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Introduction

The technological advances applied to functional genom-
ics during the last decade have depicted a new scenario in 
the field of RNA biology. To date, approximately 35% of the 
human genes identified by the ENCODE project (about 57,000; 
GENCODE version 17), encode for proteins.1,2 The vast majority 
of the remaining genes (about 65%), are transcribed into RNA 
but do not encode proteins, and are generally known as “non-
coding” RNAs (ncRNAs). Non-coding RNAs comprise several 
classes of RNAs, classified in different groups in accordance to 
their length, function, localization, orientation or other criteria 
(these classifications are continuously being adjusted as new data 
are acquired). Long non-coding RNAs (lncRNAs) refer to non-
protein coding transcripts that are longer than 200 nucleotides 
(though this limit is merely arbitrary). Subcategories of lncRNAs 
also exist and, in this case, the classification varies depending 
on the criterion applied: long intergenic non-coding RNAs (lin-
cRNAs) contain the same features of mRNAs (a 5′ 7-methyl-
guanosine cap and a 3′ poly(A) tail),3 are mainly transcribed 
by RNA polymerase II4 and do not overlap with protein coding 
genes; antisense lncRNAs (AS-lncRNAs) are transcribed in the 
opposite direction of protein-coding genes; intronic lncRNAs are 

transcribed from an intron of a protein-coding gene and; enhancer 
RNAs (eRNAs) are transcribed from enhancer elements.

The number of genes encoding for lncRNAs currently identi-
fied is approximately 13 000 (GENCODE version 17), represent-
ing more than the 20% of the human genome. To date, only 
a small number of these have been studied in detail, providing 
pioneer indications of their functions and mechanisms of action 
in regulating cellular processes. Considering the vast number of 
lncRNAs identified genome-wide and their low sequence conser-
vation across species, it had originally been speculated that most 
of the transcripts identified as lncRNAs are actually non-func-
tional RNAs and were generally referred to as “transcriptional 
noise.” However, an increasing number of lncRNAs are being 
reported to be functional, although many of them with strict 
spatial-temporal functions. The debate on the functionality of 
lncRNAs remains open (see refs. 5 and 6) and, even though it is 
likely that some transcripts do not have any biological function, 
it is clear that those RNAs reported so far have been ascribed 
relevant roles in specific biological processes.

lncRNAs have been reported to play roles in many different 
cellular processes (e.g., cell growth and apoptosis,7,8 develop-
ment,9,10 and cell pluripotency and differentiation4,11,12) possibly 
through multiple and diverse mechanisms. Moreover, these stud-
ies indicate that a significant number of lncRNAs function in 
cooperation with chromatin modifiers, implicating lncRNAs in 
the epigenetic regulation of gene expression.

In this review, we will focus on mammalian lncRNAs involved 
in the regulation of cellular processes by epigenetic mechanisms, 
describing in more detail some of the lncRNAs known to interact 
with chromatin modifiers. By reviewing the literature, we will 
discuss the different suggested mechanisms by which lncRNAs 
fine-tune gene expression.

lncRNAs in X-Chromosome Inactivation:  
Decoys and Guides for Chromatin Modifiers

