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SUMMARY
RNA has been implicated in the recruitment of chromatin modifiers, and previous studies have provided ev-
idence in favor and against this idea. RNase treatment of chromatin is commonly used to study RNA-medi-
ated regulation of chromatin modifiers, but the limitations of this approach remain unclear. RNase A treat-
ment during chromatin immunoprecipitation (ChIP) reduces chromatin occupancy of the H3K27me3
methyltransferase Polycomb repressive complex 2 (PRC2). This led to suggestions of an ‘‘RNA bridge’’ be-
tween PRC2 and chromatin. Here, we show that RNase A treatment during ChIP causes the apparent loss of
all facultative heterochromatin, including both PRC2 and H3K27me3 genome-wide. We track this observa-
tion to a gain of DNA from non-targeted chromatin, sequenced at the expense of DNA from facultative het-
erochromatin, which reduces ChIP signals. Our results emphasize substantial limitations in using RNase A
treatment for mapping RNA-dependent chromatin occupancy and invalidate conclusions that were previ-
ously established for PRC2 based on this assay.
INTRODUCTION

Much of the mammalian genome is transcribed,1 with many of

these RNAs being retained in the nucleus. RNA that is localized

to chromatin can have crucial roles in gene expression and chro-

matin regulation.2–7 RNA has been proposed to serve an architec-

tural role in chromatin organization, with its depletion leading to

disruption of both active and repressed chromatin domains.8–11

Many chromatinmodifiers physically interact with RNA, and direct

roles of RNA in their recruitment to target genes have been pro-

posed.12 Among the most studied chromatin modifiers in the

context of RNA-mediated recruitment is the H3K27me3 methyl-

transferase Polycomb repressive complex 2 (PRC2).

The enzymatic activity and localization of PRC2 are critical for

the repressionof cell-type-specificgenesduringembryonicdevel-

opment and are often perturbed in disease.13–15 PRC2 interacts

withRNApromiscuously,16 explainedbypreferences for prevalent

G-tract sequences.17,18 A functional role of PRC2-RNA interac-

tions has been intensely debated, with seemingly opposing

models proposed, such as RNA-mediated recruitment of PRC2
This is an open access article under the CC BY-N
or antagonistic interactions (reviewed in Almeida et al.19 and Davi-

dovich and Cech19,20). Further studies have explained aspects of

PRC2 recruitment that may occur without RNA involvement.21–24

At present, there is ambiguity on how—and to what extent—

RNA regulates the chromatin occupancy of PRC2 despite

increased usage of perturbation experiments.18,25–27

For the past few decades, a common perturbation experiment

for the study of RNA-mediated regulation of chromatin has been

through RNase treatment.6,9,25,28–35 More recently, RNase treat-

ment of chromatin has been used to ascribe functional roles of

RNA in the regulation of PRC2 and facultative heterochromat-

in.11,25,26 When nuclei are treated with RNase A, chromatin

immunoprecipitation sequencing (ChIP-seq) indicates a gain of

PRC2 on chromatin.25 These data were used to support a model

where RNA antagonizes PRC2 chromatin binding to dictate the

genome-wide localization patterns of PRC2. Conversely, when

chromatin was first isolated from cells and subsequently treated

with RNase A, ChIP-seq indicated the depletion of PRC2 sub-

units from chromatin.26 Data that were generated using this

method were used to support a model where RNA is required
Cell Reports 43, 113858, March 26, 2024 ª 2024 The Authors. 1
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for PRC2 chromatin occupancy through an ‘‘RNA bridge.’’26

These seemingly contradictory observations emphasize a po-

tential problem with the interpretation of ChIP-seq results if car-

ried out with RNase treatment. The treatment of chromatin with

RNAse A during ChIP, previously termed either rChIP26 or

RNase-ChIP,35 is referred to here as rChIP. While the usage of

RNase treatment of chromatin is on the rise, its effect on the

properties of chromatin during immunoprecipitation remains

unclear.

Here we show that rChIP reduces the apparent PRC2 chro-

matin occupancy, consistent with previous observations.26

However, the reduction in PRC2 ChIP signal is accompanied

by a decrease in H3K27me3 ChIP signal genome wide. We track

this observation to a global gain of non-targeted chromatin,

which takes place during immunoprecipitation if performed

with RNase A treatment. As a result, RNase A treatment leads

to excess DNA from non-targeted genomic regions. That non-

targeted DNA is then sequenced at the expense of DNA from

facultative heterochromatin, resulting in the artificial loss of

ChIP signals. Collectively, our results point to substantial tech-

nical limitations with the usage of rChIP and its application to

PRC2. Our results also imply broader limitations of rChIP to other

facultative heterochromatin regulators and possibly beyond.
RESULTS

The depletion of RNA during ChIP is insufficient to
change the chromatin occupancy of PRC2
To profile genome-wide PRC2 chromatin occupancy in the

