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In the decade following the publication of the Human Genome, noncoding RNAs (ncRNAS)
have reshaped our understanding of the broad landscape of genome regulation. During this
period, natural antisense transcripts (NATS), which are transcribed from the opposite strand
of either protein or non-protein coding genes, have vaulted to prominence. Recent findings
have shown that NATSs can exert their regulatory functions by acting as epigenetic regulators
of gene expression and chromatin remodeling. Here, we review recent work on the
mechanisms of epigenetic modifications by NATs and their emerging role as master
regulators of chromatin states. Unlike other long ncRNAs, antisense RNAs usually regulate
their counterpart sense mMRNA by modulating chromatin structure in ¢/sand by bridging
epigenetic effectors and regulatory complexes at specific genomic loci. Understanding the
broad range of effects of NATs will shed light on the complex mechanisms that regulate
chromatin remodeling and gene expression in development and disease.

Chromatin and ncRNAs: coupling structure and dynamic information

Histone octamer proteins and their tightly associated 146 bp of DNA form the nucleosome,
the structural and functional core of eukaryotic chromatin. Specific combinations of DNA
and histone post-translational modification patterns lead to diverse changes in chromatin
states and distinct functional genomic outputs [1, 2]. DNA methylation is perhaps the best-
characterized chemical modification of DNA that impacts chromatin structure and function.
In mammalian cells, DNA methylation occurs on cytosine residues in CpG dinucleotides
and correlates with transcriptional repression. Promoter regions have a high density of CpG
dinucleotides, whose methylation state dictates the transcriptional activity of the gene.
Chromatin structure and function are also regulated by post-translational modifications of
histone proteins. Histone-modifying enzymes are protein complexes that dynamically
recognize (read), add (write), remove (erase) or replace various chromatin modifications.
Examples of writers include EZH2, the catalytic subunit of the polycomb repressive
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complex 2 (PRC2), which is responsible for the trimethylation of histone H3 at lysine 27
(H3K27me3), and G9a, the histone methyltransferase (HMT) that catalyzes the di- or
trimethylation of histone H3 at lysine 9 (H3K9me2/3) [2, 3]. “Erasers”, such as the
demethylase LSD1, specifically remove certain histone marks [4]. “Readers” function as
interpreters and include effector proteins that recognize specific histone marks and transduce
this information into a genomic response [5-7]. Writers, erasers and readers have to work in
concert, with their action tightly coordinated to produce an integrated regulatory effect.
Recent discoveries of frequent interactions between ncRNAs and chromatin strongly suggest
pivotal roles for ncRNAs in orchestrating the function of these protein complexes. How
chromatin-modifying enzymes specifically recognize and bind to their target loci still
remains mysterious. One tempting hypothesis is that local transcription of low abundance
ncRNAs might be the key event in the locus-specific recruitment of different reader, eraser
and writer complexes.

Dynamic transcriptional regulation at the level of chromatin

The classic division of chromatin into two opposing states, gene rich euchromatin versus the
silenced, tightly packed heterochromatin, has been challenged by recent discoveries
suggesting the existence of different chromatin states in various organisms, including
humans [8-13]. The two-state chromatin model assumed that the chromatin structure was
essentially an on/off switch whereby a gene was either active or repressed, without any
intermediate states. By contrast, a dynamic chromatin state varies between these extremes
and represents an integration of information derived from an intricate network of histone-
modifying enzymes, chromatin binding proteins, transcription factors and chromatin-
associated RNA transcripts [14, 15].

Globally, RNA, which is an integral structural component of chromatin, is required for the
maintenance of compact chromatin fibers [16]. RNA has also been shown to be involved in
the maintenance of higher-order chromatin structure at pericentric heterochromatin in mouse
cells [17], highlighting the important contribution of RNA to the regulation of chromatin
structure and function. Recently, a genome-wide next-generation RNA sequencing approach
was used to identify the RNA content of chromatin in human fibroblasts [18]. Surprisingly,
more than 70% of the sequencing reads aligned with intergenic and intronic regions of the
human genome. Although this result could be an artifact of incompletely processed mRNAs
or DNA contamination, functional experiments on a small number of chromatin-RNA
transcripts imply an interaction with chromatin-modifying enzymes, which raises the
possibility of a functional role of these transcripts in chromatin regulation [18].

