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SUMMARY
Polycomb repressive complex 2 (PRC2) is reported to bind to many RNAs and has become a central player in
reports of how long non-coding RNAs (lncRNAs) regulate gene expression. Yet, there is a growing discrep-
ancy between the biochemical evidence supporting specific lncRNA-PRC2 interactions and functional evi-
dence demonstrating that PRC2 is often dispensable for lncRNA function. Here, we revisit the evidence sup-
porting RNA binding by PRC2 and show that many reported interactions may not occur in vivo. Using
denaturing purification of in vivo crosslinked RNA-protein complexes in human and mouse cell lines, we
observe a loss of detectable RNA binding to PRC2 and chromatin-associated proteins previously reported
to bind RNA (CTCF, YY1, and others), despite accurately mapping bona fide RNA-binding sites across others
(SPEN, TET2, and others). Taken together, these results argue for a critical re-evaluation of the broad role of
RNA binding to orchestrate various chromatin regulatory mechanisms.
INTRODUCTION

RNA-protein interactions are important for many aspects of RNA

biogenesis, processing, and function. Recent efforts to catalog

these interactions have led to the discovery of many novel RNA-

bindingproteins (RBPs) thatdonotcontaincanonicalRNA-binding

domains,1–4 including chromatin and transcriptional regulators as

well asmetabolic proteins. Thishas led to intense interest inunder-

standing the functional importance of non-canonical RNA-protein

interactions. For example, RNA interactions have been proposed

to be critical for the function of several chromatin proteins5–8 and

many chromatin regulators have been reported to act as central

players in the mechanisms by which long non-coding RNAs

(lncRNAs) regulate gene expression.9–17

One of the most widely studied chromatin complexes that is re-

ported to interact with RNA is the polycomb repressive complex 2

(PRC2), which deposits the repressive trimethylation of lysine 27

on histone H3 (H3K27me3) modification.18,19 PRC2 components

have been reported to bind broadly to many RNAs, including

lncRNAsandmRNAs.20–22Theseobservationshave led to thepro-

posal that many canonical PRC2 functions are mediated by its in-

teractions with RNA,5,20,23,24 including PRC2 recruitment to

genomic DNA sites,11,23,25–28 tethering of PRC2 components,20
and activation of PRC2 enzymatic activity.29 Additional proposals

include that PRC2binding to nascent pre-mRNAsprecludes bind-

ing to DNA at active genes5,21,22 and that PRC2 can act as a

nuclease to degrade specific RNAs.30 These observations have

prompted studies of several other chromatin complexes and re-

ports that they too bind broadly to many RNAs to achieve various

functions; examples include DNA methylation enzymes (e.g.,

DNMT1),31–33 PRC1 components (e.g., RING1 and CBX7),16,34 tri-

thorax components (e.g., WDR5),32,35 transcription factors (e.g.,

SOX2),36–38 and chromatin structure proteins (e.g., YY1 and

CTCF).6–8,39–41

The paradigm example for the functional relevance of chro-

matin protein-RNA interactions is the Xist lncRNA.9,42 Xist initi-

ates X chromosome inactivation (XCI) by localizing across one

of the two X chromosomes, recruiting numerous chromatin-

modifying complexes (including PRC2 and its associated

H3K27me3 mark43,44) and mediating chromosome-wide

silencing.43,44 PRC2 was reported to bind to the A-repeat of

Xist,9,45 a region that is required for Xist-mediated silencing.46

This led to a model whereby Xist directly binds to PRC2 and re-

cruits this repressive chromatin complex to the X to mediate

silencing.9,42,47 Other lncRNAs, such as HOTAIR, were similarly

reported to directly bind PRC2 to silence transcription.10,48,49
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However, genetic studies raised important questions about

the functional relevance of many of these chromatin-RNA inter-

actions. For example, deletion of PRC2 components that pre-

vent its recruitment to, and deposition of H3K27me3 on, the X

does not impact initiation of Xist-mediated silencing,50,51 and

deletion of the A-repeat from Xist does not prevent PRC2

recruitment to, or H3K7me3 accumulation on, the X.52–55 Simi-

larly, deletion of PRC2 does not impact HOTAIR-mediated

silencing.52,56,57 Importantly, this discrepancy is not limited to

PRC2-RNA interactions: the YY1 transcriptional regulator was

reported to bind to Xist to tether the RNA to chromatin,14 yet

neither deletion of the YY1 protein, nor deletion of the reported

YY1-binding site from Xist (F-repeat) impacts the localization of

Xist to chromatin or Xist-mediated silencing.46,55 These exam-

ples highlight a critical discrepancy between the biochemical ev-

idence supporting specific chromatin-RNA interactions and the

genetic evidence demonstrating that these same interactions

are often dispensable for lncRNA function.

Most biochemical evidence of RNA interactions with chro-

matin proteins comes from in vitro binding assays, which mea-

sure binding between purified proteins and RNA,5,58,59 and

RNA immunoprecipitation (RIP), which utilizes native purification

conditions in crosslinked or non-crosslinked cells to immunopre-

cipitate a protein and measure its associated RNAs.60,61

Because of the low stringency required to preserve native pro-

tein-RNA interactions, these methods can identify RNA-protein

interactions that do not occur in vivo.62

More recently, several of the interactions detected by RIP5,15

have been confirmed using crosslinking and immunoprecipitation

(CLIP) methods.7,8,20,21 CLIP utilizes UV-crosslinking to form co-

valent interactions in cells between directly interacting RNA and

protein, followed by purification in stringent wash conditions

(i.e., 1M salt), separation through a denaturing SDS-PAGE gel,

transfer to a nitrocellulose membrane, and size extraction of the

RNA-protein complex.63–67 Because of its increased stringency,

CLIP has emerged as the gold-standard for defining in vivo

RNA-protein interactions and has been successfully used to

define the precise RNA-binding sites of numerous RBPs.63

However, several observations suggest that many of the RNA-

chromatin protein interactions reported, including by CLIP, may

not represent interactions that occur in vivo: (1) we and others

have purified Xist using denaturing conditions after in vivo cross-

linking and failed to identify the previously reported interactions

between Xist and any of the PRC2 components or YY1.55,68,69 (2)

PRC2 components have been shown to bind with measurable

affinity to all RNAs in vitro, including bacterial RNAs that should

not have endogenous affinity for mammalian proteins.5,58,59 (3)

visualization of labeled protein-RNA complexes separated on

an SDS-PAGE gel after CLIP of PRC2 components fails to

show the expected RNase-dependent size shift typically

observed for RBPs.21,22 (4) CLIP studies that have reported spe-

cific PRC2-RNA associations are often based on the analysis of

low-complexity sequencing libraries, which may result in read

redistribution at abundant RNAs and/or PCR duplicates of spe-

cific RNA fragments being mistaken for specific binding interac-

tions.21,22,70 (5) When CLIP is performed in the absence of in vivo

crosslinking, there are still strong RNA associations observed for

several chromatin proteins, such as CTCF.7
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Based on these observations, we considered the possibility

that many of the reported RNA-chromatin protein interactions

may not occur in vivo. To explore this, we developed an experi-

mental approach to unambiguously identify non-specific RNA

associations that could not have occurred within the cell and

applied a highly stringent, denaturing purification method to

study chromatin proteins previously reported to bind RNA. Our

results argue for a re-evaluation of the broad role of RNA binding

in various chromatin regulatory mechanisms and provide a crit-

ical new framework for studying non-canonical RNA-protein in-

teractions in vivo.

RESULTS

CLIP identifies many PRC2-RNA interactions that could
not have occurred in vivo

Because PRC2 has been reported to bind directly and promiscu-

ously to many RNAs, we considered the experimental and

analytical challenges associated with distinguishing between

promiscuous binding and lack of binding (see STAR Methods,

challenges associated with distinguishing between promiscuous

binding and lack of binding). To address this challenge, we de-

signed an experiment—modeled after Mili and Steitz62— to

unambiguously identify whether RNA detected from a RIP/

CLIP experiment represents background that could not have

occurred in vivo. Briefly, we generated V5�tagged versions of

our proteins of interest, transfected them into cells and UV-

crosslinked the cells to form covalent photo-crosslinks between

directly interacting RNAs and proteins (+tag). We thenmixed this

lysate (+tag) with lysate from UV-crosslinked cells of a different

species that do not express the V5�tagged proteins (�tag)

and performed enhanced CLIP (eCLIP; a specific implementa-

tion of CLIP71) using a V5 antibody (Figure 1A). We focused on

sequencing reads that can be mapped uniquely to one of the

two species used. In this system, any sequencing reads that

align to the genome of the species that did not contain the

tagged protein (�tag RNA) must represent background interac-

tions that could not occur in vivo because the affinity-purified

V5�tagged protein was not expressed in the same cells as those

RNAs (Figure 1A).

We expressed V5�tagged versions of each of the three PRC2

components—EED, EZH2, and SUZ12—that have been re-

ported to bind directly to RNA by RIP,15–17,32,72 CLIP,21,22 and

in vitro5,45,59 experiments. We confirmed that the tagged pro-

teins are (1) well expressed (Figures S1A and S1B), (2) specif-

ically purified using a V5 antibody (Figure S1C), (3) properly

incorporated into the endogenous PRC2 complex (Figure S1D),

and (4) retain their RNA-binding activity in vitro (Figure S2).

Consistent with previous observations,21,22 we observed that

radioactive isotope (32P)-labeled RNA that co-purified with

each of the PRC2 components showed an enriched band near

the expected protein size but did not display a clear RNase-

dependent size shift (Figure S3A).

To account for potential experimental or analytical differences

between species and to directly compare PRC2 binding with the

same RNAs, we transfected the tagged protein into a human cell

line (+tag) and mixed it with untransfected mouse cells (Fig-

ure 1B), and in parallel, transfected the tagged protein into a
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Figure 1. A method to identify RNA-protein associations that could not have formed in vivo

(A) Schematic of mixing experiment. An epitope-tagged protein is expressed in cells (+tag, red), UV-crosslinked, lysed, andmixed with UV-crosslinked cell lysate

from cells of a different species not expressing the tagged protein (�tag, gray). The tagged protein is purified using an antibody against the epitope tag, and

purified RNAs are sequenced and aligned to quantify the amount of RNA associated with +tag and �tag RNAs, respectively.

(B and C) CLIP enrichment profiles for each PRC2 protein (EED, EZH2, and SUZ12) are plotted across XIST in the +tag (red) samples (B) and in the �tag (gray)

samples (C). Input reads for the EZH2 samples are plotted in light gray.

(D and E) Scatter plots of input RNA abundance (log scale, x axis) compared with CLIP enrichment (log scale, y axis) across 100-nt windows of all annotated

human RNAs in +tag (left) and �tag (right). Windows with significant enrichment (binomial p < 10�6) are shown in red. Plots include all 3 PRC2 components;

individual components are plotted in Figures S4A and S4B.

(F) Density scatter plot comparing the levels of significant (p < 10�6) +tag CLIP enrichments (x axis) with significant �tag CLIP enrichments (y axis) for all 3 PRC2

components across all human RNAs.
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mouse cell line and mixed it with untransfected human cells

(�tag) (Figure 1C). We performed CLIP on each PRC2 compo-

nent using the same V5 antibody and RNase concentration,

sequenced the purified RNAs, and compared the +tag and

�tag samples within the same species (human).

We observed that �40% of expressed RNAs are significantly

enriched for binding of all 3 PRC2 components in the +tag sam-

ples relative to their expression levels in total RNA (�6,300

RNAs, p < 10�6, Figures 1D and S4A). For example, we observe

strong enrichment for all 3 PRC2 components across several

lncRNAs that have previously been reported to bind to PRC2

including XIST, MALAT1,73 and NEAT174 (Figures 1B and

S4C). In addition, we observed strong binding to NORAD, a

lncRNA that is predominantly localized in the cytoplasm

(Figure S4C).75,76
Surprisingly, we also observed significant PRC2 binding in the

�tag samples with >850 RNAs containing significantly enriched

binding sites for all 3 PRC2 components (Figures 1E and S4B).

Indeed, many of the same RNAs that were previously reported

to bind to PRC2 and that were identified in the +tag samples

also showed significant enrichment in the �tag samples (i.e.,

MALAT1, NEAT1, and NORAD; Figure S4C). Overall, we

observed a strong global correlation between RNA regions that

are highly enriched in the �tag samples and those that are en-

riched in the +tag samples (Spearman correlation = 0.625; Fig-

ure 1F). For example, when we focused on XIST, we observed

that the 3 PRC2 components show highly comparable profiles

in the +tag and �tag samples; both display broad enrichment

across the RNA, with the strongest enrichment over the

A-repeat as previously reported9,15 (Figures 1B and 1C).
Molecular Cell 84, 1–19, April 4, 2024 3
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These results demonstrate that at least some of the RNA signal

detected upon purification of PRC2 using CLIP represents non-

specific signal that cannot reflect in vivo interactions. Further-

more, these non-specific associations are UV-crosslinking and

PRC2 dependent as we did not detect RNA in the absence of

UV-crosslinking or in cells lacking the immunoprecipitated pro-

tein (i.e., untransfected cells) (Figure S3B). Importantly, these

non-specific (�tag) associations are not uniformly distributed

across an RNA but often appear as ‘‘peaks’’ that could be

mistaken for legitimate binding sites using standard analytical

methods (Figures 1C and S4C). While these observations do

not preclude the possibility that these PRC2 components may

also bind to RNA in vivo, they highlight the challenge in accu-

rately determining which of the detected PRC2-RNA interactions

(if any) may represent bona fide interactions that occur in vivo.

Denaturing purification removes non-specific
associations
To determine whether PRC2-RNA interactions occur in vivo, we

need to confidently exclude non-specific associations. Because

CLIP utilizes UV-crosslinking to generate covalent RNA-protein

interactions in cells, any detected non-specific associations

must be due to the inability to fully separate crosslinked from

non-crosslinked RNA-protein interactions. We considered

several possible explanations for why UV- and protein-depen-

dent non-specific associationsmight be detected. These include

potential protein-dependent sources of background where (1)

the captured protein may associate with other proteins that are

crosslinked to RNA or (2) other proteins that are crosslinked to

RNA may be retained after immunoprecipitation (Figure 2A).

