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ABSTRACT

Polycomb repressive complex-2 (PRC2) is a histone methyltransferase required for epigenetic silencing during development and
cancer. Among chromatin modifying factors shown to be recruited and regulated by long noncoding RNAs (lncRNAs), PRC2 is one
of the most studied. Mammalian PRC2 binds thousands of RNAs in vivo, and it is becoming a model system for the recruitment of
chromatin modifying factors by RNA. Yet, well-defined PRC2-binding motifs within target RNAs have been elusive. From the
protein side, PRC2 RNA-binding subunits contain no known RNA-binding domains, complicating functional studies. Here we
provide a critical review of existing models for the recruitment of PRC2 to chromatin by RNAs. This discussion may also serve
researchers who are studying the recruitment of other chromatin modifiers by lncRNAs.
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INTRODUCTION

Polycomb repressive complex-2 (PRC2) is a histone methyl-
transferase required for epigenetic silencing during develop-
ment and cancer. It successively adds three methyl groups to
lysine 27 of histone H3 (Cao et al. 2002; Czermin et al. 2002;
Kuzmichev et al. 2002; Müller et al. 2002), providing the
H3K27me3 repressive epigenetic mark (for reviews, see
Margueron and Reinberg 2011; Di Croce and Helin 2013;
Simon and Kingston 2013).
A simple way for PRC2 to locate its binding sites on chro-

matin would be to recognize specific DNA sequences. Indeed,
in Drosophila, Polycomb response elements (PREs) are in-
volved in the recruitment of Polycomb group proteins, possi-
bly with the aid of accessory proteins (for review, see Ringrose
and Paro 2007). Although functionally similar DNA sequence
elements were identified in vertebrates much later (Sing et al.
2009; Woo et al. 2010; Cuddapah et al. 2012), so far they
cannot explain genome-wide association of PRC2 with chro-
matin. Thus the fundamental question of how mammalian
PRC2 identifies its target genes remains open.
Early in the previous decade, PRC2 protein subunits were

fully identified to include EZH2, SUZ12, EED, RBBP4, and
AEBP2 (Fig. 1), and the complex was shown to deposit the
H3K27me3 mark (Cao et al. 2002; Czermin et al. 2002;

Kuzmichev et al. 2002; Müller et al. 2002). Since then, mul-
tiple protein factors have been suggested to be involved in the
PRC2 recruitment process (Fig. 2B). In Drosophila, Pleio-
homeotic (Pho) DNA-binding protein (Satijn et al. 2001)
functions in the recruitment of PRC2 to PREs, and its mam-
malian homolog YY1 has been suggested to have a role in
PRC2 recruitment as well (Caretti et al. 2004). The Droso-
phila Polycomb group protein Polycomblike (Pcl) interacts
with PRC2 (O’Connell et al. 2001; Tie et al. 2003) and is re-
quired to generate high levels of H3K27me3 at Polycomb
target genes (Nekrasov et al. 2007). The mammalian Pcl ho-
molog PCL2 (MTF2) was shown to associate with PRC2 and
to modulate transcription of selected PcG target genes, sug-
gesting that PCL2 is involved in the recruitment of the
PRC2 to chromatin (Li et al. 2010, 2011; Walker et al.
2010). PCL1 (PHF1) and PCL3 (PHF19) are two other mam-
malian homologs of Pcl that were shown to recruit PRC2 to
chromatin through interactions with the active chromatin
mark H3K36me3 (Ballaré et al. 2012; Brien et al. 2012; Mus-
selman et al. 2012). JARID2, which plays an essential role in
embryonic development, interacts with PRC2, regulates its
activity, and facilitates its recruitment to chromatin (Peng
et al. 2009; Shen et al. 2009; Landeira et al. 2010; Li et al.
2010; Pasini et al. 2010) (for review, see Herz and Shilati-
fard 2010). PRC2 interacts with DNA methyltransferases
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DNMT1, DNMT3A, and DNMT3B (Viré et al. 2006; Rush
et al. 2009). The DNAmethyltransferase 3-like (Dnmt3L) in-
teracts with the PRC2 complex, in competition with the DNA
methyltransferases Dnmt3a and Dnmt3b, to maintain low
methylation levels at H3K27me3 regions (Neri et al. 2013).

Overall, a lack of complete overlap between PRC2 target
genes and most of its proposed recruiting factors implied
the existence of multiple recruitment mechanisms; possibly
by combining relatively weak interactions with multiple fac-
tors, the necessary energy to recruit PRC2 could be attained
(Margueron and Reinberg 2011). Therefore, it was appealing
to assume that other unknown specificity factors were wait-
ing to be discovered, which would allow the mechanism dic-
tating the recruitment of PRC2 to target genes to be fully
depicted. This function has been widely proposed to be ful-
filled by long noncoding RNAs. In this critical review, we
will summarize and analyze evidence previously provided
to support the lncRNA recruitment model in the context
of recent breakthrough discoveries suggesting alternative
models for the recruitment of Polycomb group proteins to
chromatin.

The rise of a model: lncRNAs recruit PRC2
for epigenetic repression

Starting in the previous decade, advances in high-resolution
tiled microarrays and breakthroughs in next-generation se-
quencing revealed the overwhelming multitude of noncoding
RNAs transcribed from themammalian genome (for reviews,
see Mercer et al. 2009; Ponting et al. 2009; Guttman and Rinn

2012; Rinn and Chang 2012; Kung et al.
2013; Cech and Steitz 2014). Some were
long intergenic ncRNAs (lincRNAs), de-
rived from previously unidentified tran-
scription units, whereas others such as
bidirectional transcripts from promot-
ers and enhancer RNAs (eRNAs) were
new transcripts arising from previously
known genetic elements. Some have
been inferred to be functional because
of sequence conservation across species,
and a small but growing number have
been shown to be functional by knockout
or knockdown approaches but are poorly
understood mechanistically. This was the
time for the emergence of a new and
exciting model to explain how PRC2
identifies its target genes: site-specific re-
cruitment by lncRNAs.

HOTAIR

The lncRNA HOTAIR was shown to be
expressed from the HoxC locus in hu-
man and mouse cells differentially, at

posterior and distal sites (i.e., foot, finger, foreskin, and pros-
tate) (Rinn et al. 2007). RNA interference of HOTAIR,
expressed from chromosome 12, led to transcriptional activa-
tion of genes at the HOXD locus, spanning >40 kb of chro-
mosome 2. This suggested gene regulation in trans, the first to
be demonstrated for any lncRNA. Furthermore, HOTAIR
was shown to be required for PRC2 occupancy and for
H3K27me3 deposition at target genes within the HOXD lo-
cus. Association between PRC2 and HOTAIR, by RNA
immunoprecipitation (RIP), was significantly greater than
for a few other nonrelevant RNAs that were tested, suggesting
binding specificity. Pull-down experiments using biotinyl-
ated RNAs showed that purified human PRC2 is associated
with HOTAIR RNA, but not with a nonrelevant RNA nega-
tive control. Collectively, these results reinforced a model
where the lncRNA HOTAIR is expressed from the HoxC
locus and recruits PRC2, in trans, to the HoxD locus for epi-
genetic repression, through direct and specific protein–RNA
interactions (Rinn et al. 2007).
How trans-recruitment might occur is an exciting fron-

tier in the field and might involve (for example) triple-
helix formation between the lncRNA and the target DNA
(Schmitz et al. 2010), base-pairing of the lncRNA to nascent
RNA transcribed from the target locus (Lee et al. 2015),
or binding of part of the lncRNA to a protein bound to the
target locus.

