulate. For
example, Alu elements that are transcribed
in response to heat shock bind tightly to
RNAP II to preclude the formation of active
preinitiation complexes33. Alu elements
contain modular domains that can independently mediate polymerase binding and
repression. In light of their abundance
and distribution in the mammalian genome,
these functional domains might have
been co-opted into other ncRNAs during

3′ UTR associated transcript

of long non-coding transcripts (orange) that are associated with paired box
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evolution; an observation supported by the
finding that functional repeat sequence
domains are a common characteristic of
several known long ncRNAs8.
Post-transcriptional regulation. The ability of ncRNAs to recognize complementary
sequences also allows highly specific interactions that are amenable to regulating various
steps in the post-transcriptional processing
of mRNAs, including their splicing, editing,
transport, translation and degradation.
Most mammalian genes express antisense
transcripts, which might constitute a class
of ncRNA that is particularly adept at
regulating mRNA dynamics34.
Antisense ncRNAs can mask key ciselements in mRNA by the formation of RNA
duplexes, as in the case of the Zeb2 (also
called Sip1) antisense RNA, which complements the 5′ splice site of an intron in the
5′ uTR of the zinc finger Hox mRNA Zeb2
(ReF. 35). expression of the ncRNA prevents
the splicing of an intron that contains an
internal ribosome entry site required for
efficient translation and expression of the
ZeB2 protein (FIG. 2e). This sets a precedent
for ncRNAs in directing the alternative splicing of mRNA isoforms. Indeed, a number of
studies have noted the prevalence of ncRNAs

antisense to introns, and they could similarly
regulate splicing 34.
Alternatively, the annealing of ncRNA
can target protein effector complexes to the
sense mRNA transcript in a manner analogous to the targeting of the RNA-induced
silencing complex (RISC) to mRNAs by
siRNAs. RNA duplexes resulting from the
annealing of complementary transcripts or
even of long ncRNAs with extended internal
hairpins can be processed into endogenous
siRNAs to silence gene expression, raising
the possibility that many long ncRNAs feed
into RNA silencing pathways26.
There are probably many other functions
of long ncRNAs awaiting discovery. For
example, the ncRNA NRON has been shown
to regulate the nuclear trafficking of the
transcription factor NFAT36, and the observation that many long ncRNAs are located in
the cytoplasm4 suggests that they might have
undiscovered roles in cell biology.
Medical significance
There is increasing interest in the potential
involvement of ncRNAs in disease aetiology,
owing to aberrant function of ncRNAs in
differentiation and developmental processes.
The ability of ncRNAs to regulate associated protein-coding genes might contribute

Glossary
Adaptive radiation

MicroRNA

evolution of new morphological or functional
characteristics in lineages that diversify in response to
environmental changes or to enable colonization of new
ecological niches.

Single-stranded RNAs of approximately 21–23
nucleotides that regulate gene expression by partial
complementary base pairing to specific mRNAs. This
annealing inhibits protein translation and can also facilitate
degradation of the target mRNA.

Epigenetic
Heritable changes in phenotype caused by mechanisms
outside of the genomic sequence. Such changes might
remain through cell divisions during, for example, cellular
differentiation, or they might persist through subsequent
generations. epigenetic changes include chromatin
modifications, such as histone acetylation, or chemical
alterations to the DNA itself, such as DNA methylation.

Transvection
Apparent cross-talk between alleles on homologous
chromosomes, in which complementation is observed
between promoter mutations in one allele and structural
mutations in the other. Transvection can cause either gene
activation or repression.

X chromosome inactivation
Long ncRNA
Transcripts longer than 200 nucleotides that have little or
no protein-coding capacity. Long ncRNAs can regulate
gene expression through a diversity of mechanisms.
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A process in which one of the two copies of the
x chromosomes in female mammals is inactivated.
x inactivation occurs so that females produce the same
dosage of gene products from the x chromosome as males.
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Figure 2 | Functions of long non-coding RnAs (ncRnAs). Illustrative
mechanisms by which long ncRNAs regulate local protein-coding gene
expression at the level of chromatin remodelling, transcriptional control
and post-transcriptional processing. a | ncRNAs can recruit chromatin modifying complexes to specific genomic loci to impart their catalytic activity. In
this case, the ncRNAs HOTAIR21, Xist and RepA (the small internal noncoding transcript from the Xist locus)25, or Kcnqot1 (ReF. 24) recruit the
Polycomb complex to the HoxD locus, the X chromosome, or the Kcnq1
domain, respectively, where they trimethylate lysine 27 residues (me3K27)
of histone H3 to induce heterochromatin formation and repress gene
expression. b | ncRNAs can regulate the transcriptional process through a
range of mechanisms. ncRNAs tethered to the cyclin D1 gene recruit the