Additionally, we considered potential RNA-dependent sources

of background where (3) the captured protein may interact with

RNA that is crosslinked to another RBP or (4) the captured pro-

tein may interact with free, non-crosslinked RNA (Figure 2A). Any

of these non-specific associations that remain after immunopre-

cipitation would be detected because the protein purification

(immunoprecipitation) and denaturation steps (gel electropho-

resis) are decoupled in the CLIP procedure. These potential

sources of background binding would be especially problematic

when the captured protein does not actually bind to RNA, or

binds to rare RNA targets, in vivo because non-specific RNA tar-

gets would be present in vast excess relative to bona fide targets

(see STAR Methods, possible explanations for UV- and protein-

dependent non-specific associations).

To address these possibilities, we utilized a method that en-

ables purification of RNA-protein interactions using fully dena-

turing conditions, called covalent linkage and affinity purification

(CLAP)77,78 (Figure 2B). CLAP, similar to other methods that uti-

lize covalent linkage,79–81 integrates an epitope tag that enables

covalent coupling to a resin (e.g., HaloTag,82 SpyTag83) into a

protein of interest. Because proteins are covalently coupled

(rather than captured through an antibody), we can purify using

fully denaturing conditions—including high temperatures and

high concentrations of denaturants and detergents—which

disrupt protein and RNA folding. We found that CLAP-conditions

generally increased the specificity of both (1) protein purification

and (2) crosslinked RNA purification relative to CLIP-conditions

(Figures 2C, 2D, S5A, and S5B). Specifically, we found that
4 Molecular Cell 84, 1–19, April 4, 2024
CLAP washes significantly reduce non-specific protein binding

(‘‘protein-dependent background,’’ Figure 2C) and the amount

of non-crosslinked RNA (‘‘RNA-dependent background,’’

Figures 2D and S5B) that co-precipitates with the target protein

relative to CLIP washes.

Having established that the increased stringency of CLAP

can reduce both protein- and RNA-dependent sources of back-

ground, we explored whether CLAP could exclude non-specific

RNA-protein associations that were previously detected in our

�tag system. To do this, we expressed proteins tagged with

both Halo and V5 tags, split the lysate, and performed CLIP

and CLAP captures from the same mixture to directly compare

the contribution of �tag RNAs in each experiment. We found

that CLAP greatly reduces the proportion of �tag RNAs recov-

ered for all 3 of the PRC2 components relative to CLIP

(Figures 2E, 2F, and S5C). In fact, virtually all of the RNA re-

gions that were significantly enriched in the �tag CLIP samples

were depleted when measured by CLAP (Figures 2E–2H and

S5C). These results demonstrate that CLAP accurately re-

moves non-specific RNA-protein associations that do not

occur in vivo.

Denaturing purification accurately retains in vivo

crosslinked RNA-protein interactions
To ensure that CLAP can still identify bona fide RNA-protein in-

teractions that occur in vivo, we explored two well-defined

RBPs that are known to interact with RNA through distinct bind-

ing modes: (1) PTBP1 is an RBP that contains multiple RNA

recognition motif (RRM) domains, binds predominately within in-

tronic regions, and has high selectivity toward a defined RNA

sequence motif (HYUUUYU)84 and (2) SAF-A (also known as

hnRNPU) is an RNA-binding protein that contains tandem RGG

(arginine-glycine-glycine) motifs and binds promiscuously to

many nascent pre-mRNAs with a broad localization profile.85

We performed CLIP and CLAP on each protein across repli-

cates (Figures 3A, S6A, and S6B), sequenced the RNA, and

observed the expected binding sites with PTBP1 binding primar-

ily at intronic regions containing its known motif (Figures 3B and

S3D) and SAF-A binding broadly across nascent pre-mRNAs

(Figure 3C). Indeed, the vast majority of RNA regions significantly

enriched by CLIP were also enriched by CLAP and the levels of

enrichment were highly correlated between the two approaches

(Figures 3D–3I) and highly reproducible between replicates

(Figures S6A and S6B). Consistent with this, when we visualized
32P-labeled RNA co-purifying with PTBP1, we observed a clear

RNase-dependent size shift that resolves to the protein size (Fig-

ure S3C) with similar RNA sizes and amounts observed by CLIP

and CLAP (Figure 3A).

These results demonstrate that CLAP accurately and sensi-

tively identifies bona fide RNA-protein interactions that are

crosslinked in vivo. Because both CLIP and CLAP utilize UV-

crosslinking to form covalent RNA-protein interactions in vivo

and are both premised on specifically detecting crosslinked in-

teractions, there is no intrinsic difference between the two ap-

proaches in their ability to detect interactions of different affin-

ities or stability (see STAR Methods, failure of CLAP to identify

RNA-protein interactions identified by CLIP cannot be due to dif-

ferences in assay sensitivity).
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Figure 2. CLAP removes non-specific RNA-protein associations

(A) Protein-dependent background (left) and RNA-dependent background (right) that could lead to detection of RNA not crosslinked to the purified protein (gray

RNAs) by CLIP.

(B) Comparison of CLIP (left) and CLAP (right). A protein tagged with both a covalent tag (HaloTag or SpyTag) and V5 epitope tag is expressed. The sample is split,

and CLIP and CLAP are performed separately. CLIP is performed with an anti-V5 antibody followed by standard CLIP washes, gel electrophoresis, transfer to a

nitrocellulose membrane, and size selection prior to RNA sequencing. CLAP is performed by covalently binding the protein to resin followed by washes in fully

denaturing conditions prior to RNA sequencing.

(C) Halo-PTBP1-V5 (left) and Halo-EZH2-V5 (right) protein were captured on HaloLink resin, washed with either CLIP or CLAP wash buffers, and remaining

associated proteins were eluted (via heat), separated by SDS-PAGE, and detected using SyproRuby total protein stain. Red lines indicate regions usually cut for

CLIP (�70 kDa above protein molecular weight).

(D) Equivalent amounts of non-crosslinked HEK293T (�UV) whole-cell lysate were coupled to amine-reactive beads and washed with either CLIP or CLAP wash

buffers. The remaining bound RNA-protein complexes was eluted using proteinase K and associated RNAsmeasured. * denotes the lowermarker used for sizing.

(E and F) Scatter plots (left, CLIP; right, CLAP) of input RNA abundance compared with enrichment across 100-nt windows of all human RNAs in the �tag

experiments. Plots include all 3 PRC2 components; individual components are plotted in Figures S4B and S5C.

(G and H) Enrichment profiles for each PRC2 protein (EED, EZH2, and SUZ12) in the�tag samples are plotted across the human XIST lncRNA for CLIP (left, same

as Figure 1C) and CLAP (right). Input reads from EZH2 samples are plotted in light gray (CLIP and CLAP input are identical because they come from the same

lysate).
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PRC2 components do not detectably bind to RNA in vivo

To explore whether PRC2 components bind promiscuously to

RNA in vivo, we performed CLAP on each of the three PRC2

components (EED, EZH2, and SUZ12), labeled co-purified
RNA with a radioactive isotope (32P), and visualized the absolute

amount of labeled RNA bound to each protein on an SDS-PAGE

gel. In all cases, we detected no labeled RNA for any of the

PRC2 components (Figures 4A and S7A), despite successfully
Molecular Cell 84, 1–19, April 4, 2024 5
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Figure 3. CLAP accurately maps in vivo crosslinked RNA-protein interactions

(A) Visualization of radiolabeled RNA (32P) co-purified with Halo-PTBP1-V5 by either CLIP (left) or CLAP (right). Protein capture was verified by western blot

(below). Lower molecular weight in CLAP due to TEV cleavage required to release from resin. Expected molecular weights are indicated.

(B) Examples of CLIP and CLAP enrichments for PTBP1 over PLD3 pre-mRNA (top, intronic region spanning 0–3,000 nt) and CFL1 mRNA (bottom). Location of

PTBP1 motif is shown (red line).

(C) Examples of CLIP and CLAP enrichments for SAF-A over YTHDF2 mRNA and BTG2 mRNA. Exons are denoted by boxes and introns by connecting lines.

(D and E) Scatter plots of input RNA abundance compared with enrichment across 100-nt windows of all human RNAs identified for PTBP1 by CLIP (left) or

CLAP (right).

(F) Density scatter plot comparing the levels of significant PTBP1 enrichment (p < 10�6) between CLIP (x axis) and CLAP (y axis) across all human RNAs.

(G and H) Scatter plots of input RNA abundance compared with enrichment across 100-nt windows of all human RNAs identified for SAF-A by CLIP (left) or CLAP

(right). Windows with significant enrichment (binomial p < 10�6) are shown in red.

(I) Density scatter plot comparing the levels of significant SAF-A enrichment (p < 10�6) between CLIP (x axis) and CLAP (y axis) across all human RNAs.
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purifying each protein. In contrast, when we performed CLAP

on PTBP1, we detected large amounts of radiolabeled RNA

from a comparable amount of purified protein (Figures 4A,

S7A, and S7B).

We next considered the possibility that PRC2 may bind to rare

RNA targets that cannot be sensitively detected on a gel. To

explore this, we performed CLAP followed by sequencing of the

purified RNA. Importantly, we observed a strong global reduction
6 Molecular Cell 84, 1–19, April 4, 2024
in binding of all 3 of the PRC2 components to RNA (Figures 4B–4E

and S8A) with >99.97% of the RNA regions that were significantly

enriched byCLIP being depleted in theCLAP samples (Spearman

correlation = 0.001, Figure 4F). (The very few RNA regions that

showed significant enrichment in any PRC2 sample tended to

correspond to regions of low coverage andwere not reproducible

across replicates [Figure S8A].) For example, PRC2 binding that

was observed over XIST by CLIP was depleted when measured
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Figure 4. PRC2 components purified using denaturing conditions do not appear to bind RNA
(A) Visualization of radiolabeled RNA (32P) purified by CLAP from Halo-V5-tagged versions of PTBP1 and EZH2 across independent biological replicates. Protein

capture was verified by western blot (below).

(B and C) Enrichments for PTBP1, SAF-A, EED, EZH2, SUZ12, and GFP plotted across XIST in the +tag experiments for CLIP (left; EED, EZH2, and SUZ12 same

as Figure 1B) or CLAP (right).

(D and E) Scatter plots of input RNA abundance comparedwith PRC2 enrichment across 100-nt windows of all humanRNAs in the +tag experiments for CLIP (left;

same as Figure 1D) or CLAP (right). The plot includes all 3 PRC2 components; individual components are plotted in Figure S8A.

(F) Density scatter plot comparing the levels of +tag CLIP enrichments (x axis) to +tag CLAP enrichments (y axis) for all 3 PRC2 components across 100-nt

windows of all human RNAs.

(legend continued on next page)
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by CLAP (Figures 4B, 4C, S8C). These results are strikingly

different from the RNA-binding profiles observed by CLAP for

PTBP1 or SAF-A (Figures 4B and 4C), regardless of the precise

p-value cutoff utilized (Figure S7C). Instead, we find that the over-

all signal observed for each of the 3 PRC2 components is compa-

rable to the level observed when we perform CLAP on GFP

(Figures 4C and S8B), which does not bind RNA in vitro

(Figures S2 and S11) and does not have any endogenous targets

in mammalian cells.

This global reduction of PRC2 binding to RNA was observed

even though CLIP and CLAP were performed on the same pro-

tein from the same lysate and CLAP purified more protein than

CLIP in all cases (Figures S9A–S9D). In addition, we confirmed

that the Halo-tagged PRC2 components (1) were successfully

purified in all cases (Figure S10), (2) could still be properly incor-

porated into the endogenous PRC2 complex (Figure S1D), (3)

were expressed at levels that exceed endogenous levels

(Figures S1A and S1B), (4) retain their reported RNA-binding ac-

tivity in vitro (Figure S2), and (5) can form UV-induced crosslinks

with RNAwhen the interaction is assembled in vitro (Figure S11A;

STAR Methods, Halo-tagged PRC2 components and purified

PRC2 complexes associate and UV-crosslink with RNA in vitro).

Because PRC2 is a multi-component protein complex, we

wanted to exclude the possibility that overexpression of exoge-

nous PRC2 components might disrupt the complex and there-

fore impact RNA binding. While this possibility cannot explain

why CLIP observes non-specific binding, we wanted to ensure

that this was not the reason we failed to observe RNA binding

by CLAP. To address this, we integrated an in-frame SpyTag

(a distinct covalent tag that is �10-fold smaller than the

HaloTag; 3 versus 30 kDa) into both alleles of the endogenous

Eed, Ezh2, or Suz12 genes in mouse embryonic stem cells

(mESCs) using CRISPR-Cas9 (Figures 4G and S12A). When we

performed CLAP on these Spy-tagged PRC2 proteins, we

observed a similar global depletion of RNA binding (Figure 4G).

Despite the lack of PRC2-RNAbinding, these PRC2 components

properly localize to chromatin and deposit H3K27me3 at the ex-

pected locations across the genome (Figure 4H), including on the

inactive X (Figure S12B). In contrast, when we performed CLAP

on endogenously Spy-tagged PTBP1, we observed >10,000 en-

riched RNA regions corresponding to known PTBP1 binding

sites (Figures S12C and S12D).

Together, these results indicate that PRC2 does not appear to

bind directly to RNA in vivo—promiscuously or specifically—and

that direct RNA interactions are not required for PRC2 to localize

to chromatin or deposit H3K27me3.