Xist

A short time after HOTAIR, a 1.6-kb ncRNA internal tran-
script within the Xist gene was discovered in mouse, namely

FIGURE 1. Multiple factors involved in the recruitment of PRC2 to chromatin. PRC2 is a multi-
subunit histone methyltransferase complex that is regulated and recruited to its target genes
through interactions with various factors. These include direct and indirect interactions with nu-
cleosomes, multiple proteins, RNA (which also inhibits the histone methyltransferase activity of
PRC2), and possibly DNA. The dashed lines are not meant to indicate which subunit of PRC2 is
involved in which potential interaction.
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RepA (Zhao et al. 2008). RepA lncRNA, like Xist, contains
eight to nine short tandem repeats from the evolutionary
conserved A-repeat region of the Xist locus (Nesterova
et al. 2001). Importantly, a short synthetic 28-nt RNA with
the sequence of a single repeat from within the A-repeat re-
gion was shown to bind PRC2 in vitro (Zhao et al. 2008).
Qualitative EMSA experiments confirmed binding of this
RNA to individually purified EZH2, EZH2-EED hetero-
dimer, and a minimal PRC2 heterotrimeric complex, includ-
ing EZH2, EED, and SUZ12. The sequence of this RNA
construct, which was previously predicted to form a two-
hairpin RNA structure (Wutz et al. 2002), was now proposed
to be the binding motif of PRC2 within Xist and RepA (Zhao
et al. 2008). Point mutations designed to disrupt the second-
ary structure of the two-hairpin binding motif appeared to
prevent PRC2 binding, although the specificity was not quan-
titated. Therefore, these results supported a model where
PRC2 is recruited during the process of X-chromosome inac-

tivation by direct and specific interactions with Xist and RepA
RNA. Importantly, this work was the first to suggest a specific
RNA-binding motif being responsible for the interactions be-
tween PRC2 and a recruiter lncRNA. These results also point-
ed to EZH2 as an RNA-binding subunit that is sufficient for
direct and specific interactions between PRC2 and its RNA-
binding partner.
Yet, results obtained within the same work indicated that

PRC2 binds the antisense strand of the RNA motif as well.
The antisense sequence is a part of Tsix RNA, an Xist RNA
antisense transcript that is expressed from the active X chro-
mosome. This observation challenged a simple recruitment
model, and therefore a more complex model was suggested:
RepA recruits PRC2 for the initiation of X-chromosome in-
activation (XCI), while Tsix prevents RepA-PRC2 action in
pre-XCI cells by titrating PRC2 away from RepA, by blocking
RepA-PRC2 transfer to chromatin, or by preventing PRC2
catalysis (Zhao et al. 2008).

FIGURE 2. Previously proposed models for the recruitment of PRC2 to chromatin by lncRNA, and RNA in general, compared with RNA-indepen-
dent recruitment mechanisms. (A) Eviction (“Junk Mail Model”): Promiscuous RNA binding to nascent transcripts leads to eviction of PRC2 from
highly active genes (Davidovich et al. 2013; Kaneko et al. 2013) and inhibits its HMTase activity (Cifuentes-Rojas et al. 2014; Herzog et al. 2014;
Kaneko et al. 2014b). Simultaneously, H3K4me3 and H3K36me3 active chromatin marks prevent deposition of PRC2 to nucleosomes and inhibit
its HMTase activity (Schmitges et al. 2011; Yuan et al. 2011). (B) RNA-independent recruitment: PRC2 is recruited to chromatin through interactions
with protein-binding factors, nucleosomes, and/or DNA (for reviews, see Ringrose and Paro 2007;Margueron and Reinberg 2011; Di Croce and Helin
2013; Simon and Kingston 2013; Comet and Helin 2014). (C) Direct and specific interactions with lncRNAs: Site-specific recruitment of PRC2 could
occur in cis or in trans (references in text). (D) Bridging and remodeling: Recruitment of PRC2 by RNA can be mediated through protein bridging
factors, such as JARID2 (da Rocha et al. 2014; Kaneko et al. 2014a,b), or through RNA structure remodeling, as suggested for ATRX (Sarma et al.
2014). (E) Masking: PRC2 is masked from binding to certain RNA transcripts that are already bound by other factors, thus providing a binding pref-
erence (Herzog et al. 2014). (F) Scanning (“Junk Mail Model”): PRC2 interacts with nascent RNA transcripts promiscuously (Davidovich et al. 2013;
Kaneko et al. 2013) and scans for repressive epigenetic marks or recruiting factors. Unless deposition to nucleosomes takes place, PRC2 is poised and
in check (Kaneko et al. 2014b) while its HMTase activity is inhibited by the RNA. (G) Maintenance: After repression is achieved, PRC2 maintains the
repressed epigenetic state through direct binding to nucleosomes carrying H3K27me3 marks (Hansen et al. 2008), which also stimulate its HMTase
activity (Margueron et al. 2009). (H) PRC2-independent repression: Transcription shutoff of a Polycomb target gene can take place in a PRC2-in-
dependent manner and can lead to subsequent recruitment of PRC2 (Riising et al. 2014). Importantly, most of these models are not mutually
exclusive.

Protein recruitment by lncRNAs
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Kcnq1ot1

Another lncRNA that was shown to recruit PRC2 to chroma-
tin around the same time is Kcnq1ot1 (Pandey et al. 2008), a
lncRNA with a function in imprinting. Earlier evidence had
indicated that Kcnq1ot1 lncRNA was transcribed from the
paternal chromosome in mouse and linked to the silencing
of multiple protein-coding genes spread over a 1-Mb region
within the Kcnq1 domain (Fitzpatrick et al. 2002; Mancini-
Dinardo et al. 2006). Moreover, previous works indicated
that paternal repression along theKcnq1 domain is associated
with the H3K27me3 repressive mark (Lewis et al. 2004;
Umlauf et al. 2004) of PRC2, and the H3K9me3 repressive
mark deposited by the G9a HMTase. Then, after the function
of PRC2-mediated repression had been recognized for the
lncRNA HOTAIR, it was suggested that also Kcnq1ot1 fol-
lows a similar mechanism (Pandey et al. 2008). This model
was supported by RNA immunoprecipitation of Kcnq1ot1
from nuclear extracts of placental cells, using anti-Ezh2,
anti-Suz12, and anti-G9a antibodies. Chromatin RNA im-
munoprecipitation (ChRIP) confirmed that Kcnq1ot1 is
tethered to chromatin, and chromatin oligo-affinity precipi-
tation (ChOP) assays indicated that Kcnq1ot1 specifically in-
teracts with both distant and adjacent genes across hundreds
of kilobases within the imprinted locus, suggesting regulation
in cis. Collectively, these observations led to a model for how
genes, located up to 450 kb from either side of the Kcnq1ot1
promoter, are imprinted in the placenta through recruitment
of chromatin modification factors (Pandey et al. 2008).

Braveheart

Braveheart (Bvht) is a lncRNA that is required for cardio-
vascular lineage commitment inmouse, and it was also shown
to associate with PRC2 by RIP experiments (Klattenhoff
et al. 2013). Specifically, Bvht was shown to interact with
SUZ12 during cardiomyocyte differentiation. A series of
Bvht truncations was transcribed in vitro, biotinylated, and
used in pull-down experiments to find regions within Bvht
that are required for the interaction with PRC2. These obser-
vations led to the suggestion that Bvht specifically interacts
with PRC2, and they supported a model where Bvht mediates
epigenetic regulation of cardiac commitment (Klattenhoff
et al. 2013).

