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SUMMARY

JARID2 is an accessory component of Polycomb
repressive complex-2 (PRC2) required for the dif-
ferentiation of embryonic stem cells (ESCs). A role
for JARID2 in the recruitment of PRC2 to target
genes silenced during differentiation has been put
forward, but the molecular details remain unclear.
We identified a 30-amino-acid region of JARID2
that mediates interactions with long noncoding
RNAs (IncRNAs) and found that the presence
of IncRNAs stimulated JARID2-EZH2 interactions
in vitro and JARID2-mediated recruitment of PRC2
to chromatin in vivo. Native and crosslinked RNA
immunoprecipitations of JARID2 revealed that
Meg3 and other IncRNAs from the imprinted DIk1-
Dio3 locus, an important regulator of development,
interacted with PRC2 via JARID2. Lack of MEG3 ex-
pression in human induced pluripotent cells altered
the chromatin distribution of JARID2, PRC2, and
H3K27me3. Our findings show that IncRNAs facili-
tate JARID2-PRC2 interactions on chromatin and
suggest a mechanism by which IncRNAs contribute
to PRC2 recruitment.

INTRODUCTION

Polycomb group (PcG) genes are key epigenetic regulators in
multicellular organisms, as they maintain transcriptional repres-
sion of lineage-specific genes throughout development, thus
contributing to the stability of cell identity (Schwartz and Pirrotta,
2007). Al mammalian PcG protein complexes identified so far
perform their epigenetic function by acting on chromatin (Lan-
zuolo and Orlando, 2012); in particular, the Polycomb repressive
complex 2 (PRC2) is responsible for di- and trimethylation of
lysine 27 in histone H3 (H3K27me2/3) (Margueron and Reinberg,
2011), a hallmark of facultative heterochromatin (Trojer and
Reinberg, 2007).

-21

One of the outstanding questions regarding mammalian PRC2
function is that of specificity of action: how are certain genes
selected for repression while others are unaffected? How can
the same molecular machinery silence different genes in dif-
ferent cell lineages? Because none of the core components of
PRC2 (EZH2, EED, SUZ12, RBBP4/7) possess a DNA binding
domain (Margueron and Reinberg, 2011), it is believed that chro-
matin targeting must be specified elsewhere, by interactions
with DNA-binding factors (Boulay et al., 2012; Kim et al., 2009),
preexisting histone methylation (Margueron et al., 2009), chro-
matin-associated long noncoding RNAs (IncRNAs) (Rinn et al.,
2007; Tsai et al.,, 2010), or a combination thereof (Margueron
and Reinberg, 2011).

One essential factor for proper recruitment of PRC2 during the
early phases of embryonic stem cell (ESC) differentiation is the
Jumonji family, ARID domain-containing protein JARID2 (Land-
eira et al,, 2010; Li et al., 2010; Pasini et al., 2010; Peng et al.,
2009; Shen et al., 2009), which is often deleted in chronic
myeloid malignancies (Puda et al., 2012). In the absence of
JARID2, PRC2 is recruited late and incompletely to its target
genes and its enzymatic function is diminished (Li et al., 2010;
Son et al., 2013), which results in failure to follow the differentia-
tion program. Although JARID2 target sites are enriched for
CGG- and GA-containing sequences (Peng et al., 2009), its
DNA binding preferences lack the specificity to explain its distri-
bution on chromatin (Li et al., 2010). Therefore, the nature of the
recruitment pathway for JARID2 and the mode by which JARID2
regulates downstream steps of PRC2 assembly and function
remain unclear.

Noncoding RNAs have been implicated in the regulation of
epigenetic pathways, from early work on the IncRNA Xist in
X chromosome inactivation (Brockdorff et al., 1992; Brown
et al., 1992) and antisense transcripts in imprinted loci (John
and Surani, 1996) to the more recent discovery of HOTAIR
(Rinn et al., 2007) and its proposed role as a scaffold for chro-
matin-modifying “supercomplexes” (Tsai et al., 2010). Mamma-
lian genomes contain thousands of IncRNAs (Guttman et al,,
2009), most of which remain functionally uncharacterized.
Because of their large size, potential for tertiary structure forma-
tion, and ability to form sequence-specific interactions with DNA,
IncRNAs appear well suited to exchange information between

Molecular Cell 53, 1-11, January 23, 2014 ©2014 Elsevier Inc. 1
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Figure 1. Identification of the RNA-Binding
‘Region of JARID2

(A) Domain organization of human JARID2.and
scheme of the 6xHis-fused truncations utilized in
the mapping experiments.
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(B) In vitro streptavidin pull-down after incuba-
~ tion of increasing concentrations of the indicated

JARID2 recombinant fragments with biotinylated

HOTAIR4_333. Input, 2 pg; titration, 2 and 4 pg.

