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SUMMARY

Polycomb proteins play essential roles in stem cell renewal and human disease. Recent studies of
HOX genes and X-inactivation have provided evidence for RNA cofactors in Polycomb repressive
complex 2 (PRC2). Here, we develop a RIP-seq method to capture the PRC2 transcriptome and
identify a genome-wide pool of >9,000 PRC2-interacting RNASs in embryonic stem cells. The
transcriptome includes antisense, intergenic, and promoter-associated transcripts, as well as many
unannotated RNAs. A large number of transcripts occur within imprinted regions, oncogene and
tumor suppressor loci, and stem-cell-related bivalent domains. We provide evidence for direct
RNA-protein interactions, most likely via the Ezh2 subunit. We also identify Gtl2 RNA as a PRC2
cofactor that directs PRC2 to the reciprocally imprinted DIk1 coding gene. Thus, Polycomb
proteins interact with a genome-wide family of RNAs, some of which may be used as biomarkers
and therapeutic targets for human disease.

INTRODUCTION

Transcriptome analyses have suggested that, although only 1-2% of the mammalian genome
is protein-coding, 70-90% is transcriptionally active (Carninci et al., 2005; Kapranov et al.,
2007; Mercer et al., 2009). Ranging from 100 nt to >100 kb, these transcripts are largely
unknown in function, may originate within or between genes, and may be conserved and
developmentally regulated (Kapranov et al., 2007; Guttman et al., 2009). Recent discoveries
argue that a subset of these transcripts play crucial roles in epigenetic regulation. For
example, genes in the human HOX-D locus are regulated in trans by HOTAIR RNA,
produced by the unlinked HOX-C locus (Rinn et al., 2007), and during X-chromosome
inactivation, Tsix, RepA, and Xist RNAs target a chromatin modifier in cis to control
chromosome-wide silencing (Zhao et al., 2008). Interestingly, all four RNAs bind and
regulate Polycomb Repressive Complex 2 (PRC2), the complex that catalyzes trimethylation
of histone H3-lysine27 (H3-K27me3)(Schwartz and Pirrotta, 2008). These observations
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support the idea that long ncRNAs are ideal for targeting chromatin modifiers to specific
alleles or unique locations in the genome (Lee, 2009) (Lee, 2010).

RNA-mediated recruitment is especially attractive for Polycomb proteins. First identified in
Drosophila as homeotic regulators, Polycomb proteins are conserved from flies to mammals
and control many aspects of development (Ringrose and Paro, 2004; Boyer et al., 2006; Lee
et al., 2006; Schuettengruber et al., 2007; Pietersen and van Lohuizen, 2008; Schwartz and
Pirrotta, 2008). Mammalian PRC2 contains four core subunits, Eed, Suz12, RbAp48, and
the catalytic Ezh2. In humans, aberrant PRC2 expression is linked to cancer and disease
(Sparmann and van Lohuizen, 2006; Bernardi and Pandolfi, 2007; Miremadi et al., 2007;
Rajasekhar and Begemann, 2007; Simon and Lange, 2008). Despite growing recognition of
Polycomb’s role in health, little is known about their regulation in vivo. In flies, Polycomb
complexes may contain sequence-specific DNA-binding factors, such as Zeste, Pipsqueak
(PSQ), or Pho, to help bind Polycomb-response elements (PRE) (Ringrose and Paro, 2004;
Schwartz and Pirrotta, 2008). By contrast, mammalian Polycomb complexes are not thought
to contain such subunits. Therefore, their mechanism of recruitment to thousands of
genomic locations remains poorly understood, though PRE-like elements (Sing et al., 2009;
Woo et al., 2010) and Jarid2 may facilitate binding (Li et al.; Pasini et al.; Peng et al., 2009;
Shen et al., 2009). Interestingly, several PRC2 subunits have potential RNA-binding motifs
(Denisenko et al., 1998; Bernstein and Allis, 2005; Bernstein et al., 2006b) — a possibility
borne out by functional interactions between Tsix/RepA/Xist RNA and PRC2 for X-
inactivation (Zhao et al., 2008) and by HOTAIR and PRC2 for HOX regulation (Rinn et al.,
2007). Recent work also identified several short RNAs of 50-200 nt as candidate PRC2
regulators (Kanhere et al., 2010). Control of Polycomb repressive complex 1 (PRC1) may
also involved RNA (Yap et al., 2010). Given these intriguing examples, here we investigate
whether Polycomb complexes may associate with RNA on a genome-wide scale. We
develop the RIP-seq method to capture PRC2-bound transcripts in murine ES cells and
identify thousands of RNAs that specifically associate with PRC2.

Capturing the PRC2 transcriptome by RIP-seq

Native RNA immunoprecipitations (RIP) previously identified RepA, Xist, and Tsix as
PRC2-interacting RNAs (Zhao et al., 2008). Here, we developed a method of capturing the
genome-wide pool bound to PRC2 by combining native RIP (Zhao et al., 2008) and RNA-
seq (Cloonan et al., 2008)(RIP-seq; Fig. 1A). Nuclear RNAs immunoprecipitated by a-Ezh2
antibodies were isolated from mouse ES cells (Lee and Lu, 1999) and an Ezh2—/— control
(Shen et al., 2008) (Fig. 1B), cDNAs created using strand-specific adaptors, and those from
200-1,200 nt were purified and subjected to Illumina sequencing (Fig. 1C).

In pilot experiments, we performed RIP on 107 ES cells and included several control RIPs to
assess the specificity of a-Ezh2 pulldowns. In the wildtype pulldown and its technical and
biological replicates, o-Ezh2 antibodies precipitated 70-170 ng of RNA from 107 ES cells
and yielded a cDNA smear of >200 nt (Fig. 1C, Fig. S1A). Treatment with RNAses
eliminated products in this size range (Fig. S1B) and —RT samples yielded no products,
suggesting that the immunoprecipitated material was indeed RNA. There was ~10-fold less
RNA in the Ezh2—/— pulldown (~14 ng) and when wildtype cells were immunoprecipitated
by 1gG (~24 ng). A 500-fold enrichment over a mock RIP control (no cells) was also
observed. In the >200 nt size range, control RIPs (null cells, 1gG pulldowns, mock) were
even further depleted of RNA, as these samples were dominated by adaptor and primer
dimers. We computationally filtered out adaptor/primer dimers, rRNA, mitochondrial RNA,
reads with <18 nt or indeterminate nucleotides, and homopolymer runs in excess of 15 bases
(Fig. S1). From an equivalent number of cells, control RIPs were significantly depleted of
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reads (Fig. 1D). In wildtype libraries, 231,880—1.2 million reads remained after filtering. By
contrast, only 4,888 to 73,691 reads remained in controls (Fig. 1D, columns 2 and 3). The
overwhelming majority of transcripts in the controls were of spurious nature (adaptor/primer
dimers, homopolymers, etc.). Therefore, wildtype RIPs exhibited substantial RNA
enrichment and greater degrees of RNA complexity in comparison to control RIPs.

