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Long non-coding RNAs (IncRNAs) are increasingly being
recognized as epigenetic regulators of gene transcription. The
diversity and complexity of INcRNA genes means that they exert
their regulatory effects by a variety of mechanisms. Although
there is still much to be learned about the mechanism of
IncRNA function, general principles are starting to emerge. In
particular, the application of high throughput (deep) sequenc-
ing methodologies has greatly advanced our understanding
of IncRNA gene function. IncRNAs function as adaptors that
link specific chromatin loci with chromatin-remodeling com-
plexes and transcription factors. IncRNAs can act in cis or trans
to guide epigenetic-modifier complexes to distinct genomic
sites, or act as scaffolds which recruit multiple proteins simul-
taneously, thereby coordinating their activities. In this review
we discuss the genomic organization of IncRNAs, the impor-
tance of RNA secondary structure to IncRNA functionality, the
multitude of ways in which they interact with the genome, and
what evolutionary conservation tells us about their function.

Introduction

Epigenetics (meaning epi: “on top of,” genetics: “the study of
genes and heredity”) is the study of mitotically and meiotically
heritable traits that are not encoded in the primary DNA sequence
itself.? Covalent modification of genomic DNA nucleobases
(e.g., cytosine methylation) and posttranslational modification
of DNA-associated proteins (e.g., differential methylation and
acetylation of N-terminal histone tails) regulate the accessibility
of the genome to the transcriptional machinery.> The patterns of
DNA methylation and histone tail modifications are inherited
following somatic cell division and, in some cases, also in the
germ line. As a result, epigenetic modifications greatly expand
the information content of the genome.’> Chromatin modifying
proteins are the readers and writers of the histone code.® Dynamic
regulation of chromatin structure necessitates differential activ-
ity of chromatin modifying proteins. However, many chromatin
modifying proteins are expressed ubiquitously,”® which suggests
that changes in their expression are unlikely to be responsible for
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the establishment of differential epigenetic states in the majority
of cases (but rather that an additional biochemical component
imparts specificity for distinct genomic loci). Additionally, sev-
eral proteins (e.g., GAPDH) have recently been found to moon-
light as RNA binding proteins, suggesting that protein-RNA
interactions in the cell may be much more common than was
once thought”!! It is becoming increasingly apparent that RNA
is intimately involved in the epigenetic control of gene expression,
lineage commitment, and the generation of higher order com-
plexity by conferring sequence specificity on chromatin modify-

ing activities.®'>"

Long Non-Coding RNAs

Long non-coding RNAs (IncRNAs) are a heterogeneous
group of RNA transcripts which lack long open reading frames
(and therefore exhibit low protein-coding potential) and are bio-
chemically similar to mRNAs." IncRNAs are generally produced
by RNA polymerase II (RNAP II) transcription, are often spliced
and polyadenylated, and typically have a methylguanosine cap
at their 5’ termini (although there are numerous exceptions to
these general features™'®). IncRNAs are so named in order to dif-
ferentiate them from the small RNAs (i.e., microRNAs, small
interfering RNAs, and PIWI-interacting RNAs) and have been
somewhat arbitrarily defined as being >200 nucleotides for his-
torical reasons associated with RNA extraction methodologies.”
IncRNAs exhibit distinct spatial, temporal, cell-type specific,
and sub-cellular specific expression patterns, suggesting that
their transcription is tightly regulated.'”® Many IncRNAs are
rapidly turned over.” While some IncRNAs are expressed at less
than 1 copy per cell, others are more abundant than housekeep-
ing mRNAs such as GAPDH (e.g., MALAT1%). A sub-class of
IncRNAs is the long intergenic non-coding RNAs (lincRNAs),
which are encoded in the genomic space between protein-coding
genes with no overlapping sequence. lincRNAs are not necessar-
ily biochemically different from other IncRNAs and differ only
in their genomic organization. Given that lincRNAs do not over-
lap with protein-coding loci, their functions can unequivocally
be attributed to the lincRNA transcript itself, rather than as an
indirect effect on a proximal protein-coding gene.