Hence, within a few years evidence was accumulated to
strongly indicate the association of PRC2 with multiple
lncRNAs. In addition to HOTAIR, Xist, RepA, Kcnq1ot1,
and Braveheart, as described above, additional PRC2 target
transcripts now included the lncRNAs MALAT1 (Guil et al.
2012), both sense and antisense transcripts of H19 (Zhao
et al. 2010), ANRIL (Kotake et al. 2011), MEG3 (Zhao
et al. 2010; Kaneko et al. 2014a), PINC (Shore et al. 2012),
both sense and antisense transcripts of Nespas (Zhao et al.
2010), NEAT1 (Guttman et al. 2011), Air (Zhao et al.
2010), Pint (Marin-Béjar et al. 2013), lncRNA-EBIC (Sun
et al. 2014), BLACAT1/linc-UBC1 (which was suggested

to act in trans) (He et al. 2013), and COLDAIR from
Arabidopsis thaliana (Heo and Sung 2011).

A large PRC2 transcriptome

The rapidly developing field was pushed further forward by a
breakthrough discovery, revealing that 20% of the lncRNAs
in human cells associated with PRC2 (Khalil et al. 2009).
This observation, made using RIP experiments with microar-
ray analysis, indicated for the first time that PRC2 associated
with numerous RNA transcripts. Qualitatively, this obser-
vation would later be confirmed by multiple independent
studies (Kanhere et al. 2010; Zhao et al. 2010; Guil et al.
2012; Kaneko et al. 2013). This work also indicated that
PRC2 is preferentially associated with lncRNAs, compared
to mRNAs, an observation that was not repeated in later
studies that utilized next-generation sequencing-based tech-
niques (Zhao et al. 2010; Guil et al. 2012; Kaneko et al. 2013).
Similar experiments, using high-resolution tiled micro-

arrays, identified a large class of short noncoding RNAs
that were transcribed upstream of Polycomb target genes in
primary T cells and embryonic stem cells. Many of these
RNAs were shown to bind PRC2 (Kanhere et al. 2010). A
search for RNA structures related to the previously proposed
two-hairpin motif in RepA (Zhao et al. 2008) identified such
a motif in 71% of the short ncRNAs transcribed from PRC2-
silenced genes compared to 36% of control sequences
(Kanhere et al. 2010). In vitro binding experiments, using
selected ncRNA transcripts and individually expressed and
purified PRC2 subunits EZH2, SUZ12, EED, and RBBP4,
confirmed binding to SUZ12. RNA binding was not detected
for any other PRC2 subunit, including the previously sug-
gested RNA-binding subunit EZH2 (Zhao et al. 2008).
These results led to a model where short ncRNAs transcribed
from the vicinity of promoters that are designated for epige-
netic repression recruit PRC2 through direct interaction with
a two-hairpin motif. PRC2 then introduces the H3K27me3
mark and represses the adjacent promoter. Importantly, the
authors designed an experiment to validate the model sug-
gesting that a two-hairpin motif is sufficient to force epige-
netic repression in vivo. A set of reporter plasmids was
constructed with two-hairpin motifs inserted upstream of a
luciferase open reading frame, and control plasmids had
the two-hairpin RNA structure disrupted (Kanhere et al.
2010). This was the first attempt, and to our knowledge the
only one published, to use point mutations for in vivo valida-
tion of the model, suggesting that PRC2 is recruited for epi-
genetic repression by interactions with a well-defined RNA
motif (however, see below).
Around the same time, RNA immunoprecipitation with

next-generation sequencing (RIP-seq) was used to reveal
the PRC2 transcriptome—namely, the collection of RNA
transcripts that associate with PRC2 in mouse embryonic
cells (Zhao et al. 2010). Nearly 10,000 transcripts were shown
to associate with PRC2. Members of the PRC2 transcriptome
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included antisense, intergenic, and promoter-associated
transcripts, as well as many unannotated RNAs. Many tran-
scripts originated within imprinted regions, oncogenes, tu-
mor suppressor loci, and bivalent domains. Qualitative in
vitro binding assays confirmed the binding of selected tran-
scripts to PRC2 and to its purified Ezh2 subunit, including
the newly discovered ncRNA target Hes1-as. That RNA in-
cluded a sequence that was predicted to form a two-hairpin
RNA structure, as suggested to recruit PRC2 from other stud-
ies (see above). Binding of this RNA by PRC2 in vitro was im-
paired by the introduction of point mutations designed to
disturb the binding motif, but affinities were not quantified.
These results led to the suggestion of direct and specific pro-
tein–RNA interactions by PRC2, through Ezh2.

The early model for the recruitment of PRC2 by specific
interactions with lncRNAs

Collectively, these lines of evidence were sufficiently strong
and redundant to promote a general model for the recruit-
ment of PRC2 to chromatin through direct and specific inter-
actions with long noncoding RNAs. According to this model,
a lncRNA recruits PRC2 through specific protein–RNA in-
teractions, either directly though PRC2 subunits (Fig. 2C) or
by the aid of a bridging protein such as JARID2 (Fig. 2D; da
Rocha et al. 2014; Kaneko et al. 2014a,b). Upon recruitment,
PRC2 deposits the H3K27me3 mark that leads to repression.
Finally, PRC2 utilizes its ability to bind to (Hansen et al.
2008) and be stimulated by (Margueron et al. 2009) previ-
ously deposited H3K27me3 marks to spread and maintain
the newly formed repressed chromatin domain (Fig. 2G).
Despite some isolated warning calls (Brockdorff 2013), this
newly established theme exclusively dominated the field.

Promiscuous RNA binding by PRC2

Measurements of the affinity of a protein for its target RNAs
and for nonrelevant RNAs are necessary for a quantitative
discussion of RNA-binding specificity (Box 1). Admittedly,
quantitative binding experiments of PRC2 to RNA are tech-
nically challenging, given that PRC2 is a large multiprotein
subunit complex, of up to 640 kDa in its dimeric state
(Davidovich et al. 2014). Moreover, some of the minimal
RNA sequence elements that were previously suggested to
be required for PRC2 binding are large, in the range of 80–
500 nt (Tsai et al. 2010; Klattenhoff et al. 2013; Wu et al.
2013; Cifuentes-Rojas et al. 2014).
When the affinity of PRC2 to its target lncRNAs—

HOTAIR and the A-repeat from RepA and Xist—was mea-
sured in terms of equilibrium dissociation constants, the
Kds were found to be in the mid-nanomolar range; surpris-
ingly, affinities within the same range were also measured
for nonrelevant bacterial mRNAs (Davidovich et al. 2013,
2015). These observations indicated promiscuous RNA bind-
ing by PRC2 in vitro.

Promiscuous binding means binding to many RNAs with-
out the requirement for an obvious protein-binding motif
and with affinities that are not enormously different. The
observation that a 200-nt mRNA provides multiple binding
sites for PRC2 provided additional evidence against the
requirement for a specific RNA motif (Davidovich et al.
2014). Note that “promiscuous” is not synonymous with
“nonspecific.” For example, if PRC2 were specific for a very
short motif such as the dinucleotide G-Pu, then almost all
RNAs would havemultiple copies of themotif and promiscu-
ous binding would result.
Nonspecific protein–RNA-binding affinity increases with

RNA length (Epstein 1979; Kowalczykowski et al. 1986),
and PRC2 shows this behavior. Thus, a test RNA can falsely
appear to show binding specificity if it is compared to a
shorter control RNA. By controlling for RNA length, it was
found that both human and mouse PRC2 have a modest
three- to eightfold specificity for RepA RNA relative to bacte-
rial mRNAs in vitro (Davidovich et al. 2015), resolving
an earlier apparent discrepancy (for review, see Kretz and
Meister 2014).
In vitro binding experiments do not address the involve-

ment of other factors that could alter affinity or specificity
in vivo. Indeed, the interaction between PRC2 and RNAs
has been suggested to be modulated by bridging or regu-
latory proteins, such as JARID2 (Cifuentes-Rojas et al.
2014; da Rocha et al. 2014; Kaneko et al. 2014a,b), or by
post-translational modifications, as shown in the case of
Ezh2 T345 phosphorylation (Kaneko et al. 2010). In vivo
folding of a target RNA giving a structure that differs from
its in vitro conformations could, potentially, increase the
affinity of PRC2. This was demonstrated for the RNA helicase
ATRX that was suggested to remodel the RNAs RepA and
Xist and thus to enhance binding of PRC2 (Sarma et al.
2014). The great abundance of various post-transcriptional

