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a b s t r a c t
The regulatory role of histone modiﬁcations with respect to the structure and function of chromatin is well
known. Proteins and protein complexes establishing, erasing and binding these marks have been extensively
studied. RNAs have only recently entered the picture of epigenetic regulation with the discovery of a vast number
of long non-coding RNAs. Fast growing evidence suggests that such RNAs inﬂuence all aspects of histone
modiﬁcation biology. Here, we focus exclusively on the emerging functional interplay between RNAs and
proteins that bind histone modiﬁcations. We discuss recent ﬁndings of reciprocally positive and negative
regulations as well as summarize the current insights into the molecular mechanism directing these interactions.
This article is part of a Special Issue entitled: Molecular mechanisms of histone modiﬁcation function.
© 2014 Published by Elsevier B.V.

1. Introduction
Eukaryotic genomes exist in a complex of DNA, proteins and RNA
called chromatin. The basic unit of chromatin is the nucleosome core
particle, which consists of 147 bp DNA wrapped around an octameric
center of histone proteins (two copies of each of the core histones
H2A, H2B, H3 and H4) [1]. Each individual histone can be subjected to
various covalent chemical modiﬁcations by speciﬁc chromatin modiﬁer
proteins (‘writers’ of histone modiﬁcations). These modiﬁcations include methylation, acetylation, phosphorylation, and ubiquitylation
marks on multiple residues. The modiﬁcations are generally reversible
and can be removed by the enzymatic action of ‘erasers’ of histone
modiﬁcations (reviewed in [2–5]). Combinations of histone marks in
the context of histone proteins, nucleosomes or deﬁned regions of chromatin are thought to generate epigenetic codes. These are recognized
and bound by one or more ‘readers’ of histone modiﬁcations to exert
downstream effects on chromatin structure and/or gene activities
(reviewed in [3,6]).
Interaction of reader proteins with their matching histone modiﬁcations is rather weak — the dissociation constants (Kd) of most isolated
binding pairs being in the micromolar range [7–10]. It is therefore
puzzling, how these chromatin factors ﬁnd their target genomic sites
in the nucleus. Pure mass action and diffusion-controlled processes
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are unlikely sufﬁcient to explain the strong codistribution of marks
and readers observed in genome wide studies. Biochemical extraction
procedures (e.g. by salt or detergent) are indeed indicative of a relatively
strong association of the readers with chromatin in cells [10–12].
Obviously other chromatin components mediate and stabilize the interaction. While multiprotein complexes containing different chromatin
binding functionalities have long been recognized in this context,
RNAs have only recently entered the picture.
While the ﬁrst RNA–chromatin protein interaction was described in
Drosophila more than ten years ago [13], only recent advances in methodologies (for example, UV-mediated crosslinking of RNA and proteins
and immunoprecipitation (so-called ‘PAR-CLIP’) in combination with
RNA-sequencing and/or mass spectrometry [14]) demonstrated the
idea of prevalent interactions between coding and/or non-coding (nc)
RNAs and a multitude of chromatin-associated proteins. Many of these
are modifying enzymes including writers of histone modiﬁcations
(Ezh2, Mll1, TIP5, ESET, SETD8, Suv39h1, G9a, DNMT3b) and erasers of
the modiﬁcations (Jarid1B, Jarid1C, LSD1, HDACs) (reviewed in [15],
[16–18]). Their interaction with speciﬁc RNAs, especially with long
non-coding RNAs (lncRNAs), has been implicated in recruitment of
these enzymes to their target genomic sites in cis and/or in trans thereby
mediating epigenetic regulation of key genes in development and carcinogenesis. Several recent overview articles have summarized the biology of interactions between RNAs and chromatin modifying enzymes
[15,19–21]. However, RNA-binding activities of a subset of ‘reader’ proteins of chromatin modiﬁcations have also been described in different
experimental systems [7,13,16,22–25]. Here we will summarize the
current knowledge on these interactions with particular emphasis on
chromodomain proteins, whose RNA-binding activities have been
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investigated in depth. Possible physical and functional properties of
RNA–chromatin reader interactions are discussed.
2. Chromodomain proteins binding RNA
Chromodomains are highly conserved structural motifs of ~ 40–
60 amino acids found in several chromatin associated proteins. It
features an N-terminal three-stranded anti-parallel β-sheet that
folds against an N-terminal α-helix (Fig. 1A). This folding results in
formation of an aromatic cage constituted of three aromatic amino
acids that are necessary for recognizing methylated lysine residues
in histones as well as non-histone proteins (reviewed in [26]).
Chromodomains were ﬁrst described in Drosophila modiﬁers of
variegation proteins that are implicated in changing chromatin
structure to the condensed morphology of heterochromatin.
While different chromodomain proteins have been extensively
studied in the context of binding histone methyl-lysine residues,
chromodomain proteins of the Polycomb (Pc) protein family as
well as homologues of Heterochromatin Protein 1 (HP1) have
recently been recognized to also bind RNA.
Pc proteins are classically known to bind to methyl-H3K27 marks
via their chromodomain. These mediate transcriptional silencing of
facultative heterochromatin, including the mammalian inactive X
chromosome, imprinted genes and developmentally regulated genes
(reviewed in [27]). Several Pc proteins are present in mouse and