towards disease if their misexpression deregulates a gene of clinical significance. For
example, an antisense ncRNA transcribed
from the p15 tumour suppressor locus
induces changes to local heterochromatin
and DNA methylation status, thereby regulating p15 expression37, and is potentially
involved in oncogenesis as the antisense
ncRNA and protein have inverse expression
profiles in leukaemia. Many other tumour
suppressor genes that are frequently silenced
by epigenetic mechanisms in cancer also
have antisense partners37.
An appreciation of long ncRNAs might
inform a reinterpretation of the functional
basis of many disease-associated polymorphisms and chromosomal alterations
that occur in non-coding regions38. For
example, the translocation and induced
expression of an antisense long non-coding
transcript causes the epigenetic silencing
of an adjacent α-globin gene, resulting in
α-thalassaemia39. The role of ncRNAs
in disease is likely to have been overlooked in
genetic screens because of the subtlety of
their effects and the emphasis to date, both
intellectually and practically, on mutation
scanning of protein-coding exons. Moreover,

mRNA

5′ UTR

RNA binding protein TLs to modulate the histone acetyltransferase
activity
Nature Reviews | Genetics
of CReB binding protein (CBP) and p300 to repress gene transcription29.
c | An ultraconserved enhancer is transcribed as a long ncRNA, Evf2, which
subsequently acts as a co-activator to the transcription factor DLX2, to
regulate the Dlx6 gene transcription30. d | A ncRNA transcribed from the
DHFR minor promoter in humans can form a triplex at the major promoter
to occlude the binding of the general transcription factor TFIID, and thereby
silence DHFR gene expression31. e | An antisense ncRNA can mask the 5′
splice site of the zinc finger homeobox mRNA Zeb2 from the spliceosome,
resulting in intron retention. The translation machinery can then recognize
and bind an internal ribosome entry site (IRe) in the retained intron,
resulting in efficient Zeb2 translation and expression35.

the complexity of non-coding transcription can make understanding the specific
contribution of embedded polymorphisms
a bewildering exercise. For example, a SNP
that occurs both in the 3′ uTR of the zinc
finger gene ZFAT and also in the promoter
of an antisense transcript increases the
expression of ZFAT — not through increasing mRNA stability, but by repressing the
expression of the antisense transcript 40.
Conclusion
Continuing advances in transcriptomics
are resulting in ncRNA being recognized
as an important functional expression of
the genome. Rather than being reduced to
a simple messenger role, it seems likely that
the sophisticated structural and informational capacity of RNA has continued to be
harnessed by evolution in a range of biological roles that interact with, but are distinct
from, protein and DNA. The concomitant
increase in non-coding content with organismal complexity supports the proposition
that evolutionary innovations and expansion of regulatory RNAs were fundamental
to the genetic programming of complex
eukaryotes41.
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There are still huge gaps in our understanding of long ncRNAs, including the proportion that is functional and the range and
mechanistic basis of their functions. what is
required, and is currently developing, is the
application of genome-wide techniques to
reveal the full extent of ncRNA expression.
unbiased techniques, such as next-generation
sequencing, have the benefit of not being
constrained by current protein-centric
annotations. Such data will progressively
build a catalogue of ncRNAs with common
characteristics that will aid in the identification and prediction of functional features,
complemented by experimental analyses of
individual examples to determine the mechanisms by which long ncRNAs act. This
will increasingly involve the intersection of
techniques from other fields, such as live cell
RNA imaging, RNA proteomics (that is,
the analysis of RNA-associated protein
complexes) and RNA structural biology.
long ncRNAs have the potential to
rival the functional repertoire of the proteome, albeit with a different spectrum. It is
already apparent that any RNA, regardless
of protein-coding capacity, might have its
own intrinsic messages to deliver (box 1),
www.nature.com/reviews/genetics
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suggesting that the genome might encompass an RNA-based information suite that
is far more sophisticated than expected.
Should the majority of ncRNAs prove to be
functional, their characterization will have
a considerable impact on our understanding of the genetic programming of complex
organisms and will bring new answers to old
questions in evolution, development and the
understanding of disease.
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