Box 1. Quantification of RNA-binding specificity

Binding specificity is a biophysically meaningful quantitative
measure and therefore can be “high” or “low,” rather than
“present” or “absent.” Binding specificity can be quantified as the
ratio of two dissociation constants (Kds, e.g., in nM) that were
independently measured between the protein of interest and
two different RNAs (i.e., Kd-fold change = Kd,2/Kd,1), with both
experiments performed under the same binding conditions. It can
also be quantified as the difference in Gibbs free energies (ΔΔG°,
in kJ/mol or kcal/mol), which can be calculated from both
dissociation constants as follows: ΔΔG° = RT·ln(Kd,2/Kd,1), where
R is the gas constant and T is the temperature (K). RNA binding
is promiscuous if a protein binds to many RNAs with small
binding specificities, typically Kd-fold change <10 (Davidovich
et al. 2014). In cases where RNA not only binds PRC2, but also
inhibits its HMTase activity, one can measure Kis for different
RNAs and identify the inhibitory mechanism (e.g., competitive,
uncompetitive, or noncompetitive inhibition; Lineweaver and
Burk 1934).

Protein recruitment by lncRNAs
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modifications throughout the transcriptome (Hodgkinson
et al. 2014; Rabani et al. 2014; Alarcon et al. 2015; Sugimoto
et al. 2015) could serve as additional determinants to guide
PRC2 recruitment, although evidence for this is lacking in
the case of PRC2.

Therefore, it was important to assess what is the RNA-
binding specificity of PRC2 in vivo. CLIP-seq experiments
identified intronic RNA sequences that were associated with
EZH2 but failed to identify a binding motif. These findings
suggested a role of intronic RNA binding by PRC2 in fine-
tuning of gene expression regulation, at the level of transcrip-
tional control (Guil et al. 2012). To overcome potential
complications of CLIP, such as low antibody specificity or
protein–protein cross-linking at 254 nm, an independent
study used photoactivatable ribonucleoside-enhanced CLIP
(PAR-CLIP) experiments, using embryonic cell lines express-
ing epitope-tagged EZH2 (Kaneko et al. 2013). PAR-CLIP ex-
periments use cross-linking at 365 nm (Hafner et al. 2010)
(or 312 nm in Kaneko et al. 2013) to eliminate protein–pro-
tein cross-linking. Results confirmed promiscuous RNA
binding by PRC2 in vivo, with some bias toward the 5′

ends of RNA transcripts (Kaneko et al. 2013). No preference
was observed for ncRNAs over mRNAs.

Based on early models, recruitment of PRC2 by lncRNAs
would be expected to lead to deposition of the H3K27me3
mark within target loci (Rinn et al. 2007; Zhao et al. 2008,
2010; Kanhere et al. 2010; Tsai et al. 2010). If this were indeed
the predominant mechanism in vivo, one would expect to see
enrichment for the H3K27me3 mark around promoters of
genes transcribing these lncRNAs. Yet, the thousands of
RNA transcripts in the PRC2 transcriptome include numer-
ous mRNAs coding for housekeeping proteins and other
highly expressed RNAs that are not known to be regulated
by Polycomb proteins. Furthermore, the degree of associa-
tion between PRC2 and RNA, based on RIP-seq, is positively
correlated with marks of active chromatin and RNA tran-
scription (Davidovich et al. 2013). Similar results were also
obtained when associations of PRC2 with RNA transcripts
in vivo were determined by PAR-CLIP (Kaneko et al.
2013). Therefore, RNA transcripts that associate with PRC2
originate mostly from active genes.

Collectively, these results strongly suggest that association
of PRC2 with RNA transcripts in vivo does not necessarily
lead to repression in cis. Importantly, this strongly implies
that PRC2-mediated gene repression by lncRNAs in cis
(Pandey et al. 2008; Zhao et al. 2008; Kanhere et al. 2010;
Kotake et al. 2011) is unlikely to represent more than a small
fraction of PRC2–RNA association events in cells.

Many biological functions require nonspecific
or promiscuous protein–nucleic acid binding

The idea that PRC2 binds RNA promiscuously may lead one
to wonder whether such protein–RNA interactions could be
functional. Although this question has yet to be experimen-

tally established for PRC2, multiple proteins have been pre-
viously shown to bind a diverse cohort of nucleic acid
partners through functional interactions. Such proteins func-
tion in DNA replication and recombination (Jensen et al.
1976), DNA packaging (Agback et al. 1998), RNA folding
(Seraphin et al. 1989; Mohr et al. 2002; Huang et al. 2005;
Bhaskaran and Russell 2007), and RNA degradation (Chen
et al. 2001; Makino et al. 2013). Restriction enzymes can
bind noncognate sites with high affinity, often with a Kd

that is similar to that of their canonical site (Hinsch et al.
1980;Woodhead andMalcolm 1980). Yet, they are inefficient
in cleaving noncognate sites (Lesser et al. 1990) and rather
utilize their nonspecific binding activity for scanning DNA
(for review, see Pingoud and Jeltsch 2001). Even the MS2
(R17) bacteriophage coat protein, which has been studied
for decades as a model system for RNA-binding specificity
(Carey et al. 1983a,b; Romaniuk et al. 1987) because of its
specific interactions with RNA during translation regulation,
has an additional nonspecific binding activity that facilitates
its second function of capsid formation (LeCuyer et al. 1995).

What is the function of promiscuous RNA
binding by PRC2?

Two mechanisms have so far been suggested for how the in-
trinsic promiscuous RNA-binding activity of PRC2 can facil-
itate gene regulation, both of which can coexist. The first
is RNA-mediated scanning and eviction, previously referred
to as the “junk mail model” (Davidovich et al. 2013) or
“poised and in check” (Kaneko et al. 2013, 2014b). The sec-
ond model suggests selected targeting to any available tran-
script that is not masked by other factors (Herzog et al. 2014).

RNA-mediated scanning and eviction (the “junk mail model”)

Promiscuous RNA binding by PRC2 may serve as a check-
point to prevent escape from silencing and therefore function
in maintaining the repressed epigenetic state of Polycomb-
target genes (Davidovich et al. 2013). In this model, this sim-
ple yet robust process of promiscuous RNA binding allows
PRC2 to locate active genes using the most direct marker
of active transcription—namely, RNA. Promiscuous RNA
binding can promote eviction of PRC2 from active genes
that should not be repressed (Fig. 2A). Indeed, active chro-
matin marks H3K4me3 and H3K36me3 were previously
shown to inhibit the HMTase activity of PRC2 and to reduce
its affinity to nucleosomes (Schmitges et al. 2011; Yuan et al.
2011). Therefore, such an active mark is expected to destabi-
lize deposition of PRC2 to nucleosomes in active genes. In
highly active genes, the elongating RNA may serve as decoy
to strip PRC2 away from chromatin while the transcrip-
tion machinery progresses into the gene body (Fig 2A). Im-
portantly, this model is in excellent agreement with recent
multiple independent reports, indicating that RNA inhibits
the HMTase activity of PRC2 (Cifuentes-Rojas et al. 2014;
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Herzog et al. 2014; Kaneko et al. 2014b). As one possibility,
RNA may serve as an allosteric effector of HMTase activity.
At the same time, such promiscuous interactions with