Further support for the notion that RNA regulates chromatin comes from a small but
growing number of antisense transcripts [19, 20] and other long ncRNAs [21-24] that
interact with epigenetic effectors to orchestrate chromatin remodeling and epigenetic
changes during development and disease. Cell-type specific ncCRNAs interact with
ubiquitously expressed regulatory proteins to form RNA-protein complexes that can interact
with histones, DNA, other RNAs and other chromatin-modifying complexes to dynamically
coordinate changes in gene expression programs (reviewed in [25]). RNA motifs composed
of primary sequence information coupled to highly diverse secondary structure elements
underlie the complexity and dynamic nature of these interactions. The combination of
structural and regulatory elements of the chromatin contributes to the acquisition of a
specific chromatin state and is key to understanding the mechanisms governing the
organization of the human genome and the regulation of gene expression.
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Natural antisense transcripts (NATS)

A substantial fraction of the mammalian genome is transcribed in the form of non-protein
coding RNAs [26-29] that have important regulatory functions in development,
differentiation [30-32] and human diseases [19, 33—-35]. Although there is no unequivocal
classification of non-protein coding transcripts found in the mammalian genome, ncRNAS
can be roughly divided on the basis of size into short ncRNAS (less than 200 nt in length)
and long ncRNAs (IncRNAs) that are more than 200 nt long [36, 37]. Short ncRNAs include
miRNAs, piRNA, endogenous siRNAs and snoRNAs, which have been extensively
reviewed elsewhere [38-40] and therefore will not be discussed here. IncRNAs are a
heterogeneous group of RNAs transcribed from intergenic [41] or intragenic regions [42],
which vary in length from 200 nt to over 100 kb [37]. NATSs are a conserved class of
IncRNA molecules [43] that are transcribed from the opposite DNA strand of other RNA
transcripts with which they share sequence complementarity [26, 44—-46]. Antisense RNAs
could potentially exert a regulatory function on their corresponding sense mMRNA at different
levels [47]. NAT regulatory mechanisms fall into four main categories: mechanisms related
to transcription (including epigenetic interactions), RNA-DNA interactions, RNA-RNA
interactions in the nucleus and RNA- RNA interactions in the cytoplasm [48]. Among these
four mechanisms, RNA-mediated epigenetic modification has received an increasing
amount of experimental support. Antisense transcripts can provide a scaffold for effector
proteins to interact with DNA and chromatin in a locus specific way.

NATS: cis-acting epigenetic silencers

Unlike transcription factors, many histone-modifying enzymes lack specific DNA-binding
domains [15]. Based on this important observation, it has been postulated that ncRNAS
might interact with ubiquitously expressed histone-modifying enzymes providing the
required level of binding specificity (Figure 1).

In mammalian cells, dosage compensation offered the first characterized examples of
antisense INcRNA-mediated chromatin remodeling and gene silencing [49]. One of the two
mammalian female X chromosomes is inactivated via an RNA-based mechanism in which
the antisense ncRNA Xist, expressed from the X chromosome, mediates the recruitment of
polycomb repressive complex 2 (PRC2) that in turn catalyzes the heterochromatinization of
the entire X chromosome [21,49].

A similar mechanism of RNA-based epigenetic regulation of gene expression was found to
silence various imprinted mammalian alleles. Most imprinted mammalian genes associate in
clusters [50], and the presence of NATSs is a common feature of these loci [26,51,52]. For
example, AJris an imprinted, paternally expressed IncRNA transcribed from the second
intron of the mouse insulin-like growth factor 2 receptor (/g72r) gene [53]. In the mouse
placenta, expression of A/rinduces the epigenetic silencing of both the paternal allele of
1gf2r, from which AiJris expressed, and neighboring upstream genes. Although the
transcription unit of A/ronly overlaps with /gf2r, Airrecognizes and binds to the promoter
regions of its neighboring genes. The molecular mechanisms underlying these interactions
have not been clarified and might rely on specific secondary structure adopted by A/ror on
the involvement of mediator proteins. The A/rncRNA interaction with the promoter of
upstream genes in the cluster results in the recruitment of the HMT G9a, which generates a
repressive chromatin state [56]. The ability of Airto silence non-overlapping genes in cisis
reminiscent of X/st-induced X-chromosome inactivation. In the case of Xist, epigenetic
silencing spreads through the entire X chromosome, in contrast to the case of imprinted
genes, epigenetic silencing spread only to a significant portion of the locus. The extent of the
spread of epigenetic silencing may be related to the presence of insulator elements in the
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DNA sequence and their association with the CCCTC-binding factor (CTCF) [54], a
multifunctional protein that enables insulator function and facilitates higher-order chromatin
interactions [55].