Approximately half of all reads in the wildtype libraries was represented three times or
more. Even after removing duplicates to avoid potential PCR artifacts, the wildtype library
contained 301,427 distinct reads (technical and biological replicates with 98,704 and 87,128,
respectively), whereas control samples yielded only 1,050 (IgG) and 17,424 (null)(Fig. 1D).
The wildtype libraries were highly similar among each other, with correlation coefficients
(CC) of 0.71-0.90, as compared to 0.27-0.01 when compared against Ezh2—/— and 1gG
controls, respectively (Fig. 1E). Reads mapping to repetitive elements of >10 copies/genome
accounted for <20% of total wildtype reads (Fig. 1F), with simple repeats being most
common and accounting for 85.714%, whereas LINEs, SINEs, and LTRs were relatively
under-represented (Fig. 1G). Because reads with <10 alignments have greatest
representation, we hereafter focus analysis on these reads (a cutoff of <10 retains genes with
low-copy genomic duplications).

We next examined their genome distribution by plotting distinct reads as a function of
chromosome position (Fig. S2-S6). The alignments showed that PRC2-associated RNAS
occurred on every chromosome in the wildtype libraries. Alignments for 19G and Ezh2—/—
controls demonstrated few and sporadic reads. Therefore, our RIP-seq produced a specific
and reproducible profile for the PRC2 transcriptome. A large number of wildtype reads hits
the X-chromosome (Fig. 1H), and a zoom of the X-inactivation center showed that our
positive controls — Tsix, RepA, and Xist RNAs — were each represented dozens of times
(Fig. 11). The high sensitivity of our RIP-seq detection was suggested by representation of
RepA and Xist, which are in aggregate expressed at <10 copies/ES cell (Zhao et al., 2008).
On the other hand, no hits occurred within other noncoding RNAs of the X-inactivation
center. Thus, the RIP-seq technique was both sensitive and specific.

The PRC2 transcriptome

To obtain saturating coverage, we scaled up sequencing and obtained 31.9 million reads for
the original wildtype sample and 36.4 million for its biological replicate. After removing
duplicates and filtering as shown in Fig. S1-A, 1,030,708 and 852,635 distinct reads of
alignment <10 remained for each library, respectively. These reads were then combined
with pilot wildtype reads for subsequent analyses (henceforth, WT library) and all analyses
were performed using the Ezh2—/— library as control.

To determine a threshold for calling transcripts a member of the “PRC2 transcriptome”, we
designed a strategy based on (i) the number of distinct reads per transcript, on the principle
that bona fide PRC2-interacting transcripts should have higher read densities than
background, and (ii) the relative representation in the WT versus null libraries, reasoning
that bona fide positives should be enriched in the WT. We calculated genic representations
using “reads per kilobase per million reads” (RPKM) as a means of normalizing for gene
length and depth of sequencing (Mortazavi et al., 2008), and then mapped all 39,003
transcripts in the UCSC joined transcriptome to a scatterplot by their WT RPKM (x-axis)
and their null RPKM (y-axis) values (Fig. 2A). Transcripts with zero or near-zero
representation in both libraries accounted for the vast majority of datapoints [blue cloud at
(0,0)]. Transcripts with nonzero x-values and a zero y-value indicated a population
represented only in WT pulldowns (Fig. 2A, y=0 line).
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We established a density minimum by using control transcripts as calibration points. Xist/
RepA scored an RPKM of 4.19, implying 126 distinct reads per million. Tsix scored 10.35,
and Bsn-pasr (~300-nt Bsn-promoter associated transcript (Kanhere et al., 2010)) scored
0.95. The imprinted antisense transcript, Kcnglotl, has been proposed to interact with
PRC2, though whether it does so directly is not known (Pandey et al., 2008). Kcnglotl
scored 1.17. For negative controls, we used transcripts that a priori should not be in the WT
library. For example, Hotair is expressed later in development only in caudal tissues (Rinn et
al., 2007). It scored 0.25, implying only a single representation per million. Two other
promoter-associated RNAs, Heyl-pasr and Pax3-pasr (Kanhere et al., 2010), are <200 nt
and fell outside of our size-selection scheme. They scored 0.28 and 0.11, respectively,
suggesting <1 distinct reads per million. Cytoplasmically localized protein-coding mMRNAS
that are not expected to be PRC2-interacting also showed low RPKM [Insl6 0.27, Ccdc8
0.22]. We consider these low representations background. On the basis of the calibration
points, we set the RPKM minimum at x=0.40, which falls between values for positive and
negative controls.

To determine an appropriate enrichment threshold, we examined WT/null RPKM ratios for
the same calibrators. Xist/RepA scored 4.18/0, implying hundreds to thousands of
representations in the WT library but none in the null. Tsix scored 10.35/3.27, Bsn-pasr
0.95/0, and Kcnglotl 1.17/0. The negative controls scored low ratios, with Pax3-pasr at
0.11/0.26, Hey1-pasr 0.28/0, Hotair 0.25/0, Insl6 0.27/3.09, and Ccdc8 0.22/5.04. On this
basis, we set the enrichment cutoff at 3:1. The combined criteria for transcript inclusion
*RPKM(WT)=0.4, RPKM(WT)/RPKM(null)>3.0+ are expected to eliminate false positives
and subtract background based on direct comparisons between WT and null libraries using
an established set of controls.

By these criteria, we estimate the PRC2 transcriptome at 9,788 RNAs (Table S-1). Some
4,446 transcripts in the joined UCSC transcriptome (39,003 transcripts) were included in our
PRC2 transcriptome (Fig. 2B). Another 3,106 UCSC transcripts were hit but only on the
reverse strand, implying the existence of 3,106 previously unannotated antisense RNAS.
Some 1,118 UCSC transcripts were hit in both directions, implying the existence of 2,236
additional distinct transcripts. 19% of reads did not have a hit in the UCSC database. These
“orphan reads” suggest that the transcriptome may include other novel transcripts.
Therefore, 9,788 represents a lower bound on the actual PRC2 transcriptome in ES cells.
Because the total mouse transcriptome is believed to be anywhere from 40,000 to 200,000,
the PRC2 transcriptome comprises 5-25% of all mouse transcripts, depending on the actual
size of the total transcriptome.