context of RNA depletion, we performed ChIP-seq in the pres-

ence and absence of RNase A (rChIP) in mouse embryonic

stem cells (mESCs). The ChIP-seq conditions used in this assay

have been successfully applied in many previous studies21,36–41

and are referred to here as ‘‘condition M’’ (where ‘‘M’’ stands for

‘‘maintenance’’; see assay conditions in Table S1 and STAR

Methods). This ChIP protocol was modified to include the addi-

tion of RNase A (i.e., rChIP) to the assay after crosslinking and

during the immunoprecipitation step, as described previously26

(Figure 1A). Under these rChIP conditions (Table S1), RNase A

treatment did not affect PRC2 chromatin occupancy

(Figures 1B and 1C). We extended this analysis to RPB1, an

RNA polymerase II (RNA Pol II) subunit associated with active

chromatin, and again observed no substantial RNase-depen-

dent changes to its chromatin occupancy (Figures 1B and 1C).

We next confirmed that RNase A effectively eliminates RNA un-

der these ChIP conditions (condition M; Figures 1D and 1E).
Figure 1. The depletion of RNA during ChIP is insufficient to change th

(A) Schematic illustrating the RNase-ChIP/rChIP assay (see Long et al.26,42 and T

(B) Heatmap representation and average enrichment profile of SUZ12, H3K27m

presence and absence of RNase A in mESCs. Data from one representative replic

are shown in Figure S1.

(C) Genome browser representation of ChIP-seq reads for SUZ12, H3K27me3, RP

(repressed) and GAPDH gene locus (active).

(D) RNAwas isolated following RNase A treatment (5 mg/mL or 50 mg/mL) and over

on an agarose gel, confirming that RNase A efficiently removes all RNA under th

(E) RNA was isolated following RNase A treatment (5 mg/mL or 50 mg/mL) and ov

measured on a Qubit RNA High Sensitivity Assay Kit (Thermo Fisher Scientific, Q
Accordingly, we were also able to detect SUZ12, EZH2, and

H3K27me3 enrichment at PRC2 target genes via ChIP-qPCR,

either in the presence or absence of RNase A treatment

(Figures S1A‒S1C). These results indicate that RNA is dispens-

able for the retention of PRC2 on chromatin under experimental

conditions that enable quality detection of ChIP-seq signals.

Loss of PRC2 occupancy following RNA depletion is
accompanied by loss of H3K27me3
As we did not observe RNase A-dependent depletion of PRC2

under condition M (Figure 1), we set out to reproduce the

same rChIP conditions that were used previously to identify

this phenomenon26 (Table S1; ‘‘condition L,’’ where ‘‘L’’ stands

for ‘‘loss’’). Indeed, these ChIP conditions led to an overall reduc-

tion in chromatin-bound PRC2 (EZH2) upon RNase A treatment

(Figures 2A, 2B, and S2A), as reported previously.26 This result

is seemingly in agreement with the proposed ‘‘RNA bridging’’

model for PRC2 chromatin binding.26

To further challenge the rChIP assay under condition L, we

next probed for H3K27me3 as a control (Figures 2A and 2B).

H3K27me3 was selected as a negative control because we

had no reason to assume that an RNA bridge would be present

between H3K27me3 and chromatin. Yet, the RNA-dependent

reduction in PRC2 was accompanied by a concurrent loss in

H3K27me3 rChIP-seq signal (Figures 2A, 2B, and S2A). This

apparent loss of facultative heterochromatin following RNA

depletion is consistent with another previous study that

observed decreases in H3K27me3, H3K9me3, as well as CTCF

upon RNase A treatment in a CUT&RUN assay.11 Hence, the re-

sults thus far suggest that RNase treatment under condition L

leads to the apparent loss of ChIP-seq signals from facultative

heterochromatin, whether probing for PRC2 (ɑ-EZH2) or repres-
sive chromatin itself (ɑ-H3K27me3).

RNA depletion leads to the apparent loss of H3K27me3
rChIP signals in human induced pluripotent stem cells
(iPSCs) and cancer cells
All data presented to this point were generated in mESCs. Yet,

previously reported rChIP experiments using antibodies for

PRC2 subunits were carried out in human iPSCs.26 Therefore,

before testing the hypothesis of an rChIP-associated artifact,

we first wished to determine whether the previously published

rChIP conditions (condition L from Long et al.26) lead to the

apparent depletion of H3K27me3 in human iPSCs. We therefore

performed the rChIP assay in iPSCs as published previously for

human iPSCs (condition L;26 Figure 3).
e chromatin occupancy of PRC2

able S1 for details on differences in ChIP conditions between figures).

e3, RPB1, H3K27Ac, and ChIP-seq signal at all protein-coding TSSs in the

ate are shown. ChIP-qPCR from two further independent biological replicates

B1, H3K27Ac, and input following RNase A treatment at theHOXA gene cluster

night IP with either SUZ12 or RPB1 antibodies, stained with SYBR Safe and run

is assay conditions.

ernight IP with either SUZ12 or RPB1 antibodies, and RNA concentration was

10211).
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Figure 2. Experimental conditions that favor RNase-dependent depletion of PRC2 chromatin occupancy lead to a concurrent reduction of

H3K27me3 ChIP signals

(A) Heatmap representation and average enrichment profile of EZH2 and H3K27me3 ChIP-seq signal at all protein-coding TSSs in the presence and absence of

RNase A in mouse embryonic stem cells. One replicate is shown here, and another independent biological replicate is shown in Figure S2.