The first described epigenetic mechanism involving a 
lncRNA was mammalian X-chromosome inactivation (XCI), 
the process leading to gene silencing of one of the two female 
X-chromosomes in order to ensure equal X-linked gene expres-
sion in both sexes. The master regulator of X inactivation in 
mammals is the lncRNA Xist (X-inactive specific transcript), a 
product of the Xist gene, which is exclusively transcribed from 
the inactive X (Xi) chromosome.13 Xist is known to initially asso-
ciate with the X-chromosome at a discrete number of focal loci, 
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The emergence of long non-coding RNAs (lncRNAs) has 
shaken up our conception of gene expression regulation, as 
lncRNAs  take prominent positions as components of cellular 
networks. Several cellular processes involve lncRNAs, and a 
significant number of them have been shown to function in 
cooperation with chromatin modifying enzymes to promote 
epigenetic activation or silencing of gene expression. Differ-
ent model mechanisms have been proposed to explain how 
lncRNAs achieve regulation of gene expression by interacting 
with the epigenetic machinery. Here we describe these models 
in light of the current knowledge of lncRNAs, such as Xist and 
HOTAIR, and discuss recent literature on the role of the three-
dimensional structure of the genome in the mechanism of 
action of lncRNAs and chromatin modifiers.
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and subsequently spread to promote chromosome-wide hetero-
chromatization (see refs. 14–18). Since its discovery, the mecha-
nism of X inactivation has been the subject of intensive study and 
nowadays represents a model mechanism for the understanding 
of lncRNA function. Several other lncRNAs have been identified 
that play essential roles in the process, such as the lncRNA Tsix, 
transcribed from the active X (Xa) chromosome in the antisense 
direction from Xist, and known to negatively regulate the expres-
sion of Xist19 in cis, and Jpx, which activates Xist by removing 
the repressive RNA-binding protein CTCF from the Xist pro-
moter.20,21 Moreover, Tsix expression was shown to be sustained 
by another lncRNA, Xite, which has been shown to influence 
Tsix promoter activity. However, it remains unclear whether the 
genetic control of Tsix locus by Xite depends only on its RNA, 
since truncated Xite RNAs were shown to function as well as 
the full-length Xite lncRNA in regulating Tsix expression.22 
As briefly described above, the mechanism of X inactivation is 
indeed an elegant interplay between several partners, finely regu-
lating correct gene silencing. Much more is known about Xist and 
X chromosome inactivation, and several aspects of this intriguing 
cellular mechanism still remain unsolved (comprehensive reviews 
can be found elsewhere).19,23,24 However, what is relevant to the 
scope of this review is the notion that X inactivation was the first 
mechanism of gene silencing identified to depend on lncRNA 
and Polycomb group (PcG) proteins,25 elucidated by the finding 
that Xist was able to interact with the Polycomb repressive com-
plex 2 (PRC2),26,27 opening the way to an increasing number of 
studies on epigenetic regulation of gene expression mediated by 
lncRNAs.

PcG proteins were originally identified in Drosophila melano-
gaster as essential components for the proper development of the 
organism that function by silencing the expression of homeotic 
genes. PcGs were later shown to have homologs in many other 
species, including mouse and human. PcG proteins assemble into 
enzymatically active in multisubunit complexes, of which the best 
characterized are the polycomb repressive complex 1 (PRC1) and 
PRC2. PRC1 is known to catalyze lysine 119 monoubiquitylation 
of histone H2A (H2AUb1), whereas PRC2 is able to dimethylate 
and trimethylate lysine 27 of histone H3 (H3K27me2/3), both 
known as repressive chromatin marks. PRC2, which is required 
for the initial targeting of genomic regions to be silenced, con-
tains three core subunits, although other proteins, transiently 
interacting with the core, have been described.28 The three core 
subunits of PRC2 are the histone methyltransferase (HMT) cat-
alytic subunit EZH2, the zinc finger protein Suz12, and EED 
(embryonic ectoderm development), the subunit involved in 
substrate recognition.29 PRC1, on the other hand, is required for 
stabilizing the gene silencing initiated by PRC2, and is a much 
more heterogeneous complex with several different forms identi-
fied in mammals, characterized by different subunit paralogues, 
composition and function.29

As mentioned before, Xist associates with PRC2 and their 
interaction leads to H3K27me2/3 of the Xi. Their binding has 
been shown to rely on a repeat motif contained in the 5′ portion 
of Xist RNA26 and, interestingly, a second non-coding transcript 
containing the same repeat, known as RepeatA (RepA), encoded 

within Xist first exon was also identified and found to indepen-
dently bind PRC2 in vitro.26 Therefore, a simplified model sees 
RepA and Tsix, also shown to bind PRC2,26 detaining the chro-
matin complex until Jpx transcription and loss of Tsix expression 
activate Xist production, which is in turn able to interact with 
PRC2 and spread along the future Xi resulting in the H3K27 
methylation of the entire chromosome.16 This model allows us 
to introduce two mechanisms of action through which lncRNAs 
have been suggested to work: (1) as “decoys” (RepA and Tsix 
function as decoys for PRC2) and (2) as “guides” (Xist is a guide 
for the complex to localize to the correct regions for silencing) 
(Fig. 1A and B).