Epigenetic features

We examined specific epigenetic features (Fig. 2B, Tables I, S-11 to S-VI). Interestingly, the
RepA region within Xist and the 3" end of Tsix were represented many times (Fig. 2C), a
region consistent with the proposed Ezh2 footprint (Zhao et al., 2008). In a metagene
analysis, we queried the relationship of transcripts to transcription start sites (TSS) by
plotting read numbers as a function of distance (Fig. 2D). On the forward strand, enrichment
was observed at —2.0 to +0.001 kb; on the reverse strand, peaks were discernible at —0.5 to
+0.1 kb. The enrichment occurred above background (null, 1gG controls)(Fig. S1C). TSS
association is notable given the existence of short transcripts at promoters (Kapranov et al.,
2007;Core et al., 2008;Seila et al., 2008; Taft et al., 2009), PRC2’s preferred occupancy near
promoters (Boyer et al., 2006;Lee et al., 2006;Schwartz et al., 2006;Ku et al., 2008), and
identification of several TSS-associated RNAs which bind PRC2 (Kanhere et al., 2010).

We next asked how much of the PRC2 transcriptome intersects PRC2-binding sites (Boyer
et al., 2006; Lee et al., 2006) and bivalent domains in ES cells (Bernstein et al., 2006a;
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Mikkelsen et al., 2007; Ku et al., 2008). Notably, 562 of 2,704 bivalent domains (21%) and
330 of 1,800 Suz12-binding sites (18%) were hit by at least one RNA (Fig. 2B, Table S-II,
S-111), raising the possibility that RNA may be involved in recruiting or retaining Polycomb
complexes in a subset of binding sites and control stem cell fate. Sites which do not intersect
our transcriptome may recruit PRC2 using other mechanisms.

We also queried the extent of overlap with a group of intergenic ncRNA dubbed “lincRNA”
(Guttman et al., 2009). Intersecting 2,127 mouse lincRNA with our 9,788 transcripts
revealed an overlap of 216 (Fig. 2B, Table S-1V), indicating that lincRNA account for ~2%
of the PRC2 transcriptome. Of human lincRNA, 260 may have potential to associate with
PRC2 (Khalil et al., 2009). To ask whether the 260 human lincRNA overlap with the 216
mouse lincRNA in our PRC2 transcriptome, we mapped syntenic coordinates in the mouse
by LiftOver (http://genome.ucsc.edu/cgi-bin/hgLiftOver) but found no recognizable
homology between the two subsets. Thus, our transcriptome represents a large and distinct
set of PRC2-interacting RNAS.

Because misregulation of Polycomb proteins is often associated with cancer, we intersected
PRC2-interacting RNAs with oncogene and tumor suppressor loci (Sparmann and van
Lohuizen, 2006; Bernardi and Pandolfi, 2007; Miremadi et al., 2007; Rajasekhar and
Begemann, 2007; Simon and Lange, 2008). Intriguingly, of 441 oncogenes and 793 tumor
suppressors (http://cbio.mskcc.org/CancerGenes), 182 (41%) and 325 (41%) respectively
have at least one PRC2-interacting transcript of either orientation (Fig. 2B, Tables S-V, S-
V1), suggesting that RNA may play a role in misregulating Polycomb recruitment in cancer.
Notable examples include c-Myc, Brcal, Klf4, and Dnmt1.

Finally, like X-chromosome inactivation, genomic imprinting must be regulated in cis.
Imprinted genes are controlled by a cis-acting ‘imprinting control region’ (ICR) that dictates
parent-specific expression (Edwards and Ferguson-Smith, 2007; Thorvaldsen and
Bartolomei, 2007). Interestingly, ICRs are generally associated with long transcripts
(Williamson et al., 2006; Pandey et al., 2008; Wan and Bartolomei, 2008), many of which
were found in the PRC2 transcriptome (Fig. 2B, Table I). They include H19, Gtl2,
Kcnglotl, and Nespas. Multiple hits occurred in Nespas RNA/TR019501 (Fig. 3A), an
antisense RNA from the primary ICR thought to regulate the Nesp/Gnas cluster (Coombes et
al., 2003; Williamson et al., 2006). Also hit repeatedly was Gtl2 (Fig. 3B), the locus
believed to control DIk1 imprinting (Edwards et al., 2008), along with anti-Rtl1 and an
antisense counterpart of Gtl2 (here dubbed Gtl2-as). Hits within ICR-associated long
transcripts hint that RNA may regulate imprinted clusters by targeting PRC2.

Validation of RNA-PRC2 interactions

We next validated RNA-protein interactions by several approaches. First, we performed
RIP-qPCR and found that candidate RNAs had significant enrichment in the a-Ezh2 relative
to 1gG pulldowns (Fig. 4A). Strong positive pulldowns were observed for the imprinted
Gtl2, its antisense partner Gtl2-as/Rtl1, and Nespas/TR019501. A number of previously
unknown antisense transcripts or RNAs linked to disease loci was also enriched, including
Hspala-as (antisense to Hsp70), Malat-1-as (antisense to Malat-1), Bgn-as (antisense to
Bgn), Ly6e-as (antisense to lymphocyte antigen 6 complex locus E), Foxn2-as (antisense to
Foxn2), and an RNA upstream of Htr6 serotonin receptor. Second, we compared the amount
of RNA pulled down by a-Ezh2 in WT versus Ezh2—/— ES cells (Fig. 4B). In every case,
the RNA was significantly more enriched in WT. By contrast, the negative control Malat-1
sense transcript showed no enrichment. Third, we performed UV-crosslink RIP, an
alternative method of testing RNA-protein interactions in vivo based on the ability of UV to
covalently link RNA to protein at near-zero Angstroms (Ule et al., 2005). Because
crosslinking occurs only at short range and complexes are isolated with disruptive sonication
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and high-salt washes, this method better detects direct RNA-protein interactions and may
avoid reassociation artifacts during RNA isolation. Enrichment of candidate RNAs was
similarly observed using this method (Fig. 4C). Combined, these data support the specificity
of RIP-seq and suggest direct interactions between RNA and Ezh2.