(B) Genome browser representation of ChIP-seq reads for EZH2 and H3K27me3 following RNase A treatment at both the HOXA and HOXD gene clusters.
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Once more we observed a reduction in the H3K27me3 signal

upon RNase A treatment (Figures 3A, 3B, S3A, and S3B), in

agreement with our results using mESCs (Figure 2). We also

observed this phenomenon in lineage-committed human cancer

cells (K562) (Figures 3C and S3C). This suggested that RNA

depletion is leading to a global loss of rChIP signals from facul-

tative heterochromatin. As expected, the loss of H3K27me3

with RNase A treatment in iPSCs was accompanied by a loss

of PRC2 (SUZ12 and EZH2; Figures S3D and S3E). Furthermore,

we also saw a decrease in RPB1 and H3K27Ac rChIP-seq sig-

nals in iPSCs (Figures 3A, 3B, S3A, and S3B), suggesting that

an artificial reduction of ChIP-seq signals also occurred in

euchromatin. The observations thus far indicate that ChIP sig-

nals of both chromatin-bound factors and histone marks can

be disrupted by RNA depletion.

RNA depletion during ChIP leads to a global gain of non-
targeted DNA
The data thus far indicate that RNase treatment during ChIP

under condition L (Table S1) leads to the loss of ChIP signals

from facultative heterochromatin and possibly euchromatin

(Figures 2 and 3). Yet, there is no obvious biological explana-

tion for the loss of H3K27me3 after RNA depletion, as RNase

treatment was carried out after chromatin was crosslinked

and isolated from cells, and, hence, cannot be due to the

loss of PRC2 methyltransferase activity. Therefore, we were
4 Cell Reports 43, 113858, March 26, 2024
next determined to test the hypothesis of an experimental arti-

fact. To this end, we performed ChIP-qPCR for H3K27me3,

H3K27Ac, and SUZ12 in the presence and absence of RNase

A in human iPSCs under condition L. ChIP-qPCR was selected

for this analysis given its ability to directly quantify the immuno-

precipitation (IP) sample with respect to the input without reli-

ance on genome-wide normalization effects.

As expected, in the absence of RNase A treatment,

ChIP-qPCR identified H3K27me3 and SUZ12 at a repressed

gene (HOXA10) and H3K27Ac on active genes (GAPDH and

CCNA2; Figures 4A and S4A, blue bars). But, strikingly, RNase

A treatment led to an increment of the ChIP-qPCR signal at

all loci for all antibodies tested (Figures 4A and S4A, red

bars). This was inconsistent with the ChIP-seq results we ob-

tained with RNase A treatment, which reported the loss of

ChIP-seq signal under the same conditions (condition L;

Figures 2 and 3).

Hence, results so far are seemingly contradictory; RNase A

treatment under condition L leads to a gain of ChIP-qPCR

signal (Figure 4) but a loss of ChIP-seq signal (Figures 2 and

3). The simplest explanation that consolidates all of these ob-

servations is a global gain of non-targeted DNA. This is empha-

sized by the observation that RNase A treatment led to the un-

expected gain of H3K27me3 ChIP-qPCR signal at active genes

as well as the unexpected gain of H3K27Ac signals at

repressed genes (Figures 4A and S4A). To directly test for an
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Figure 3. RNA depletion leads to the apparent loss of ChIP signals from facultative heterochromatin in human iPSCs and cancer cells

(A) Heatmap representation and average enrichment profiles of H3K27me3, RPB1, H3K27Ac, and input ChIP-seq signal at all human protein-coding TSSs in the

presence and absence of RNase A in human induced pluripotent stem cells (iPSCs). Data illustrate a loss of both facultative heterochromatin (H3K27me3) and

euchromatin (RPB1 and H3K27Ac) following RNA depletion. One replicate is shown here, and another independent biological replicate is shown in Figure S3.

(B) Genome browser representation of ChIP-seq reads for H3K27me3, RPB1, H3K27Ac, and input following RNase A treatment at the HOXB gene cluster

(repressed) and GAPDH gene locus (active) in human iPSCs.