Several chromatin regulators reported to bind RNA do
not appear to bind in vivo

Many additional chromatin proteins have been reported to

bind to RNA,4,32,39,86–89 including repressors and activators of

transcription,16,36,37,90 DNA-binding proteins,6,38 and proteins
(G) Integration strategy at endogenous locus for generating V5-Spy-tagged protei

for all endogenous Spy-tagged PRC2 proteins across 100-nt windows of all mou

(H) ChIP-seq against each V5-Spy-tagged PRC2 component (top, purple). ChIP

(bottom, yellow). Read coverage is plotted across the HOXD cluster along with i
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involved in 3D chromatin organization.8,40,41,91 Given our obser-

vations about PRC2, we explored whether some of these other

chromatin regulatory proteins may also fail to bind directly to

RNA in vivo. We performed CLAP on three additional pro-

teins—CTCF, YY1, and WDR5—that are known to play distinct

roles in chromatin regulation and have been widely reported to

bind RNA.

(1) CTCF is a zinc-finger-domain-containing protein that

directly binds DNA and is critical for the formation of topologi-

cally associated domain structures.92,93 Recently, CTCF has

been reported to bind RNA to guide CTCF to specific locations

on genomic DNA,7 locally constrain CTCF mobility on chro-

matin,94 and shape higher-order chromatin structure.7,8,40,41

The evidence for CTCF as an RBP comes from CLIP data indi-

cating that CTCF binds many different RNA targets including

lncRNAs such as Tsix, Firre, and others.7 Yet, in contrast to

what is observed for other well-defined RBPs, CLIP analysis of

CTCF shows strong RNA association even in the absence of

in vivo UV-crosslinking.7 Moreover, disruption of a specific re-

gion of CTCF that was reported to ablate interaction with RNA

in vitro (termed the ‘‘RNA-binding region’’8) still leads to detec-

tion of an appreciable amount of RNA by CLIP.41

To explore whether CTCF interacts with RNA in vivo, we gener-

ated a Halo-V5-tagged CTCF protein and expressed it in

HEK293T cells. When we performed CLIP on this fusion protein,

we observed comparable amounts of RNA in the presence and

absence of UV-crosslinking, indicating that the HaloTag does

not disrupt CTCF’s previously reported associations with RNA

(Figure S13A). However, when we performed CLAP and

sequenced the purified RNA, we did not identify a single

mRNA or lncRNA region (including FIRRE) that was enriched in

either of two independent CLAP experiments, even though we

successfully purified the protein in both cases (Figures 5A,

S13B, and S13E). Because RNA binding to CTCF has been pro-

posed to impact CTCF localization, we performed genome-wide

mapping of Halo-tagged CTCF by chromatin immunoprecipita-

tion sequencing (ChIP-seq) and observed highly comparable

localization patterns to those of endogenous CTCF proteins (Fig-

ure 5B). This indicates that the HaloTag does not disrupt CTCF

localization to chromatin or its ability to bind DNA. Together,

these results indicate that CTCF does not appear to bind directly

to RNA in vivo and that direct RNA binding is not critical for CTCF

localization on chromatin.

(2) YY1 is a DNA-binding protein that is thought to play an

important role in mediating enhancer-promoter loop interac-

tions.95 YY1 was reported to bind broadly to RNA based on

CLIP data, and these widespread RNA interactions were pro-

posed to be important for tethering YY1 to DNA.6,39 To explore

if YY1 interacts directly with RNA in vivo, we generated a

mESC line with an in-frame SpyTag integrated into the endoge-

nous Yy1 allele and performed CLAP (Figure S13C). When we

sequenced the associated RNA, we failed to identify a single
ns (top). Scatter plot of input RNA abundance compared with CLAP enrichment

se RNAs.

-seq on H3K27me3 from each tagged (middle, orange) and untagged cell line

nput (light gray).
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Figure 5. Several chromatin regulators reported to bind RNA do not appear to bind in vivo

(A) Scatter plot of input RNA abundance compared with CLAP enrichment across 100-nt windows of all human RNAs for Halo-CTCF-V5.

(B) ChIP-seq of endogenous CTCF versus Halo-V5-tagged CTCF.

(C) Scatter plot of input RNA abundance compared with CLAP enrichment across 100-nt windows of all mouse RNAs for V5-Spy-YY1.

(D) ChIP-seq of endogenous YY1 versus V5-Spy-tagged YY1.

(E) Scatter plot of input RNA abundance compared with CLAP enrichment across 100-nt windows of all human RNAs for Halo-WDR5-V5.

(F) ChIP-seq of endogenous WDR5 versus Halo-V5-tagged WDR5.
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RNA that was enriched for YY1 binding (Figure 5C). Because YY1

RNA binding has been proposed to impact YY1 localization on

chromatin, we performed genome-wide ChIP-seq experiments

and observed localization patterns that were highly similar to

thosepreviously reported for the endogenousprotein (Figure 5D).

We observed a similar global depletion of RNA binding when we

performed CLAP on an expressed Halo-tagged YY1 in HEK293T

cells (Figures S13D and S13E). Together, these results indicate

that YY1 does not appear to bind directly to RNA in vivo and

that RNA binding is not critical for YY1 localization on chromatin.

(3) WDR5 is a component of the MLL complex, which deposits

the H3K4me3 modification, a mark of transcriptionally active

chromatin.96 RIP experiments have shown that WDR5 binds to

many different lncRNAs, including HOTTIP, leading to the pro-

posal that lncRNAs act to guide the MLL complex to maintain

an active chromatin state.35 To determine whether WDR5 binds

directly to RNA, we expressed a Halo-V5-tagged WDR5 protein

in human HEK293T cells and performed CLAP. Similar to our ob-
servations with PRC2, CTCF, and YY1, we did not identify any

RNAs that were significantly enriched for interactions with

WDR5, including HOTTIP, despite successfully purifying the pro-

tein (Figures 5E, S13B, and S13E). Given the proposed role for

WDR5-RNA interactions in guiding WDR5 to chromatin, we per-

formed ChIP-seq on Halo-tagged WDR5 and observed highly

comparable localization patterns to those observed for the

endogenous WDR5 complex (Figure 5F). These results demon-

strate that RNA interactions are not essential for WDR5 localiza-

tion and function on chromatin.

Taken together, these data suggest the need for a critical eval-

uation of the RNA-binding properties of these and other chro-

matin proteins.

Specific chromatin proteins can bind directly to RNA
in vivo

Although several chromatin proteins do not appear to bind

directly to RNA in vivo, we explored whether other specific
Molecular Cell 84, 1–19, April 4, 2024 9
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Figure 6. Denaturing purification identifies specific chromatin proteins that bind to RNA in vivo

(A) Functional categories of chromatin proteins tested by CLAP (see STAR Methods). Proteins identified as RNA-binding proteins by CLAP are bolded.

(B) Cumulative distribution plot for the top 10,000 enriched 100-nt windows across all RNAs for chromatin proteins measured by CLAP.

(C, E, and G) Scatter plots of input RNA abundance compared with CLAP enrichment across 100-nt windows of all RNAs for a set of Halo-V5-tagged chromatin

proteins (SPEN, CHTOP, and TET2).

(D) Examples of CLAP enrichment profiles for SPEN across Xist (top), Kcnq1ot1 (middle, 0–10 kb), and Spen pre-mRNA (bottom, intron 2, �4.7 kb).

(F) Examples of CLAP enrichment profiles for CHTOP over the ANAPC7 pre-mRNA (top), KLC1 pre-mRNA (middle, first intron, 0–5 kb), and ALYREF pre-mRNA.

(H) Examples of CLAP enrichment profiles for TET2 over the DUS3L pre-mRNA (top), CTBP1 pre-mRNA (middle), and an antisense RNA transcribed from the

TET2 promoter (bottom, region spanning 10 kb). Blue box indicates a CpG island, and arrows indicate direction of transcription (black, sense; red, antisense).
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chromatin proteins might. To do this, we analyzed previously

published data generated from RNA purification in UV-cross-

linked cells followed by global protein identification using mass

spectrometry2,4,87,88,97–99 to select a list of 20 additional proteins
10 Molecular Cell 84, 1–19, April 4, 2024
with annotated roles in a range of chromatin functions, including

3D structure, histone modifications, DNA modifications, and

transcription100 (Figure 6A, see STAR Methods). We expressed

Halo-V5-tagged versions of these proteins and performed
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CLAP. While we did not detect significant RNA binding in most

cases, because we did not characterize each protein in detail,

we do not make any claims as to whether these represent

bona fide RBPs (see limitations of the study). Instead, we

focused on five chromatin-associated proteins—SPEN,

EWSR1, CHTOP, PSPC1, and TET2—that are robustly ex-

pressed (Figure S14) and bind to specific RNA regions in vivo

across multiple replicates using CLAP (Figures 6B and S15A).

(1) SPEN (also called SHARP) interacts with the SMRT/NCOR2

corepressor to activate histone deacetylase activity of HDAC3

and recruit it to specific genomic sites.55,101 We and others iden-

tified SPEN as the critical protein that binds to the A-repeat

of Xist and that is essential for initiation of silencing on

the X.55,68,102,103 While the interaction between Xist and SPEN

was previously observed by CLIP experiments,55,104,105 few

other RNA interactions were identified. We reasoned that by

reducing RBP association with non-specific RNA species,

CLAP might increase the sensitivity for detecting bona fide

RNA-protein interactions that occur with lower abundance

RNAs. To explore this, we performed CLAP on SPEN in mESCs

and identified �500 significant binding sites within �200 RNAs

(Figure 6C). These included the known binding sites within the

A-repeat region of Xist78,104–106 (Figure 6D). We also identified

binding sites within several other lncRNAs, including Kcnq1ot1

and Chaserr (Figures 6D and S16A). Because Kcnq1ot1 and

Chaserr have been shown to repress expression of their neigh-

boring genes,101,107–109 their direct interaction with SPEN may

in part explain how they achieve these roles. We also observed

strong enrichments at specific sites within the introns of pro-

tein-coding genes, including within the second intron of the

Spen pre-mRNA (Figure 6D); these interactions might act to

modulate transcription of these genes.

(2) EWSR1 is a multifunctional protein belonging to the FET

(FUS, EWSR1, and TAF15) family of proteins that bind DNA and

regulate gene expression.110,111 EWSR1 is known to associate

with the basal transcriptional machinery112 (transcription factor

IID and RNA polymerase II113) and transcriptional coactivators

(CREB-binding protein and histone acetyltransferase p300) to

stimulate transcriptional activation.114 EWSR1 functions have

been attributed in part to its ability to undergo oligomerization

through RNA-dependent phase separation in cells.113 We per-

formedCLAP on EWSR1 and observed >700,000 significantly en-

riched binding sites within thousands of RNAs. The majority of

these EWSR1 binding sites occur within intronic regions of pre-

mRNAs (FiguresS15BandS15C), consistentwithprevious reports

byCLIP.115–117BecauseRNA is thought to seed thebinding ofFET

proteins to RNA polymerase II,118,119 and the depletion of EWSR1

leads to a global reduction in nascent transcription,120 these

EWSR1-RNA interactions may explain how FET proteins mediate

widespread transcriptional activation of most genes. In addition,

we observe EWSR1 binding within the intron of its own mRNA as

well as the intron of the TAF15 mRNA, another member of the

FET family (Figure S16B), suggesting that EWSR1might act to au-

toregulate its own expression as well as the closely related and

functionally redundant FET proteins.121,122

(3) CHTOP is a component of an arginine methyltransferase

complex123 containing PRMT1 and PRMT5 that promotes

methylation of arginine 3 of Histone H4 (H4R3), a histone modi-
fication associated with transcriptional activation.124 CHTOP

has also been reported to bind to DNA sequences containing

5-hydroxymethylcytosine (5hmC),123,125,126 an intermediate of

DNAmethylation and an epigeneticmark that recruits DNA-bind-

ing proteins.127,128 Beyond its reported DNA and chromatin

roles, CHTOP was also recently identified as a novel component

of the TREX mRNA export complex.125,126 To explore CHTOP

binding, we performed CLAP and identified >40,000 enriched

sites within �7,000 RNAs, including within the introns of

ALYREF (Figures 6E and 6F), a core factor of the TREX com-

plex.129,130 Globally, CHTOP intronic binding sites were predom-

inately located at the 50 end of the first intron (Figures 6F and

S16C), possibly due to co-transcriptional recruitment to pre-

mRNAs via splicing, similar to previous observations for TREX

binding to mRNA.131 The association between CHTOP and

nascent pre-mRNAs may act to facilitate its recruitment to the

genomic DNA region of actively transcribed genes.126

(4) PSPC1 is a nuclear protein enriched within paraspeckles, a

nuclear structure thought to fine-tune gene expression by

sequestering proteins away from their target genes.132 In addi-

tion, PSPC1 has been reported to localize at promoters120,133

and guide chromatin regulators,134 including TET2 and

HDAC1/2, to transcriptionally active genomic loci through its in-

teractions with nascent RNAs. We performed CLAP on PSPC1

and observed binding to NEAT1 (Figures S15D and S16A), a

lncRNA that is essential for paraspeckle assembly.135 Beyond

NEAT1, we identified significant PSPC1-binding sites within

the introns and 30 UTRs of >10,000 mRNAs (Figures S15B and

S16B); these binding preferences are consistent with those

observed by previous CLIP experiments.74,136 These include

specific enrichment within the introns of HDAC- and TET-related

mRNAs, such as SIN3B and HDAC8 (Figure S15A). Because

PSPC1 binds to a large number of pre-mRNAs and interacts

with numerous chromatin regulators, these RNA interactions

may be important to fine-tune gene expression at sites of active

transcription.

(5) TET2 is a dioxygenase that catalyzes stepwise DNA

demethylation by converting 5-methyl cytosine (5mC) to

5-hydroxymethyl cytosine (5hmC) on DNA.137 To explore TET2

binding to RNA, we performed CLAP and uncovered >7,000

binding sites within �1,500 RNAs (Figures 6G and S17A). For

example, we observe highly specific, focal binding sites within

introns of the DUS3L and CTBP1 pre-mRNAs (Figure 6H). Motif

analysis of TET2 enriched RNA-binding sites revealed a strong

preference for G/C-rich sequences, consistent with its DNA sub-

strate138 (i.e., CpG dinucleotides) (Figure S17B). Globally, we

observed striking enrichment of TET2 binding to RNAs that are

located near promoters (Figure S17C) with TET2 binding to hun-

dreds of antisense RNAs at promoters, including at its own

mRNA locus (Figures 6H and S17D). These RNA-binding sites

often overlapped CpG islands (�80% overlap) at promoters

and within coding sequences (�30% of all peaks, Figure S17E).