human cells; Cbx2, Cbx4, Cbx6, Cbx7 and Cbx8. HP1 is a structural
component of constitutive heterochromatin (found at pericentromeres
and telomeres) and plays key roles in heterochromatin-mediated gene
silencing. This factor is evolutionarily conserved from yeast to human.
In mammals there are three HP1 proteins, HP1α, HP1β and HP1γ. All
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HP1 homologues consist of two globular domains; the chromodomain
and chromoshadow domain that are connected by a less structured
hinge region (Fig. 1B) (reviewed in [28–30]). The HP1 chromodomain
binds to methyl-H3K9 [31], whereas the chromoshadow domain mediates self-dimerization and interaction with a wide range of other
chromatin-associated proteins [32].
Although their amino acid sequences are fairly similar (Fig. 1A), only
the Pc chromodomains possess RNA-binding capacity [7,23–25,33,34].
Besides Cbx2, all other Pc chromodomains showed RNA-binding activity in electrophoretic mobility shift assay (EMSA) using fragments of
in vitro transcribed cyclin E RNA as bait [7]. Binding strength for
ssRNA was considerably higher than that for dsRNA or dsDNA. Interestingly, the chromodomains seem to preferentially recognize a secondary
structure of ssRNA as interaction was abolished when RNA was heatdenatured prior to the binding assay. In agreement, it was shown that
interaction between Cbx7 and ANRIL, an lncRNA, occurs via recognition
of a stem–loop structure. Several positively charged amino acids (R17,
K31; Fig. 1A, indicated in pink) in the chromodomain were found to
be important in mediating the interaction [33]. Mutations that disrupt
the interaction between Cbx7 and methyl-H3K27 did not affect the
RNA-binding activity of the protein, indicating that these two binding
events are independent of each other [7,33]. Interestingly, these two
basic amino acid residues are conserved in Cbx4, Cbx6 and Cbx8.
Thus, they may also contribute to RNA-binding of these proteins
(Fig. 1A).
In contrast to Pc proteins, homologues of HP1 use clusters of basic
amino acid residues in the hinge region to interact with RNA (Fig. 1B,
all K/R are indicated in red) [23,25,34]. According to competitive
EMSA, mammalian HP1 proteins also bind more preferentially to
ssRNA than to ss/dsDNA [23].
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Fig. 1. Chromodomain proteins. (A) Sequence alignment of various chromodomains. Dm, Drosophila melanogaster; Hs, Homo sapiens; Sp, Schizosaccharomyces pombe. Secondary structural
elements are indicated at the top (red lines). Amino acids known to contribute to RNA binding are in pink for Cbx7 and in orange for Chp1 and Clr4. Where these sites are conserved in
other chromodomain proteins these are shown in blue; those residues preserving the positive charge are in green. (B) Sequence alignment of the hinge region of HP1 orthologs in yeast,
Drosophila (Dm), mouse (Mm) and human (Hs). Basic amino acids in the region are marked in red.
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2.1. RNAs function in recruitment of chromodomain proteins to large
nuclear domains
Besides the in vitro binding studies, a ﬁrst cellular link
between chromodomain proteins and RNA was established by
immunoﬂuorescence-based assays, in which cells were ﬁrst permeabilized and treated with RNase A before ﬁxation and immunostaining
[22]. Although this approach is unable to discriminate direct and indirect interactions, these studies revealed that RNA components contribute to targeting of the chromodomain proteins to large heterochromatic
domains in mammalian cells. Several groups have shown that heterochromatic localization of HP1α and/or HP1γ is RNase A-sensitive in
mouse ﬁbroblasts [22,23]. Consistently, the pericentromeric localization
of HP1α was restored upon addition of total or nuclear RNA from the
same cellular source to RNase A-treated samples but not upon addition
of tRNA or bacterial RNA, suggesting some degree of speciﬁcity of the interaction [22]. Later, direct binding of mouse HP1α to transcripts from
the major satellite repeats was demonstrated [34]. Interaction of
HP1α with these RNAs appears crucial for de novo recruitment as well
as anchoring of the factor to heterochromatic foci (Fig. 2A). The RNA–
HP1 interaction is strongly enhanced by sumoylation of the protein
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thereby directing HP1α recruitment to heterochromatic foci even in
absence of the trimethyl-H3K9 mark [34].
Physiological importance of the interaction of HP1 with the RNA
derived from the major satellite repeats has been demonstrated during
epithelial to mesenchymal transition (EMT). Several transcription
factors such as Snail1, Pax3 or Pax9 and an amino oxidase, LOXL2
regulate transcription from these loci [35,36]. Suppression of expression
by cooperative action of Snail1 and LOXL2 causes transient release of
HP1α from heterochromatic foci, a process which is presumably necessary for heterochromatin reorganization to complete the EMT [36].
In the case of Pc proteins, it was found that targeting of EGFP-Cbx7 to
the inactive X chromosome is also RNase A-sensitive in differentiating
mouse ES cells [7]. Expression of Xist lncRNA is the initiating step of X inactivation in female mammalian cells. However, interaction of Pc proteins
with Xist is highly controversial (for comprehensive review, see [37]). The
observation nevertheless implies that RNA components contribute to anchoring and/or de novo recruitment of Cbx7 to the facultative heterochromatin of the inactive X chromosome. This effect might not be direct, but
could be mediated by targeting more prominent Xist binding proteins
such as components of Polycomb Repressor Complex 2 (PRC2), Ezh and
Suz12, that establish methyl-H3K27 marks for Cbx7 binding.