Another interesting example of imprinting regulation is the antisense ncRNA transcript
Kcenglotl, which is transcribed from intron 10 of the imprinted gene Kcngl [57]. This
paternally expressed NAT silences Kcngl in cis, as well as neighboring genes on the
paternal chromosome, by controlling chromatin and DNA modifications at that locus [58].
Kcenglotl mediates the allele-specific deposition of the repressive histone marks H3K27me3
and H3K9me3 by direct interaction with the PRC2 components Ezh2, Suz12 and the H3K9-
specific HMT, G9a [58, 59]. Similar to the situation with Ai/r, the epigenetic changes caused
by Kcnglotl occur outside the sequence bound by this IncRNA, emanating bidirectionally
from the KcngZ locus. Some of the imprinted genes in this cluster, although silenced, lack
Kcenglotl enrichment [60].

Based on these examples, c/s-acting NATs may remain linked to their transcription loci but
exert their regulatory function on the neighboring genes via the recruitment of different
proteins and the organization of higher-order chromatin structures. The presence or absence
of insulator elements may influence the extension of chromatin alterations in each locus
[61]. In this hypothetical scenario, the antisense transcript acts as a scaffold for recruitment
of chromatin-modifying enzymes, initiating events that expand in both directions to the
entire chromosome, as in the case of X-chromosome inactivation, or to the entire imprinted
cluster. In this model, the recruitment of chromatin-modifying complexes is dependent on
antisense RNA expression, while the expansion of these effects depends on the subsequent
involvement of DNA insulator elements.

Taken together, these imprinting studies imply that a large portion of NATs could exert their
regulatory role by binding chromatin enzymes and recruiting them in cisto their targets. In
favor of this hypothesis, RNA immunoprecipitation (RIP) experiments targeting Ezh2,
coupled with directional RNA sequencing (RIP-seq), revealed that the PRC2 complex
associates with almost 10 000 RNAs in mouse embryonic stem cells (mESCs) [62]. Almost
3000 of these RNAs are NATS, and around 1000 are bidirectional transcripts. Interestingly,
some NATS linked to disease loci were found to immunoprecipitate with Ezh2, such as
Hspala-AS, Bgn-AS, Foxn2-AS and Malatl-AS [62], suggesting that ncRNAs target the
PRC2 complex to chromatin. Unfortunately, in this study RIP-sequencing data were not
integrated with ChlP-sequencing data, and the authors did not investigate the possible
overlap between the genomic localization of PRC2 and the immunoprecipitated RNA
transcripts. Nevertheless, the presence of NATSs associated with PRC2 suggests the
importance of these RNA transcripts in mediating the recruitment of chromatin-modifying
complexes.

Accumulating evidence implies that the interaction of NATs with EZH2 and other HMTSs is
more common than previously believed, contributing to the epigenetic regulation of many
autosomal loci. In addition to the finding that IncRNAs interact with histone-modifying
enzymes, they have also been shown to play a role in DNA methylation. ANR/L is a NAT
that overlaps with the /INK4b/ARF/INK4a locus [63]. This locus encodes two cyclin-
dependent kinase inhibitors, p15/NK4band p16/NK4a, and a regulator of the p53 pathway,
ARF[64]. The ANRIL transcript also overlaps with several polymorphisms discovered in
genome-wide association studies (GWAS) that correspond to increased risk for
cardiovascular disease and diabetes [65]. An initial study showed that ANR/L expression
inversely correlates with pZ5/NK4b expression in acute lymphoblastic leukemia and acute
myeloid leukemia. It was demonstrated that ANR/L mediates the silencing of the tumor
suppressor gene p15/NK4bvia DNA methylation and heterochromatin formation in a Dicer-
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independent manner, thus excluding the involvement of endogenous small RNAs in the
process [20]. Later, it was shown that ANR/L, EZH2 and the PRC1 component CBX7 are
upregulated in several prostate cancer tissue specimens with an inverse correlation to the
expression of pZ6/NK4a[19]. Moreover, ANRIL physically associates with CBX7 and
colocalized with EZH2 and CBX7 to the promoter region of pZ6/NK4ain prostate cancer
cells. Thus, the NAT ANRI/L participates in the silencing of two very important tumor
suppressor genes via two distinct mechanisms, and the alteration of these regulatory circuits
has been found in different types of cancer.