RNAs may allow scanning for active genes that need to un-
dergo silencing (Fig. 2F). Although the RNA brings PRC2
to the vicinity of the promoter, a given chromatin mark
that signals for repression facilitates deposition of PRC2 to
chromatin. Chromatin marks that were previously shown
to recruit PRC2 are the H2AK119ub mark deposited by
PRC1 (Blackledge et al. 2014; Cooper et al. 2014; Kalb et al.
2014) (for review, see Comet and Helin 2014) and the
H3K27me3 mark deposited by PRC2 itself (Hansen et al.
2008; Margueron et al. 2009). In summary, upon association
with RNA, PRC2 is poised and in check (Kaneko et al.
2014b), but it will not introduce H3K27me3 to chromatin
unless it has been deposited to nucleosomes (Fig. 2F).
We termed this the “junk mail model” (Fig. 2A,F) to em-

phasize the analogy between RNA-mediated scanning by
PRC2 and commercial targeting of large populations by
advertising mail. In the latter case, commercial organizations
use rough and general criteria, such as annual income
(Mazzone and Pickett 2011), to target “junk mail” advertise-
ments to the mailboxes of recipients who could potentially,
but not necessarily, be their customers. Whether to become
functionally involved with the advertiser is the choice of
the recipient. In this junk-mail model, PRC2 is the junk
mail, chromosomal loci are mailboxes, transcriptional activ-
ity is the criterion for delivery, and the response is dictated by
the local chromatin context (i.e., active or repressive histone
marks and chromatin compaction).
It is important to note that although the junk mail model

fits current data, it has not been rigorously tested. Such
tests might entail, for example, transcription interference or
knock-in of lncRNAs in the vicinity of an mRNA transcrip-
tion unit, followed by monitoring PRC2-dependent changes
in silencing of transcription.

The masking model: preferred binding to exposed transcripts
that are not masked by other factors

The promiscuous RNA binding by PRC2 in vitro and in vivo
appeared to be at odds with the observations indicating that
some transcripts are more efficient than others in binding
PRC2 in vivo, as described above. Recently it has been sug-
gested that such an apparent discrepancy could result from
the combination of the intrinsic promiscuous RNA-binding
activity of PRC2 and competition with other protein factors
that bind some RNAs specifically (Fig. 2E; Herzog et al.
2014). Thus, RNA transcripts will have a better chance to
compete for PRC2 binding if they are not already bound,
or “masked,” by other proteins. Hence, this model (Herzog
et al. 2014) provides a simple yet robust explanation for
how some binding preferences in vivo can be obtained.
One immediate ramification of this model would be that

RNAs that had not evolved to form specific interactions

with protein-binding partners would have a better chance
to successfully compete for PRC2 binding. Thus, the model
indirectly offers a function for poorly conserved RNAs, which
include many of the known lncRNAs (Marques and Ponting
2009; Cabili et al. 2011). Even “transcriptional noise” (Elo-
witz et al. 2002; Swain et al. 2002; Ponjavic et al. 2007; Struhl
2007; McCullagh et al. 2010; Neems and Kosak 2010) can
have a role in the recruitment of PRC2!

Alternative explanations for previously obtained results

A general model for Polycomb-mediated repression proposes
the following cascade of events: First, PRC2 is recruited to
Polycomb target genes and deposits the H3K27me3 mark,
and then PRC1 binds to these modified nucleosomes and in-
troduces the repressive H2AK119ub mark (Cao et al. 2002).
In parallel, PRC2 binds to its own product (Hansen et al.
2008), the H3K27me3mark, which also stimulates its histone
methyltransferase activity (Margueron et al. 2009). This facil-
itates spreading and inheritance of Polycomb domains. The
missing piece in this puzzle has been the initial recruitment
event of PRC2, which has been assumed to take place in a
target-specific manner but could not always be explained
by PREs. Therefore, it was appealing to assume that certain
lncRNAs perform this role. This model was indeed consistent
with observations made within most of the works that pro-
moted it. Yet, in most of these studies the model was based
on indirect evidence: the association of Polycomb-mediated
repression with expression of a given lncRNA, which was
shown to bind PRC2.
An important piece was added to the Polycomb puzzle

more recently, when it was shown that PRC2 could be re-
cruited to chromatin by a PRC1 variant (Blackledge et al.
2014; Cooper et al. 2014; Kalb et al. 2014) (for review, see
Comet and Helin 2014). Furthermore, it was previously
proposed that large CpG islands depleted of activating tran-
scription factors could recruit PRC2 (Ku et al. 2008). More
recently it was also shown that PRC2 may not initiate repres-
sion, but it can rather be recruited to nucleosome-free CpG
islands of untranscribed genes for the maintenance of the re-
pressed epigenetic state (Riising et al. 2014). These observa-
tions and models do not provide a complete mechanistic
description for how Polycomb target genes are turned off
and whether lncRNAs play an indirect role in this process.
Yet, they strongly suggest that some of the indirect observa-
tions that were previously used to support early models for
lncRNA-mediated recruitment of PRC2 could now have
alternative interpretations (Fig. 3).
More specifically, lncRNA-mediated recruitment models

have heavily relied on the following logic: PRC2 associates
with a given lncRNA, usually shown by RNA immunopre-
cipitation (Fig. 3D) and, less commonly, validated by qual-
itative binding assays in vitro. The same lncRNA is also
shown to be transcribed from or associated with a PRC2-
repressed locus (Fig. 3C). In multiple cases the lncRNA
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is differentially expressed in parallel to the repression of
a regulated gene (Fig. 3B). Therefore, the lncRNA of inter-
est is assumed to recruit PRC2 to chromatin for epigene-
tic repression by direct and specific interactions (Fig. 3A,
Model 1).

These observations are indeed consistent with an RNA re-
cruitment model, yet they would also be expected if lncRNA
binding by PRC2 and its deposition to chromatin were inde-
pendent events (Fig 3A, Models 2 and 3). Specifically, tran-
scription shutoff is sufficient for the recruitment of PRC2
to many of its target genes (Riising et al. 2014), and PRC2

can be recruited following PRC1 (Blackledge et al. 2014;
Cooper et al. 2014; Kalb et al. 2014). PRC2 binds thousands
of RNAs, presumably competing with other RNP proteins
(Herzog et al. 2014). Collectively, these observations provide
an alternative explanation for correlative observations that
were previously made to support the recruitment of PRC2
for epigenetic repression by lncRNAs.
For instance, Kcnq1ot1 was suggested to be responsible for

the recruitment of PRC2 to imprinted genes (Pandey et al.
2008). Evidence included well-controlled RIP assays, which
correlated with the enrichment of H3K27me3 in the Kcnq1