This localization is similar to the known DNA localization of TET2

primarily at CpG islands and promoters.139–143 Because TET2

functions as a DNA demethylase, and because TET2 lacks a

known DNA-binding domain,144 these RNA interactions may re-

cruit TET2 to DNA to enact its enzymatic functions. Consistent

with this, TET2 localization on chromatin has been shown to be
Molecular Cell 84, 1–19, April 4, 2024 11
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sensitive to transcriptional inhibition.134 Importantly, our global

RNA-binding maps for TET2 contrast with those previously re-

ported by CLIP, which were predominantly enriched for transfer

RNAs, ribosomal RNAs, and murine endogenous retrovirus-L

(MERVL) transcripts.134,145,146 The highly specific binding sites

we identified on lower abundance RNAs will be critical for dis-

secting potential RNA-dependent functions of TET2.

Together, these results indicate that while not all previously re-

ported chromatin regulators appear to directly bind RNA in vivo,

some chromatin-associated proteins do, and CLAP can robustly

identify their binding sites even when they lack canonical RNA-

binding domains (Figure S15E).

DISCUSSION

Need for careful re-evaluation of the role of RNA in PRC2
functions
Our results argue for a critical re-evaluation of the idea that PRC2

and other chromatin regulators bind directly to many RNAs and

that such binding is essential for their function.

While it remains unclear why PRC2 appears to bind promis-

cuously to RNA in vitro but does not appear to bind directly

in vivo, there are several critical differences between in vitro re-

action conditions and the in vivo context of PRC2 in the nu-

cleus. For example, in contrast to in vitro experiments where

protein and RNA are well mixed at defined concentrations,

the nucleus is highly compartmentalized147 such that these

components might not occupy the same locations. As an

example, PRC2 proteins are generally enriched in silenced

domains of the nucleus with few actively transcribed genes

(‘‘polycomb bodies’’).148–150 Additionally, in contrast to in vitro

reactions where a single purified protein and RNA of interest

are present, there are hundreds of different proteins and

RNAs in the nucleus that compete for binding. In the case of

Xist, which is present on the inactive X (a location enriched

for PRC2), the absence of PRC2 binding may reflect the fact

that other RBPs (e.g., SPEN/SHARP) have stronger binding af-

finity and outcompete PRC2 binding. Finally, in vitro binding

between PRC2 and RNA is highly dependent on the precise

buffer composition, RNA templates, and other reaction condi-

tions58; the specific conditions that promote these interactions

do not fully mimic the cellular environment.

Currently, the only evidence indicating that PRC2 binds

to RNA in vivo comes from methods using UV-based

crosslinking.4,21,22,70,151 Importantly, formaldehyde crosslinking

and other proximity-based methods do not provide evidence

for direct in vivo binding because they also detect associations

that are in proximity. For example, Xist is in proximity to PRC2

because Xist localizes to the inactive X, which is enriched for

PRC2. Because we and others59 have shown that PRC2 can

form UV crosslinks with RNA when assembled in vitro, the lack

of observed binding by CLAP indicates that PRC2 does not

bind to RNA in vivo. Nonetheless, even if this is caused by the

inability of PRC2 to UV-crosslink to RNA, these results still indi-

cate that previous reports of direct PRC2-RNA binding in vivo are

problematic. Accordingly, there is currently no compelling

biochemical evidence to support the notion that PRC2 binds to

RNA in vivo.
12 Molecular Cell 84, 1–19, April 4, 2024
Recently, several other technical challenges to the PRC2-RNA

model have emerged. For example, many of the published RIP

and CLIP studies on EZH2 were shown to be confounded by

cross-reactivity of the commonly used antibody with SAF-B,152

a RBP that binds many RNAs.153 Moreover, previous reports of

a global role for RNA in PRC2 localization to chromatin23 were

shown to be primarily due to a technical issue and that, once cor-

rected, PRC2 localization is independent of RNA.154,155

Beyond PRC2 and the chromatin proteins explored here,

many additional proteins lacking classically defined RNA-bind-

ing domains—including transcription factors, chromatin regula-

tors, and metabolic proteins—have been reported to bind

RNA, suggesting the potential for a vast regulatory role for

RNA. Yet, to date, few of these proteins have been demonstrated

to function through their interaction with RNA.156 This disconnect

has led to an increasing body of literature that suggests putative

functions for RNA-protein interactions that have proven difficult

to build on and, conversely, has led to increasing skepticism

about the functional relevance of ncRNAs more generally. Given

these issues, it is essential for those reporting such interactions

to robustly demonstrate that they occur in the cell and the func-

tional roles of these interactions. A systematic understanding of

which proteins are indeed bona fide RBPs and which specific

RNAs they bind is required to enable rigorous functional and

mechanistic studies.

Considerations when evaluating RNA binding by CLIP
and CLAP
CLIP has been used to accurately map the in vivo RNA-binding

sites of numerous RBPs and has provided essential insights

into their mechanisms of RNA recognition and functions in

RNA processing and regulation.63–67,157,158 Our results demon-

strate that CLIP can quantitatively separate bona fide interac-

tions that occur in vivo from non-specific associations for well-

characterized RBPs (e.g., SAF-A and PTBP1) yet can fail to do

so in cases where the proteins do not bind directly to RNA in vivo

(e.g., PRC2 and GFP). We find that in the case of proteins that do

not interact with RNA, CLIP can lead to detection of non-random

associations that often show discrete UV-dependent and pro-

tein-specific ‘‘peaks’’ that could be mistaken for legitimate bind-

ing sites using standard analytical methods.

Despite these issues, the CLIP procedure itself is not the prob-

lem; rather, complications can arise from how the data are inter-

preted. Specifically, CLIP is generally performed on an individual

protein and interpreted in isolation. When studying a known

RBP, CLIP has proven to be a powerful and highly specific

method for defining which specific regions of RNA are bound.

Indeed, it was for this application that CLIP was initially devel-

oped67 and for which it is most commonly used.159 When it is

applied to a protein that may not bind to any RNA, this approach

can lead to non-random deviations that may appear as ‘‘signifi-

cant’’ enrichments when analyzed in isolation. This is likely

due to the fact that background signal is non-random and can

be comparable even across different proteins.117,160,161 For

example, while PTBP1 and SAF-A exhibit distinct and specific

binding patterns on XIST in +tag CLIP samples (Figure S18A),

they display the same patterns as EED, EZH2, and SUZ12 in

the �tag CLIP samples (Figure S18B).
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Yet, even in these cases, we observe that there are clear qual-

itative and quantitative differences in the amount of RNA

captured between bona fide RBPs and non-RBPs. For example,

the absolute amount of RNA visually detected after CLIP for

PRC2 or GFP is dramatically lower than for PTBP1 or SAF-A (Fig-

ure S19A). However, when PRC2 and GFP gels are contrasted in

isolation, we observe some signal including at discrete bands

corresponding to the expected protein size (Figure S19B). We

observe a similar result when comparing different proteins within

our +tag CLIP experiments; PTBP1 and SAF-A show strong

enrichment relative to GFP (>5-fold) while PRC2 components

were comparable to GFP (Figure S20A), similar to our observa-

tions by CLAP (Figure S20B).

These quantitative differences may explain some of the

apparent discrepancies between conclusions from previous

CLIP studies, including more stringent variants such as dena-

turing CLIP (dCLIP),34,70 and those reported here. Accordingly,

extreme care is needed especially when evaluating proteins

that (1) lack canonical RNA-binding domains, (2) exhibit binding

profiles that approximate those of input RNA, or (3) generate low-

complexity sequencing libraries. In such cases, CLAP serves as

a valuable orthogonal method to separate bona fide RNA-protein

interactions that occur in vivo from potentially spurious back-

ground measurements.

Limitations of the study
Our results demonstrate that CLAP significantly reduces non-

specific signal while accurately mapping known RNA-protein in-

teractions for well-characterized RBPs. CLAP has several addi-

tional technical advantages: (1) it takes significantly less time to

perform because it does not require gel extraction, (2) it allows

for fragmentation of RNA using heat and so eliminates structural

biases associated with RNase digestion, and (3) it can be used

with an exogenous protein expression system that eliminates

the need for high-quality antibodies. However, one significant

limitation is that it requires engineering a tagged protein. While

this may be critical for studying specific proteins of interest, we

appreciate that it is unlikely to be the ideal strategy for screening

large numbers of putative RBPs.

Although our results show that PRC2 and other chromatin

proteins do not appear to directly bind to RNA in vivo, they

do not exclude the possibility that they may bind to specific

RNAs in other contexts not explored here, or that they may

bind to RNA indirectly through protein-protein interactions.

Several orthogonal methods have been developed for exploring

indirect RNA and protein association (adenosine-to-inosine ed-

iting,162 proximity labeling,163–165 and reverse transcribe and

tagment (RT&Tag)166). In addition, because CLAP does not

require size-based gel extraction, it can be used with orthog-

onal crosslinking methods (i.e., formaldehyde) to study RNA-

protein assemblies that occur through indirect protein-protein

contacts.

The absence of detectable RNA binding can be caused by

multiple different factors and on its own does not indicate that

a protein does not bind to RNA. For example, if a tagged protein

is expressed at very low levels, it might not purify detectable

amounts of RNA. Conversely, if a protein is expressed at very

high levels such that it disrupts proper assembly into a multi-
component complex it might also fail to associate with RNA.

Additionally, the integration of a tag into the protein could impact

protein function and binding. Finally, not all protein-RNA con-

tacts are capable of forming UV crosslinks167 either because of

the inherent UV bias for aromatic amino acids or due to differ-

ences in the type of RNA contacts that might occur (i.e., phos-

phodiester backbone), or because of the transient nature of spe-

cific interactions. Although these specific considerations do not

impact our conclusions about PRC2 (because we specifically

explored these aspects), these considerations are important

when interpreting what the absence of RNA binding might

mean when exploring other proteins.
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STAR+METHODS
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Goat anti-V5 antibody Bethyl Cat# A190-119A; RRID:AB_67317

Rabbit anti-V5 antibody Bethyl Cat# A190-120A; RRID:AB_67586

Anti-HaloTag antibody Promega Cat# G9211; RRID:AB_2688011
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Anti-EZH2 antibody (pAb) Active Motif Cat# 39933; RRID:AB_2793397

Anti-Suz12 antibody (pAb) Active Motif Cat# 39357; RRID:AB_2614929

Anti-H3K27me3 antibody Active Motif Cat# 39155; RRID:AB_2561020

Bacterial and virus strains

NEB 10-beta Competent E. coli (High Efficiency) NEB Cat# C3019H

BL21(DE3)-Gold competent cells Agilent Cat# 230132

Chemicals, peptides, and recombinant proteins

HaloTag Alexa Fluor 660 Ligand Promega Cat# G8471

HaloLink Resin Promega Cat# G1915
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M-PER Mammalian Protein Extraction Reagent Thermo Fisher Cat# 78501

pCp-IR680LT Jena Bioscience Cat# NU-1706-IR680LT

Critical commercial assays

BioT transfection reagent Bioland Cat# B01-03

NEBNext Ultra II End Repair/dA-Tailing Module NEB Cat# E7546L

T7 RiboMAX Express Large Scale RNA Production System Promega Cat# P1320

Deposited data

CLIP- and CLAP-seq data This study GEO: GSE253477

ChIP-seq data This study GEO: GSE253477

Processed CLIP and CLAP enrichments and full-length
32P gel images

This study Mendeley Data: https://doi.org/10.17632/

wmsbzv6kg5.2

Experimental models: Cell lines

Human: HEK293T cell line ATCC Cat. # CRL-3216

Mouse: pSM33 ES cell line Engreitz et al.168 (K. Plath) pSM33 (dox-inducible Xist)

Mouse: Spy-tagged Eed ES cell line This study pSM33 (dox-inducible Xist)
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Mouse: Spy-tagged Ezh2 ES cell line This study pSM33 (dox-inducible Xist)

Mouse: Spy-tagged Suz12 ES cell line This study pSM33 (dox-inducible Xist)

Mouse: Spy-tagged Ptbp1 ES cell line This study pSM33 (dox-inducible Xist)

Mouse: Spy-tagged Yy1 ES cell line This study pSM33 (dox-inducible Xist)

Oligonucleotides

gRNAs, ultramer sequences, and genotyping primers

used for CRISPR-targeting

This study See Table S3

Recombinant DNA

Entry clone expression vectors Yang et al.169 See Table S1

pcDNA3-Tet2 Wang et al.170 RRID: Addgene_60939

pCAG-Halo-TEV-DEST-V5-IRES-puroR destination vector This study N/A

PyDox-Halo-TEV-DEST-V5-EFS-hygR destination vector This study N/A

T7-Halo-TEV-6xHis-SpyCatcher001 expression vector This study N/A

Software and algorithms

CLAP pipeline (v0.1) This study https://github.com/GuttmanLab/CLAPAnalysis

https://doi.org/10.5281/zenodo.10535123

Integrative Genomics Viewer Robinson et al.171 http://software.broadinstitute.org/software/igv/

STAR aligner Dobin et al.172 https://github.com/alexdobin/STAR

Bowtie2 Langmead and Salzberg173 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Picard ‘‘Picard Toolkit.’’ 2019.

Broad Institute, GitHub

Repository.

https://broadinstitute.github.io/picard/

Trim Galore! (v0.6.2) Felix Krueger

(The Babraham Institute)

https://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/

FastQC (v0.11.8) Simon Andrews

(The Babraham Institute)

https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

R Package (v4.3.1) R Project https://www.r-project.org/

RNA Centric Analysis System Report (v.3.18) Uyar et al.174 https://github.com/BIMSBbioinfo/RCAS

FIMO, MEME suite (v5.5.5) Grant et al.175 https://meme-suite.org/meme/doc/fimo.html

HOMER Benner Lab http://homer.ucsd.edu/homer/ngs/

ImageJ Rueden et al.176 https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Mitchell

Guttman (mguttman@caltech.edu).