Evidence of a functional interaction between NATs and PRC2 comes from a study on the
cyclin dependent kinase inhibitor p21, another important tumor suppressor gene.
Bidirectional transcription at the p27 locus generates an antisense transcript and p2Z mRNA.
The p21 NAT represses p21 mRNA in a process involving the deposition of the repressive
histone mark H3K27me3 [66]. This mechanism is AGO1-independent, further excluding
involvement of endogenous small RNA mediators in the process. Thus, depending on the
cellular context, an imbalanced expression of NATS can result in the silencing or activation
of partner protein coding genes, providing an interesting potential mechanism to explain the
aberrant upregulation or silencing of cancer-related genes.

Among the different body tissues, the brain expresses a high abundance of ncRNAs [67].
Discovered in the developing mouse forebrain, the NAT Ev#2is transcribed from the ultra-
conserved DIx5/6 region encoding the homeodomain transcription factors DLX5 and DLX6
[68]. Evi2forms a complex with the DIx-2 homeodomain protein to function as a
transcriptional coactivator that increases D/x5/6 enhancer activity [68]. Recently, studies of
an Evi2loss-of-function mouse revealed more complex regulatory functions of this NAT in
the development of GABAergic interneurons [69]. Through antisense interference, £vI2
negatively regulates the expression of D/x6 mMRNA. Moreover, Evi2 exerts a silencing effect
on DIx5by recruiting DLX and the methyl CpG binding protein 2 (MECP2) to the enhancer
region [69]. Mutant £v/2mice have reduced numbers of GABAergic interneurons in the
dentate gyrus of the early postnatal hippocampus and reduced synaptic inhibition in the adult
hippocampus [69]. This study highlights the importance of NATSs in regulating gene
expression during neuronal maturation and raises the possibility of a more extended role of
antisense transcripts in central nervous system development.

In recent studies, repeat expansion diseases have often been characterized by bidirectional
transcription overlapping the repeat region [70]. Spinocerebellar ataxia type 7 (SCA7) is a
neurological disorder associated with a polyglutamine repeat (CAG) expansion in the ataxin
-7 gene [71]. SCAANT1is a 1.4 kb long NAT overlapping the ataxin—7 gene that is
actively transcribed upon CTCF binding to target sites flanking the CAG repeat region [72].
SCAANTI expression is associated with an increased level of the repressive H3K27me3
mark and a decreased level of the activating histone H3 acetylation mark at the ataxin—7
gene promoter. The pathological increase of CAG expansion is accompanied by reduced
expression of SCAANTI ncRNA and increased expression of ataxin—7 mRNA, showing an
inverse relationship between the NAT and its partner sense transcript [72]. This study
reveals an interesting NAT-based mechanism that is potentially involved in SCA7
pathogenesis.

NATS can silence gene expression in ¢/s, making them attractive therapeutic targets to
achieve specific upregulation of gene expression. It has recently been shown that brain-
derived neurotrophic factor (BDNF) is under the epigenetic control of an antisense
transcript, BDNFAS [73]. Depletion of BONF~AS can alter chromatin marks at the BONF
locus and upregulate locus-specific gene expression. This study also described NAT-
mediated endogenous gene suppression of glia-derived neurotrophic factor (GDNF) and

Trends Genet. Author manuscript; available in PMC 2013 September 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Magistri et al.

Page 6

ephrin B2 receptor (EPHBZ2), suggesting that antisense RNA-mediated transcriptional
suppression is a frequent phenomenon [73]. Considering the frequency with which NATs
are transcribed, these examples may represent only the tip of the iceberg, with the regulatory
role of NATS in epigenetic modifications representing a more common event than
previously imagined.