IncRNA genes have been identified through a number of com-
plementary techniques. The application of ChIP-seq (chroma-
tin immunoprecipitation and high throughput sequencing) has
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Figure 1. Application of high throughput sequencing in the identification and function of IncRNAs. Cartoon schematic of typical ChIP-seq and (poly A+)
RNA-seq data tracks. (A) A hypothetical INcRNA gene is identified by the presence of a “K4-K36 domain” and evidence of transcription from RNA-seq
data. (B) The IncRNA transcript adopts a secondary structure that binds a chromatin-modifying protein (e.g., EZH2) and guides it to a protein-coding
gene target locus. H3K4me3 and H3K36me3 ChlIP-seq signals at the target locus are reduced indicating reduced transcriptional activity. The histone
K27 trimethylase EZH2, and the silent state chromatin mark H3K27me3 are enriched at the target promoter indicating transcriptional silencing which
corresponds with reduced RNA-seq signals from the target protein-coding gene.

identified so called “K4-K36 domains.”®*' H3K4me3 is a
chromatin mark of actively transcribed promoters, whereas
H3K36me3 is a mark of transcriptional elongation.”” As a
result, so called K4-K36 domains that do not correspond with
protein-coding genes can be used to identify IncRNA genes.
Similarly, enrichment of H3K3mel, H3K27ac, and p300 bind-
ing have been identified as a chromatin signature of enhancer
sequences, many of which produce non-coding transcripts.?>*
High-throughput sequencing of RNA (RNA-seq) can be used
to identify IncRNA transcripts at single nucleotide resolution in
a strand-specific manner. Comparison of RNA-seq and ChIP-
seq data sets thereby provides complementary and independent
evidence of IncRNA transcription (Fig. 1A). Similarly, the
application of target capture methodologies (in which cDNAs
complementary to specific loci are hybridized to a microarray,
eluted, and then analyzed by high-throughput sequencing [RNA
CaptureSeq]) has revealed a plethora of previously unknown
transcripts with well-defined intron-exon organization originat-
ing from gene deserts.”” Ribosome profiling has demonstrated
that while IncRNA transcripts are generally devoid of associa-
tion with ribosomes consistent with their lack of protein-coding

potential, some may encode short peptide sequences.?***

Epigenetic Regulation by IncRNAs

IncRNAs have been implicated in a wide range of epi-
genetic processes including X-chromosome inactivation,*
mono-allelic expression of imprinted loci,** determination of
cellular differentiation and maintenance of cell identity.!>343¢
RNAIi knockdown screens in embryonic stem cells revealed that
many IncRNAs play crucial roles in maintaining pluripotency
and lineage commitment.”? One of the best-studied IncRNAs
is HOTAIR, which regulates the HOXC locus in trans through

the recruitment of PRC2 (Polycomb Repressive Complex 2, an
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H3K27 trimethylase), leading to epigenetic silencing.?’
Conversely, the RepA region of the IncRNA Xist recruits PRC2
in cis to initiate the process of X-chromosome inactivation.’
Similarly, other IncRNAs have also been shown to recruit epi-
genetic silencing complexes to specific loci including Air which
complexes with PRC2, and Kcnql0tl which binds to PRC2 and
EHMT?2 (formerly G9a, an H3K9 methylase).** IncRNAs have
also been shown to associate with epigenetic activating complexes
(e.g., WDR5/MLL).%13:41

A plethora of other examples of epigenetic regulation by
IncRNAs have also been described. For example, bi-directional
transcription regulates the CDKNIA (p21) epigenetic expres-
sion,*? and the tumor suppressor CDKN2B (p15) is epigenetically
regulated by an overlapping antisense transcript.”’ A natural anti-
sense transcript has been shown to direct EZH2 (a polycomb
component) to the BDNF locus,* whereas a promoter-associated
RNA recruits the DNA methyltransferase DMNT3B to the
rRNA promoter. ¢
some of which exert epigenetic effects on specific target genes.

Pseudogenes can also be sources of IncRNAs,
47,48
For example, an antisense transcript derived from a pseudogene
of PTEN recruits DMNT3A and EZH2 to the PTEN promoter
leading to epigenetic silencing.”