B

A

HMTase

HP1

Pc/HP1

HP1

SUMO

SUMO

lncRNA

methyl-histone H3

major satellite transcript

Pc/HP1

GENE X

PolII

G

NEAT2 lncRNA
constitutive
heterochromatic foci

acetyl-H2A

CBX4/Pc2

interchromatin
Nucleus
granules

C

HP

1

1

HP

HP1

nascent transcript

Growth control
genes

PolII
Polycomb bodies

coding sequence

+ mitogen

F

- mitogen

D

TUG1 lncRNA

E
Rdp1

Me
methyl-H3K27/H4R3

CBX4/Pc2

Sw

Growth control
genes

Swi6

heterochromatin

Cid14

i6

Swi6

Swi6 Swi6 Swi6
methylH3K9

Borderline
lncRNA

Swi6

cryptic
heterochromatin
transcript

Dcr1

Swi6

methylH3K9

Swi6

Swi6

Swi6
Swi6

heterochromatin
euchromatin

Fig. 2. Functions of RNA–chromodomain interaction. (A) Major satellite repeat transcripts associate with sumoylated HP1α and contribute to de novo targeting and/or anchoring of the
protein to pericentromeric heterochromatin [34]. (B) lncRNA acts as targeting molecule for a HMTase complex (e.g. PRC2, Suv39h1) and a reader of the histone modiﬁcation (e.g. Cbx7,
HP1) in cis or in trans thereby recruiting these proteins to speciﬁc gene loci [16,33,38]. (C) Drosophila and/or mammalian HP1 binds to nascent mRNA of transcriptionally induced gene
loci and/or directly interacts with active RNA polymerase II. The exact consequence or relevance of the event is not known [39,40]. (D) In S. pombe, cryptic transcription from heterochromatin can be sensed and bound by Swi6. RNA-binding reduces interaction of the factor with methyl-H3K9 and evicts Swi6 from chromatin. The Swi6-bound RNA is subsequently degraded
through the Cid14-dependent RNA degradation pathways [25]. (E) In S. pombe, Borderline lncRNA expressed from the euchromatin–pericentromeric heterochromatin boundary, binds to
Swi6. This prevents aberrant spreading of the heterochromatic domain into the adjacent euchromatin region by evicting the RNA-bound Swi6 from chromatin [41]. (F) Under non-growing
condition, Cbx4 is methylated and interacts speciﬁcally with TUG1 lncRNA. In this state the factor preferentially binds to repressive histone marks and contributes to transcriptional
repression of a set of growth control genes within so-called Polycomb bodies [42]. (G) Under growing condition, Cbx4 is demethylated and selectively associates with NEAT2 lncRNA.
In this state the factor preferentially binds acetyl-H2A and orchestrates transcriptional activation of a set of growth control genes within so-called interchromatin granules. Note: the
processes outlined in (F) and (G) are dynamic and reversible depending on the presence/absence of mitogenic stimuli [42].
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2.2. RNAs targeting chromodomain proteins to speciﬁc loci

