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ABSTRACT

RNA has been proposed to mediate many central mechanisms of cell biology, including
protein recruitment to chromatin, genome structure organization, and gene expression. In
most cases, these critical functions have been widely attributed to the proteins to which RNAs
bind. One paradigm example of this is the Xist long non-coding RNA, which complexes with
many distinct proteins to orchestrate X-chromosome inactivation. Beyond Xist, there are
many critical non-coding RNAs (ncRNAs) that are not yet functionally characterized
because we lack information on what proteins they bind to. In this thesis, Chapter 1 discusses
the growing gap between the vast potential of ncRNA functions and what has been
demonstrated to be functionally meaningful. We highlight critical discrepancies between
biochemical evidence supporting specific RNA-protein interactions and genetic evidence
demonstrating the same interactions are often dispensable for function. Chapter 2 explores
previously reported RNA-protein interactions for many chromatin proteins (i.e., PRC2,
CTCF, etc.), demonstrating that they do not represent bona fide interactions in cells. We
present Covalent Linkage Affinity Purification (CLAP), a method that employs denaturing
purification of RNA-protein complexes, showing that CLAP accurately removes false
signals that do not occur in vivo, while retaining known RNA-protein interactions. Chapter
3 details a highly multiplexed method of mapping RBPs and their in vivo binding sites across
dozens to hundreds of targets within a single experiment. We present Split and Pool
Identification of RBP targets (SPIDR), which enables the rapid, de novo discovery of RNA-
protein interactions at an unprecedented scale and separates bona fide RBPs from non-RBPs.
Using SPIDR, we uncover a previously unknown LARP1 binding site on the 18S ribosomal
RNA that is directly adjacent to the mRNA entry channel, which may explain how LARP1
achieves translational control of sequence-specific mRNAs. Finally, Chapter 4 proposes new
experimental and analytical approaches to evaluate the potentially wide universe of ncRNA-
protein functions at scale. Together, these results provide a comprehensive framework for
evaluating RNA-protein interactions and underscore the growing importance of RNA-

mediated functions in cell biology.



1.

vi

PUBLISHED CONTENT AND CONTRIBUTIONS

Guo, JK., and Guttman, M. (2022). Regulatory non-coding RNAs: everything is
possible, but what is important? Nat Methods 19, 1156-1159. 10.1038/s41592-022-
01629-6.

J K.G. wrote the review with M.G.

Guo, J.K.*, Blanco, M.R.*, Walkup, W.G., Bonesteele, G., Urbinati, C.R., Banerjee,
A K., Chow, A, Ettlin, O., Strehle, M., Peyda, P., et al. (2024). Denaturing purifications
demonstrate that PRC2 and other widely reported chromatin proteins do not appear to
bind directly to RNA in vivo. Mol Cell 84, 1271-1289.el2.
10.1016/j.molcel.2024.01.026.

*Equal contribution

JK.G. performed CLAP experiments, analyzed data, interpreted results, generated
figures, and wrote the manuscript with M.R.B. and M.G.

Wolin, E.*, Guo, J.K.*, Blanco, M.R., Perez, A.A., Goronzy, I.N., Abdou, A.A., Gorhe,
D., Guttman, M., and Jovanovic, M. (2023). SPIDR: a highly multiplexed method for
mapping RNA-protein interactions uncovers a potential mechanism for selective
translational suppression upon cellular stress. bioRxiv, 2023.06.05.543769.
10.1101/2023.06.05.543769.

*Equal contribution

J.K.G. developed the SPIDR method, performed SPIDR experiments, analyzed data,

interpreted results, and wrote the manuscript with M.J. and M.G.