While these studies strongly suggested a key role for IncRNAs
as guides for epigenetic modifier complexes in a number of
specific cases, the generality of this phenomenon has also been
tested. In a landmark study, Khalil et al. performed RNA-
immunoprecipitation followed by microarray analysis (RIP-chip)
using antibodies against components of the chromatin-remodel-
ing complexes PRC2, CoREST (a repressor of neuronal genes),
and SMCX (a H3K3me3 demethylase). This study revealed
that ~40% of known IncRNAs associated with one or more of
these epigenetic modifier complexes.® Interestingly, IncRNAs
associated with CoREST were typically not found to associate
with PRC2, suggesting that each complex binds to a distinct
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Figure 2. Interactions of IncRNAs with the genome. IncRNAs interact
with genomic DNA and chromatin in a variety of ways. (A) IncRNAs can
bind to regions of single stranded DNA to form a DNA-RNA heteroduplex
by Watson-Crick base pairing. (B) IncRNAs can also form DNA-DNA-RNA
triplexes by Hoogsteen or reverse Hoogsteen base pairing. (C) IncRNAs
can be tethered to a chromatin through association with RNAP Il and
thereby act as an allele-specific signatures for specific locus. (D) IncRNAs
can be indirectly bound to chromatin through binding to chromatin-
associated proteins or transcription factors. (E) IncRNAs can form struc-
tures which directly sense chromatin structure.

subset of IncRNA transcripts.® In the same study, depletion of
some of these IncRNAs by RNAI resulted in activation of known
polycomb-regulated genes. Protein-coding genes proximal to the
IncRNA gene were not significantly affected, implying that these
transcripts regulate their target in #7ans.® Similarly, Xhao et al.
performed RIP-seq with antibodies against the PRC2 compo-
nent Ezh2 in order to identify polycomb-associated IncRNAs in
an unbiased manner.®” This analysis estimated that over 9000
transcripts (including many novel antisense RNAs and other un-
annotated transcripts) are bound by PRC2.

Taken together, these studies suggest that a major function
of IncRNAs is to direct chromatin modifying activities or tran-
scription factors to specific genomic loci. This function estab-
lishes differential chromatin states, induces large-scale changes
in gene expression, and determines cell fate (Fig. 1B). Although
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not the focus of this review, it is important to also mention that
IncRNAs are also involved in non-epigenetic, posttranscriptional

gene regulation.’*%

RNA Structure and IncRNA Function

Decades of research has been mainly concerned with the role
of RNA as a transient intermediary which facilitates the flow of
information from the genome to the proteome. However, it is
now recognized that the structural plasticity of RNA enables it
to perform organizational, catalytic and regulatory functions.
Long RNA transcripts are flexible and may adopt one or more
complex and dynamic secondary structures. RNA structures can
act as riboswitches, regulatory motifs that act to sense the con-
centration of specific small molecules (e.g., cellular metabolites
and metal ions, etc.).”® This property of long RNA transcripts
may mean that IncRNAs have the potential to modulate their
structure (and therefore their binding partners) in response to
environmental conditions.”

RNA structure can be predicted using in silico folding pro-
grams (generally based on minimum free energy models)**
or determined experimentally through the use chemical agents
or enzymes which selectively cleave or modify RNA bases (i.e.,
RNA footprinting).”® To this end, an RNA transcript is tran-
scribed and folded in vitro, and then subjected to digestion with
either RNase VI (which selectively cleaves dsRNA) or RNase
A (which selectively cleaves ssRNA). The resulting fragments
are separated by electrophoresis and RNA secondary structure
inferred. In the case of the related technique, SHAPE (Selective
2-Hydroxyl Acylation analyzed by Primer Extension), flexible
ribonucleobases are selectively acetylated. This chemical modi-
fication blocks the procession of reverse transcriptase during
subsequent cDNA synthesis. Flexible regions of the transcript of
interest are inferred by the cloning and sequencing of the resul-
tant cDNA fragments.

A limitation of these techniques is that they generally require
RNA to be folded in vitro before analysis and so the biological
relevance of the information gained may be limited. Similarly,
structural motifs that are dependent on binding of a protein or
nucleic acid co-factor will be undetectable by these methods. To
circumvent this problem, in vivo methods have also been devel-
oped.””® For example, dimethyl sulfide (DMS) can be used to
selectively modify solvent-accessible RNA bases in vivo. While
this method takes into account higher order RNA structure and
intermolecular interactions, it is potentially confounded by the
heterogeneity of structures that can be adopted by an RNA mol-
ecule in the cell.