FIGURE 3. Alternative explanations for observations that were previously provided to support the recruitment of PRC2 for epigenetic repression
through specific interactions with lncRNAs. (A) In undifferentiated cells the differentially regulated gene is active and the lncRNA is repressed or
lowly expressed. The cascade of events that could take place through differentiation is illustrated by three models, all of which are compatible
with current literature. Model 1 (top, purple arrows): A given lncRNA is differentially expressed and binds PRC2 by specific protein–RNA interac-
tions, either directly or through a bridging factor. This leads to the recruitment of PRC2 to the regulated gene (dashed arrow). Next, PRC2 introduces
the H3K27me3 mark. Model 2 (middle, red arrows): The lncRNA is differentially expressed and also binds PRC2, possibly through promiscuous
protein–RNA interactions. Yet, the association of PRC2 with the lncRNA does not directly cause its deposition to chromatin. Instead, recruitment
of PRC2 to the regulated gene takes place independently by other factors (for reviews, see Ringrose and Paro 2007; Margueron and Reinberg 2011; Di
Croce and Helin 2013; Simon and Kingston 2013; Comet and Helin 2014). Model 3 (bottom, red arrows): The differentially regulated gene is re-
pressed in a PRC2-independent manner. The lncRNA could function in this process, but it is not the driving force for the recruitment of PRC2,
which only interacts with the RNA through promiscuous interactions. Next, transcription shutoff leads to the recruitment of PRC2 to chromatin
(Riising et al. 2014), where it maintains the repressed epigenetic state. In all three models, the end point is identical: In differentiated cells the
lncRNA is expressed while the differentially regulated gene is epigenetically repressed, with PRC2 maintaining the repressed epigenetic state. (B–
D) Hypothetical in vivo data commonly provided to support the recruitment of PRC2 by specific interactions with lncRNAs (see text for details).
(B) Expression analysis supports all three models, but cannot exclude any of them. (C) Chromatin immunoprecipitation (ChIP) for the differentially
expressed gene identifies the recruitment of PRC2 to chromatin during differentiation (α-EZH2), deposition of its repressive epigenetic mark (α-
H3K27me3), and reduction in RNA polymerase occupancy over the regulated gene (α-Pol II), yet these observations agree with all three models
and are therefore not definitive. (D) RNA immunoprecipitation confirms that PRC2 is associated with the lncRNA to a greater extent, compared
with a negative control RNA, to a statistically significant degree. Although this observation is consistent with Model 1, it is not definitive and can
also be explained by an undetected bridging factor or simply by a higher degree of promiscuous interactions, as previously observed between
PRC2 and various nonrelevant RNAs in vivo (Kaneko et al. 2013) and suggested to be the result of competition between PRC2 and other RNA-bind-
ing proteins (Herzog et al. 2014).
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domain of the repressed allele (Lewis et al. 2004; Umlauf et al.
2004). Although it is possible that Kcnq1ot1 recruits PRC2 by
direct and specific interactions, one cannot exclude the alter-
native hypothesis that the recruitment of PRC2 to the Kcnq1
domain is the result of transcription repression, rather than
its cause. Under such a scenario, Kcnq1ot1 could have a
role in driving this repression process in a PRC2-independent
manner, it could recruit PRC2 through a bridging factor, or
it might be prone to promiscuous interactions with PRC2
because it is not coated with a large number of other RNA-
binding proteins through specific RNA–protein interactions
and therefore is not masked from binding. Given these new
findings, future mechanistic studies will be required to iden-
tify how Kcnq1ot1 and PRC2 function during the repression
of the Kcnq1 locus.
Pull-down experiments using biotinylated RNA, in conju-

gation to immunoblotting, led to the conclusion that PRC2
interacts directly and specifically with Braveheart (Bvht)
lncRNA (Klattenhoff et al. 2013). RNA truncations were
used to identify regions within Bvht that are required for
PRC2 binding. Yet, such truncated RNAs may bind PRC2
with lower affinity simply because they are shorter than the
intact RNA or minimally truncated constructs. This possibil-
ity is concerning because, as described above, PRC2 binds
RNA in a length-dependent manner with lower affinity to
shorter RNAs. Of course, it is possible that future studies
will reveal well-defined binding motifs for PRC2 within
Braveheart RNA, which will be confirmed by pointmutations
in conjugation with quantitative binding assays in vitro and
functional assays in vivo. Until these are discovered, it is im-
possible to exclude alternative hypotheses such as the pres-
ence of a bridging factor, the lack of masking factors, or an
indirect cascade of events that leads to gene repression and
subsequent recruitment of PRC2.
The idea that lncRNA can be involved in the repression

of a Polycomb target gene in parallel to PRC2, rather
than actively recruiting PRC2 through direct and specific
interactions, was demonstrated for COOLAIR. COOLAIR
is an Arabidopsis thaliana lncRNA previously shown to
regulate cold-induced Polycomb-mediated gene repression
(Swiezewski et al. 2009); however, in this case no physical
association with PRC2 and the lncRNA was observed
(Heo and Sung 2011) and RIP experiments did not support
binding specificity (Csorba et al. 2014). Instead, it was
shown that COOLAIR affects transcriptional shutdown in-
dependently of Polycomb machinery and H3K27me3 accu-
mulation (Csorba et al. 2014).
It would be unfair to judge early works on PRC2 for not

considering these models and observations, as these newly es-
tablished mechanisms are supported by data that were not
available at the time. Yet, in light of this new evidence, future
studies will benefit from rigorous mechanistic investigation
beyond the mere coincidence of (i) PRC2–lncRNA interac-
tions, (ii) PRC2 deposition to chromatin, and (iii) epigenetic
repression.

Identification of binding specificity between a
chromatin modifier and lncRNAs: lessons from PRC2

A careful assessment of RNA-binding specificity and its func-
tional consequences in vitro and in vivo is especially impor-
tant, given recent models for the recruitment of PRC2 in an
RNA-independent manner, as described above. Such analysis
is also important in light of the growing interest of multiple
laboratories in the larger field of lncRNAs and chromatin
modifying complexes, which rely on PRC2 as amodel system.
More than 40 years of RNP research in vitro and in vivo have
provided us with great tools to validate functionally relevant
RNA–protein interactions, as described below.

Identification of putative target RNAs in vivo

Specific RNA binding requires, by definition, a specific bind-
ing motif that distinguishes target RNAs from the rest of the
transcriptome (Burd and Dreyfuss 1994; Auweter et al. 2006;
Lunde et al. 2007). A binding motif can be a sequence signa-
ture, a well-defined structure, or a combination of these. The
first step in binding motif discovery is the identification
of in vivo RNA-binding partners for a protein. Currently,
this process starts with transcriptome-wide CLIP-seq, PAR-
CLIP, or, with some limitations, RNA immunoprecipitation.

Reduction of the binding motif within target RNAs
to the essential minimum

After the identification of a putative binding motif in vivo,
one can reduce it to the minimum RNA sequence or struc-
ture that is required for protein binding. Reduction of the
binding motif to the essential minimum allows in-depth
mechanistic and structural biology analysis. Moreover, re-
ducing the size of the binding motif allows for more accurate
quantification of binding affinity and specificity (Box 1),
because longer RNAs can lead to increased affinity in the
case of nonspecific binding (as discussed above) or decreased
affinity if the additional sequences partially occlude the
binding motif (Wang et al. 2015). Identification of a minimal
and well-defined binding motif can be done in vitro, using
a reconstituted system including purified protein and an
RNA of interest. Such experiments may include combina-
tions of cross-linking using photoactivatable nucleotides,
chemical and enzymatic probing, or systematic RNA trunca-
tions and mutagenesis in conjunction with protein–RNA-
binding measurements.

Quantification of binding specificity

Quantitation of binding specificity can be done in the form of
biophysically meaningful measures, such as Kd-fold change
or ΔΔG° (see Box 1). Accordingly, quantification of binding
specificity requires quantitative binding assays, where the
equilibrium dissociation constant Kd or the rate constants
for the dissociation (koff) and association (kon) are measured.
Quantitative binding assays have now been applied for PRC2
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in multiple studies (Davidovich et al. 2013, 2014, 2015; Wu
et al. 2013; Cifuentes-Rojas et al. 2014; Somarowthu et al.
2015) and will be valuable tools to rigorously test putative
RNA-binding motifs for PRC2, if these are identified.

Loss of function and compensatory point mutations

A classic test for an RNA motif is to introduce point muta-
tions that disrupt RNA sequence, and in some cases RNA
structure, and then measure changes in binding affinity to
its protein-binding partner. In the case of high binding
specificity, mutation of a critical nucleotide within a binding
motif will lead to a large increment in the equilibrium disso-
ciation constant in vitro. In the future, site-specific genome
editing techniques could be used to test these mutations in
vivo (Doudna and Charpentier 2014; Hsu et al. 2014; Sander
and Joung 2014), assaying for changes in PRC2 recruitment
and gene silencing.