Nearly half of the transcripts identified by RIP-seq were previously unannotated (Fig. 2B).
To verify their existence, we performed Northern analysis and found discrete transcripts in
ES cells (Fig. 4D). To confirm the nature of nucleic acids precipitated by a-Ezh2, we
pretreated nuclear extracts with RNases of different substrate specificities. Digesting with
single-stranded RNase (RNase 1) and double-stranded RNase (RNAse V1) abolished RNA
pulldown, whereas digesting with RNase H (which degrades the RNA strand in RNA:DNA
hybrids) and DNase | had no effect (Fig. 4E). Thus, the RNAs in complex with PRC2 have
single- and double-stranded character.

Direct binding of RNA to PRC2

We next addressed whether RNA directly binds PRC2 by in vitro biochemical analyses
using purified recombinant human PRC2 subunits, EED, EZH2, SUZ12, and RBAP48 (Fig.
5A). We find an antisense RNA for Hes1, a transcription factor in the Notch signaling
pathway (Axelson, 2004). Hes1-as contains a double stem-loop structure, a motif also found
in RepA (Zhao et al., 2008)(Fig. 5B). In an RNA electrophoretic mobility shift assay
(EMSA), both the 28-nt RepA and 30-nt Hes1-as probes were shifted by PRC2, whereas
RNAs derived from other regions of Xist (Dsl, Dsll) were not. Mutating the stem-loop
structures reduced PRC2 binding. To determine which subunit of PRC2 binds Hes1-as, we
performed EMSA using specific subunits (Fig. 5A,D,E). EZH2 strongly shifted wildtype but
not mutated Hesl-as RNA, whereas neither SUZ12 nor EED shifted Hes1-as. The RNA-
protein shift was always more discrete when whole PRC2 was used, suggesting that other
subunits stabilize the interaction. These results show that Hes1-as RNA directly and
specifically interacts with PRC2 and Ezh2 is the RNA-binding subunit.

We also examined Gtl2 RNA. Because Gtl2 is 1.7-4.3 kb and too large to test by EMSA, we
performed RNA pulldown assays (Fig. 5F). We in vitro-transcribed Gtl2, a truncated form
(1.0-kb from the 5’ end), RepA, and Xist exon 1 (negative control), and tested equal molar
amounts of each RNA in pulldown assays using Flag-PRC2 or Flag-GFP proteins. Both full-
length and truncated Gtl2 RNAs were consistently enriched in PRC2 pulldowns. RepA RNA
was also enriched, whereas Xist exon 1 was not. These results demonstrated that Gtl2 RNA
—most likely its proximal 1.0 kb — directly and specifically binds PRC2.

Gtl2-PRC2 interactions regulate gene expression at DIk1-Gtl2

To investigate whether RIP-seq succeeded in discovering new functions, we focused on
GtlI2-PRC2 interactions at DIk1-Gtl2, the imprinted disease locus linked to the sheep
Callipyge (gluteal hypertrophy), murine growth dysregulation, and human cancers (Edwards
et al., 2008; Takahashi et al., 2009). The maternally expressed Gtl2 is associated with the
ICR (Fig. 6A) and has been proposed to regulate paternally expressed DIk1 (Lin et al., 2003;
Takahashi et al., 2009), but the mechanism of action is currently unknown. To determine if
the GtI2 transcript per se regulates DIk1, we knocked down GtI2 in ES cells and observed a
2-fold upregulation of DIk1, consistent with the idea that DIk1 changed from mono- to bi-
allelic expression (Fig. 6B). Gtl2-as was also upregulated. Because ShRNAS target RNA for
degradation post-transcriptionally, these experiments demonstrate that Gtl2 functions as
RNA.

To address if the RNA operates by attracting PRC2 to DIk1, we carried out quantitative
chromatin immunoprecipitation (ChlP) using a-Ezh2 and a-H3-K27me3 antibodies. Indeed,
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when Gtl2 RNA was knocked down, we detected a two-fold decrease in Ezh2 recruitment to
the DIk1 promoter and a commensurate decrease in H3-K27 trimethylation in cis (Fig. 6C),
consistent with increased DIk1 expression (Fig. 6B). We also saw decreased Ezh2
recruitment and H3-K27 trimethylation at a differentially methylated region (DMR) of the
ICR proximal to Gtl2, whereas lesser effects were seen at the distal DMR (Fig. 6C). Because
the distal DMR is genetically upstream of Gtl2 (Lin et al., 2003;Takahashi et al., 2009), we
did not expect regulation by Gtl2. Gapdh and Actin controls did not show significant
decreases after Gtl2 knockdown, and decreased Ezh2 recruitment to DIk1 was not the result
of generally decreased Ezh2 levels in Gtl2-knockdown cells (Fig. 6D). These data argue that
Gtl2 indeed functions by attracting PRC2 to DIk1. In further support, abolishing Ezh2
phenocopied the Gtl2 knockdown, with a ~3-fold increase in DIK1 expression relative to
Gtl2 levels (Fig. 6E). Given direct Gtl2-PRC2 interactions (Fig. 5) and loss of Ezh2/H3-
K27me3 at DIk1 when GtI2 is knocked down (Fig. 6), we conclude that Gtl2-PRC2
interactions regulate DIk1 by targeting PRC2 to DIk1 in cis.

DISCUSSION

RNA cofactors for Polycomb complexes such as RepA/Xist for X-inactivation (Zhao et al.,
2008) and HOTAIR for HOX-D (Rinn et al., 2007) have implicated RNA in Polycomb
control. Here, we have developed the RIP-seq technology to capture a genome-wide pool of
long transcripts (>200 nt) associated with PRC2. The PRC2 transcriptome consists of
~10,000 RNAs in mouse ES cells, likely accounting for 5-25% of expressed sequences in
mice, depending on the actual size of the total mouse transcriptome. Transcriptome
characterization has identified classes of medically significant targets, including dozens of
imprinted loci, hundreds of oncogene and tumor suppressor loci, and multiple stem-cell-
related domains, some of which may be used as biomarkers and therapeutics targets in the
future.