Recently, these techniques have also been combined with
next generation sequencing technologies. Parallel Analysis of
RNA Structure (PARS) and FragSeq involve the deep sequenc-
ing of cDNA libraries generated from nuclease digested RNA
samples,®> whereas SHAPE-seq is a high throughput version
of the SHAPE methodology.”” The application of genome-wide
sequencing techniques to the biochemical analysis of RNA
structure determination will likely provide valuable insights
into IncRNA biology and function. For example, the basis for
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targeting of specific genomic loci by IncRNAs is currently poorly
understood. A complete catalog of structural features within
non-coding transcripts will likely reveal the mechanism(s) by
which IncRNAs interact with genome, and thereby accelerate the
study of IncRNA gene function. It may even facilitate the design
of synthetic IncRNA genes tailored to epigenetically regulate tar-
get genes of interest.

Interactions of IncRNAs with Chromatin

It has long been known that RNA comprises a substantial
component of chromatin,* that higher-order chromatin struc-
ture is dependent on RNA-chromatin interactions,” and that
non-coding RNAs are intimately involved in epigenetic pro-
cesses.’® The functionality of IncRNAs is a result of their ability
to act as adaptors that mediate interactions between chromatin,
proteins, and other RNAs. The primary nucleotide sequence
provides a basis for IncRNA targeting to a specific nucleic acid
by complementary Watson-Crick base-paring at single-stranded
DNA regions (e.g., at R-loops) (Fig. 2A).” IncRNAs can also
form triplex structures through Hoogsteen/Reverse-Hoogsteen
base pairing (Fig. 2B).” For example, a triplex-forming ncRNA
binds to the promoter of rRNA genes in order to recruit the
DNA methyltransferase DNMT3B and induce epigenetic silenc-
ing.®¢ Nascent IncRNAs can also be tethered to the locus from
which they are transcribed through association with RNAP I
(Fig. 2C).97° As a result, IncRNA transcripts can act as unique
molecular signatures for their specific allele of origin.”® These
cis-acting tethered IncRNAs are platforms for interactions with
other ncRNAs or ribonucleoprotein complexes. For example,
miRNAs can guide Argonaute complexes to tethered promoter
associated RNAs in order to induce transcriptional gene silencing
or activation.”"””

IncRNAs can also associate with chromatin indirectly through
interactions with chromatin modifying enzymes or other DNA
binding proteins (e.g., transcription factors). In these cases, the
proteins act as binding adaptors between chromatin and the
InRNA (Fig. 2D). For example, the IncRNA Xist interacts with
the X chromosome via an interaction with YY1.” Interestingly,
many transcription factors also bind to RNA. Transcription fac-
tors typically recognize short nucleic acid motifs which occur
with high frequency in the genome. It is therefore likely that
IncRNA binding partners may act as additional determinants of
target site recognition. For example, the IncRNA Evf-2 binds to
the transcription factor DIx-2 in order to enhance its role as a
transcriptional activator.” IncRNAs can also fold into second-
ary motifs that can directly bind to specific chromatin surface
features (Fig. 2E).%

A key concept when considering the functionality of IncRNAs
is modularity.®* IncRNAs may consist of multiple modules, each
with the ability to bind to distinct protein or nucleic acid part-
ners.?! As such IncRNAs can act as scaffolds that coordinate the
activities of multiple epigenetic modifier proteins. For example,
the IncRNA HOTAIR acts as scaffold which binds to PRC2 at its
5" end®? and the LSD1/CoREST/REST complex at its 3" end.*
These two protein complexes act to trimethylate H3K27 and to
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demethylate H3K4 respectively, which together facilitate tran-
scriptional silencing of HOTAIR target loci.