(C) Heatmap representation and average enrichment profile of H3K27me3 and input ChIP-seq signal at all human protein-coding TSSs in the presence and

absence of RNase A in K562 human cancer cells. Experiments in this figure were carried out under condition L (see Table S1 for details on differences in ChIP

conditions between figures). Data from one replicate are shown.
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B Figure 4. RNA depletion during ChIP leads

to a global gain of non-targeted chromatin,

which artificially reduces ChIP signals

upon data normalization

(A) ChIP-qPCR analyses of H3K27me3, H3K27Ac,

and SUZ12 at a representative repressed PRC2

target TSS (HOXA10, repressed gene) and active

TSS (GAPDH, active gene) following RNase A

treatment in human iPSCs. Enrichment is pre-

sented as a percentage of input DNA. One repli-

cate is shown here, and an independent biological

replicate is shown in Figures S4C and S4D. Error

bars indicate standard deviation of qPCR tripli-

cates.

(B) The concentration of DNA immunoprecipitated

with the antibodies shown was measured on a

Qubit dsDNA High Sensitivity Assay Kit (Thermo

Fisher Scientific, Q32854). Qubit readings from

two independent rChIP replicates are shown (solid

circles, replicate 1; empty circles, replicate 2).

(C) ChIP-qPCR analyses from (A), presented as

enrichment at the repressed HOXA10 TSS

normalized to a negative control TSS GAPDH.

Error bars indicate standard deviation of qPCR

triplicates.

(D) Schematic of the potential mechanism behind

the loss of facultative heterochromatin after

RNase A treatment in a ChIP assay. The depletion

of RNA during IP reduces the solubility properties

of chromatin, leading to the accumulation of both

targeted and non-targeted chromatin aggregates

in the IP sample. After ChIP and data normaliza-

tion, the DNA from untargeted chromatin artifi-

cially reduces the signals from facultative hetero-

chromatin. The experiments were carried out

under condition L (see Table S1 for details on dif-

ferences in ChIP conditions between figures).
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RNase A-dependent gain of DNA, we quantified the amount of

total DNA that was obtained after ChIP in the presence and

absence of RNase A. Indeed, RNase A treatment increased

the total amount of immunoprecipitated DNA by 2- to 10-fold

with respect to the untreated chromatin, with some variations

between replicates and antibodies used (Figures 4B and

S4B). We also confirmed that this increase in immunoprecipi-

tated DNA does not occur when RNA is depleted from

chromatin isolated from iPSCs under condition M (Figure S4C).

These results strongly indicate that RNase treatment under

condition L does not lead to the depletion of PRC2-bound

chromatin but, in fact, leads to a gain of non-targeted

chromatin.
6 Cell Reports 43, 113858, March 26, 2024
Loss of ChIP signals after RNase
treatment as a normalization
artifact
The data thus far indicate that RNase A

treatment leads to the depletion of

ChIP signals for PRC2 subunits and

H3K27me3 (Figures 2 and 3) but also to

a global gain of non-targeted DNA

(Figures 4A, 4B, S4A, and S4B). The

simplest explanation for these observa-
tions is that the apparent depletion of rChIP-seq signals here

(Figures 2 and 3) and elsewhere26 resulted from a normalization

artifact. Such an artifact could occur if DNA at target genes is

normalized against DNA elsewhere. This is a common practice

with ChIP-seq normalization, where signals are normalized

against the total aligned reads. The artificial reduction of ChIP-

seq signals after RNase A treatment is expected to persist under

most types of commonly used normalization approaches. This is

because the loss of ChIP-seq signal is, in fact, attributed to a gain

in the background; DNA from non-targeted chromatin is

sequenced at the expense of DNA from targeted chromatin. As

a demonstration of this effect, when rChIP-qPCR signals from

the repressed HOXA10 gene are normalized against the active
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GAPDH or CCNA2 transcription start sites (TSS), both the

SUZ12 and H3K27me3 enrichments appeared reduced after

RNase A treatment (Figures 4C and S4D). Conversely, we did

not observe an artificial reduction of H3K27me3 if the iPSC chro-

matin was treated under condition M (Figures S4E and S4F).

Collectively, our results indicate that the complete depletion of

RNA from chromatin is insufficient to alter PRC2 chromatin oc-

cupancy (Figure 1; condition M in Table S1). Yet, rChIP condi-

tions that lead to the apparent depletion of PRC2 from chromatin

also lead to the depletion of H3K27me3 (Figures 2 and 3 and

condition L in Table S1). All of these observations can be ex-

plained by a global gain of non-targeted DNA after RNase A

treatment (Figures 4A–4C, S4A, and S4C), which artificially leads

to the reduction of ChIP-seq signals as a result of a normalization

artifact (Figures 4B–4D and S4B).

DISCUSSION

RNA has been shown to play an architectural role in chromatin

organization and to be essential for the integrity of both constitu-

tive and facultative heterochromatin.2,6,8,9,11,25,28–30 While

RNase treatment of chromatin has been central in these studies,

we are only beginning to understand how this treatment affects

the biophysical properties of chromatin. In practice, RNA degra-

dation may reduce the solubility of chromatin under some ChIP

conditions and buffers. Indeed, the observation that RNase

treatment alters the structural properties of chromatin and leads

to the formation of ‘‘massive clumps’’ has been reported at least

since the 1980s.6,28 Our analyses point to challenges in interpret-

ing ChIP results if performed with RNase A treatment.