NATSs: cis-acting epigenetic activators

The first observation that IncRNAs are involved in epigenetic gene activation stems from
dosage compensation studies in Drosophila, where the imbalanced presence of X
chromosomes in the sexes necessitates compensation by a twofold upregulation of all the
genes on the single male X chromosome [74]. Two IncRNAS, roX1 and roX2, play a
fundamental role in the correct targeting of the Dosage Compensation Complex to many
different binding sites on the male X chromosome, which results in transcriptional
upregulation. These and other examples provide accumulating evidence of a central role for
NATSs in the epigenetic activation of specific loci on a genome-wide basis, providing insight
into the biological language of INcRNAs [75].

Following these initial findings in Drosophila, several other examples of ncRNAs in
vertebrates have been reported. Among these, a ncRNA-expression profile study of mESC
differentiation identified several ncRNAs associated with important mESC protein coding
genes [30]. Among these ncRNAs, two concordantly upregulated NATSs colocalized with
their sense MRNA partners during a specific step of mESC differentiation. The NATS,
named EvxIasand Hoxb5/6as, are transcribed from the opposite DNA strand of £vxZ and
Hoxb5/6, respectively [30]. Using RNA-ChIP, the authors found that these NATS
immunoprecipitate with H3K4me3, demonstrating a physical interaction with a
transcriptional activation mark [30]. Furthermore, RNA-IP experiments showed direct
interaction between EvxZasand Hoxb5/6as with MLL1, the mammalian trithorax protein
responsible for H3K4me3 in the promoter region of several developmental genes [30]. This
finding raise the possibility that these NATSs are involved in the epigenetic activation of their
mRNA partners during differentiation.

In another example of epigenetic activation, the chromatin-associated ncRNA transcript
termed /ntergenic10, located in the region 3’ to FANKI in the opposite orientation, overlaps
with the protein-coding gene ADAM12[18]. The expression of /ntergenic10 positively
correlates with the expression of the neighboring protein coding genes. siRNA depletion of
IntergenicI0resulted in the concordant downregulation of ADAM12and FANKI and a
decrease in the levels of the active chromatin mark H3K4me2 in the promoter regions of the
downregulated genes [18]. NATs may bind and recruit in ¢/s chromatin-modifying enzymes
to establish a locus-specific transcriptionally active chromatin state.

Taken together, these observations show that a chromatin-associated ncRNA can act as a
chromatin remodeler in c/sto positively or negatively regulate the expression of neighboring
genes.

LncRNAs: trans-acting chromatin remodelers

Controversy still exists regarding the functional significance of many long and short ncRNA
transcripts that are pervasively transcribed in the human genome and particularly those
originating in the proximity of the transcriptional start sites (TSSs) of many active genes.
However, cell-, tissue- and developmental-specific transcription of IncRNAs argues against
the simplistic assumption that these arise from transcriptional noise. Moreover, removal of
these ncRNAs often correlates with functional consequences. Aside from NATS, the human
genome produces many other classes of INCRNAs. For example, the analysis of chromatin
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signatures revealed a family of over one thousand highly conserved IncRNAs, termed large
intergenic non-coding RNAs (lincRNAS), that contain sense and antisense members with
many potential regulatory functions [41]. RNA-IP experiments of the PRC2 complex
component EZH2 followed by hybridization to a custom exon-tiling array for 900 human
lincRNAs showed that almost 30% of expressed lincRNAs physically interact with PRC2
[76]. Immunoprecipitation of INcRNAs with EZH2 is highly suggestive of functional roles
of these transcripts through the PRC2 pathway. The catalog of lincRNAs encoded in the
human genome as well as the understanding of their roles in mediating the function of
chromatin modifying complexes is rapidly expanding.