2.3. RNAs evicting chromodomain proteins

More recent studies suggest that ncRNAs are involved in
targeting of chromodomain proteins not only to large chromatin regions but also to individual gene loci (Fig. 2B). Cbx7 binds to ANRIL
lncRNA, whose expression leads to silencing of INK4b/ARF/INK4a
tumor suppressor loci in prostate cancer cells [33]. Chromatin immunoprecipitation (ChIP) experiments of Ezh2, Cbx7 and H3K27me3 in
WT and ANRIL knock-down cells indicated that the lncRNA is required for recruitment of Ezh2 and Cbx7 to the tumor suppressor
loci. However, disruption of the RNA-binding activity of Cbx7 led to
only minor effects on colony formation/proliferative capacity of
mouse embryonic ﬁbroblasts. Hardly any effects on reactivation of
the target tumor suppressor genes were seen. Conversely, overexpression of a Cbx7 mutant that is defective in binding methylH3K27 had striking effects on cell proliferation and target gene
derepression. Hence, lncRNA–Cbx7 interaction may not be crucial
in regulating these events but may be involved in ﬁne-tuning of the
effect mediated primarily by methyl-H3K27–Cbx7 interaction.
Similarly, RNA-mediated recruitment of HP1γ to speciﬁc gene loci
has been described in human cells [38]. Together with progesterone
receptor (PR) and LSD1, HP1γ associates with a speciﬁc RNA known
as steroid receptor RNA activator (RNA SRA) to repress a large set of
hormone-inducible genes in the absence of ligand. In this case, the
protein–RNA interaction is important in recruiting and anchoring the
protein complex at its genomic target sites. Furthermore, using a candidate approach, interactions between several readers, writers and
erasers of chromatin modiﬁcations and lncRNAs were described in
mouse ES cells [16]. For example, HP1β and HP1γ were found to bind
distinct sets of lncRNAs, in some cases putatively together with a
methyl-H3K9 writer, ESET or Suv39h1. The studies suggest coordinated
recruitment of a writer and a reader of histone modiﬁcation by lncRNAs
to their target loci for rapid gene shutdown.
In contrast to the above examples of targeting to silenced regions of
the genome, recruitment of HP1 homologues to transcriptionally active
loci has also been reported (Fig. 2C). In Drosophila RNase A-sensitive localization of HP1 was observed at transcriptionally induced heat shock
protein loci [39]. This implied that recruitment of HP1 to the heat
shock puffs is at least partially dependent on nascent transcripts and
possible interaction between HP1 and the nascent RNA. Although
neither RNase A sensitivity nor direct nascent RNA–HP1 interaction
was tested, mammalian HP1γ and H3K9me3 marks were also shown
to be enriched at transcribed/coding regions of transcriptionally induced genes including the IL2 locus in mouse myeloid and lymphoid
cells [40]. These binding events might be involved in resetting the transcriptional cycle of initiation–elongation–termination [39]. Yet, the
exact molecular and biological consequences of the HP1-nascent
mRNA interaction remain enigmatic.
At least in metazoans association of chromodomain proteins with
RNA seems to contribute to proper targeting of HP1 or Pc proteins to
heterochromatic as well as euchromatic target sites (Fig. 2A–C). Cobinding of these readers and chromatin-modifying enzymes to
lncRNAs raise the possibility that the latter act as molecular scaffolds
for the repressor complexes thereby promoting coordinated recruitment to target loci (Fig. 2B). While this is an appealing idea, it needs
to be noted that the resolution of the current experiments is not high
enough to clarify whether the identiﬁed protein–RNA interactions
are direct or not. This applies to immunoﬂuorescence-based techniques as well as crosslinking of RNAs and proteins for immunoprecipitation, since the generally used formaldehyde unspeciﬁcally
connects not only RNA with proteins but also proteins with proteins.
Direct interaction of the chromodomain proteins and their
partner writer protein with RNAs needs to be conﬁrmed in vivo by
alternative methods such as PAR-CLIP, which mediates more speciﬁc
crosslinking and is limited to capture only very short-range RNA–
protein interactions.