Higher order chromatin structure and sub-nuclear organiza-
tion are also subject to regulation by IncRNAs. The IncRNA
TUGI binds methylated polycomb 2 protein 2 (Pc2, a compo-
nent of the PRC1 complex), which directs the accompanying
genomic DNA to polycomb bodies and leads to epigenetic silenc-
ing. Conversely, unmethylated Pc2 binds to a different IncRNA,
MALAT]1, which localizes its associated chromatin to interchro-
matin granules (ICGs) which are associated with active tran-
scription.® Similarly, the IncRNA SRA (Steroid Receptor RNA
Activator) associates with CTCF (CCCTC-binding factor) via
an interaction with the DEAD-box RNA helicase p68 (DDX5)
and is essential for CTCF activity.® CTCF defines insulator
regions and regulates chromatin macro-structure by facilitating
gene loop formation.® Chromosome three-dimensional structure
is also important in the case of HOTTIP, a IncRNA transcribed
in the antisense orientation from the 5’ end of the HOXA locus,
which coordinates the differential activation of distal HOX genes
via recruitment of WDR5-MLL complexes.?! Despite regulating
the expression of distant genes, HOTTIP acts as a cis-regulator
as it is physically transcribed in the vicinity of its target genes on
account of gene looping.

Recently, two landmark studies have utilized RNA pulldown
strategies in order to probe genomic IncRNA binding sites on
a global scale. These techniques have been termed Chromatin
Isolation by RNA Purification (ChIRP-seq)®” and Capture
Hybridization Analysis of RNA Targets (CHART-seq).*® In both
ChIRP-seq and CHART-seq, chemical crosslinking is used to
bind chromatin protein, RNA, and DNA as in a conventional
ChIP assay. Samples are then probed using biotinylated/desthio-
biotinylated DNA oligonucleotides complementary to a specific
IncRNA of interest. Associated gDNA is eluted or removed by
RNase H digestion, and analyzed by deep sequencing.

Using ChIRP-seq, Chu et al. showed that the IncRNA
HOTAIR binds to the genome at numerous locations, many of
which overlap with binding sites for the polycomb components
EZH2 and SUZ12,* consistent with its known activity as a trans
acting IncRNA guide for PRC2.3% Depletion of EZH2 by RNAi
did not affect HOTAIR binding suggesting that the PRC2 bind-
ing and chromatin interaction modules of HOTAIR are func-
tionally independent.’” In contrast with histone modifications,
and similar to transcription factors, IncRNA binding is focal
(typically corresponding to sharp peaks spanning <500 base pairs
of gDNA), suggesting that binding to chromatin occurs at highly
specific loci. Similarly, using CHART-seq, Simon et al. analyzed
the genomic binding sites of the ncRNA roX2 in Drosophila S2
cells.®® The highest roX2 occupancy sites were located on the
X-chromosome and overlapped with known binding sites of MSL
(Male Specific Lethal) complex, consistent with the function of
roX2 as a regulator of X-chromosome dosage compensation.®®
Both ChIRP-seq and CHART-seq have enormous potential in
unraveling the function of IncRNAs. However, it should be noted
that neither technique provides direct evidence for the basis for
interaction between IncRNA and chromatin. Importantly, both
studies found that GA-rich homopurine motifs were enriched at

Volume 9 Issue 1

©2014 Landes Bioscience. Do not distribute.



IncRNA target sites. Given that the formation of DNA-DNA-
RNA triplexes requires a stretch of purines, this finding sug-
gests that triplex formation may be the primary means by which
IncRNAs like HOTAIR and roX2 interact with the genome.
Indeed IncRNA-gDNA triplex interactions have been described
in other contexts.*® The results of these studies are also con-
sistent with indirect chromatin association via an RNA binding
protein intermediate. This alternative seems unlikely, as it would
necessitate an increase in complexity not afforded by the limited
genomic repertoire of DNA/RNA binding proteins. An advan-
tage of the ChIRP/CHART-seq methods is that, by capturing
the RNA component, it is also possible to analyze the co-pre-
cipitated protein by mass spectrometry. As a result, future stud-
ies may be able to differentiate between the direct RNA-gDNA
and indirect protein intermediate models of IncRNA-chromatin

binding.