Materials availability
Plasmids, cell lines, and reagents generated in this study are available upon request to the lead contact.

Data and code availability
d CLIP and CLAP sequencing data have been deposited to GEO with identifier GEO: GSE253477. Original images for 32P gels

and processed CLIP and CLAP data are available through Mendeley Data and are publicly available as of the date of publica-

tion. The DOI is listed in the key resources table.

d Software generated for this study is available through GitHub at https://github.com/GuttmanLab/CLAPAnalysis. The DOI is

listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
CLAP experiments were performed on either Human Embryonic KidneyCells expressing T-antigen (HEK293T cell line) ormalemouse

embryonic stem cells containing a doxycycline-inducible Xist (bs/ps pSM33 cell line). HEK293T cells were cultured in HEK293T me-

dia consisting of 1X DMEM media (Gibco), 1 mM MEM non-essential amino acids (Gibco), 1 mM Sodium Pyruvate (Gibco), 2 mM

L-Glutamine (Gibco), 1X FBS (Seradigm). bs/ps pSM33 were cultured in serum-free 2i/LIF medium as previously described.168

METHOD DETAILS

Challenges associated with distinguishing between promiscuous binding and lack of binding
It is well documented in RIP- and CLIP-Seq experiments that the overall coverage of an RNA detected in the capture sample is pro-

portional to the abundance of the RNA in the input sample (background) and the enrichment of protein binding to that RNA (signal).159

When a protein binds to specific targets, the proportion of reads for those RNAs will significantly exceed the level of RNA in the initial

sample (signal > background). When a protein does not bind RNA in vivo, the proportion of readswill be similar to its abundance in the

input sample (signal � background). Similarly, when a protein binds promiscuously to a majority of, or all, RNAs in vivo (i.e., SAF-A),

the proportion of reads is expected to approximate that of the input sample, despite representing true binding events (signal� back-

ground); this is because the enrichment is constant across all RNAs, and therefore abundance will be the primary determinant of its

proportions. Accordingly, it is difficult to distinguish between proteins that do not bind to RNA in vivo and those that bind promiscu-

ously to many RNA targets without employing additional experimental controls.

Cloning of Halo-V5-tagged expression constructs
Protein constructs were obtained from DNASU (https://dnasu.org/DNASU/Home.do) and LR-cloned (Invitrogen Gateway Cloning,

Thermo Fisher Scientific) into either the mammalian expression destination vector pCAG-Halo-TEV-DEST-V5-IRES-puroR or

PyDox-Halo-TEV-DEST-V5-EFS-hygR as previously described.77

Additional chromatin proteins were selected based on the criteria that they were either (i) enriched in at least one of 40+ global

proteomics studies identifying RBPs, as catalogued by the comprehensive RBP2GO database97 or (ii) previously reported to bind

to RNA to enact chromatin regulatory functions.We further filtered this list to focus only on proteins that were present in theORFeome

entry clone library169 (with the exception of TET2). Meta-analysis including the number of times a candidate protein was identified as

an RBP, which studies (including method, authors, and year when study was published) identified them, and complete Gene

Ontology annotations, was downloaded directly from the RBP2GOwebsite (https://rbp2go.dkfz.de/) and included in Table S1, along

with DNASU Clone ID numbers.

For TET2, an entry clone was generated by BP cloning (Invitrogen Gateway Cloning, Thermo Fisher Scientific) using a PCR ampli-

con (primers: GGGGACAAGTTTGTACAAAAAAGCAGGCTTTatggaacaggacagaaccacc and GGGGACCACTTTGTACAAGAAAGCT

GGGTTtacaaatgtgttgtaaggccc; template: pcDNA3-Tet2, a gift from Yi Zhang170 (see Table S1 for Addgene information) into

pDONR223.

Expression, UV-crosslinking, and lysis of cells
Expression, UV-crosslinking, and lysis of HEK293T cells were performed as previously described.77 pSM33 cells were trypsinized

using 0.025% trypsin (Gibco), pelleted, and transferred to tubes at a ratio of 2million cells/transfection and pelleted by centrifugation.

Cells were then resuspended in resuspension buffer R (Invitrogen) andmixedwith 12 mg of DNA. Themixture was transfectedwith the

following settings using 100mL tips on the Neon Transfection Device (Invitrogen): 1400 V, 3 pulses, and a 10 ms pulse width. Trans-

fected cells were pipetted directly onto a 10 cm culture plate. After 24 hours, the media was changed on the samples and 1 mg/mL

puromycin was added in order to select for cells that contained the transfected expression cassette. At time of transfection, cells

were washed once with PBS and then crosslinked on ice using 0.25 J cm-2 (UV 2.5k) of UV at 254 nm in a Spectrolinker UV Cross-

linker. Cells were then scraped from culture dishes, washed once with PBS, pelleted by centrifugation at 1500g for 4 min, and flash-

frozen in liquid nitrogen for storage at -80 �C.

Western blot of tagged proteins
HEK293T cells expressing the Halo-tagged proteins were harvested and lysed as described before in 1mL of cold lysis buffer (50mM

HEPES pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate). 20 mL of lysate was diluted to 1X final concen-

tration of LDS loading buffer (4 mL 10X Bolt reducing agent, 10 mL 4X NuPAGE LDS Sample Buffer, 4 mL H2O), denatured at 80�C for

6 minutes, run on a Bolt 4-12% Bis-Tris Plus Gel (Thermo Fisher Scientific), and then transferred to a nitrocellulose membrane using

the iBlot transfer system. Proteins were visualized by western blotting using the following primary antibodies and dilutions: anti-V5

(Bethyl, A190-119A; 1:2000 dilution), anti-HaloTag (Promega, G9211, 1:1000 dilution), anti-EED (CST, E4L6E, 1:1000 dilution), anti-

EZH2 (CST, D2C9, 1:1000 dilution), anti-SUZ12 (CST, D39F6, 1:1000 dilution), and anti-PTBP1 (CST, E5O2S, 1:1000 dilution).
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Co-immunoprecipitation of PRC2 components and AlexaFluor labeling
5 mg of Rabbit IgG (CST, 2729S), anti-EZH2 (Active Motif, 39933), or anti-SUZ12 (Active Motif, 39357) antibodies were coupled to

50 mL of Protein G beads (Dynabeads) at room temperature for 30 minutes. Beads were washed three times with 300 mL mammalian

lysis buffer (50 mMHEPES pH 7.5, 150 mMNaCl, 1% Triton X-100, 0.1% sodium deoxycholate). HEK293T cells expressing Halo-V5

fusion proteins of EZH2, EED, or SUZ12 were lysed as in the CLAP procedure except that 1mL of mammalian lysis buffer was used in

place of standard lysis buffer. Beads were then incubated with HEK293T lysates expressing either Halo-EZH2-V5, Halo-EED-V5, or

Halo-SUZ12-V5. The antibody-coupled beads were incubated with lysate overnight. After binding, the beads were washed three

times with mammalian lysis buffer for 2 minutes with shaking (1500 rpm) on a ThermoMixer. After washes, the supernatant was

removed and replaced with 18 mL of mammalian lysis buffer + 2 mL of a 1:60 dilution of diluted HaloTag Alexa Fluor 660 Ligand (Prom-

ega). This was incubated at room temperature in the dark for 20minutes. The reactionwas quenched by adding 4X LDS loading buffer

and heating at 70�C for 7minutes. After heating, the beads were placed on amagnet and the supernatant was loaded on a 3-8%Tris-

Acetate gel. The gel was imaged directly on the LI-COR Odyssey.

Measurement of in vitro binding of PRC2 components to RNA
Direct binding of RNA to covalently immobilized Halo-tagged fusion proteins was assayed on a Biacore T200 (GE Healthcare Life

Sciences) and Series S Sensor Chip CM5 (GE Healthcare Life Sciences, BR100530). The Halo capture reagent (chloroalkane) was

coupled to the chip by amine coupling according to the manufacturer’s protocol (Promega, P6741) with the following deviations.

The Halo capture reagent was resuspended in anhydrous DMSO (5mg/mL) and diluted to 2.5 mg/mL in 1x HBS-N Buffer (GE Health-

care) and injected onto the chip until 300 resonance units (RU) of amine ligand was immobilized. Ethanolamine (1 M, pH 8.5) (Sigma-

Aldrich, 15014) was injected for 7 minutes at 10 mL/minute to block remaining active sites on the chip.

HEK293T cells transfected with DasherGFP (ATUMBiosciences, FPB-27-609), DasherGFP-3x-lN, EZH2, EED, or PTBP1 fused to

a N-terminal HaloTag were prepared as described above. Cells were resuspended in 2 mL of 1x HBS-EP+ buffer (GE Healthcare,

BR100669) supplemented with 1X Protease Inhibitor (Promega, G6521), 2.5 mM manganese chloride, 0.5 mM calcium chloride,

40 U of Turbo DNase (Ambion, AM2239), 40 mg of RNase A and 100 U of RNase T1 mix (Ambion, EN0551), and incubated on ice

for 10 minutes. Cells were then sonicated (Branson Ultrasonics) for 30 seconds at 5W (0.7 seconds on, 0.7 seconds off) then incu-

bated at 37�C for 10minutes at 1100 RPMon a ThermoMixer. Samples were then placed on ice for 2minutes prior to centrifugation at

16000 x g for 2 minutes at 4� C. Clarified lysate was injected onto flow cells 2 and 4 of the chip for 60 seconds to allow Halo-tagged

proteins to covalently bind the chip surface, followed by a 1 second injection of 50 mM NaOH to clean the chip surface and remove

non-covalently bound RNA, DNA, and protein. Injections of lysate and NaOH pulses were continued until 10 RU of Halo-tagged pro-

tein was covalently immobilized on the chip surface. Flow cells 1 and 3 of the chip were left blank to be used as reference surfaces.

RNA derived from the Maltose Binding Protein (MBP, 1-240 nucleotides) fused to 5 copies of the BoxB aptamer (MBP-5x-BoxB),

the A-repeat (260-1,002 nucleotides), or the E-repeat (11,963-12,705 nucleotides) of the Xist RNA were in vitro transcribed using the

T7 RiboMAX Express Large Scale RNA Production System (Promega, P1320) after PCR amplification to incorporate a T7 promoter.

In vitro transcribed RNA was diluted with water and 10X HBS-EP+ Buffer to a final concentration of 1.1 mM prior to heat denaturation

at 70�C for 2 minutes. 1M magnesium chloride was added to a final concentration of 3.25 mM and allowed to cool to room temper-

ature. RNAwas then stored on ice or at 4� Cprior to injection over all four flow cells at 25�Cat 100 mL/min for 60 seconds. The different

concentrations of RNA were injected by the instrument in a randomized order. After injection ended, dissociation was monitored in

each flow cell for 500 seconds. Regeneration of the sensor chip surface was performed by injecting 50 mM NaOH at 100 mL/min for

3 sec, waiting 180 seconds for the baseline to stabilize, then injecting a 1 second pulse of NaOH, waiting 240 second for the baseline

to stabilize, and washing the injection needle.

Sensorgrams were processed with Biacore T200 Evaluation Software, (version 3.0). The y-axes were zeroed at the baseline for

each cycle and x-axes were aligned at the injection start. We used the first 100 seconds of the dissociation curve for global fitting.

Bulk refractive index changes and systematic deviations in sensorgrams were removed by subtracting the responses in reference

flow cells (1 and 3) corresponding to the sample flow cells (2 and 4). The averaged sensorgrams for 0 nM RNA were then subtracted

from sensorgrams for all other concentrations. After double referencing kinetic data and removing injection and pump spikes, the

data were fit globally by non-linear regression to a simple 1:1 Langmuir binding model with a bulk refractive index term to determine

association/dissociation rate constants (ka, kd), analyte binding capacity (Rmax), and the equilibrium dissociation constant (KD). Sen-

sorgrams and 1:1 binding model curve fits were exported and plotted.

Enhanced crosslinking and immunoprecipitation
eCLIP was performed as previously described,71 with slight modifications. Cells were lysed in 1 mL lysis buffer (50mM Tris pH 7.5,

100mMNaCl, 1%NP-40, 0.5% sodium deoxycholate, 1X Promega PIC). RNAwas digested with Ambion RNase I (1:3,000 dilution) to

achieve a size range of 100-500 nucleotides in length. We used a fixed RNase condition for all experiments to enable comparison

between proteins. Lysates were precleared by mixing with Protein G beads (Dynabeads) for 30 minutes at 4�C. Target proteins
were immunoprecipitated overnight at 4�C from 10 million cells with 5 mg of antibody coupled to 40 mL of Protein G beads in

100 mL lysis buffer. Antibodies were pre-coupled to beads for 1 hour at room temperature with mixing, followed by 3 washes with

lysis buffer to remove unbound protein. After immunoprecipitation, beads were washed four times with high salt wash buffer

(50 mM TrisHCl pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) and four times with wash buffer
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(20 mM Tris-HCl pH 7.4, 10 mM MgCl2, 0.2% Tween-20). RNA and protein were eluted by incubating in NLS elution buffer (20 mM

Tris-HCl pH 7.5, 10 mM EDTA, 2%N-lauroylsacrosine, 2.5 mM TCEP) supplemented with 100 mMDTT at 50�C for 20 minutes. Sam-

ples were then run through anSDS-PAGE gel and transferred to a nitrocellulosemembrane using the iBlot transfer system. The region

70 kDa above themolecular weight of the protein of interest was isolated and treatedwith Proteinase K (NEB), followed by purification

with RNA Clean & Concentrate-5 (Zymo, >17 nucleotides protocol). Anti-V5 antibody (Bethyl, A190-120A) was used for all CLIP

experiments.

CLIP RNase titration
RNase titration was carried out to resolve RNA-protein complexes at RNase I (Ambion) dilutions of 1:50, 1:3,000, and 1:50,000. eCLIP

was performed as previously described,71 and radiolabeling of captured RNA-protein complexes was performed as detailed above.