Work on metazoan HP1 and Pc proteins has implied an attracting
mode of RNAs in binding of chromodomain proteins to chromatin. However, recent studies on the HP1 orthologue in Schizosaccharomyces
pombe (S.pombe), Swi6, challenged this paradigm by indicating that
RNAs can also repel chromodomain proteins from their targets
(Fig. 2D, E) [25,41]. Like metazoan HP1, Swi6 binds to RNA through its
hinge region that is much longer and contains more basic amino acids
(Fig. 1B). NMR analysis of Swi6 in the absence or presence of synthetic
20-mer GFP RNA revealed that addition of RNA changes the chemical environment not only of amino acids in the hinge region but also of those
located in the chromodomain and N-terminal region [25]. Obviously, interaction with RNA modulates the conformation of the chromodomain,
which has negative effects on Swi6 binding to methyl-H3K9. Such dissociation or eviction of RNA-bound Swi6 from pericentromeric heterochromatin appears to be important in trapping and priming heterochromatic
RNAs for Cid14-dependent degradation through the RNA exosome and/
or RNAi pathways (Fig. 2D) [25]. Furthermore, binding of Swi6 to a
lncRNA called Borderline, which is expressed from the boundary region
between pericentromeric heterochromatin and neighboring euchromatin, prevents aberrant spreading of the heterochromatic domain
(marked by Swi6 and H3K9me2) into adjacent euchromatic regions
(Fig. 2E) [41]. In this case, Borderline RNA appears to act as an evictor of
HP1. It is subsequently processed into non-canonical small RNAs,
which cannot be loaded onto a part of the RNAi machinery, Ago1.
These small ncRNAs are therefore not fed back into the RNAi pathway
for propagation of heterochromatin formation. Although it is unclear if
such an RNA-mediated conformational change of chromodomain structure and/or an evictor effect of RNA apply to metazoan HP1s, these ﬁndings indicate that RNAs can generally exert positive as well as negative
effects on the chromatin binding of these factors.
2.4. RNAs as master regulators of chromodomain protein function
Besides RNAs as targeting molecules for chromodomain proteins,
analysis of Cbx4 biology implies multi-layered regulation by interaction
with RNA (Fig. 2F, G) [42]. It was shown that Cbx4 directly binds to
lncRNAs, TUG1 and NEAT2 in human cell lines. The speciﬁcity of the Pc
protein for these RNAs is regulated by Suv39h1/KDM4C-mediated
methylation/demethylation of a single residue of the protein, K191,
which lies outside of the chromodomain. Methylated Cbx4 predominantly binds TUG1 and localizes to repressive Polycomb bodies (PcBs).
In contrast, unmethylated Cbx4 preferentially interacts with NEAT2
and is found in transcriptionally permissive interchromatin granules
(ICGs). The consequences of selective binding of Cbx4 to the different
lncRNAs are striking. It results in relocation of Cbx4-bound growth
control genes from PcBs to ICGs concomitant with orchestrated
transcriptional activation in response to mitotic stimuli. Obviously, the
lncRNAs act as structural scaffolds or chaperons to anchor/relocate the
Pc protein complex and associated genomic regions within or between
speciﬁc subnuclear compartments. Moreover, differential binding of the
two lncRNAs to Cbx4 results in changes in the speciﬁcity of Cbx4 towards histone modiﬁcations (see Section 3 for details). Altogether,
these observations indicate that the distinct lncRNAs inﬂuence multiple
properties of Cbx4, thereby acting as master regulators of its functions.
The exact molecular mechanisms of this intriguing pathway still need
to be unraveled. Also, it will have to be seen whether other factors are
controlled in their function in a similar manner.
3. RNA and histone modiﬁcation binding can inﬂuence each other
How does the functional interplay of RNAs and histone modiﬁcation
readers work on a molecular level? An intriguing emerging concept is
direct modulation of binding properties. As discussed above, it was recently shown that RNA interaction reduces the methyl-H3K9 binding