Our observations imply that a previous proposal of an ‘‘RNA

bridge’’ between PRC2 and chromatin26 has been supported

based on an experimental artifact; RNase treatment under

certain ChIP conditions (condition L; Figures 2 and 3; Long

et al.26) leads to a gain of non-targeted DNA (Figures 4 and

S4). We speculate that this could be the result of reduced chro-

matin solubility in the absence of RNA, which, in turn, leads to

more chromatin precipitating with the beads (Figure 4D). In

agreement with this, two independent parallel studies confirmed

this phenomenon; Hickman and Jenner43 demonstrated that

precipitated chromatin could be visually detected on the beads

after RNase A treatment, and Long et al.42 quantified excess

DNA in the IP sample after RNase A treatment.

RNase A treatment has been shown to increase the tendency

of chromatin to precipitate, especially when carried out in the

presence of a low concentration of monovalent salt.44 This salt

effect could be a potential explanation for why condition L leads

to RNase A-dependent depletion of ChIP signals (Figures 2, 3,

and 4;26) while condition M does not (Figure 1): condition L

(Table S1; Long et al.26) contains less monovalent salt in the son-

ication buffer than condition M (Table S1). The salt effect could

have been further amplified in the case of condition L, where

whole-cell lysates were isolated as opposed to nuclear lysates

under condition M (Table S1). Specifically, the lack of a nuclear

isolation step under condition L could have increased the total

amount of RNA during the sonication and IP with respect to con-

dition M, which included nuclear isolation (Table S1). The excess

RNA under condition L could have solubilized chromatin despite
the low salt in the sonication buffer, possibly given its negative

charge. Consistent with a potential role of RNA negative charges

in solubilizing chromatin, a parallel study demonstrated that the

anionic polymer poly-L-glutamic acid (PGA) is capable of

restoring ChIP signals after RNase treatment.43 In further sup-

port of this model, another parallel independent study demon-

strated that the catalytic activity of RNase A is required for the

depletion of ChIP-seq signals.42 Hence, as soon as RNA is elim-

inated under condition L, the low salt may have caused chro-

matin to precipitate. Once non-targeted chromatin is precipi-

tated with the beads, ChIP-seq signals are reduced because

excess DNA from non-targeted chromatin is sequenced at the

expense of DNA from targeted chromatin.

The original study26 did not include H3K27me3 as a control for

rChIP, while we did (Figures 1, 2, 3, and 4). Yet, they did use an-

tibodies for the euchromatic factors RBP1 and TBP, which were

not sensitive to RNase A digestion.26 We were unable to repro-

duce these results; in our hands, RNase A treatment also led

to the reduction of ChIP-seq signals and gain of DNA in the

case of RBP1 (Figures 3 and 4). RNase A treatment increased

the amount of DNA that precipitated with all antibodies tested,

with some variations between different antibodies and indepen-

dent replicates (Figure 4B). Variations in the amount of immuno-

precipitated DNA were accompanied by variations in the

rChIP-seq signals (compare Figures 2A, 2B, and S2A). These ob-

servations suggest suboptimal robustness of rChIP under condi-

tion L, in agreement with recent data from an independent

study.42 The global gain of DNA after ChIP with RNase treatment

(Figures 4 and S4) does not fit well with the disruption of RNA

bridges between the targeted factor and chromatin.

Our results do not reflect poorly on previous studies that used

RNase treatment for applications other than ChIP. It is also

important to note that our work cannot absolutely exclude the

possibility of an RNA bridge between PRC2 and chromatin.

Yet, our results firmly support two conclusions: (1) RNA is

dispensable for the PRC2 chromatin occupancy after cells

were already crosslinked and chromatin has been isolated (Fig-

ure 1), and (2) the ‘‘RNA bridging’’ model for PRC2 chromatin oc-

cupancy26 has been supported based on an experimental arti-

fact (Figure 4). RNase treatment will likely remain useful for the

study of RNA-mediated regulation of chromatin modifiers as

long as the global biophysical effects of RNA degradation are

considered and controlled for.

Limitations of the study
Our study was designed to determine whether RNase A treat-

ment under condition L reports real changes in PRC2 chromatin

occupancy or, rather, whether it leads to the artificial depletion of

ChIP-seq signals. Our study was not designed to identify the

responsible determinant within condition L; yet, biochemical

analysis by Dueva et al.44 points to the concentration of monova-

lent salt as a key determinant of chromatin solubility after RNase

A treatment. Accordingly, condition L is characterized by a low

concentration of monovalent salt compared with condition M.