(C) High-resolution mapping of the residues of

JARID2 necessary for RNA binding in vitro. The
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chromatin-modifying complexes and the genomic sequence
(Bonasio et al., 2010; Rinn and Chang, 2012). Polycomb repres-
sive complex-1 (PRC1), PRC2, and the MLL complex interact
with the IncRNAs ANRIL, HOTAIR, and HOTTIP, respectively,
and these interactions facilitate their recruitment to chromatin
(Rinn et al., 2007; Wang et al., 2011; Yap et al., 2010). How-
ever, the molecular details and downstream consequences of
these RNA-protein interactions remain poorly understood. For
example, the RNA-binding activity of PRC2 has been attributed
to both EZH2 (Kaneko et al, 2010; Zhao et al, 2010) and
SUZ12 (Kanhere et al., 2010), and, in unbiased analyses, large
portions of the transcriptome were reported to bind to PRC2
(Kaneko et al., 2013; Khalil et al., 2009; Zhao et al., 2010), raising
the question of how specificity is achieved in vivo.

Here, we show that the PRC2 accessory subunit JARID2 binds
to IncRNAs in vivo and in vitro and that its interaction with MEG3,
an IncRNA encoded by the ‘imprinted DLK7-DIO3 locus, is
necessary for proper recruitment and assembly of PRC2 at a
subset of target genes in pluripotent stem cells.

RESULTS
JARID2 Binds to RNA In Vitro

Despite a requirement for JARID2 during development (Takeuchi
et al., 1995) and its key role in PRC2 recruitment and function

2 Molecular Cell 53, 1-11, January 23, 2014 ©2014 Elsevier Inc.

two ‘indicated fragments (right) were incubated
with HOTAIR,_a33 and assayed as in (B). Input,
2 pg; titration, 1, 2, and 4 ug.

See also Figure S1.

during differentiation of mouse ESCs (Li
et al, 2010; Pasini et al., 2010; Peng
et al,, 2009; Shen et al., 2009), the mech-
anisms by which JARID2 is targeted to
chromatin and orchestrates: PRC2 func-
tion remain poorly understood. Given
that several PcG and PcG-associated
proteins interact with IncRNAs, which in
some cases regulate their recruitment to
chromatin (Kanhere et al., 2010; Rinn
et al., 2007; Yap et al.,, 2010), and based
on our own preliminary observations
450 in vitro (Kaneko et al., 2010), we hypothe-
sized that IncRNAs might also regulate
the function of JARID2.

We previously mapped an RNA-bind-
ing region (RBR) of EZH2, a core compo-
nent of PRC2, and found that phosphorylation of a threonine
within. that region stimulated binding to IncRNAs - (Kaneko
et - al,, 2010). We performed similar in vitro RNA-binding
assays on JARID2 using a bait spanning nucleotides 1-333 of
HOTAIR, a IncRNA that regulates PRC2 function (Tsai et al,,
2010), and detected an affinity for RNA within an internal frag-
ment of JARID2, but not in the N-terminal or C-terminal regions
(Figures 1A and 1B). Further mapping experiments revealed
that the deletion of residues 332-358 resulted in a severe
decrease of RNA binding in vitro (Figure 1C; Figures S1A and
S1B available online). The sequence spanning these residues
is conserved strongly in vertebrates (Figure S1C), but only
very weakly with Drosophila (Figure $1D), suggesting that
JARID2 may have acquired an additional layer of regulation in
vertebrates.

JARID2 binds to EZH2, the catalytic component of PRC2 (Mar-
gueron and Reinberg, 2011) and stimulates its histone methyl-
transferase activity (Li et al.,, 2010; Son-et al.,, 2013). These
functions require the same internal fragment that contains the
RBR (Figure S1E) but can be uncoupled from the latter, given
that deletion of residues 332-358 did not affect the ability of
JARID2 tointeract with PRC2 in vivo (Figure S1F) or to stimulate
its enzymatic activity (Figure S1G), whereas the 349-574 frag-
ment did not bind to RNA (Figure S1A) but retained the ability
to interact with nucleosomes (Figure S1E) (Son et al.,, 2013).
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Figure 2. JARID2 and EZH2 Share Interact-
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dation product.

(B) Immunoblot on the same material utilized for the
autoradiography in (A). J2, anti-JARID2 antibodly.

(C) PAR-CLIP (top) and immunoblot for JARID2
(bottom) performed in cells pulsed (+) or not
pulsed (—) with 4-SU and stably transfected with
an shRNA against Jarid2 or a control shRNA.
Extracts were treated with increasing concentra-
tion of a cocktail of DNase-free RNase A and T1.
(D) PAR-CLIP-seq blot for JARID2.