Unlike most NATSs, lincRNAs exert their regulatory roles in fransto alter chromatin shape
and gene expression at distant loci. HOTA/R is a lincRNA encoded in antisense orientation
in the HOX-C cluster on chromosome 12 that is necessary for the correct expression of the
HOX-D cluster of genes on chromosome 2 [23]. HOTA/R associates with the PRC2
complex to silence and maintain a large domain of heterochromatin in the HOX-D gene
cluster. Genomic regions flanking HOX-D contain high levels of H3K27me3 and low levels
of H3K4me2/3 [77]. It was shown in several cellular systems that HOTA/R acts as a
modular scaffold for the recruitment of both PRC2 and LSD1, the catalytic subunit of the
repressor complex COREST/REST, which in turn coordinate the methylation of H3K27me3
and demethylation of H3K4me2/3, respectively, in frans at many different target genomic
regions [78]. Interestingly, altered HOTA/R expression in primary breast tumors is a
powerful predictor of metastasis and poor prognosis [35]. Inhibition of HOTA/R expression
in cancer cells reduces invasiveness and metastatic potential, consistent with its
physiological function in dictating chromatin states of fibroblast during development [35].

A loss-of-function study in mESCs produced a functional characterization of a large number
of lincRNAs. [32]. It was shown that lincRNAs maintain the pluripotent state and repress
lineage programs in mESCs by frans-acting mechanisms of global gene expression
regulation. mESCs lincRNAs associate with 12 different chromatin complexes involved in
different aspects of epigenetic regulation, such as writers (Tip60/P400, Prc2, Setd8, Eset,
Suv39), readers (Prcl, Chx1, Cbx3) and erasers (Jarid1b, Jaridlc, Hdacl) [32]. Seventy-four
lincRNAs associate with at least one of these complexes and several lincRNAs associate
with functionally related chromatin complexes [32]. Because lincRNAs physically associate
with multiple chromatin regulatory proteins, they may serve as scaffolds to bridge together
similar complexes into larger functional units.

Like NATs, frans-acting IncRNAs can be involved in the epigenetic activation of specific
loci. HOTTIPis a spliced, polyadenylated IncRNA transcribed in the opposite orientation
from the 5’ end of the HOXA locus [79]. HOTTIP knockdown in fibroblasts and chick
embryos resulted in decreased HOXA expression, affecting a region 40kb downstream of
the 5’ end of the HOXA locus. This repressive effect depends on the distance from the
HOTTIP gene; genes in close proximity exhibit a greater decrease in expression levels [79].
These changes in gene expression correlated with a global loss of H3K4me3 and H3K4me2
across the affected region. RIP experiments demonstrated direct binding of HOTT/P with
WDRS5, a component of the core complex responsible for H3K4 methylation [79].
Ectopically expressed HOTT/P does not induce the expression of 5> HOXA genes in
fibroblast cells, implying a ¢/s mechanism of action for HOTTI/P. Artificial recruitment of
HOTTIPRNA upstream of a silent GAL4 promoter can boost transcription in the presence
of WDRS5, confirming the c/s effect of the HOTT/Ptranscript in the proximity of the target
genes [79].
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Mechanisms of IncRNA interactions with chromatin and chromatin-
modifying enzymes

The ability of IncRNAs to function as scaffolds for the recruitment of different yet
functionally related enzymes and to confer locus specificity to these enzymes raises two
immediate questions:what mediates the interactions between ncRNAs and specific
chromatin enzymes, and what is the language of molecular rules governing them? One of the
first hints of a mechanism governing ncRNA-enzyme interactions came from studies of the
X-chromosome inactivation phenomenon. It was shown that a novel ncRNA called Repeat
A (RepA,) directly binds to EZH2 and functions in the recruitment of PRC2 to the X
chromosome [21]. RepAis a 1.6 kb ncRNA transcribed within X/stand is composed of 7.5
tandem repeat sequences that fold into two conserved stem-loop structures crucial for EZH2
binding [21]. These initial findings were subsequently confirmed by an independent study
showing that short RNAs of 50 to 200nts in length are transcribed from the 5’end of
polycomb target genes [80]. Interestingly, these short RNAs have stem-loop structures
similar to RepA and are able to bind the PRC2 component SUZ12 [80]. Similarly, the
antisense Kcnglot! has a conserved RNA repeat that was shown to be necessary for the
epigenetic silencing of imprinted genes [60]. These studies imply that IncRNAs assume
specific secondary structures offering different docking sites for different enzymes.