We did not characterize condition M as thoroughly as we

characterized condition L. This is because our study was not de-

signed to exclude an RNA bridge between PRC2 and chromatin

but, rather, to examine evidence used previously to support it.
Cell Reports 43, 113858, March 26, 2024 7
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Future studies would have to demonstrate the robustness of

rChIP under condition M or other conditions if they are to be

used for discovery research. Demonstration of rChIP robustness

would be important, given the variations in the amount of the

immunoprecipitated DNA on different days under condition L

and while using different antibodies. The experiments here

may serve to guide this process.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-EZH2 rabbit monoclonal Cell Signaling Cat #5246; RRID:AB_10694683

Anti-SUZ12 rabbit monoclonal Cell Signaling Cat #3737; RRID:AB_2196850

Anti-H3K27me3 rabbit monoclonal

(custom formulation; BSA & Azide free)

Cell Signaling Cat #9733 (C36B11); RRID:AB_2616029

Anti-H3K27Ac rabbit polyclonal Abcam Cat #ab4729; RRID:AB_2118291

Anti-RPB1 rabbit monoclonal Cell Signaling Cat #14958; RRID:AB_2687876

Chemicals, peptides, and recombinant proteins

RNase A, DNase and protease-free (10 mg/mL) Thermo Fisher Scientific Cat# EN0531

Leukemia Inhibitory Factor (LIF) Millipore Cat# ESG1107

Proteinase K Thermo Fisher Scientific Cat# EO0491

Protein G Dynabeads Thermo Fisher Scientific Cat# 10004D

TRIzol Reagent Thermo Fisher Scientific Cat# 15596018

RNase-Free DNase Set Qiagen Cat# 79254

Protease Inhibitor Cocktail Merck (Sigma-Aldrich) Cat# P8340

NEBNext Sample Purification Beads New England Biolabs Cat# E7767S

QuantiNova SYBR Green PCR kit Qiagen Cat# 208054

Critical commercial assays

QIAquick PCR purification kit Qiagen Cat# 28106

RNeasy MinElute Cleanup Kit Qiagen Cat# 4204

Agilent D1000 High Sensitivity DNA kit Agilent Cat# 5067-5584

NEBNext Ultra II DNA Library Prep Kit for Illumina New England Biolobs Cat# E7645

Qubit dsDNA High Sensitivity Assay Kit Thermo Fisher Scientific Cat# Q32854

NEBNext Multiplex Oligos for Illumina (Seq #1 & #2) New England Biolobs Cat# E7335; E7500

Deposited data

Next-generation sequencing files This study GEO: GSE240079

Raw imaging data This study Mendeley data: https://data.mendeley.com/

datasets/c2j6dgw8xt/2

Experimental models: Cell lines

Mouse: ES cell line Monash Genome

Modification Platform

Strain: Bruce4-CS

Human: iPS cell line Jose Polo Lab Liu et al.45

K562 cell line Davidovich Lab ATCC

Oligonucleotides

See Table S2. This paper N/A

Software and algorithms

Bowtie2 v2.3.5 Langmead & Salzberg46 https://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

SAMtools v1.9-gcc5 Li et al.47 https://www.htslib.org/doc/samtools.html

MACS2 v2.1.1 Zhang et al.48 https://github.com/macs3-project/MACS

deepTools2 v3.1.3 Ramirez et al.49 https://deeptools.readthedocs.io/en/

develop/index.html
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Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Chen Davidovich (chen.

davidovich@monash.edu).

Materials availability
All cell lines used in this study are available upon request from the lead contact.

Data and code availability
d All next-generation sequencing datasets have been deposited in the GEO repository with code GSE240079 and raw imaging

data was deposited to Mendeley Data (https://data.mendeley.com/datasets/c2j6dgw8xt/1) and will be publicly available from

the date of publication. Accession numbers are also listed in the Key resources table.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported is available upon request from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Mouse embryonic stem cells (mESCs) were grown on gelatinised culture dishes (0.1%) in DMEM supplemented with 10% FBS

(Scientifix; FBSAU-2007A), 1% (v/v) penicillin-streptomycin (Thermo Scientific #15140122), 50 mM beta-mercaptoethanol (Millipore;

ES-007-E), 1:100 non-essential amino acids, 1:100 sodium pyruvate, 1:100 GlutaMax (all GIBCO) and ESGRO leukemia inhibitory

factor (LIF) (Millipore; ESG1107; 10,000x).

K562 cells were cultured in RPMI-1640 (Merck #R8758) growthmedium supplementedwith 10% FBS (Cellsera AU-FBS/SF) and 1%

(v/v) penicillin-streptomycin (Thermo Scientific #15140122) and were incubated at 37�C with 5% CO2. K562 cells were acquired

from ATCC.

Human induced pluripotent stem cells (iPS) were derived fromHDFn (neonatal human dermal fibroblasts) according to.45 HDFn iPS

cells were maintained in a feeder-free system on vitronectin (VTN-N; Gibco; A31804) coated tissue culture plastics in Essential 8 Flex

medium (Gibco; A2858501). Cells were incubated at 37�C and 5% CO2 and passaged every 2–3 days using 0.5 mM EDTA. Human

iPS cells were obtained from the Jose Polo Lab. All cell lines were tested periodically for mycoplasma contamination.