Our data demonstrate that at least a subset of RNAs directly interact with Polycomb proteins
in vivo and that the most likely interacting subunit is Ezh2. A recent study indicates that
Suz12 also interacts with RNA (Kanhere et al., 2010). Differences between bacterially- and
baculovirus-produced subunits could result in varying post-translational modifications with
effects on binding properties. However, it seems more attractive to posit that multiple
subunits of PRC2 can be regulated by RNA, which could modulate binding between PRC2
subunits, binding affinities of PRC2 for chromatin, and/or Ezh2 catalytic rates. This scenario
would amplify the number of potential mechanisms by which RNA regulates Polycomb. Our
study suggests thousands of RNA cofactors for Ezh2, the bait used for RIP-seq, specifically
as part of the PRC2 complex. To our knowledge, Ezh2 is only present in Polycomb
complexes, as biochemical purification using tagged Ezh2 identifies only Polycomb-related
peptides (Li et al., 2010) and knocking out other subunits of PRC2 results in rapid
degradation of Ezh2 (Pasini et al., 2004; Montgomery et al., 2005; Schoeftner et al., 2006).

Both cis and trans mechanisms may be utilized by RNAs in the PRC2 transcriptome. While
HOTAIR works in trans (Rinn et al., 2007; Gupta et al.), the large number of antisense
transcripts in the transcriptome suggests that many, like Tsix, may function by directing
PRC2 to overlapping or linked coding loci in cis. We have provided the example of a linked
RNA, Gtl2, which binds and targets PRC2 to DIk1 locus to direct H3K27 trimethylation in
cis. Long ncRNAs present an attractive mechanism to target chromatin modifiers to specific
locations, as they remain tethered to the site of transcription and can co-transcriptionally
direct enzymatic activities to a unique region (Lee, 2009, 2010).

In conclusion, our study implies that RNA cofactors may be a general feature of Polycomb
regulation. Regulation by RNA need not be specific to Polycomb proteins. RIP-seq
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technology can be utilized to identify RNA cofactors for other chromatin modifiers, and
different cell types might have distinct transcriptomes consistent with their developmental
profiles. Because chromatin modifiers such as PRC2 play a central role in maintaining stem
cell pluripotency and in cancer, a genome-wide profile of regulatory RNAs will be a
valuable resource in the quest to diagnose and treat disease.

EXPERIMENTAL PROCEDURES

RIP-seq

RNA immunoprecipitation was performed (Zhao et al., 2008) using 107 wildtype 16.7 (Lee
and Lu, 1999) and Ezh2—/— (Shen et al., 2008) ES cells. To construct RIP-seq libraries, cell
nuclei were isolated, nuclear lysates were prepared, treated with 400 U/ml DNAse, and
incubated with a-Ezh2 antibodies (Active Motif) or control 1gG (Cell Signaling
Technology). RNA-protein complexes were immunoprecipitated with protein A agarose
beads and RNA extracted using Trizol (Invitrogen). To preserve strand information,
template switching was used for the library construction (Cloonan et al., 2008). 20-150 ng
RNA and Adaptorl (5'-CTTTCCCTACACGACGCTCTTCCGATCTNNNNNN-3') were
used for first-strand cDNA synthesis using Superscript Il Reverse Transcription Kit
(Invitrogen). Superscript 11 adds non-template CCC 3’ overhangs, which were used to
hybridize to Adaptor2-GGG template-switch primer (5'-
CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTGGG-3'). During 15%-strand cDNA
synthesis, samples were incubated with adaptorl at 20 °C for 10 min, followed by 37 °C for
10 min and 42 °C for 45 min. Denatured template switch primer was then added and each
tube incubated for 30 min at 42 °C, followed by 75 °C for 15 min. Resulting cDNAs were
amplified by forward (5'-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCT-3") and reverse (5'-CAAGCAGAAGACGGCATACGAGCTCTTCCGATCT-3)
Illumina primers. PCR was performed by Phusion polymerase (BioRad) as follows: 98 °C
for 30s, 20 — 24 cycles of [98°C 10s, 65°C 30s, 72°C 30s], and 72°C for 5 min. PCR
products were loaded on 3% NuSieve gel for size-selection and 200-1,200 bp products were
excised and extracted by QIAEX Il Agarose Gel Extraction Kit (Qiagen). Minus-RT
samples generally yielded no products. DNA concentrations were quantitated by PicoGreen.
5-10 ul of 2 — 20 nM cDNA samples were sequenced by the Sequencing Core Facility of the
Dept. of Molecular Biology, MGH, on the Illumina GAlII.

Bioinformatic analysis

Complete RIP-seq datasets can be accessed through GEO via series GSE17064. Except as
noted below, all analyses were performed using custom C++ programs. Image processing
and base calling were performed using the Illumina pipeline. 3’ adaptor sequences were
detected by crossmatch and matches of >5 bases were trimmed, homopolymer reads filtered,
and reads matching the mitochondrial genome and ribosomal RNAs excluded from all
subsequent analyses. Remaining sequences were then aligned to the mm9 mouse reference
genome using shortQueryLookup (Batzoglou et al., 2002). Alignments with <1 error were
retained. Because library construction and sequencing generate sequence from the opposite
strand of the PRC2-bound RNA, in all further analysis, we treated each read as if it were
reverse-complemented. To determine the correlation coefficients comparing the original a-
Ezh2 RIP-seq library to its technical and biological replicates and also to RIP-seq of the
Ezh2—/- control line, we compared the number of reads per gene between two samples and,
for each pair, we computed the Pearson correlation between the number of reads mapped to
each refGene. That is, for each sample, we created a vector of counts of reads mapped to
each refGene and computed the Pearson correlation between all pairs of vectors.
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Locations of repetitive sequences in mm9 (RepeatMasker) were obtained from the UCSC
Genome Browser database (http://hgdownload.cse.ucsc.edu/goldenPath/mm9/database). The
overlap of PRC2 transcriptome reads with these repeats was obtained by intersecting
coordinates of RepeatMasker data with coordinates of read alignments. The UCSC
transcriptome was used as general reference
(http://hgdownload.cse.ucsc.edu/goldenPath/mm9/database/transcriptome.txt.gz). To obtain
a set of non-overlapping distinct transcribed regions, we sorted the UCSC transcriptome
transcripts by start coordinate and merged overlapping transcripts on the same strand (joined
UCSC transcriptome: 39,003 transcripts total). We then intersected read alignment
coordinates with those of the merged UCSC transcripts to determine the number of UCSC
transcripts present in the PRC2 transcriptome. Hits to the transcripts were converted to
RPKM units, where the read count is 1/(n*K*M), and n is the number of alignments in the
genome, K is the transcript length divided by 1,000, and M is the sequencing depth
including only reads mapping to mm39 divided by 1,000,000 (Mortazavi et al., 2008). This
normalization allows for comparisons between transcripts of differing lengths and between
samples of differing sequencing depths. To generate promoter maps, promoter regions were
defined as —10,000 to +2000 bases relative to TSS (obtained from refGene catalog, UCSC
Genome Browse). We plotted read counts overlapping promoter regions, except that the
limit of 10 alignments was relaxed. For the chromosomal alignments in Fig. 1H and Supp.
Figures, read numbers were computed for all non-overlapping consecutive 100 kb windows
on each chromosome. Reads were normalized such that those mapping to n locations were
counted as 1/nt of a read at each location. Graphs were plotted using custom scripts written
in R. To generate Tables S-11 though S-VI, a list of all enriched transcripts were found by
comparing the RPKM scores on each strand for all transcripts in the WT and Ezh2—/—
samples. Then their coordinates were intersected with coordinates of the feature of interest.
Features not in NCBI137/mm9 mouse assembly coordinates were converted to those
coordinates using UCSC’s LiftOver utility (http://genome.ucsc.edu/cgi-bin/hgLiftOver).
Only features whose coordinates were convertible are shown.