In large part, how NATS bind to target genes to guide chromatin-modifying enzymes to
specific loci still remains unexplained (Figure 2). Two recently developed methods for
profiling the genome-wide occupancy of INcCRNAs revealed the high-throughput
identification of RNA-DNA and RNA-protein interactions [81, 82]. The application of these
new techniques may represent a promising tool to explore the mechanisms governing
ncRNA-chromatin interactions, as shown by the informative analysis performed on a few
known IncRNAs (roX2, TERC and HOTAIR) [82]. Interestingly, among the discovered
DNA binding sites of both rox2and TERC, specific consensus DNA sequences have been
observed, thus suggesting that specific DNA motifs might be important for the recruitment
of these and other IncRNAs to their target genomic loci. HOTA/R binding sites contain a
GA-rich polypurine motif, reminiscent of mammalian Polycomb response elements. It is
notable that although the HOTA/R binding sites overlap with PRC2 and H3K27me3
chromatin regions, they are restricted to small regions of a few hundred bp, raising the
possibility that HOTA/R nucleates PRC2 binding and H3K27me3 spreading [82]. Together
these data, and the discovery that HOTA/R binding to its genomic targets does not require
EZH2, demonstrate that ncRNASs are required for specific recognition of DNA sequences as
well as recruitment of polycomb proteins, which in turn modify the neighboring chromatin.
This study demonstrates that locus-specific interaction between ncRNAs and chromatin
takes place independently from ncRNA-enzyme interaction and pointed out the existence of
specific RNA-targeting motif among ncRNA target sites. These motifs may represent
binding sites for structural elements within the ncRNA, in case of direct RNA-DNA
interaction, or may function as the binding site for mediator proteins that may induce
HOTAIR recruitment.

Concluding remarks

While the examples of NAT and IncRNA mechanisms described above suggest a broad
continuum of function for ncRNAs in epigenetic regulation, the exact roles and mechanisms
of most of these molecules remain largely unknown. NATSs have emerged as powerful
transducers of biological information, primarily due to their ability to bridge the interaction
between proteins and DNA [83]. The information content and structural features of these
ncRNAs collectively establish a dynamic interface with other macromolecules, [83] thus
facilitating the formation and modulation of ribonucleoprotein complexes critical for
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epigenetic signaling. These unique features permit NATSs and other IncRNAs to function as
scaffolds to regulate epigenetic mechanisms within the cell. The key to future studies of
IncRNAs will be to successfully integrate the layers of knowledge gained from multiple
genomic, transcriptomic, proteomic and epigenomic approaches in order to create a
multidimensional understanding of NATSs within the existing cellular framework [84].
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Figure 1. Epigenetic regulation induced by NATs

NATS regulate the epigenetic landscape of genomic loci from which they are transcribed (¢/is
regulation). A specific secondary structure permits the NAT to interact with different
chromatin-modifying enzymes (green and red shapes), thereby coordinating their action and
directing specific epigenetic modifications of the nearby chromatin (green and red flags).
Locus specificity may be achieved through sequence-specific interactions between the NAT
and the DNA.
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Figure 2. Molecular mechanisms of NATs and chromatin interactions

Two types of interactions are necessary for any ncRNA-induced chromatin modification to
happen: between an antisense RNA molecule and a chromatin-modifying enzyme (CME)
and between either a CME and DNA or antisense RNA and DNA. The second type of
interaction is necessary to confer sequence specificity to the chromatin modifications. Each
one of these interactions (RNA-protein, RNA-DNA or DNA-protein) can either happen
through sequence motifs (digital Watson-Crick base pairing) or by RNA secondary
structure. NATS function as intermediates that target CMEs to locus-specific regions of the
genome. The molecular mechanisms governing the interaction between NATSs and
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chromatin remain poorly characterized. Here, we propose three different possible scenarios
by which this interaction occurs:

(a) Specific binding of antisense RNA to a CME as well as to a DNA region by forming a
unique secondary structure.

(b) The sequence motif dictates the interaction between the antisense RNA molecule and the
target DNA. In this model, antisense RNA binds specifically to CMEs and to a particular
DNA region

(c) Nonspecific binding of antisense RNA to a DNA sequence. In this model, local antisense
transcription leads to a specific chromatin modification. The specificity in this model comes
from the promoter of antisense RNA and the fact that transcription will lead to particular
modifications. NATs do not physically associate with the chromatin. In this case, locus-
specificity is achieved by nascent NATS that are recognized by chromatin-modifying
enzymes.
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