K. Hiragami-Hamada, W. Fischle / Biochimica et Biophysica Acta 1839 (2014) 737–742

activity of Swi6 [25]. Even more intriguingly, Yang et al. demonstrated a
switch-like behavior of Cbx4 histone modiﬁcation binding directed by
lncRNAs [42]. Unlike most Pc proteins the chromodomain of this factor
shows highest speciﬁcity for H3K9me3 when not bound to RNAs [7]. Interaction with TUG1 directs preferential recognition of other repressive
histone modiﬁcations such as symmetrically methylated H4R3me2 and
H3K27me2. In contrast, association with NEAT2 reduces Cbx4 binding to
H3K9me3 resulting in binding to transcriptionally active marks including acetyl-H2A. Such a switch in speciﬁcity is expected to have profound
effects on the coordinated regulation of a set of growth control genes
[42].
Direct interplay between methyl-H3K9 binding and RNA-binding
activities of chromodomains has also been demonstrated for the Chp1
and Clr4 proteins in S. pombe [24]. Interestingly, this organism does
not have any Pc like factors. The chromodomains of both, Chp1 and
Clr4 speciﬁcally interact with methyl-H3K9 [43–45]. While Chp1 is a
part of the RNAi-induced transcriptional silencing (RITS) complex
whose core subunits consist of Argonaute, Tas3 and Chp1, Clr4 is a
H3K9-speciﬁc methyltransferase (HMTase). Both proteins play pivotal
roles in the RNAi pathway and in heterochromatin-mediated gene silencing in yeast (reviewed in [30], [43,46]). For both Chp1 and Clr4,
the interaction with RNA is partly mediated by a stretch of 5–6 basic
amino acids located at the C-terminus of the α-helix within their
chromodomains (Fig. 1A, indicated in orange) [24]. In the case of
Chp1, aromatic amino acids (WY) and an asparagine (N) of the
chromodomain also contribute to RNA binding (Fig. 1A, indicated in orange). These residues are absent in the Clr4 chromodomain, which
binds to RNA only in a context dependent manner (see below).
For both factors it was shown that interaction with methyl-H3K9
enhances the RNA-binding activity of the chromodomain. While the effect is subtle for Chp1 it is more striking for Clr4. The chromodomain of
Clr4 alone does not bind to RNAs as tested by EMSA. However, in the
presence of 0.5–1× molar excess of methyl-H3K9me3, RNA-binding capacity was observed [24]. The ﬁndings indicate that the binding of the
chromodomains of Chp1 and Clr4 to their target histone mark leads
to conformational changes exposing (additional) RNA-interacting
surfaces. The interplay between the two distinct binding events has biological relevance as there are clear additive defects on the heterochromatic silencing and siRNA synthesis upon combinatory mutations that
block both H3K9me-binding and RNA-binding of Chp1 chromodomain
[24].
The current examples indicate that RNA binding of the chromodomain
proteins can inﬂuence their interaction with methyl-histone marks and
vice versa. Likely, engagement of the chromodomain with RNA/methylhistone marks induces signiﬁcant allosteric changes in the globular domain, affecting the other or subsequent binding events. Comparison of
the structures of free, RNA or methyl-histone bound as well as RNA
and methyl-histone bound chromodomains will be necessary to give further insights into such conformational changes and help to identify the
‘hidden’ and/or true RNA-interacting surface(s) of the chromodomains.
4. Interaction of RNA with histone modiﬁcation
readers: promiscuity vs. speciﬁcity
The RNA binding of both Pc proteins and HP1 appears to involve
electrostatic interactions between the positively charged basic amino
acids and the negatively charged sugar-phosphate backbone of RNAs.
Obviously, there are many types of RNAs in a cell's nucleus: nascent/
primary transcripts, ribosomal RNAs, (peri-)centromeric transcripts,
small ncRNAs such as small nucleolar RNAs as well as various lncRNAs
(anti-sense transcripts, intronic lncRNAs, circular RNAs, enhancer
lncRNAs, etc., reviewed in [47], [48-50]). So, is there any speciﬁcity in
the binding of histone modiﬁcation readers with RNA?
The answer to the question may be both ‘Yes’ and ‘No’. While some
degree of speciﬁcity for RNA-binding activities has been suggested [7,
22,23,42], chromodomains and/or other chromatin proteins may also
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bind to RNAs in a more promiscuous manner. Hints in this direction