Titration of RNase in a CLIP assay is expected to resolve RNA signal such that it co-migrates with the size of the protein on an SDS-

PAGE gel, highlighting specificity for the RBP (i.e., PTBP1, Figure S3C). We found that CLIP of PRC2 shows generally low levels of

RNA co-migration with scaling RNase concentrations, but slightly higher than those in the absence of UV or in untransfected controls

(Figures S3A and S3B). Specifically, while the CLIP procedure works well for known RBPs such as PTBP1, there is a qualitatively

different result for the PRC2 components which show much lower overall RNA intensity, the sizes do not shift dramatically with

RNase, and the amount of RNA that co- migrates with the protein is a tiny fraction of the total RNA (Figure S3A). This same trend

was observed in previously published PRC2 CLIP experiments, including a modest co-migration band with large amounts of back-

ground RNA signal.21,22 This preferential RNA signal near the size of the protein itself has been shown to occur for other non-RBPs.177

Despite these clear differences relative to other RBPs like PTBP1, the difference in overall RNA amounts observed for the PRC2

component in the +UV samples is qualitatively higher than in the -UV samples or in the untransfected controls, which is likely caused

by UV crosslinking-specific sources of background.

Possible explanations for UV- and protein-dependent non-specific associations
We considered several possible explanations for why CLIP identifies RNA-protein interactions that do not occur in vivo.

(i) The detected RNAs may be crosslinked to other non-specific proteins present after immunoprecipitation. Because CLIP relies

on immunoprecipitation, the stringency of purification is limited to wash conditions (i.e., high salt followed by low salt) that

maintain the antibody-protein interaction as well as the interaction between the Protein G bead and the antibody. These con-

ditions have been shown to retain non-crosslinked protein-protein interactions in the case of PRC2 components22 and may

similarly retain other protein-protein interactions that form in solution. To specifically compare the limited stringency of

CLIP-washes to denaturing CLAP-washes, we performed an experiment in which we could keep all other parameters identical

(i.e., protein amount and capture) and simply vary the wash conditions. Because antibody-epitope interactions do not with-

stand the denaturing CLAP-wash conditions, we covalently conjugated two different proteins (Halo-PTBP1-V5 and Halo-

EZH2-V5) onto HaloLink resin, split the resin, performed either CLIP-washes or CLAP-washes, ran samples on denaturing

SDS-PAGE, and then visualized all proteins present after elution using a total protein stain. For both proteins, we identified

non-specific background proteins purified in the CLIP-wash conditions that were not detected in the CLAP-wash conditions

(Figure 2C). Further, many of these detected non-specific proteins are within the size range that is excised from the nitrocel-

lulose membrane in a CLIP experiment for each target protein (Figure 2C, red line), and therefore would not be excluded by the

gel separation and size-based extraction of RNA-protein complexes steps present in CLIP. These results may explain why the

level of background RNAs is significantly lower when CLIP is performed in non-crosslinked lysates, with IgG controls, or in

knockout cells that lack the target protein that is immunoprecipitated.20,22

(ii) The detected RNAsmay be free RNAs in solution that are not fully removed in the CLIP assay. It is commonly accepted that the

nitrocellulose membrane transfer step after denaturing gel electrophoresis in CLIP enriches for crosslinked complexes

because nitrocellulose is expected to only bind to proteins and not free RNA.67 However, while this step does enrich for bound

RNA, we found that there is still a significant amount of free RNA that is retained. Specifically, we tested the amount of non-

crosslinked RNA retained after CLIP washes, gel separation, and nitrocellulose membrane transfer by measuring the amount

of RNA recovered fromUV-crosslinked cells and non-crosslinked cells (Figure S5D). Importantly, we recovered a large amount

of RNA from the non-crosslinked samples; in fact, we observed only�4-fold less RNA relative to the amount purified from UV-

crosslinked samples (Figure S5D). Detection of non-crosslinked RNA-protein interactionsmay be due in part to the abundance

of free RNA and protein from the low efficiency of RNA-protein crosslinking by UV light (�1-5%).63

(iii) The specific protein that is purified may interact with RNAs in solution to form non-crosslinked RNA-protein complexes. This

could lead to enrichment of an RNA that is either (i) crosslinked to a distinct protein in vivo (i.e., another RBP) or (ii) free RNA in

solution; both would increase with increasing amounts of non-crosslinked RNA that remains after CLIP-washes. To directly

compare the efficiency of CLIP-washes to CLAP-washes in removing non-crosslinked RNA, we took equivalent amounts

of either UV-crosslinked or non-crosslinked (-UV) cell lysates and coupled them to NHS-activated magnetic beads, which

bind to all proteins in the sample (Figure S5A). We then split these beads, performed either CLIP-washes or CLAP-washes,

and eluted the RNAs using Proteinase K. We found that CLIP-washes retain a large amount of -UV RNAs relative to CLAP-

washes (which leave a virtually undetectable amount of RNA) (Figure 2D). Because the amount of -UV RNA unambiguously
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represents background signal (i.e., non-crosslinked RNA-protein interactions), the -UV/-UV ratio of CLIP-washes to CLAP-

washes (>200-fold) indicates the high signal-to-noise properties of CLAP washes. In addition, CLAP-washes enrich for +UV

RNAs to a much greater degree than do CLIP-washes (23-fold versus 1.9-fold, respectively, Figure S5B). Because neither

nitrocellulose transfer (see above) nor CLIP-washes can fully deplete non-crosslinked RNAs, strongly associated (but not

crosslinked) RNA-protein interactions that form in solution may persist throughout the CLIP protocol. This direct association

of RNA and protein in solution may explain why we observe strong binding sites in the -tag samples for PRC2 on the A-repeat

of XIST (Figure 1C), which we and others show bind with high affinity in vitro5,45,58,59 (Figure S2). Furthermore, the associa-

tion of proteins with free RNAs would also lead to the resolution of a band at the precise molecular weight of the protein

on SDS-PAGE, which would explain why we and others [S177,178 observe this qualitatively with CLIP gels of PRC2 and other

non-RBPs (Figures S3A and S19B).

All three of these issues arise in CLIP because the protein purification and denaturation steps must be decoupled to protect an-

tibodies from denaturation. Despite this, we expect that the signal from in vivo crosslinked RNA-protein interactions will be strongly

enriched over background for bona fide RBPs. However, in cases where a protein does not bind to RNA in vivo or binds to few (or low

abundance) RNA targets, these issues may lead to high detection of non-specific RNA-protein interactions because they will be pre-

sent at a significantly higher abundance relative to bona fide interactions.

Comparison of CLIP-washes to CLAP-washes on NHS beads
Either UV-crosslinked or non-crosslinked HEK293T cells (20 million cells each) were harvested and lysed as previously described.

Lysates were then coupled to NHS-activated magnetic beads (Pierce) overnight at 4�C rotating on a HulaMixer Sample Mixer

(Thermo). After coupling overnight, beads were quenched by removing 500 mL of flowthrough lysate and adding 500 mL of 1M Tris

pH 7.5 and incubated for an additional 30 minutes at room temperature. Flowthroughs were then removed, and samples were either

subject to standard CLIP-washes or CLAP-washes as described above. Remaining RNAs were released by Proteinase K elution at

50�C for 30 minutes, followed by purification with RNA Clean & Concentrate-5 (Zymo), and then run on an Agilent TapeStation High

Sensitivity RNA assay to measure RNA sizes and concentration.

Covalent linkage and affinity purification
CLAP was performed on HEK293T and pSM33 cells as previously described.77 Briefly, post-crosslinking, cells were resuspended in

1 mL of cold lysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) supplemented

with 1X Protease Inhibitor Cocktail (Promega), 200 U of RiboLock (NEB), 20 U of TURBO DNase (Ambion), and 1X manganese/cal-

ciummix (0.5mMCaCl2, 2.5 mMMnCl2). Samples were incubated on ice for 10 minutes and then at 37�C for 10 minutes at 1150 rpm

shaking on a ThermoMixer (Eppendorf). Lysates were cleared by centrifugation at 15000g for 2 minutes and the supernatant was

collected for capture to HaloLink Resin (Promega). For each CLAP capture, 200 mL of 25% HaloLink Resin (50 mL of HaloLink Resin

total) was used per 10 million cells. Resin was washed three times with 2 mL of 1X TBS (50 mM Tris pH 7.5, 150 mM NaCl) and incu-

bated in 1X Blocking Buffer (50 mM HEPES, pH 7.5, 10 mg/mL Random 9-mer, 100 mg/mL BSA) for 20 minutes at room temperature

with continuous rotation. After the incubation, resin was washed three times with 1X TBS. Cleared lysate was mixed with 50 mL of

HaloLink Resin and incubated at 4�Covernight with continuous rotation. The captured protein bound to resin waswashed three times

with lysis buffer at room temperature and then three times at 90�C for 3 minutes while shaking at 1200 rpm with each of the following

buffers: 1X ProK/NLS buffer (50 mM HEPES, pH 7.5, 2% NLS, 10 mM EDTA, 0.1% NP-40, 10 mM DTT), high salt buffer (50 mM

HEPES, pH 7.5, 10 mM EDTA, 0.1% NP-40, 1M NaCl), 8M urea buffer (50 mM HEPES, pH 7.5, 10 mM EDTA, 0.1% NP-40, 8 M

Urea), and Tween buffer (50 mM HEPES, pH 7.5, 0.1% Tween 20, 10 mM EDTA). After the last wash, samples were centrifuged

at 7500g for 30 seconds and supernatant was discarded. For elution, HaloLink Resinwas resuspended in 100 mL of ProK/NLS buffer +

10 mL of Proteinase K (NEB) and incubated at 50�C for 20minutes while shaking at 1200 rpm. Elutions were then transferred tomicro-

spin cups (Pierce, Thermo Fisher), centrifuged at 2000g for 30 seconds, and purified with RNA Clean and Concentrate-5 (Zymo, >17

nucleotides protocol).

Radiolabeling of captured RNA-protein complexes
After all the appropriate washes (in CLIP or CLAP buffers) were performed on captured RNA-protein complexes, they were buffer

exchanged with 1X FastAP buffer and then 50 end dephosphorylated by incubating in 100 mL FastAP mix (1X Fast AP buffer, 8 mL

FastAP Enzyme, 2 mL Murine RNase Inhibitor, 5 mL TURBO DNase) at 37�C for 15 min. RNA was then end repaired using T4 PNK.

300 mL of the end repair reaction buffer (1X T4 PNK Buffer, 7 mL T4 PNK Enzyme, 1 mL Murine RNase Inhibitor, 1 mL TURBO DNase)

was added on top of the FastAP mix and incubated at 37�C for another 15 minutes. Samples were then washed twice each with high

salt wash buffer, low salt wash buffer, and 1X PNK buffer. They were then resuspended in 1 mL PNK buffer until 50 end phosphor-

ylation. We collected 200 mL (20%) of beads or resin from the previous step and removed the supernatant. RNA was radiolabeled

using 4 mL of hot PNK mix (0.2 mL T4 PNK, 0.4 mL g-32P-ATP, 0.4 mL 10x PNK buffer, 3 mL H2O) and incubated at 37�C in a

ThermoMixer at 1100 rpm for 5 minutes. Once radiolabeling was complete, the supernatant was discarded and each reaction

was washed twice with 100 mL of high salt wash buffer, low salt wash buffer, and 1X PNK buffer. Samples were then either cleaved

with tobacco etch virus (TEV) protease (CLAP samples) or directly resuspended in 40 mL of 1X NuPAGE loading buffer by pipetting
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(CLIP samples). Samples were loaded on a 4-12% NuPAGE Bis-Tris gel and run at 180V for 50 minutes. Radiolabeled RNA-protein

complexes were transferred to nitrocellulosemembrane using the iBlot 1.0 system. After the transfer, themembranewas rinsed three

times in 1X PBS, wrapped in Saran wrap, and exposed to a phosphor screen. Imaging of phosphor screen was performed on a

Typhoon scanner.

Image files for all raw scans for 32P CLIP and CLAP experiments are deposited in Mendeley Data: https://doi.org/10.17632/

wmsbzv6kg5.2.

Failure of CLAP to identify RNA-protein interactions identified by CLIP cannot be due to differences in assay
sensitivity
We note that the failure of CLAP to detect interactions compared to those identified in CLIP cannot be attributed to differences in

assay sensitivity. Because CLAP, like CLIP, utilizes UV-crosslinking to generate covalent crosslinks between interacting RNA and

protein, there should be no intrinsic difference between the twomethods in their ability to detect protein-RNA interactions of different

affinities or stability. Once UV-crosslinked, each RNA-protein interaction would be covalently linked and therefore of identical

strength. Instead, the differences in stability or affinity of a protein-RNA interaction would be reflected by the amount of RNA bound

to a protein at a given time. As such, the only confounding factor in which CLIP may be more sensitive than CLAP would be if it cap-

tures more protein; however, we demonstrate that the HaloLink resin used for CLAP consistently recovers higher amounts of protein

than Protein G beads used in CLIP, likely due to having higher protein binding capacity (Figure S9). Thus, if a real interaction occurs

and could be detected by CLIP (e.g., can form a UV-induced crosslink) then it should also be detectable by CLAP.

Protein quantification by Halo-ligand
Because of the irreversible, covalent nature of Halo-tagged protein capture, directly measuring captured protein requires elution with

TEV protease. However, this cleavage is not 100% efficient and the efficiency can vary based on the exact fusion protein being

captured. To quantitatively compare protein capture efficiency (bound protein) between CLIP and CLAP samples, the following

were measured by Halo-ligand labeling: total protein (the amount of protein added to the conjugation reaction), unbound protein

(the amount of protein present in the flowthrough), and protein loss (the amount of protein lost after all wash steps). The concentration

of captured protein is equal to the total protein minus the unbound protein (Figure S9A).