Identification of evolutionary conservation/covariation

Sequence specificities of RNA-binding proteins often display
deep evolutionary conservation, andmotifs identified in vitro
often correlate well with in vivo RNA-binding data (Ray et al.
2013). In the case of structured RNA motifs, comparative
analysis of well-aligned sequences from diverse organisms
reveals covariation of the paired bases (e.g., an A→G change
on one side of a base-paired stem is compensated by a U→ C
on the other side). Therefore, a PRC2-binding RNA motif
would be expected to demonstrate evolutionary conserva-
tion/covariation as well.

What is the evidence for RNA-binding specificity
by PRC2?

In principle, divergent models that suggest the recruitment of
PRC2 to chromatin by specific (Fig. 2C,D) or promiscuous
(Fig. 2A,E,F) interactions with RNAs are not mutually exclu-
sive. Therefore, recent models for transcription regulation
through promiscuous RNA binding by PRC2 neither rule
out nor replace earlier models. Yet, an important question re-
mains: Was there ever any solid evidence for substantial
RNA-binding specificity by PRC2?

As described above, there is no shortness in candidate
RNA-binding partners for PRC2, as thousands of them
have been proposed. Yet, the more challenging task of motif
identification has so far been a limiting step in studying this
system.

Considering RNA motifs for PRC2 binding

The two-hairpin motif described above was predicted based
on free energy calculations of RNA folding, but it was never
confirmed experimentally. Moreover, quantitative binding
experiments later showed that the introduction of the pre-
dicted two-hairpin element into RNA was insufficient to
increase its affinity to PRC2 (Supplemental Fig. S2 of

Davidovich et al. 2015). Independently, more complex
RNA structures were later experimentally identified in the
A-repeat region of Xist and RepA, involving multiple repeats,
using NMR (Duszczyk et al. 2011), FRET, and chemical and
enzymatic probing (Maenner et al. 2010). The more complex
structure of the A-repeat (Maenner et al. 2010) was later sug-
gested to be required for high-affinity interactions with PRC2
(Cifuentes-Rojas et al. 2014). Yet, in a follow-up study we
showed that PRC2 binds this RNAwith an affinity only three-
to eightfold higher than to other nonrelevant RNAs, under
different binding conditions and as long as the RNA length
is adequately controlled (Davidovich et al. 2015).
A biological role for PRC2-RepA RNA binding is further

challenged by observations that PRC2 is dispensable for the
initiation of X-chromosome inactivation (Kalantry and
Magnuson 2006) and that the A-repeat within Xist RNA is
not required for the recruitment of PRC2 to the inactive
X chromosome (Plath et al. 2003; Kohlmaier et al. 2004;
da Rocha et al. 2014). Furthermore, Xist RNA and PRC2
appear to be spatially separated in vivo (Cerase et al. 2014).
Finally, no PRC2 subunits were shown to associate with
Xist RNA in vivo, using targeted RNA isolation with mass
spectrometry in two independent studies (Chu et al. 2015;
McHugh et al. 2015). A third study identified only RBBP7,
even after extending the hit list to 200 proteins (Minajigi
et al. 2015). Interestingly, RBBP7 and its paralog RBBP4
are associated not only with PRC2 but also with histone
deacetylase (HDAC) complexes (Zhang et al. 1997), and
they are the only PRC2 subunits that were never proposed
to have a function in RNA binding. Future studies will be re-
quired in order to determine what is the function of PRC2
in X chromosome inactivation and if RNA binding by
PRC2, either specific or not, is a determinant in this process.
The 5′ domain of HOTAIR lncRNA (∼300 nt) was suggest-

ed to be responsible for specific interactions with PRC2 using
RNA IP experiments (Tsai et al. 2010). A portion of this
RNA, containing 89 nt, was later suggested to represent a
highly structured minimal binding motif for PRC2 (Wu
et al. 2013). Yet, a large part of these 89 nt was later shown
to form base pairs with nucleotides external to this region
(Somarowthu et al. 2015), therefore complicating their previ-
ous assignment as the minimal motif. PRC2 binds the entire
5′ domain of HOTAIR that is required for a stable fold and its
partial 300-nt fragment with affinity differences of only two-
fold (Somarowthu et al. 2015), as could be expected simply
given their size difference (see above).
These small PRC2-affinity differences are comparable also

to differences in affinities that we previously observed be-
tween HOTAIR and nonrelevant RNAs (Davidovich et al.
2013) or RepA and nonrelevant RNAs (Davidovich et al.
2015). As discussed for the A-repeat above, further studies
will be required to determine whether such small differences
in affinity can lead to biological consequences in vivo. This
question of binding specificity is especially interesting in
the case of HOTAIR, as this lncRNA acts in trans (Rinn
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et al. 2007) and targets more than 800 sites genome-wide
(Chu et al. 2011), although it is lowly expressed RNA
(∼100 copies per cell, much of which is detected in the cyto-
plasm) (Dodd et al. 2013).
In the case of PRC2, binding motifs could not explain

the association of the protein complex with thousands of
RNA transcripts, as observed by immunoprecipitation-based
approaches (Rinn et al. 2007; Zhao et al. 2008, 2010;
Guttman et al. 2011; Heo and Sung 2011; Kotake et al.
2011; Shore et al. 2012; He et al. 2013; Klattenhoff et al.
2013; Sun et al. 2014). In vivo CLIP and PAR-CLIP experi-
ments for EZH2 (Guil et al. 2012; Kaneko et al. 2013) or
JARID2 (Kaneko et al. 2014a) did not result in well-defined
peaks that could, in principle, lead to the discovery of binding
motifs. The only general well-defined binding motif that was
ever suggested for PRC2, a two-hairpin structural motif, was
initially supported by reporter gene assays in vivo (Kanhere
et al. 2010) that were later explained by unintentional pro-
moter mutations in a subset of the plasmids (Supplemental
Fig. S3 in Davidovich et al. 2015). The search for RNAmotifs
that bind PRC2 therefore continues.

Point mutations in conjunction with quantitative
binding assays

The introduction of a point mutation into a putative binding
motif within an RNA of interest is a valuable tool for rigorous
examination of its protein-binding partner, considering both
RNA-binding specificity in vitro and functional necessity in
vivo. For instance, an AU bulge deletion within the Ku-bind-
ing hairpin from the telomerase RNA from yeast significantly
reduced its affinity to its binding protein Ku, with Kd in-
creased by >270-fold and ΔΔG >2.9 kcal/mol (Dalby et al.
2013). Bacteriophage MS2 coat protein underwent >1000-
fold reduction in affinity (ΔΔG > 3.0 kcal/mol) to its target
RNA upon a point mutation in a bulged adenosine within
its specific structural binding motif (Romaniuk et al. 1987).
The N-terminal RNP domain of U1A protein showed reduc-
tion in affinity of >100-fold, or ΔΔG = 2.5 kcal/mol, after a
single base modification, adenosine to purine riboside, with-
in its binding site on U1 snRNA (Nolan et al. 1999). These
examples demonstrate how a small change in a binding motif
leads to a large change in ΔΔG, in the case of high binding
specificity. Furthermore, to test the contribution of a base-
paired secondary structure element, a deleterious mutation
in one partner can be compensated by a complementary mu-
tation in the other (for reviews, see Woese and Pace 1993;
Green and Noller 1997).
Admittedly, small apparent binding specificity in vitro is

not necessarily a hallmark for nonspecific binding but instead
could, in principle, result from a missing protein component
(as a post-translational modification or bridging and/or re-
modeling factor), poor assay conditions, a low complexity
motif that might be present also in the control RNA, or a
large recognition surface, which is not very sensitive to a giv-

en point mutation. Yet, in the case of PRC2, large changes in
sequence consistently lead to minor changes in ΔΔG, in the
order of 1 kcal/mol or a few-fold in Kd (Davidovich et al.
2013, 2015). This energy difference is on the order of the en-
thalpy that can be contributed by a single hydrogen bond
(Pauling 1960). The only exception found so far is poly(A),
which hardly binds to PRC2 (Kaneko et al. 2014b). And al-
though, in a few cases, site-specific mutations were designed
to destabilize the predicted two-hairpin motif that was previ-
ously suggested to recruit PRC2, no ΔΔG quantification was
performed nor compensating mutations used to test for res-
toration of binding activity.