RIP/gRT-PCR

Validation RIPs were performed as described (Zhao et al., 2008) using 5 ul of rabbit anti-
mouse-Ezh2 antibodies (Active Motif) or normal rabbit 1IgG (Millipore). RIP was followed
by quantitative, strand-specific RT-PCR using the iCycler iQ™ Real-time detection system
(BioRad). Gene-specific PCR primer pairs are:

Malat-1: Forward 5'-GCCTTTTGTCACCTCACT-3'
Reverse 5-CAAACTCACTGCAAGGTCTC-3'
Malatl-as: Forward 5'-TACTGGGTCTGGATTCTCTG-3'
Reverse 5-CAGTTCCGTGGTCTTTAGTG-3'
Foxn2-as: Forward5-GGCTATGCTCATGCTGTAAC
Reverse 5-GTTACTGGCATCTTTCTCACA-3’
Ly6e-as: Forward 5-CCACACCGAGATTGAGATTG-3'
Reverse 5-GCCAGGAGAAAGACCATTAC-3'
Bgn-as: Forward 5-TGTGAACCCTTTCCTGGA-3'
Reverse 5-CTTCACAGGTCTCTAGCCA-3'
Gtl2: Forward 5'-CGAGGACTTCACGCACAAC -3’
Reverse 5-TTACAGTTGGAGGGTCCTGG -3’
Gtl2-as: Forward 5'-CACCCTGAACATCCAACA-3'

Reverse 5-CATCTGCTTTTCCTACCTGG-3'
Hapal-upstream: Forward 5'-GGTCCAAAATCGGCAGT-3'
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Reverse 5-GTCCTCAAATCCCTACCAGA-3’
Htr6-downstream: ~ Forward 5-ACACGGTCGTGAAGCTAGGTA-3'

Reverse 5-CAGTTGGAGTAGGCCATTCCC-3'
Nespas/TR019501:  Forward 5-AGATGAGTCCAGGTGCTT-3'

Reverse 5-CAAGTCCAGAGTAGCCAAC-3'

Xist-Forward 3F5 and -Reverse 2R primers have been described (Zhao et al., 2008). For
strand-specific cDNA synthesis, the reverse primer was used, gPCR carried out with SYBR
green (BioRad), and threshold crossings (Ct) recorded. Each value was normalized to input
RNA levels.

Northern blot analysis

5 ug of poly(A+) RNA were isolated from 16.7 ES cells, separated by 0.8% agarose gel
containing formaldehyde, blotted onto Hybond-XL (GE Healthcare), and hybridized to
probe using ULTRAhyb (Ambion) at 42°C. Probes were generated using Strip-EZ PCR kit
(Ambion) and amplified from genomic DNA with: Malat1-AS-F, 5'-
TGGGCTATTTTTCCTTACTGG-3'; Malatl-AS-R, 5-GAGTCCCTTTGCTGTGCTG-3';
(GtI2) Meg3-F, 5'-GCGATAAAGGAAGACACATGC-3'; Meg3-R, 5'-
CCACTCCTTACTGGCTGCTC-3"; Meg3 ds-F3, 5-ATGAAGTCCATGGTGACAGAC-3';
Meg3 ds-R2, 5'-ACGCTCTCGCATACACAATG-3'; Rtl1-F, 5'-
GTTGGGGATGAAGATGTCGT-3; Rtl1-R, 5-GAGGCACAAGGGAAAATGAC-3;
Nespas ds-F, 5'-TGGACTTGCTACCCAAAAGG-3'; Nespas ds-R, 5'-
CGATGTTGCCCAGTTATCAG-3'; Bgn-AS-F, 5'-
CAACTGACCTCATAAGCAGCAC-3'; Bgn-AS-R, 5-AGGCTGCTTTCTGCTTCACA-3';
Htr6 up-F, 5-ATACTGAAGTGCCCGGAGTG-3'; Htr6 up-R, 5'-
CAGGGGACAGACATCAGTGAG-3.

UV-crosslink RIP

UV-crosslink IP was performed as described (Ule et al., 2005), except that transcripts in the
RNA-protein complexes were not trimmed by RNAse treatment prior to RNA isolation in
order to preserve full-length RNA for RT-PCR. Mouse ES cells were UV-irradiated at 254
nm, 400 mJ/cm? (Stratagene Stratalinker), cell nuclei were lysed in RSB-Triton buffer
(10mM Tris-HCI, 100mM NacCl, 2.5 mM MgCl,, 35 ug/mL digitonin, 0.5% triton X-100)
with disruptive sonication. Nuclear lysates were pre-cleared with salmon sperm DNA/
protein agarose beads for 1 hr at 4°C and incubated with antibodies overnight. RNA/
antibody complexes were then precipitated with Protein A Dynabeads (Invitrogen), washed
first in a low-stringency buffer (LXPBS [150 mM NacCl], 0.1% SDS, 0.5% deoxycholate,
0.5% NP-40), then washed twice in a high-stringency, high-salt buffer (5XPBS [750 mM
NacCl], 0.1% SDS, 0.5% deoxycholate, 0.5% NP-40), and treated with proteinase K. RNA
was extracted using Trizol (Invitrogen) and RT-qPCR was performed as described above.