METHOD DETAILS

Formaldehyde crosslinking for chromatin immunoprecipitation (ChIP)
Mouse ESC, K562 or human iPS cells were collected, counted, and washed once with PBS before crosslinking for 10 min with PBS

containing 1% formaldehyde (Sigma). Cells were crosslinked in 15 mL falcon tubes at a density of �5 3 106 cells/mL. Crosslinking

was quenched with 0.125 MGlycine prior to two PBS washes. Crosslinked cells were then snap-frozen on liquid nitrogen and stored

at �80�C before proceeding with the rest of the ChIP assay.

ChIP conditions resulting in no changes to the PRC2 occupancy following RNase A treatment (condition M)
ChIP assay was performed as described previously.21,36,39,40 See Table S1 for more details. Crosslinked cells were thawed on ice and

lysed in5mLofSDS-Lysis buffer (100mMNaCl, 50mMTrispH8.1, 5mMEDTApH8.0, 0.5%SDS,1Xprotease inhibitor cocktail [Sigma;

P8340]). Nuclei and chromatin were pelleted by centrifugation at 1200 rpm for 6 min at room temperature. The supernatant was then

discarded, and the pellet was resuspended in 2 mL of ChIP buffer (33 mM Tris-HCl pH 8, 100 mM NaCl, 5 mM EDTA, 0.33% SDS,

1.67%TritonX-100, 1Xprotease inhibitor cocktail [Sigma;P8340]).Chromatinwassheared toapproximately 200bp to500bp fragments

by sonication using aBioruptor Plus (Diagenode) at highpower. Total sonication time (i.e., cumulative ‘‘on’’ time) was 15minwith 30 s on/

off pulses. Sonicated chromatin was incubated overnight with antibody while rotating at 4�C. Prior to overnight incubation with anti-

bodies, an input sample was taken (1%). RNase A (DNase and protease-free Thermo Fisher Scientific; #EN0531) was added along

with the antibody to the plus RNase A samples at a final concentration of 5–50 mg/mL. Extract from 2.5 3 106 cells were used per

ChIP (+/�RNaseA). The followingmorning, sampleswereclarifiedbycentrifugationat 20,000g for 20min at 4�C.Followingclarification,
the chromatin was incubated for 3 hwith Protein G Dynabeads (ThermoFisher; 10004D; 50 mL beadswere used per ChIP). After incuba-

tion, the beads were washed three times inMixedMicelle Buffer (150mMNaCl, 20mMTris pH 8.1, 5 mMEDTA pH 8.0, 5.2%Sucrose,

1%Triton X-100, 0.2%SDS), twice with Buffer 500 (0.1%SodiumDeoxycholate, 1 mMEDTA pH 8.0, 50mMHEPES pH 7.5, 1%Triton

X-100), twice with LiCl detergent wash (0.5%SodiumDeoxycholate, 1 mMEDTA pH 8.0, 250mMLiCl, 0.5%NP-40,10mMTris pH 8.0)

andfinally, onewashwithTE. All thewasheswereperformedat 4�C. Immunoprecipitatedmaterialwaseluted from thebeadswith100mL

elution buffer (0.1 M NaHCO3, 1% SDS) while shaking for 1 h at 65�C. The supernatant was retained and incubated overnight at 65�C
while shaking to reverse the crosslinks. The eluted material was then subjected to RNase A (DNase and protease-free Thermo Fisher

Scientific; #EN0531) and Proteinase K (ThermoFisher; #EO0491) treatments prior to DNA clean up (QIAGENMinElute PCR Purification

Kit Cat#28004). ChIP enrichments were analyzed by qPCR using the QuantiNova SYBR Green PCR kit (Qiagen; 208054).
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When testing RNase A efficiency during the rChIP assay, 10% of lysate was removed following overnight immunoprecipitation and

RNase A treatment. Protein was removed with Proteinase K (ThermoFisher; #EO0491) and crosslinks reversed for 2 hrs at 55�C. RNA
was extracted with 1 mL TRIzol and 200 mL chloroform, inverted several times and centrifuged at 20,000g for 20 min at 4�C. The
aqueous layer was then passed through aQIAGENRNeasyminElute column. Following onewashwith RWT buffer DNAwas digested

on the column with DNase I for 15min at room temperature. Following washes in RPE buffer RNAwas eluted in RNase free water and

analyzed by electrophoresis on an agarose gel and quantified using the Qubit RNAHigh Sensitivity Assay Kit (ThermoFisher Q32852).