The direct interaction between Xist and PRC2 and their role 
in XCI remains a source of debate due to disagreeing results or 
experimental limitations in determining the specific binding of 
Xist to PRC2.30 Certainly, the crosstalk complexity between all 
the partners involved in the establishment of XCI allows us to 
foresee a mechanism of action for Xist and the other lncRNAs 
involved that requires additional proteic factors apart from 
PRC2. However, it cannot be excluded that in in the presence of 
novel interacting partners the “decoy” and “guide” models would 

Figure  1. Proposed models for lncRNAs-mediated chromatin modifi-
cation. (A) lncRNAs may function as “decoys,” sequestering chroma-
tin-modifying enzymes away from other interacting partners or (B) as 
“guides” for chromatin modifiers by driving them to the correct loca-
tions in the genome. (C) lncRNAs could alternatively act as “scaffolds” to 
tether more than one protein complex and mediate different chromatin 
modifications.
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remain valid, and that the interplay between lncRNAs and dif-
ferent interacting proteins would be responsible for the regulation 
of gene expression.

HOTAIR and Kcnq1ot1 lncRNAs: Scaffolds  
for the Binding of Chromatin Complexes

PRC2 probably represents the most studied chromatin com-
plex associated with lncRNAs. Many other lncRNAs, some of 
which are listed in Table 1, have been reported to interact with 
PRC2 and to promote gene silencing. Among them, the lincRNA 
HOTAIR (HOX Antisense Intergenic RNA), which is encoded 
antisense to the HOXC locus, one of the four chromosomal loci 
(HOXA to D) containing the clustered HOX genes.31,32 Briefly, 
HOTAIR regulates the transcriptional silencing of genes of the 
HOXD locus and other gene loci by binding PRC2 to its 5′ end 
and driving it to the specific locus where methylation and epigen-
etic silencing of gene expression is achieved.31 As opposed to Xist, 
HOTAIR has been shown to act in trans by regulating expression 
of genes in distant chromosomal locations.31 Moreover, HOTAIR 
interacts with another chromatin complex, the lysine specific 
demethylase 1 (LSD1)-CoREST complex, which mediates the 
removal of mono- and di-methylation of H3K4 in nucleosomes, a 
histone mark associated with gene activation.33 It seems therefore 
that HOTAIR is able to operate not only as a guide lncRNA, but 
also as a “scaffold,” due to its ability to bind and bring together 
two complexes that cooperate in establishing the repressive chro-
matin state (Fig. 1C).

The ability to tether more than one protein complex has been 
shown for several other lncRNAs, some listed in Table 1. This 
list is likely to expand as genome-wide studies have reported a 
large number of transcripts able to interact with different chro-
matin complexes.4,27,33 Moreover, RNA molecules should not be 
thought as linear entities able to interact with proteins only by 
sequence-specific elements but, on the contrary, lncRNAs are 
likely to make use of their secondary structures to interact with 
their protein partners as well as with the DNA.49

Kcnq1ot1 represents another example of a lncRNA able to 
bind different chromatin modifiers. It is a 91 kb-long lncRNA 
that is transcribed in antisense orientation from intron 10 of 
the murine Kcnq1 gene.35 Briefly, this lncRNA is expressed only 
from the paternal allele and is responsible for the silencing of a 
cluster of ten genes spread over a 1 Mb region around its loca-
tion.35 Kcnq1ot1 was originally found to correlate with repressive 
histone modifications, such as H3K9me3 and H3K27me3, in 
the Kcnq1 domain,50 and was later identified to interact with 
two chromatin modifiers responsible for these histone modi-
fications, the HMT G9a, which mono- and di-methylates 
H3K9, and PRC2.35 As opposed to HOTAIR, no evidence for 
coexisting interaction of the two enzymes has been reported for 
Kcnq1ot1, suggesting that the lncRNA may work as a scaffold by 
bringing, simultaneously or independently, different complexes 
in proximity to the genes to be silenced. Moreover, the interac-
tion between Kcnq1ot1 and these enzymatic complexes has been 
shown to occur in placenta but not in liver, and the presence 