Expression and purification of human PRC2 components

For expression of human PRC2 subunits, N-terminal flagged-tagged EZH2 and SUZ12 in
pFastBacl were expressed in Sf9 cells (Francis et al., 2001). For expression of the whole
PRC2 complex, flag-tagged EZH2 was coexpressed with untagged SUZ12, EED, and
RBAP48. Extracts were made by four freeze-thaw cycles in BC300 buffer (20mM HEPES
pH 7.9, 300mM KCI, 0.2mM EDTA, 10% glycerol, ImM DTT, 0.2mM PMSF, and
complete protease inhibitors (Roche)) and bound to M2 beads for 4 h and washed with
BC2000 before eluting in BC300 with 0.4mg/ml flag peptide. EZH2 and PRC2 were
adjusted to 100mM KCI and loaded onto a HiTrap Heparin FF 1ml column and eluted with a
100-1000mM KClI gradient. Peak fractions were concentrated using Amicon ultra 10kDa
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MW(CO concentrators (Millipore) and loaded onto a Superose 6 column equilibrated with
BC300. Peak fractions were collected and concentrated. For SUZ12, the flag elution was
concentrated and loaded onto a Superdex 200 column equilibrated with BC300.

Electrophoretic mobility shifting assays (EMSA)

RNA-EMSA is performed as previously described (Zhao et al., 2008). The 30 nt Hes-1
probe (~270 bp downstream of TSS in an antisense direction) was used for gel shifts. RNA
probes were radiolabeled with [y-33p]ATP using T4 polynucleotide kinase (Ambion).
Purified PRC2 proteins (1 ug) were incubated with labeled probe for 1hr at 4 C. RNA-
protein complexes were separated on a 4% non-denaturing polyacrylamide gel in 0.5xTBE
at 250 V at 4 °C for 1 h. Gels were dried and exposed to Kodak BioMax film.

RNA pulldown assays

We incorporated T7 promoter sequence into forward primers for PCR products of RepA,
Xist exon 1, and truncated Gtl2. Full-length Gtl2 was cloned into pYX-ASC and XistE1 into
PEF1/V5/HisB (Invitrogen). Specific primer sequences were:

RepA-F:
TAATACGACTCACTATAGGGAGACCCATCGGGGCCACGGATACCTGTGTGT
CcC

RepA-R: TAATAGGTGAGGTTTCAATGATTTACATCG

Truncated-Gtl2-F:
TAATACGACTCACTATAGGGAGATTCTGAGACACTGACCATGTGCCCAGTG
CACC

Truncated-Gtl2-R: CGTCGTGGGTGGAGTCCTCGCGCTGGGCTTCC
Xist E1-F: ATGCTCTGTGTCCTCTATCAGA
Xist E1-R: GAAGTCAGTATGGAGGGGGT

RNAs were then transcribed using the Mega Script T7 (Ambion), purified using Trizol, and
slow-cooled to facilitate secondary structure formation. For pulldown assays, 3ug of Flag-
PRC2 or Flag-GFP and 5 pmol of RNA supplemented with 20U RNAsin were incubated for
30 min on ice. 10ul of flag beads were added and incubated on a rotating wheel at 4°C for 1
hr. Beads were washed 3 times with 200 pl buffer containing 150mM KCI, 25mM Tris pH
7.4,5mM EDTA, 0.5mM DTT, 0.5% NP40 and 1mM PMSF. RNA-protein complexes were
eluted from flag beads by addition of 35ul of 0.2M-glycine pH2.5. Eluates were neutralized
by addition of 1/20t" volume of 1M Tris pH 8.0 and analyzed by gel electrophoresis.

Knockdown analysis and gRT-PCR

shRNA oligos were cloned into MISSION pLKO.1-puro (Sigma-Aldrich) vector and
transfected into wild-type mouse ES cells by Lipofectamine 2000 (Invitrogen). After 10
days of puromycin selection, cells were collected and gRT-PCR was performed to confirm
RNA knockdown. The corresponding scrambled sequence (MISSION Non-target ShRNA)
was used as a control (Scr). The shRNA oligos for Gtl2: (Top strand) 5’ - CCG GGC AAG
TGA GAG GAC ACATAG GCT CGAGCC TATGTG TCCTCTCACTTGCTTTTTG
- 3'; (Bottom strand) 5’ - AAT TCA AAA AGC AAG TGA GAG GAC ACA TAG GCT
CGAGCC TATGTG TCC TCT CAC TTG C - 3. gPCR primers for GtI2 and Gtl2-as
RNAs are as described above. Primers for DIkl RNAs: (Forward) 5 - ACG GGA AAT TCT
GCG AAA TA -3'; (Reverse) 5’ - CTT TCC AGA GAA CCC AGG TG -3'. Another Gtl2
shRNA was purchased from Open Biosystems (V2MM_97929). Ezh2 levels after
knockdown with this ShRNA were tested by gPCR (Zhao et al., 2008). After testing multiple
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clones, we concluded that Gtl2 could be knocked down in early passage clones (50-70%),
but knockdown clones were difficult to maintain in culture long-term.

DNA ChIP and real-time PCR

ChIP was performed as described (Zhao et al., 2008). 5 ul of a-Ezh2 antibodies (Active
Motif 39103), normal rabbit IgG (Upstate 12-370), and a-H3K27me3 (Upstate) were used
per IP. Real-time PCR for ChIP DNA was performed at the Gtl2-proximal DMR with
prGtI2F/prGtI2R, at the Gtl2-distal DMR with DMR-F/DMR-R, at the DIk1 promoter with
prDIk1F/prDIK1R, and at the Gapdh promoter with prGAPDH-F/prGAPDH-R. Primer
sequences are as follows:

proximal-DMR 5 - CATTACCACAGGGACCCCATTTT
proximal-DMR 5 - GATACGGGGAATTTGGCATTGTT
prDIK1F 5 - CTGTCTGCATTTGACGGTGAAC
prDIk1R 5'- CTCCTCTCGCAGGTACCACAGT
distal-DMR-F 5'- GCCGTAAAGATGACCACA
distal-DMR-R  5'- GGAGAAACCCCTAAGCTGTA
prGAPDH-F 5'- AGCATCCCTAGACCCGTACAGT
prGAPDH-R 5" - GGGTTCCTATAAATACGGACTGC
prActin-F 5'-GCA GGC CTA GTA ACC GAG ACA
prActin-R 5 -AGT TTT GGC GAT GGG TGC T

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B. Western blot analysis (right panel) of Ezh2 protein in wildtype (WT) and Ezh2—/— ES
cells. Coomassie staining (left panel) shows equal loading.
C. Preparatory agarose gel for RIP product size selection.