ChIP conditions resulting in RNase-dependent loss of PRC2 occupancy (rChIP; condition L)
ChIP assay with RNase A treatment was performed based on a previous study.26 See Table S1 for more details. Specifically, cross-

linked cells were thawed on ice, lysed in 2 mL lysis buffer (50 mM Tris-Cl pH 8.1, 10 mM EDTA, 0.5–1.0% SDS, plus 1X protease

inhibitor cocktail [Sigma; P8340]) and incubated on ice for 10 min. Chromatin was sheared to approximately 200bp-500bp fragments

by sonication using aBioruptor Plus (Diagenode) at high power. Total sonication time (e.g., total ‘‘on’’ time) was 20minwith 30 s on/off

pulses. After sonication, the lysate was cleared by centrifugation at 16,300 g for 10 min at 4�C. The supernatant was stored at�80�C
or used directly in the ChIP assay. Lysate was diluted 1:5 in IP buffer (16.7 mM Tris-HCl pH 8.1, 1.2 mM EDTA, 167 mM NaCl, 1%

Triton X-100 and 1X protease inhibitor cocktail [Sigma; P8340]) and pre-cleared with 50 mL protein G Dynabeads (ThermoFisher;

10004D) for 1 h at 4�C. The sonicated lysate was incubated overnight with antibodywhile rotating at 4�C. Prior to overnight incubation

with the antibodies, an input sample was taken (1%). RNase A (DNase and protease-free Thermo Fisher Scientific; #EN0531) was

added along with the antibody to the plus RNase A samples at a final concentration of 50 mg/mL. Extracts from 2.5 3 106 cells

were used per ChIP (+/� RNase A). The Next morning, Protein G Dynabeads were equilibrated in IP buffer: 25 mL beads were added

to each ChIP and incubated for 1 h at 4�C. After incubation, beads were washed twice in low salt buffer (20mMTris-HCl pH 8.0, 2mM

EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100), twice with high salt buffer (20 mM Tris-HCl pH 8.0, 2 mM EDTA, 500 mM NaCl,

0.1%SDS, 1% Triton X-100), twice in LiCl buffer (10 mM Tris-HCl pH 8.0, 1 mMEDTA, 250mMLiCl, 1% Sodium Deoxycholate (w/v),

1%NP-40 substitute) followed by one final wash in TE buffer (10mMTris pH 8.0, 1mMEDTA). All the washes were performed at 4�C.
Immunoprecipitated material was eluted from the beads with 120 mL elution buffer (0.1 MNaHCO3, 1%SDS) for 20 min at room tem-

perature. The supernatant was retained and 200 mM NaCl was added and incubated along with input samples overnight at 65�C
while shaking to reverse the crosslinks. The eluted material was then subjected to RNase A (DNase and protease-free Thermo Fisher

Scientific; #EN0531) and Proteinase K (ThermoFisher; #EO0491) treatments prior to DNA clean up (QIAGEN MinElute PCR Purifica-

tion Kit Cat#28004). ChIP enrichments were analyzed by qPCR using the QuantiNova SYBR Green PCR kit (Qiagen; 208054).

Antibodies
Anti-EZH2 (Cell Signaling; #5246), 8 mg per ChIP. Anti-SUZ12 (Cell Signaling; #3737), 0.3 mg per ChIP. Anti-H3K27me3 (Cell Signaling;

C36B11), 5 mg per ChIP. Anti-H3K27Ac (Abcam; ab4729), 5 mg per ChIP. Anti-RPB1 (NTD) (Cell Signaling; #14958), 1 mg per ChIP.

ChIP-qPCR primer sequences
See Table S2.

ChIP-seq library preparation
Following ChIP (+/� RNase A) experiments, the precipitated DNA was quantified using the Qubit dsDNA High Sensitivity Assay Kit

(ThermoFisher Q32854). A total of 1–10 ng of DNA from each ChIP experiment was used for library preparation using the NEBNext

Ultra II DNA Library Kit for Illumina (E7645) and NEBNext Multiplex Oligos for Illumina (Set#1 & #2; E7335 & E7500). Following adaptor

ligation, DNA was PCR amplified for 4–10 cycles, depending on the amount of the input DNA. DNA purification was then performed

using NEBNext Sample Purification Beads (E7767S). The quality and size distributions of DNA libraries were ascertained on a

TapeStation (Agilent) using High Sensitivity D1000 ScreenTape assay reagents (Agilent; 5067–5585). The resulting libraries were

then used for cluster generation and sequencing on an Illumina-based platform with a 150 bp paired-end read format (2-3x107 reads

per sample) (GeneWiz/Azenta).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic analysis of ChIP-Seq (+/� RNase A) datasets
Paired-end ChIP-Seq reads were aligned to a reference genome (mm10 or hg38) using Bowtie2 with default parameters.46 SAMtools

was used to convert SAM files to BAM files and to remove duplicate aligned reads.47 Bigwig files were generated using bamCoverge

from the deepTools suite (version 3.1.3)49 with a bin size of 10 and scaled using CPM (counts per million) normalisation. All transcrip-

tion start sites (TSS) for the mm10 (n = 19,888) and hg38 (n = 17,139) builds of the mouse and human genomes were defined and

annotated as unique protein-coding TSS +/�5kb (downloaded from ENSEMBL biomart). Heatmaps were generated with these

TSS annotation files using the computeMatrix and plotHeatmap tools from the deepTools suite.49 Peak calling was performed using

MACS2 v2.1.148 with parameters -format BAMPE and a p value cut-off of 1 3 10�4.
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