Table 1. Techniques used by selected lncRNAs to tether more than one protein complex

lncRNA Chromatin modifier Technique used (and references)

Xist PRC2 Co-localization by immunostaining (antibodies α-eZH2, and α-eeD),34 RiP-qPCR (antibodies α-eZH2, 
and α-Suz12),26 RiP-Chip27

Kcnq1ot1 G9a and PRC2, Dnmt1 RiP-qPCR (antibodies α-G9a, α-eZH2, and α-Suz12),35 RiP-qPCR (antibody α-Dnmt1)36

Air G9a RiP-qPCR (antibody α-G9a)37

HOTAIR PRC2 and LSD1-CoReST RiP-qPCR (antibodies α-LSD1 and α-eZH2),31,33 in vitro transcribed biotinylated RNA pull-down with cell 
extracts or purified PRC2 and LSD1 complexes,31,33 RiP-Chip27

ANRIL PRC1 (CBX7) and PRC2 RiP-qPCR (CBX7), RNA eMSA, biotinylated RNA pull-down,38 RiP-qPCR (antibody α-Suz12)39

pRNA Dnmt3b Southwestern blot and pull-down experiments40

Mistral MLL-Trx (MLL1) RiP-qPCR (MLL1), Recombinant MLL1—in vitro binding assays41

HOTTIP MLL-Trx (wDR5) RiP-qPCR (antibody α-wDR5), Recombinant GST-wDR5—in vitro transcribed RNA interaction42

DBE-T MLL-Trx (Ash1L) RiP-qPCR (antibody α-Ash1L), Recombinant GST-Ash1L—in vitro transcribed RNA interaction43

PINC PRC2 RiP-qPCR (antibodies α-eZH2, α-Suz12 and α-RbAp46)44

PTENpg1 asRNA α Dnmt3a RiP-qPCR (antibody α-Dnmt3a)45

Fendrr PRC2 and MLL-Trx (wDR5) RiP-qPCR (antibodies α-eZH2, α-Suz12, and α-wDR5)9

Braveheart PRC2 RiP-qPCR (antibody α-Suz12), Biotinylated RNA pull-down11

NeST MLL-Trx (wDR5) RiP-qPCR (FLAG-wDR5 transfection and iP with antibody α-FLAG)46

UBC1 PRC2 RiP-qPCR (antibodies α-eZH2, and α-Suz12)47

Pint PRC2
RiP-qPCR (antibody α-Suz12), in vitro transcribed biotinylated RNA pull-down with cell extracts  

or purified PRC248
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or absence of interaction correlates with lineage-specific differ-
ences observed for these chromatin modifications in the Kcnq1 
locus.35

Interestingly, the genes regulated in cis by Kcnq1ot1, which are 
imprinted both in the embryo and in the placenta of the paternal 
chromosome, are located closer to the promoter, while the genes 
repressed only in the placenta are those located more distally 
from the promoter.36 Since the interaction between Kcnq1ot1 
and G9a or PRC2 was found to occur only in the placenta,35 it 
remained unclear how the lncRNA could mediate the silencing 
of genes in the embryo. A more recent publication has identi-
fied the DNA methyltransferase Dnmt1 as a novel interacting 
partner of Kcnq1ot1 in the embryo, suggesting that the RNA 
might mediate the silencing of imprinted genes in the embryo by 
promoting specific DNA methylation.36 It seems therefore that 
Kcnq1ot1 is able to mediate lineage-specific imprinting through 
different mechanisms, being able to recruit chromatin modifi-
ers for the silencing of placental-specific genes or by promoting 
allele-specific methylation of DNA for the imprinting of genes in 
the embryo.

The Role of Chromatin in the Coordinated Function 
of lncRNAs and Chromatin Modifiers

Only recently chromatin has started being considered as an 
active player in the mechanism by which lncRNAs and chroma-
tin modifiers achieve regulation of gene expression. Therefore, it 
seems that, although the “decoy,” “guide,” and “scaffold” mod-
els described above may remain valid overall, the mechanism of 
action of lncRNAs still needs to be fully uncovered and, presum-
ably, will be more complicated than this.