Immediately following either CLIP or CLAP protein capture, flowthroughs were saved and kept on ice. All washes performed for

either CLIP or CLAP were subsequently kept, pooled, and saved on ice separately. 20 mL of each sample (input, flowthrough, and

washes) was combined with 1.5 mL of 1:60 diluted HaloTag Alexa Fluor 660 Ligand (Promega) and incubated at room temperature

for 20 minutes in the dark. Reactions were stopped by adding LDS loading buffer to 1X final concentration (4 mL 10X Bolt reducing

agent, 10 mL 4X NuPAGE LDS Sample Buffer, 4 mL H2O), denatured at 80�C for 6 minutes and run on a Bolt 4-12% Bis-Tris Plus Gel

(all products Thermo Fisher Scientific). Resolved gel was imaged directly on a Li-Cor Odyssey CLx and protein bandswere quantified

on Image Studio.

The higher capture efficiency demonstrated for CLAP (relative to CLIP, Figures S9B and S9C) across all tested proteins is consis-

tent with the fact that the HaloLink resin (Promega) has a higher binding capacity compared to Protein G beads (Dynabeads). The

amount of protein lost during the various wash steps was comparable in both approaches, indicating that the bound protein was

not being somehow preferentially lost at subsequent steps of the process (Figure S9D).

Elution and visualization of CLAP-purified proteins
To verify successful purification of Halo-tagged proteins after CLAP, we performed an additional three final washes onHaloLink Resin

using TEV buffer (50 mM HEPES, pH 7.4, 1 mM EDTA, 0.1% NP-40). The resin was resuspended in 83 mL of Elution Buffer and split

into a 75 mL (ProK elution) and 8 mL (TEV elution) reaction. 25 mL of 4X ProK/NLS Buffer and 10 mL of ProK were added to the

ProK elution tube and the sample was incubated at 50 �C for 30 minutes while shaking at 1200 rpm. 2.3 mL of ProTEV Plus Protease

(Promega) was added to the TEV Elution and the sample was incubated at 30�C for 30 minutes while shaking at 1200 rpm.

The TEV elution sample wasmixed with 1X LDS Sample Buffer (Invitrogen) and 1X Reducing Agent (Invitrogen) and heated for 6mi-

nutes at 70�C. The sample was run on a 3-8% Tris Acetate Gel (Invitrogen) for 1 hour at 150V. The gel was transferred to a nitrocel-

lulosemembrane using an iBlot Transfer Device (Invitrogen). The nitrocellulosemembranewas blockedwith Odyssey Blocking Buffer

(LI-COR) for 30 minutes. We incubated the membrane in Anti-FLAG mouse monoclonal antibody (Sigma, F3165) and V5 rabbit poly-

clonal antibody (Santa Cruz, sc-83849-R) at a 1:2500 dilution for 2 hours at room temperature to detect the protein. We visualized the

protein by incubating the membrane in 1:17500 dilution of both IRDye 800CW Goat anti-Rabbit IgG (LI-COR, 925-32211) and IRDye

680DR Goat anti-Mouse IgG (LI-COR, 925-68070) for 1 hour at room temperature followed by imaging on a LI-COR Odyssey.

Halo-tagged PRC2 components and purified PRC2 complexes associate and UV-crosslink with RNA in vitro

Given the evidence that PRC2 interacts with RNA in vitro and existing evidence in support of in vivo binding is based on RIP and CLIP,

we wanted to ensure that failing to detect these interactions by CLAPwas not due to technical limitations of our method. Accordingly,

we considered several ways in which CLAP might fail to detect real interactions that occur in vivo.

First, we considered that integration of the covalent epitope tags (i.e., HaloTag) into the PRC2 components could disrupt their

ability to bind to RNA. To ensure this was not the case, we measured in vitro binding affinities for each of the Halo-tagged PRC2
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components (Figure S2). Specifically, we immobilized Halo-tagged PRC2 components on a Biacore chip and flowed in different con-

centrations of in vitro transcribed RNA (A-repeat of Xist, a previously reported PRC2 binding site) and measured surface plasmon

resonance (SPR) responses. We observed binding affinities (reported as an equilibrium dissociation constant (KD), between each

of the PRC2 components (EED, SUZ12, and EZH2) with the A-repeat of Xist that range from 10-7 M to 10-5 M. This was significantly

higher than what was observed for GFP and a control RNA, for which we were unable to detect association; yet tagged PRC2 binding

affinity was lower than that observed between lN protein and BoxB RNA (KD of 3.9 x 10-8 M) and PTBP1 with its known Xist binding

site on the E-repeat (KD of 6.00 x 10-8 M).

Next, we confirmed that Halo-tagged PRC2 components are capable of forming UV-induced crosslinks to RNA. To do this, we

exploited the fact that PRC2 associates with RNA in vitro to assemble a PRC2-RNA complex and then crosslinked it with UV light.

Specifically, we lysed uncrosslinked cells (allowing for post-lysis RNA-protein interactions), purified tagged PRC2 components on

HaloLink resin, incubated them with in vitro transcribed RNA (A-repeat of XIST), and then crosslinked them with 254 nm UV light

(using the same conditions for in vivo crosslinking). We then measured the amount of crosslinked RNA by washing away uncros-

slinked RNA with CLAP washes and eluting the remainder with Proteinase K, followed by reverse transcription and PCR to read

out the samples on an Agilent TapeStation assay (Figure S11A).We observed >5-fold enrichment of crosslinked RNA in our +UV sam-

ples relative to our -UV controls for each PRC2 component, in contrast to our negative control GFP which showed no enrichment

(Figure S11A).

Finally, we and others59 show that purified PRC2 complexes (with no exogenous tags) are capable of crosslinking to UV in vitro.

Briefly, we incubated purified PRC2 complexes (Active Motif) with short biotinylated RNA sequences (GGAA, CCUU, mixture of

GGAA+CCUU), crosslinked them with 254 nm UV light, ran samples on SDS-PAGE, transferred to nitrocellulose membrane, and

visualized the RNAs with a streptavidin-conjugated infrared dye (Figure S11B). We observed high amounts of RNA signal specifically

at the expected protein sizes of each individual PRC2 component.

In vitro RNA crosslinking on HaloLink resin
Non-crosslinked HEK293T cells transfected with Halo-tagged versions of GFP, PTBP1, EED, EZH2, and SUZ12 were harvested and

lysed as previously described, except the lysis buffer was replaced with a native lysis buffer (M-PER Mammalian Protein Extraction

Reagent). Lysates were then sonicated (Branson Ultrasonics) for 1 minute at 4W (0.7 seconds on, 1 second off) to aid release of pro-

teins from chromatin, then incubated at 37�C for 10 minutes at 1200 RPM on a ThermoMixer. Lysates were cleared by centrifugation

at 15000g for 2 minutes, then incubated with RNase If (NEB) at a 1:500 effective dilution for 10 minutes at 37�C at 1200 RPM on a

ThermoMixer. RNase reaction was quenched with an addition of 500 mL ice cold lysis buffer supplemented with 20 mL Protease In-

hibitor (Promega PIC) and 5 mL of RiboLock RNase inhibitor, followed by incubation on ice for 3 minutes. Each lysate was then bound

to 50 mL of Halolink Resin and incubated at 4�C overnight. To remove background proteins, the resin was washed 3X with native lysis

buffer. The resin was then mixed with 200 ng of denatured, in vitro transcribed XIST A-repeat RNA in 50 mL binding buffer as previ-

ously described,5,58 with slight modifications (50 mM Tris-HCl pH 7.5, 100 mMKCl, 5 mMMgCl2, 0.1 mMCaCl2). In vitro binding was

allowed to proceed for 1 hour at 30�C. The captured proteins were then split into two conditions: -UV and +UV. For the +UV condition,

the RNA-protein mixture was crosslinked on ice using 0.25 J cm�2 (UV2.5k) of UV at 254 nm in a Spectrolinker UV Crosslinker (the

same amount used for in vivo crosslinking). To remove uncrosslinked RNA, each sample was then washed three times each with

native lysis buffer, RIPA buffer, high salt buffer, 8M urea buffer, and low salt buffer. Any remaining bound RNA was then released

by digesting the resin with Proteinase K for 30 minutes at 50�C, followed by standard CLAP RNA library preparation. The molarity

of each sample was then measured by Agilent TapeStation High Sensitivity DNA Assay.

In vitro RNA crosslinking and streptavidin-IR western blot
12 mg of recombinant PRC2 complex (Active Motif, 31337) was resuspended in 50 mL of native lysis buffer (1X HBS-EP+ Buffer sup-

plemented with 100 mM KCl), then incubated with 25 mL of a 50 mM mix of 40-mer RNAs (chemically synthesized by IDT) of either

GGAA sequences, CUCU sequences, or amix of both that were denatured and rapidly annealed together (95�C for 1minute and held

at 4�C). Samples were incubated at 30�C for 20 minutes and then crosslinked on ice using 0.25 J cm�2 (UV2.5k) of UV at 254 nm in a

Spectrolinker UV Crosslinker (the same amount used for in vivo crosslinking). Protein-RNA complexes were then denatured at 75�C
on a ThermoMixer for 6 minutes, run on an SDS-PAGE gel, transferred to a nitrocellulose membrane using the iBlot transfer system,

and imaged using a streptavidin-conjugated infrared dye (IRDye 800CW Streptavidin, LI-COR) at a 1:2000 dilution in blocking buffer

(Intercept, LI-COR).

Cell line generation
Murine embryonic stem cells (mES) containing a dox-inducible Xist55,106,168 (bs/ps pSM33, cells were kindly provided by K. Plath)

were CRISPR-targeted to endogenously tag selected proteins with SpyTag-V5 (see Table S2 for gRNA used for targeting and ultra-

mer sequences used for insertion templates). N-terminal V5-Spy targeting was performed for Eed,Ezh2, andPtbp1 alleles, andC-ter-

minal V5-Spy targeting was performed for Suz12 and Yy1 alleles.

In brief, cells were co-transfected with plasmids expressing sgRNAs, wtCas9, and ultramers (IDT) and selected on antibiotics for

which resistance was conferred following successful plasmid transfection. Single colonies were picked and screened by gDNA isola-

tion and PCR confirmation for the tagged version of the protein.
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CLAP on Spy-tagged proteins
CLAP on endogenous Spy-tagged proteins was performed previously described77 with slight modifications. A histidine-tagged

HaloTag-SpyCatcher fusion protein was first expressed in BL21 DE3 E. coli bacterial cells and purified by IMAC as previously

described.77 Per capture, 250 mg of HaloTag-SpyCatcher was incubated with 50 mL of HaloLink resin, bound for 30 minutes at

room temperature with continuous rotation, then washed three times with lysis buffer at room temperature. Clarified lysate from

Spy-tagged cell lines was then mixed with 50 mL of HaloLink resin pre-coupled to SpyCatcher and incubated at 4�C overnight

with continuous rotation. CLAP was then performed according to standard protocol.

Crosslinking for ChIP
Mouse embryonic stem cell lines (pSM33) were crosslinked in either 1% formaldehyde or 1% formaldehyde and 2mMDSG (Thermo

#2059). Briefly, cells were washed with room temperature 1X PBS and then incubated in crosslinker solution in PBS at room temper-

ature with gentle rocking for 45 minutes. Cells were then washed with room temperature 1X PBS. After washing, a 1% formaldehyde

solution was then added on top of cells and further incubated at room temperature for 10 minutes. To quench the formaldehyde

crosslinking, 2 mL of a 2.5M Glycine solution was added to each plate and incubated for an additional 5 minutes. After quenching,

cells were washed three times in 1X cold PBS. After the last wash, 7.5mL of scraping buffer (1X PBS + 0.5%BSA) was added to cells.

Cells were then scraped using a rubber policeman, aliquoted into 10 million cell aliquots, and flash frozen until ChIP was performed.

To solubilize chromatin and fragment DNA, cells were lysed and then sonicated. To begin nuclear fractionation, cells were resus-

pended in 1 mL of Gagnon HLB Buffer179 + 1X PIC and incubated on ice for 10 minutes. Samples were briefly vortexed and centri-

fuged at 1250g for 3 minutes at 4�C. Samples were then resuspended in 600 mL of mammalian lysis buffer (1% TritonX-100, 0.1%

sodium deoxycholate, 0.1%SDS, 150mMNaCl, and 50mMHEPES pH 7.5) + PIC and transferred to 15mL Diagenode conical tubes.

Following transfer, cells were sonicated using a Bioruptor waterbath sonicator (in 15 mL tubes with adapters) at max intensity for

30 seconds, followed by either 30 seconds of rest for 27 cycles (1% formaldehyde samples) or 30 seconds of rest for 36 cycles

(1% formaldehyde + DSG samples). Samples were then transferred to 1.5 mL tubes and cleared of insoluble material by pelleting

at 13000 rpm for 10 minutes at 4�C. Supernatants were mixed with 1800 mL HBSS (Thermo Scientific) + 1X PIC and 2400 mL 2X

RIPA + 1X PIC. Lysate was incubated overnight with Invitrogen M-280 Sheep Anti-Rabbit IgG Dynabeads coupled with 5 mg of

H3K27me3 antibody (Active Motif, 39155) or 5 mg of Goat anti-V5 antibody (Bethyl, A190-119A). Samples were washed with 1 mL

of low salt buffer, high salt buffer, LiCl wash buffer, and finally TE buffers. Samples were reverse-crosslinked and Proteinase

K-digested overnight at 65�C, and DNA was subsequently purified with Zymo Clean and Concentrate.

RNA-FISH + immunostaining
Spy-tagged pSM33 cells were seeded at low density onto poly-D-lysine coated coverslips (Neuvitro H-12-1.5-pdl) for 6 hours prior to

doxycycline administration (Sigma D9891-1G, 2mg/mL). After overnight Xist induction with 2 mg/mL doxycycline, cells were fixed with

4% formaldehyde in PBS for 15 minutes at room temperature and the ViewRNA Cell Plus (Thermo Fisher Scientific, 88-19000-99) kit

was used for immunofluorescence (IF) combined with in situ RNA visualization per the manufacturer’s protocol. Stained coverslips

were mounted onto slides using ProLong�Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, P36935). Imaging was per-

formed using a Leica DMI 6000 Deconvolution Microscope with the Leica HC PL APO 63x/1.30 GLYC CORR CS2 objective. Images

were projected with maximum projection (3 mm; step size, 0.2 mm).