Evolutionary conservation

The 5′ domain of HOTAIR RNA (Rinn et al. 2007), which
was previously suggested to be responsible for the recruit-
ment of PRC2 (Tsai et al. 2010), has poor sequence conser-
vation (Schorderet and Duboule 2011) but high structural
conservation as inferred from covariation (Somarowthu
et al. 2015). The A-repeat in Xist and RepA RNA is evolution-
ary conserved (Nesterova et al. 2001; Maenner et al. 2010).
Hence, evolutionary conservation of HOTAIR and Xist ele-
ments that interact with PRC2 is an appealing hypothesis.
Yet, recruitment of PRC2 takes place even after deletion

of the A-repeat within the Xist gene (Plath et al. 2003;
Kohlmaier et al. 2004; da Rocha et al. 2014). Deletion of
the mouse Hotair gene resulted in homeotic transformation
and gene derepression (Li et al. 2013). However, an indepen-
dent study tested the effect of deletion of a large portion
of the HoxC locus in mouse, including the Hotair gene.
Surprisingly, little effect was observed, either on the expres-
sion pattern or transcription efficiency or on the amount
of H3K27me3 coverage, of different HoxD target genes
(Schorderet and Duboule 2011). Collectively, in light of these
contrary observations, future work will be required to deter-
mine the functional significance of the evolutionary con-
servation observed for HOTAIR and Xist lncRNAs and
whether it is related to PRC2 binding.

What elements of PRC2 interact with RNA?

Approximately 60% of the known mRNA-binding proteins
contain RRMs (Gerstberger et al. 2014). Other common
RNA-binding motifs include the K homology (KH) domain,
the DEAD motif, the double-stranded RNA-binding motif
(DSRM), and the zinc finger (Gerstberger et al. 2014).
Therefore, it would be tempting to assume that the three

zinc fingers in AEBP2 (for review, see Margueron and
Reinberg 2011) have a prominent role in RNA binding by
PRC2. Yet, AEBP2 is dispensable for RNA binding by
PRC2 in the cases of HOTAIR (Tsai et al. 2010) and Xist
(Zhao et al. 2008). Moreover, the addition of AEBP2 to
PRC2 conferred only a minor increment of approximately
twofold in its affinity for RNA (Davidovich et al. 2013).
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Perhaps the zinc fingers of AEBP2 function mostly in DNA
binding (Kim et al. 2009).

SUZ12, which has a single zinc finger, has been demon-
strated to have a role in RNA binding (Kanhere et al. 2010;
Cifuentes-Rojas et al. 2014). A prominent function in RNA
binding was previously assigned to EZH2 (Zhao et al. 2008,
2010; Kaneko et al. 2010; Cifuentes-Rojas et al. 2014).
Phosphorylation of Threonine 345 within mouse Ezh2 was
shown to increase the affinity of PRC2 to RNA, and muta-
tions in this region reduced its affinity (Kaneko et al. 2010)
to a degree that has not yet been biophysically quantified.
Intriguingly, EZH2 shares no sequence homology with any
known RNA-binding domains in other proteins.

Most of the information regarding PRC2 subunits in-
volved in RNA binding has been based on in vitro binding
experiments using individually expressed subunits or com-
plexes where some of the subunits were omitted (Zhao
et al. 2008, 2010; Kanhere et al. 2010; Wu et al. 2013). The
actual contribution of SUZ12 and EZH2 to the overall
RNA-binding activity of the assembled PRC2 complex is
not clear. In addition, there are some conflicting observa-
tions. For instance, although most works confirmed RNA-
binding activity for EZH2 (Zhao et al. 2008, 2010; Kaneko
et al. 2010; Wu et al. 2013; Cifuentes-Rojas et al. 2014),
this was not always the case (Kanhere et al. 2010). One study
detected no interactions between SUZ12 and RNA (Zhao
et al. 2010), but two other works found direct RNA-binding
activity for this protein (Kanhere et al. 2010; Cifuentes-Rojas
et al. 2014). The interpretation of these conflicting ob-
servations is further complicated because, to our knowledge,
there is no evidence in the current literature supporting the
solubility of the individually expressed subunits EZH2 or
SUZ12. Thus, one cannot exclude the possibility that at least
some of these experiments were performed using soluble ag-
gregates, rather than well-behaved proteins. Indeed, the only
work that characterized the solubility of the EZH2-EED het-
erodimeric complex in vitro, using native gels, found higher-
order oligomerization (Wu et al. 2013).

Some proteins, such as ribosomal proteins, evolved unique
ways for interacting with their RNA-binding partners
(Gerstberger et al. 2014). This could certainly be the case
also for PRC2. In any case, the lack of comprehensive knowl-
edge regarding interactions between PRC2 and its RNA-
binding partners is limiting mechanistic study at this time.

SUMMARY

Since the discovery that PRC2 interacts with the lncRNA
HOTAIR, this field has expanded dramatically and, despite
some contradictory evidence and models (for reviews, see
Brockdorff 2013; Goff and Rinn 2013; Gendrel and Heard
2014; Kretz and Meister 2014 and above), most of the data
accumulated from numerous independent research groups
and by different methodologies support a common observa-
tion: PRC2 binds RNA. Yet, the biological function of this

RNA binding remains unknown. Furthermore, well-defined
PRC2-binding motifs within target RNAs have not been ver-
ified by the standard criteria of the RNP field. RNA-binding
domains within PRC2 protein subunits are still elusive and,
assuming that they exist, do not resemble common RNA-
binding domains observed in other proteins.
As is always true, the absence of evidence is not evidence

of absence. Yet, it is fair to say that the model suggesting
recruitment of PRC2 by direct and specific interactions
with lncRNAs is still pending validation.
A growing body of evidence indicates that PRC2-mediated

repression takes place in orchestration with additional
Polycomb group proteins (Blackledge et al. 2014; Cooper
et al. 2014), other protein factors (O’Connell et al. 2001;
Satijn et al. 2001; Tie et al. 2003; Caretti et al. 2004; Viré
et al. 2006; Nekrasov et al. 2007; Peng et al. 2009; Rush et al.
2009; Shen et al. 2009; Landeira et al. 2010; Li et al. 2010,
2011; Pasini et al. 2010; Walker et al. 2010; Ballaré et al.
2012; Brien et al. 2012; Musselman et al. 2012; Neri et al.
2013), surrounding nucleosomes within dense chromatin
(Yuan et al. 2012), previously deposited epigenetic marks
H3K27me3 (Hansen et al. 2008; Margueron et al. 2009),
H2AK119Ub (Kalb et al. 2014) or H3K36me3 (Ballaré et al.
2012; Brien et al. 2012; Musselman et al. 2012), and the tran-
scription state of targeted genes (Riising et al. 2014). RNA can
certainly be involved in this process, to an extent that is not ful-
ly elucidated mechanistically. Yet, assigning a central role for
lncRNAs as a major driving force in the recruitment of
PRC2 in a gene-specific manner is premature, as exciting as
it would be for those of us immersed in the RNAWorld.
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