(E) Distribution of JARID2 RCSs identified by
PARalyzer in the genome. The stacked columns
represent % of total RCSs. “Repeats” include all
features listed in the RepMask database.

(F) Venn diagram of IncRNAs containing RCSs for
i JARID2, EZH2, or both. PAR-CLIP data for EZH2
were taken from GSE49433 (Kaneko et al., 2013).
(G) Genome browser view of JARID2 and EZH2
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Therefore, although partially overlapping regions of JARID2 are
required for these various functions, the only activity that we
could uniquely attribute to the 332-358 fragment is that of bind-
ing RNA in vitro. Henceforth, we will refer to these residues as the
RBR of JARID2 and to the mutant protein lacking these residues
as JARID2sgrgR-

JARID2 and EZH2 Bind to IncRNAs In Vivo,

Including Meg3

To determine whether JARID2 makes direct contacts with
RNA in vivo, we utilized the photoactivatable-ribonucleoside-
enhanced crosslinking and immunoprecipitation (PAR-CLIP)
technigue, which crosslinks RNA that has incorporated 4-thiour-
idine (4-SU) to proteins in vivo (Hafner et al., 2010). Consistent
with our hypothesis, we detected a strong PAR-CLIP signal in
immunoprecipitations (IPs) with our JARID2 antibody (Li et al.,
2010) in extracts from embryonic day 14 (E14) ESCs (Figure 2A).
These IPs were conducted in presence of 2% lauryldimethylbe-
taine, a zwitterionic detergent that almost completely abolished
the PRC2-JARID2 interaction while preserving antibody reac-
tivity (Figure 2B). Furthermore, the radioactive signal we ob-
served must have originated from RNA crosslinked to JARID2,
because it was dependent on the incorporation of 4-SU and
was erased by treatment with increasing concentrations of
RNase and by Jarid2 knockdown (Figure 2C).

To identify the RNAs bound to JARID2 in vivo, we excised 32P-
labeled bands from the PAR-CLIP membranes (Figure 2D),
eluted the crosslinked RNA, and sequenced it. In addition to
the major, full-length band, we excised a faster migrating band
that also reacted with JARID2 antibodies in WT but not in
Jarid2~'~ cells (data not shown). We obtained 90,000-200,000

PARalyzer (red bars) mapping to the Meg3
IncRNA. Gene models for Meg3 according to both
TROMER and ENSEMBL are shown. Meg3 frag-
ments tested for in vitro binding are indicated at
the bottom.

See also Figure S2 and Table $1.

unique CLIP tags in each replicate and analyzed their distribu-
tion using the PARalyzer software, which takes advantage of
the T— C transitions caused by 4-SU crosslinking to discrimi-
nate signal from noise (Corcoran et al., 2011). PARalyzer identi-
fied 9,050 putative RNA-protein contact sites (RCSs) for JARID2,
of which ~26% overlapped by more than 50% with repeats (Fig-
ure 2E) and were discarded. Among the 2,057 IncRNAs anno-
tated in the mouse genome (ENSEMBL release 67), we identified
106 that contained at least one nonrepetitive RCS for JARID2
(Table S1). This bioinformatic pipeline applied to our previously
generated EZH2 PAR-CLIP data (Kaneko et al., 2013) revealed
that, in the same ESCs, EZH2 interacted with 165 IncRNAs, of
which 53 were in common with JARID2 (Figure 2F; Table $1),
including Meg3/Gtl2, Rian, and Mirg, three IncRNAs encoded
within the imprinted DIk7-Dio3 locus.

We focused our attention on the IncRNA Meg3 (also known as
Gtl2), because of previous reports linking it to pluripotency
(Stadtfeld et al., 2010), imprinting (da Rocha et al., 2008), and
PRC2 function (Zhao et al, 2010). Consistent with our
PARalyzer analysis, several tags and RCSs from both JARID2
and EZH2 PAR-CLIP data mapped to Meg3 (Figure 2G).
Although some of the JARID2 CLIP tags mapped to a 5’ region
annotated as an intron by ENSEMBL (red track), the existence of
an exon in this region is supported by the TROMER database
(Benson et al., 2004) (green track), and our own RNA-seq
(data not shown). Another cluster of JARID2 CLIP tags mapped
to the 3’ exon and accumulated in a region where PARalyzer
identified an RCS (Figure 2G). Few CLIP tags mapped to highly
expressed genes such as Nanog (Figure SZA) or Gapdh (Fig-
ure S2B), suggesting that the presence of Meg3 tags reflected
direct interactions in vivo.
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