The development of techniques to study three-dimensional 
structure of the genome, such as chromosome conformation cap-
ture51-55 and techniques to enrich endogenous lncRNAs along 
with their protein partners and DNA targets, such as capture 
hybridization analysis of RNA targets (CHART)56 or chroma-
tin isolation by RNA purification (ChIRP),57 are allowing a bet-
ter understanding of the role of chromatin in the mechanism of 
action of lncRNAs. eRNAs, for instance, have been suggested 
to mediate chromatin looping between the enhancer region and 
the promoter of the genes they regulate, although working as a 
scaffold for transcriptional activators rather than for chroma-
tin modifiers.58 A representative example of the tripartite inter-
play between chromatin, lncRNAs and chromatin modifiers 
is given by HOTAIR. Genome-wide mapping of its occupancy 
sites has shown a significant pattern of co-occupancy with the 
binding sites of the PRC2 subunits EZH2 and Suz12 as well as 
H3K27me3, suggesting that localization of PRC2 to target sites 
depends on the interaction between HOTAIR and chromatin.57 
Moreover, HOTAIR occupancy was shown to be preserved upon 
EZH2 depletion,57 supporting a mechanistic model that proposes 
that HOTAIR binds to its target chromatin regions indepen-
dently of PRC2. The evidence seems therefore to sustain a model 
in which the lncRNA makes contact with the chromatin and, 
once located in the correct place, promotes the recruitment of the 
chromatin-modifying complex.

To support the notion that the three-dimensional structure of 
the genome contributes to the function of lncRNAs, a recently 
published study uses XCI and Xist lncRNA as a model to pro-
vide new insights into the mechanism of lncRNA localization to 
DNA and silencing of gene expression.17 By using a methodol-
ogy to capture RNA interactions with chromatin, named RNA 
antisense purification (RAP), combined with genome-wide 
chromosome conformation capture, Engreitz and coworkers ana-
lyzed Xist localization across the X chromosome at different time 
points of Xist induction and therefore XCI establishment.17 The 
obtained results seem to suggest that Xist spreading across the X 
chromosome is initiated by its transfer to specific distal sites from 
its transcription locus and that such initial contacts depend on 
spatial proximity rather than sequence specificity.17 Interestingly, 
initial localization of Xist was observed on the periphery of regions 
enriched in active genes both when using either wild-type Xist or 
a Xist RNA lacking the A-repeat domain, the domain required 
for the binding of PRC2.17 However, later access of Xist to these 
active regions was found to be dependent on the presence of the 
A-repeat domain, suggesting a model in which chromatin-bound 
Xist (in proximity of active genes) recruits PRC2, which, in turn, 
drives gene silencing by promoting heterochromatization.17

In conclusion, the results obtained for Xist, as well as those 
described above for HOTAIR, seem to point to a mechanism of 
action for these two lncRNAs that relies upon the interaction 
between the lncRNA and chromatin to occur in the first place 
(Fig. 2). Given the lack of obvious RNA-DNA sequence comple-
mentarity, the mechanism by which lncRNA-chromatin interac-
tions are established in the first place remains as yet unsolved. 
Some studies have suggested a direct interaction between DNA 

Figure  2. Model for lncRNAs-mediated chromatin modifications in a 
three-dimensional context. The lncRNA (green) may contact specific 
chromatic regions (gray) placed in proximity by the three-dimensional 
organization of the genome. The contact can be direct or mediated by 
another protein (purple). lncRNA may then recruit the chromatin modi-
fier and promote epigenetic modifications to regulate gene expression.
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and lncRNA through the formation of triple helix structures.9,40 
However, the mediation of additional protein factors in the chro-
matin-lncRNA complexes cannot be excluded.

The potential of combining three-dimensional structure of 
the genome with DNA-binding maps of lncRNAs and proteins 
will certainly help us uncover the complexity behind lncRNAs-
mediated regulation of gene expression. Additionally, a better 
understanding of the biochemical and structural nature of the 

lncRNA-protein and lncRNA-DNA interactions is needed to 
define the underlying molecular mechanisms involved in the 
process. These studies will undoubtedly help refine the sug-
gested model and will tell us whether these are applicable to other 
lncRNAs.
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