Primary antibodies and the dilutions used are as follows: anti-V5 (Bethyl, A190-120A; 1:100 dilution), Goat anti-Rabbit IgG (H+L)

Cross-Adsorbed Secondary Antibody, Alexa Fluor� 568 (Invitrogen; Catalog #A-11011). For Xist labeling, Thermo Fisher Scientific

FISH probe design ID: VB4-19746 was used.

Dox expression of Halo-tagged proteins in HEK293T cells for ChIP
A doxycycline (Dox) inducible mammalian protein expression destination vector with an in-frame fusion of an N-terminal Halo tag and

C-terminal V5 was used to generate expression clones for CTCF, YY1, and WDR5 from human cDNA clones. These plasmids were

co-transfected with a plasmid expressing a reverse tetracycline-controlled transactivator and grown for 16 hours prior to induction

with Dox. Protein expression was titrated with Dox concentration and pellets were collected after 6 hours of induction with either no

Dox (leaky expression) or at a Dox concentration of 2 mg/mL.

Expression confirmation
Expression testing of Halo-tagged constructs was performed as previously described.77 The same method of labeling and visuali-

zation was utilized to measure input, capture flowthrough, and protein loss from either CLIP- or CLAP-washes.

Note on SPEN

SPEN is a 450 kilodalton protein that is challenging to resolve on a protein gel, a problem that we and others have previously

observed.55,68,78,105 Despite this, there are several lines of orthogonal evidence indicating that this Halo-SPEN fusion protein is cor-

rect. These include the fact that Halo-SPEN properly localizes to the inactive X upon induction of Xist, that the observed RNA binding

profiles are comparable to those of endogenous HaloTag-integrated SPEN, and that this fusion protein can functionally compensate

for loss of the endogenous protein in cell-based functional experiments.78
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CLAP on Halo-tagged SPEN
CLAP on pSM33 cells expressing Halo-V5-tagged SPEN was performed as previously described77 with slight modifications. After

overnight Xist induction with 2 mg/mL doxycycline and UV-crosslinking, cell pellets were resuspended in 1 mL ice-cold Gagnon

HLB buffer179 with 1X PIC and RiboLock, mixed by pipetting, and incubated on ice for 10 minutes. Cells were then briefly vortexed

and then centrifuged at 800g for 8 minutes at 4�C. Supernatant was removed (cytoplasmic fraction) and then 1 mL standard lysis

buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) supplemented with 1X PIC and

RiboLock was added. Nuclear pellet was then resuspended and incubated on ice for 10 minutes, followed by sonication (Branson

Ultrasonics) for 30 seconds at 4W (0.7 seconds on, 2.3 seconds off). CLAP was then performed according to standard protocol.

IR-CLIP
eCLIP was performed as previously described,71 with slight modifications. 1 mL of HEK293T lysate (20 million cells) expressing

tagged protein was digested with RNase If (NEB) at a fixed dilution of 1:500 and then immunoprecipitated overnight at 4�C with

5 mg of antibody coupled to 40 mL of Protein G beads. Rabbit anti-V5 antibody (Bethyl, A190-120A) was used for immunoprecipitation

in all cases. After CLIP-washes and end-repair, RNAs were end-labeled using 1.5 mL of 20 mM pCp-IR680LT (Jena Bioscience) and

ligated with High Concentration T4 RNA ligase I (NEB). Samples were then washed with additional CLIP-washes, then eluted and run

on SDS-PAGE. Gels were then imaged directly on a LI-COR Odyssey. Corresponding western blots for each CLIP experiment were

performed using a Goat anti-V5 (Bethyl, A190-119A), with the exception of Halo-tagged SAF-A, which was not recognized by the

antibody. Instead, anti-HaloTag (Promega, G9211) was used for the SAF-A samples.

Library construction and sequencing
CLIP samples

CLIP samples were treated as previously described.71,180 Briefly, after immunoprecipitation andwash steps, RNAwas dephosphory-

lated (FastAP), cyclic phosphates were removed (T4 PNK), and RNA was ligated on Protein G beads to an RNA adapter containing a

RT primer binding site. The ligated protein-bound RNA was then run through a denaturing PAGE gel and transferred to nitrocellulose

membrane (as described above). RNA was then extracted by Proteinase K and purified using a spin column (Zymo). RNA was then

reverse transcribed into single stranded cDNA and subsequently degraded with NaOH. Following RT, a second adapter was ligated

to the single stranded DNA. PCR amplification was achieved using primers that targeted the 30 and 50 ligated adapters.

CLAP samples and input RNA samples

50 mL of lysate was taken prior to immunoprecipitation for input processing. Libraries were constructed using the same steps as out-

lined above, except the dephosphorylation, cyclic phosphate removal, and ligation were performed in solution rather than on Protein

G beads. In the case of CLAP samples, all steps were performed on purified RNA from Proteinase K elution.

ChIP samples

Post reverse-crosslinking ChIP libraries were constructed as previously described.101 Briefly, purified DNAwas end repaired and dA-

tailed using 1X NEBNext Ultra II End Repair/dA-Tailing Module (NEB, E7546L). DNA adaptors were then ligated to each sample and

cleaned up using 0.7X SPRI (AMPure XP) followed by a repeat clean-up with 1X SPRI. PCR amplification was achieved using primers

that add the indexed full Illumina adaptor sequences.

The molarity of PCR amplified libraries was measured by Agilent TapeStation High Sensitivity DNA Screentape, and all samples

were pooled at equal molarity. The pool was then size-selected on a 2% agarose gel, cut between 150-700 nucleotides (CLIP/

CLAP) or 280-1300 nucleotides (ChIP), and purified with Zymo Clean and Concentrate. The final libraries were measured by Agilent

Bioanalyzer and Qubit dsDNA High Sensitivity assay (Thermo Fisher) to determine the loading density of the final pooled sample.

Pooled samples were paired-end sequenced on either an Illumina HiSeq 2500 with read length R 35 x 35 nucleotides or Illumina

NextSeq 2000 with read length R 50 x 50 nucleotides. Sequencing depth for each sample is reported in terms of raw read counts

in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Read processing and alignment
CLIP/CLAP samples

Paired-end RNA sequencing reads were trimmed to remove adaptor sequences using TrimGalore! v0.6.2 and assessedwith FastQC

v0.11.8. Read pairs were then aligned to a combined genome reference containing the sequences of repetitive and structural RNAs

(ribosomal RNAs, snRNAs, snoRNAs, 45S pre-rRNAs, tRNAs) using Bowtie2. The remaining reads were then aligned to a combined

genome reference containing the mouse (mm10) and human (hg38) genomes using STAR aligner.172 PCR duplicates were removed

using the Picard MarkDuplicates function. For mixing experiments, only reads that mapped uniquely in the genome and unambigu-

ously to the human or mouse genomes were kept for further analysis. For experiments done in a single species, the appropriate refer-

ence genome and alignments were used (mm10 for mouse and hg38 for human).
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ChIP samples

Paired-end DNA sequencing reads were aligned to the appropriate reference genome (mm9 for mouse and hg19 for human) using

Bowtie2 v2.3.1173 with the default parameters and with the following deviations. We used a local alignment search (–local) and

disabled searching for discordant alignments (–no-discordant).

Gene window enrichment calculations
All human (hg38) and mouse (mm10) annotated genes (RefSeq, downloaded from UCSC GRCh38 and GRCm38, respectively) were

used as a reference set except for the genes encoding the transfected proteins. We treated exonic regions and intronic regions of

each annotated gene as separate reference genes for computing enrichment. For each reference gene, we enumerated 100 nucle-

otide windows that span across the gene; for each window, we calculated: (i) the number of reads overlapping the window in the

protein elution sample (e.g., CLIP or CLAP) and (ii) the maximum of either the number of observed reads over the window or the me-

dian read count over all windows within the gene in the input sample. Because all windows overlapping a gene should have the same

expression level in the input sample, this approach provides a conservative estimation of the input coverage because it prevents win-

dows from being scored as enriched if the input values over a given window are artificially low due to stochastic fluctuation, while at

the same time accounting for any non-random issues that lead to increases in read counts over a given window (i.e., alignment

artifacts leading to non-random assignment or pileups).

To directly compare the number of reads within eachwindow between sample and input, we normalized eachwindow count by the

total number of reads sequenced and the overall complexity within each sample. For example, if one sample was sequenced twice as

deeply as another, then we would expect to observe – on average – twice as many reads over a given window for that sample. To

account for the differences in the number of mapped (aligned) reads between samples, we scaled the total number of sequenced

reads by the proportion of aligned reads within each sample.

For each window, we computed enrichment by dividing the normalized sample counts by the normalized input counts. Nominal p-

values were calculated for each window using a binomial test where k (number of successes) is defined as the number of reads in the

protein elution samples within the window, N (number of trials) is the sum of the number of reads in the protein elution and input sam-

ples, and p (probability of success) is the expected number of reads in the elution sample divided by the sum of the expected number

of reads per window in elution and input samples. (The expected number of reads is defined as the total number of reads scaled by

the proportion of aligned reads within each sample). For plotting and reporting purposes, we considered all regions with a nominal

binomial p-value < 10-6 as significant. However, the overall results reported are robust to the precise p-value cutoff used.

Analysis of +tag and –tag samples
We generally observed a higher level of detection within the human RNAs than mouse RNAs, which may reflect difference in UV-

crosslinking efficiency between HEK293T cells and pSM33 cells or potential biases towards mapping to the human genome.

Because of these biases, we performed the reciprocal experiments to ensure that the general trends for the specific RBPs in question

are the same. To account for this bias and to compare the same RNAs, we focused our analysis on the human RNAs for the +/-tag

experiments.

Plotting and visualization
Data were visualized using the Integrative Genomics Visualizer171 (IGV). IGV plots for specific RNAs were generated by computing

enrichments (as described above) across 1 nucleotide windows and the enrichment value was plotted at the midpoint of each win-

dow. Single reference transcripts were chosen for display based on the ‘‘knownCanonical’’ annotation in GENCODE V40. All tran-

scripts are shown left-to-right as 50 to 30 unless otherwise noted. Scatter plots depicting CLIP or CLAP enrichments were merged

by replicates to ensure that lack of detection was not due to low sequencing coverage. Aggregate scatter plots were shown for

all proteins within the PRC2 complex as well as individual scatter plots for each individual PRC2 component (EED, EZH2, SUZ12).

Transcript feature plots were generated by counting all reads that mapped within exons, introns, 50 untranslated, or 30 untranslated
regions defined by RefSeq. lncRNA annotation files were derived from GENCODE vM10 (mouse) and v44 (human).

Reproducibility of CLIP/CLAP replicates
For all indicated CLIP or CLAP replicates, experiments were performed independently from beginning to end, and thus represent

independent biological replicates.

To measure the reproducibility between CLIP and CLAP replicate samples, we computed the number of reads within each

100-nucleotide window within each sample and plotted these counts between individual replicates. Pearson’s correlation coeffi-

cients were computed for each set of replicate experiments.

Quantification of 32P gels
Full-length 32P gel images were imported into ImageJ176 for quantification. For each gel lane, the straight-line tool was used to mea-

sure the 32P intensity of the entirety of the lane, which was then converted to an ROI. The ‘‘Plot Profile’’ tool was used to retrieve x,y

coordinates where the x-axis represented distance and the y-axis represented intensity values. The x-axis values were then scaled to

expected molecular weights based on the sizing of the protein ladder on the same gel.
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Crosslink-induced truncation analysis
We computed all significant PTBP1 binding sites from our CLIP data. We randomly sampled 65,000 regions from this list and defined

the location of the known PTBP1 motif (HYUUUYU) within each region using the ‘‘Find Individual Motif Occurrences’’ (FIMO,175

MEME suite). We used the position of each identified motif occurrence to center the peak at the motif location and computed the

number of crosslink-induced truncation sites along the peak from 100 nucleotides downstream to 100 nucleotides upstream. We

then plotted the positional counts of these crosslink-induced truncations at each position.

Definitions
Readsmapping to nascent pre-mRNAs are defined as paired sequencing readswith at least one read in the pair aligning in part within

an intron (i.e., between an exon and intron, or exclusively within an intron). ‘‘Focal binding sites’’ are defined as enrichment observed

within a small window (100 nucleotides) relative to the remainder of the RNA. We use this term to contrast with ‘‘broad’’ or ‘‘promis-

cuous’’ binding for RNA-binding profiles such as those of SAF-A, which are often enriched over the entire length of a transcript.

Peak calling
Significant peaks for downstream analysis were computed fromwindows (as described above) and filtered on 100-nt windows based

on meeting all of the following criteria: (i) containing at least 5 reads in the elution sample, (ii) p-value < 10-3, and (iii) minimum enrich-

ment of 3-fold above the input sample. The full tables for all CLIP or CLAP experiments, including all gene windows, enrichments,

sample counts, input counts, and p-values are available for download at Mendeley Data: https://doi.org/10.17632/wmsbzv6kg5.2.

Mean coverage of binding sites
Visualization of binding site coverage across transcript features was performed using the RCAS tool174 (version 1.26.0) using R soft-

ware (version 4.3.1).

Gene Ontology enrichment
Genes overlapping filtered CLAP peaks were used as input IDs for GO annotation analysis (biological process complete). All human

genes in database were used for the reference list. Tables containing enrichment values and statistics were downloaded from the

PANTHER classification system (18.0) website directly. Binomial p-values are reported with Bonferroni correction for multiple testing.

Motif enrichment analysis
FilteredCLAP peakswere used as input for de novomotif analysis byHOMER (http://homer.ucsd.edu/homer/) using options -rna -len

6. Motifs with a reported p-value < 10-40 were considered significant. Searching background (-bg) was set as all human transcripts.
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