come from a histone modiﬁcation writer, Ezh2 that methylates H3K27
and is a bona ﬁde RNA-binding chromatin protein. Physiologically
relevant interaction of Ezh2 with different speciﬁc lncRNAs has been described. However, these ﬁndings were based on candidate approaches
where only selected RNAs were analyzed (reviewed in [15,19–21]).
More recently, unbiased analysis of Ezh2-bound RNA species, however,
identiﬁed very diverse sets of RNAs including nascent transcripts at transcriptionally active gene loci [51,52]. Surprisingly, the interaction with
nascent transcripts does not result in local H3K27 methylation nor in
Polycomb mediated gene silencing, suggesting that a nascent transcript
may be acting as an inhibitor/evictor for PRC2 or as a decoy for ‘functional’ RNA–protein interaction. Similar to HP1, interaction between Ezh2
and RNAs seems to involve a domain containing a short stretch of basic
amino acids [53]. While HP1 has longer and denser patches of K/Rs,
short stretches of K/Rs are present in most nuclear proteins as part of nuclear localization signals. It needs therefore to be investigated whether
unspeciﬁc RNA binding is a global phenomenon or applies only to
some proteins containing higher charge density. Analysis of putative
RNA binding of other readers but also writers and erasers of chromatin
modiﬁcations in an unbiased manner will aid in this endeavor.
If there is general unspeciﬁc interaction, how do histone modiﬁcation
readers discriminate such events from speciﬁc RNA binding? Firstly,
posttranslational modiﬁcations of the chromatin proteins may exert
such a regulatory effect. As mentioned earlier, methylation and demethylation of Cbx4 establish a switch for differential binding of the protein to
distinct lncRNAs [42]. It has been shown that the charged hinge region of
mammalian HP1 can be adorned with various post-translational modiﬁcations including phosphorylation, methylation and sumoylation [34,54,
55]. As discussed above, sumoylation of lysine residues in the hinge region of mouse HP1α controls its binding to major satellite transcripts
[34]. Besides, phosphorylation of Ezh2 is known to enhance its binding
to HOTAIR lncRNA [53]. Secondly, the histone modiﬁcation binding
proteins may use different interaction modes or surfaces for the
promiscuous vs. speciﬁc RNA interaction. Pc proteins might use the
chromodomain for more speciﬁc or functional RNA-interactions, whereas undiscriminating binding might be mediated by a tract of K/Rs located
elsewhere (mostly found in C-terminal to the chromodomain). The three
dimensional architecture of the chromodomains might physically restrict the type of RNAs the proteins can accommodate. Thirdly and as
seen with the Clr4 and Chp1 proteins, actual engagement of the
chromodomain with methyl-histone marks may alter the RNA binding
activity and speciﬁcity. We note that the chromodomains of mouse and
human HP1α contain a stretch of K/R at the C-terminus of the α-helix
(Fig. 1A). It will be interesting to investigate whether binding of
the HP1α chromodomain to methyl-H3K9 can expose/create another
RNA-interaction with different binding properties and speciﬁcities.
5. Future perspectives
While the analysis of interactions between histone modiﬁcation
readers and RNAs is still in its early stages, it is already clear that these
can have different molecular properties and cause diverse functional effects. A big question is the speciﬁcity of these interactions. In most cases,
candidate approaches have been taken and unbiased genetic screens or
systematic biochemical approaches identifying RNA-binding chromatin
proteins and/or the RNAs that bind particular histone modiﬁcation
readers have not been applied. Thus, only certain aspects of the biology
of such interactions have been analyzed using a limited number of experimental and model systems. Also, the exact modes of binding need
to be addressed from multiple angles including biophysical, structural
and biochemical approaches. Additional input to this new ﬁeld is coming from large-scale screens identifying the interactome of poly(A)+
and other RNA species [56–58]. We have no doubt that a much bigger
and far more detailed picture of RNA-histone modiﬁcation reader interactions will rapidly emerge in the coming years.
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