D. Pilot library statistics for WT and control libraries for an equivalent number of cells
(column 2), reads after filtering using criteria shown in Fig. S1 (column 3), and distinct
reads after removing duplicates and repetitive elements (column 4).

E. CCs of indicated libraries in pairwise comparisons against the original WT library.

F. The cumulative frequency of WT reads mapping to elements with indicated genome copy

numbers.

G. Relative frequencies of various repeats in the WT library. Elements repeated >10 times
per genome accounted for <20% of all reads. Simple repeats accounted for 85.714% and

LINEs, SINEs, LTRs, low-complexity repeats, and satellites represented 4.881%, 4.130%,
2.636%, 2.487%, and 0.002%, respectively.
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H. Alignments of distinct WT pilot reads to the mouse X-chromosome. The number of reads
per 100-kb window for both unique and repetitive elements are plotted from centromere
(CEN) to distal telomere (TELO). 100-kilobase windows are nonoverlapping and
consecutive. Reads were normalized such that those mapping to ‘n’ locations were counted
as 1/nth of a read at each location. Chr, chromosome. Red, forward strand; green, reverse
strand.

I. Zoom-in of the X-inactivation center showing pilot WT reads. The Ezh2—/— library is
depleted of these reads. Freq >3 reads shown. *, ncRNA.
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Figure 2. Larger-scale sequencing to capture the PRC2 transcriptome

A. The scatterplot maps 39,003 transcripts from the UCSC joined transcriptome database by
their RPKM values in the wildtype library (x-axis) and the null library (y-axis). A UCSC
transcript that is neither represented in the WT or null library is plotted at (0,0). Smoothing
was performed by the function, smoothScatter, in R. Darker shades correspond to a greater
density of genes at a given point on the graph. The 3:1 WT/null enrichment line and the
x=0.4 threshold are shown as dotted grey lines. Transcripts meeting the criteria of >3:1
RPKM enrichment and WT RPKM=>0.4 are deemed strong positives and are shown in red,
in a pool marked “PRC2 transcriptome”. Transcripts that fall below the cut-offs are
considered background and are shown in orange. Tsix is off-chart (arrow) with (x,y)
coordinates indicated.

B. Characteristics of the PRC2 transcriptome. Numbers in parentheses indicate the total
number of genes in each category (e.g., Of 793 tumor suppressors, 325 are found in the
PRC2 transcriptome).

C. Higher resolution analysis of the X-inactivation center. Distinct reads were smoothed
with a sliding 200-bp window on the x-axis and their representations plotted on the y-axis.
D. Metagene analysis: distinct reads from the PRC2 transcriptome are plotted as a function
of distance from TSS.
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Figure 3. Hits to select imprinted loci

A,B. Read density plots for Nesp/Gnas (A) and DIk1/GtI2 (B) imprinted clusters. Distinct
reads are smoothed with sliding consecutive 200-bp or 2-kb windows on the x-axis and their
representations plotted on the y-axis. *, ncRNA. Chr, chromosome. Red, forward strand;
green, reverse strand. The Ezh2—/— library is depleted of these reads.
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Figure 4. Confirmation by native RIP/gRT-PCR and UV-crosslinked RIP

A. gRT-PCR to compare a-Ezh2 and 1gG pulldowns. The experiments were performed 2-3
times in triplicate. Error bar = 1 standard deviation (SD). P was calculated using the two-
tailed student t-test. Asterisks, undetectable levels.

B. gRT-PCR after native a-Ezh2 RIP of wildtype and null ES cells, each normalized to 1gG
RIP values. Values for Xist, Gtl2-as, and Foxn2-as were off-chart. Experiments were
performed 2—4 times in triplicate. 1 SD shown. P is calculated using the paired, two-tailed
student t-test. Asterisks, undetectable RNA levels.

C. Confirmation of native RIP by UV-crosslinked RIP. Each experiment was performed 2—4
times in triplicate, normalized to 1gG pulldowns, and compared to that of Ezh2—/— controls
using the t-test (P). 1 SD shown.

D. Northern blot analysis of indicated RNA species.

E. Native RIP with RNAse pretreatment, followed by gRT-PCR quantification.
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Figure 5. Biochemical analysis shows direct interactions between RNA and PRC2

A. Coomassie-stained gel of human PRC2 and subunits. Different migrations reflect Flag-
tagged versus untagged versions of each protein.

B. WT and mutant (Mut) versions of RepA and Hes1-as double stem-loop structures.

C. RNA EMSA using purified PRC2 complex and end-labeled probes. Negative controls:
Dsl and Dsll, RNA sequences from Xist outside of RepA. Double shifts indicate presence of
multiple subcomplexes of PRC2.

D. RNA EMSA using purified PRC2 subunits. The lanes were run on the same gel but
separated in the image because a lane was cut out between each panel.

E. Titration of 1-25 fmoles of Hes1-as RNA probe against 0.1-1.0 ug of EZH2.

F. RNA pulldown assays using purified PRC2 and indicated RNA probes loaded in equal
moles. 25% of the IP fraction, 10% of flow-through, and 10% of RNA input are shown.
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A. Map of DIk1-Gtl2 and the positions of ShRNAs and primer pairs used in RIP and ChlP.
Dotted lines indicate that the transcripts may extend further.
B. gRT-PCR of GtI2, DIk1, and Gtl2-as RNA levels after Gtl2 knockdown (KD). Pools of
knockdown cells are used. RNA levels are normalized to Gapdh levels and compared to
levels in scrambled knockdown controls (Scr). Experiments were performed in triplicates
two times. One SD shown. P is calculated using a two-tailed student t-test between Gtl2

versus Scr KDs.

C. qChlIP of PRC2 association in KD cells. ChIP was carried out with a-Ezh2 and a-
H3K27me3 antibodies, with normal rabbit IgG as control (not shown). gPCR levels are

expressed as a percentage of input DNA. DMR, differentially methylated region. ICR,

imprint control region. One SD shown. P, determined by two-tailed student t-tests of Gtl2

versus Scr KD.

D. gqRT-PCR of Ezh2 mRNA levels in Gtl2- and Scr-KD clones. Averages and standard

errors shown for two independent experiments.

E. gRT-PCR of DIkl expression in Ezh2—/— versus WT cells relative to Gtl2 expression.

One SD shown.
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