Evolution of IncRNA Genes

There is some disagreement over the degree of conservation of
IncRNA genes, although it is widely recognized that they are less
well conserved than protein-coding genes. Wang et al. suggest
that the majority of murine IncRNAs are evolving neutrally.®’
Conversely, Ponjavic et al. provide evidence of purifying selec-
tion in IncRNA promoters, primary sequence, and splice sites.”’
Similarly, analysis of IncRNA genes has demonstrated that exonic
regions tend to have lower base substitution rates than intronic
regions, which is suggestive of evolutionary conservation.?>”!
In a separate study, Pang et al. showed that, while conservation
between human and mouse IncRNAs was low, when the IncRNA
sequences were analyzed as 50 nt segments the levels of conserva-
tion were much higher. Consequently, IncRNAs may consist of
conserved functional modules residing within long stretches of
sequence which is under little evolutionary constraint.”? These
studies suggest that IncRNAs are under different evolutionary
pressures than protein-coding genes or other types of ncRNAs
such as tRNAs, rRNAs or microRNAs. This is exemplified by
the classic IncRNAs: Xist and Aér, which have well established
functional roles (in X-chromosome inactivation and imprint
ing of the Igf72 locus) but are poorly conserved between human
and mouse.”*”* Furthermore, the relative lack of conservation is
not necessarily evidence for lack of functionality (or for biologi-
cal irrelevance) as some IncRNA genes may represent relatively
recent evolutionary innovations, be lineage specific, or have tem-
porally restricted functions. It has been proposed that differen-
tial IncRNA expression may go some way toward explaining the
vast morphological differences between organisms with similar
protein-coding repertoires (and by extension, between individu-
als within the same species).””

The activity of IncRNAs is dependent on the formation of
RNA structure motifs that act as binding domains for proteins
or chromatin structures. As a result, there may be selection pres-
sure acting to conserve these structural features which would not
necessarily be apparent at the primary sequence level.”® To this
end, the use of programs such as FOLDALIGN,”” which can
compare sequences based on predicted local RNA structures, has
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identified thousands of loci in the human and mouse genomes
with conserved secondary RNA structures but very poor homol-
ogy at the primary nucleotide sequence.”® It is important to
also consider that some IncRNAs may not produce functional
transcripts per se, but rather their transcription in itself may be
sufficient to regulate the transcription of neighboring genes in
¢is?>1%" In this case their “functionality” may be maintained in
the absence of sequence conservation.

Conclusions

A major role of IncRNAs is in the regulation of epigenetic
states by modulating chromatin structure and nuclear organiza-
tion. IncRNAs are adaptors that mediate interactions between
chromatin and proteins involved in the epigenetic regulation
of transcription. While IncRNAs generally show low levels
of conservation at the primary sequence level, they may con-
tain shorter internal stretches of conserved sequence. These are
likely functional motifs that adopt structures capable of binding
to proteins or other nucleic acids. IncRNAs consist of multiple
binding modules, thus enabling complex, coordinated recruit-
ment of epigenetic modifying complexes or transcription factors
to specific genomic loci in both cis and rans. IncRNAs therefore
confer specificity upon epigenetic processes (which explains the
existence of differential chromatin states despite many chromatin
modifying activities being ubiquitously expressed). In this review
we have discussed the importance of RNA structure on the func-
tion of IncRNAs and the plethora of ways in which they interact
with the genome.

The degree to which IncRNAs are functional or merely rep-
resent “transcriptional noise” is an open debate.'” Regardless,
clear biological functions have now been assigned to a small,
but growing, number of non-coding transcripts. IncRNAs are
less amenable to studies of gene function than protein-coding
genes as conventional knockout or knockdown studies may not
produce immediately obvious phenotypes.!” Similarly, as many
IncRNAs are not conserved between human and mouse, clas-
sical gene knockout studies are not possible. Alternatively, so-
called “guilt by association” methods have been utilized to infer
IncRNA function by using gene set enrichment analysis (GSEA)
to group IncRNA genes with protein-coding genes that exhibit
similar patterns of expression and are likely involved in related
cellular processes. 214107

Advances in high-throughput sequencing methodologies
have enabled rapid progress in this field by enabling genome-
wide inferences to be made concerning the generality of IncRNA
function. The recent explosion of interest in non-coding RNA
biology is unlikely to abate as the “dark matter of the genome”
is progressively illuminated by future studies. As we learn more
about the interface between non-coding RNAs and epigenetics it
is likely that the etiology of many complex diseases will be eluci-
dated and novel therapeutic targets identified.!*®!%
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