TABLE OF CONTENTS

ACKNOWIEAZEMENLS .....cevieieiieiieiicieeeeee ettt ae b e s e nneens il
o 0115 ¢ Yo AR \%
Published Content and ContribUtIONS...........coovveeevieeiieieiieeeeeeee e vi
Table Of CONTENTS......uiiiiiiiiieiie ettt ete e saaee s vii
LISt Of FIGUIES ...ttt ettt et nneens X

Chapter 1: Regulatory Non-Coding RNAs: Everything Is Possible, But What Is

TMPOTTANT? ... et ettt e e e et e et e e s aseenaneens 1
LT ADSITACT. ettt 2
1.2 INErOAUCTION ..ouiniiiieiieieiceiee et 2
1.3 A Cautionary Tale from Xist and PRC2..........cccccvviiniiieiinieieee 3
1.4 Bridging the Gap Between Discovery and Function...........c...cccueen...... 6
L5 FIGUIES ..ttt sttt et st e st et e e essaenaeeaaenns 8
1.6 RETETENCES ..ot 10

Chapter 2: Denaturing Purifications Demonstrate That PRC2 and Other Widely
Reported Chromatin Proteins Do Not Appear to Bind Directly to RNA In Vivo

........................................................................................................................... 14
2.1 ADSIIACE .. cetieieeie ettt ettt et be et e naeeneas 15
2.2 INrOAUCHION ...ttt sae e eneas 15
2.3 RESUILS....eietieieeie ettt ettt et e e e e s sbe e e enaennnas 18
2.4 DISCUSSION.....uveeureeeieeereriiesieereetesseesseesseessessesssesseessessesssesseessesnsesssensees 31
2.5 MaAIN FIGUIES....cuviieiieiieciieieeieeee ettt ettt eneas 36
2.6 Supplemental FiGUIEs .........cceeeuiiierieiieiiciecteseee e 47
2.7 MEROAS ..ottt ettt et e eneas 79
2.8 Supplemental Information...........ccoeceeeveriecieecienieseeseee e 106
2.9 RETEIENCES ...cvveeiieeiieieeieeeeteee ettt e aaens 107

Chapter 3: SPIDR: A Highly Multiplexed Method for Mapping RNA-Protein
Interactions Uncovers a Potential Mechanism for Selective Translational

Suppression Upon Cellular Stress ........oovevverierieecienieneeieeieeeeseesee e 129
3.1 ADSIIAC ... 130
3.2 INtrOAUCLION ...ttt 130
3.3 RESUILS. ...t 132
3.4 DISCUSSION.c..c.ueiuteiitieteeiteie ettt ettt st sttt sbesbe et e e nee 142
3.5 Supplemental NOtES........cceevuieriirieeierieie et 144
3.6 Main FIGUIES.....ueeiieieciieciecieeie ettt 147
3.7 Supplemental FIGUIes .........ccecveeiieierieiieieeeeceeeee e 159
3.8 MEthOAS ... 167

3.9 Supplemental Information.............cceeveeviiecieecieniecieeee e 180

vii



3.10 RETEIENCES ...eouvieeiieiieeiieieeteete ettt et 181
Chapter 4: Conclusion and Future Directions...........cccecveveevieevieeieneenieenenne. 189
4.1 CONCIUSION .....vveiiieiiieiieciiecieete ettt esae st e sseensaens 191
4.2 FULUIe DITECHIONS ....eevveerevieieeie et eieesieete et eee e eesaeeae e sseesaeenaeens 194
4.3 FIGUIES ..vveeieieeieeieeieete st eteeteeeaesteesteesseesseesaasssesseenseensesssessaesseesenns 196

4.4 References 202

viii



LIST OF FIGURES

Chapter 1
Number Page

1. Identification and functional characterization of RNA-protein

TNEETACTIONS ..euieuteieteetieiteit ettt ettt eb ettt b b e st et eee e e 8
Chapter 2
Number Page

1. A method to identify RNA-protein associations that could not have
fOrMEd 172 VIVO ... 36
2. CLAP removes non-specific RNA-protein associations...................... 38

3. CLAP accurately maps in vivo crosslinked RNA-protein interactions...

7. Controls for tagged PRC2 components (Related to Figure 1)............. 47
8. Tagged PRC2 components bind to RNA in vitro (Related to Figure 1)

9. Visualization of RNA-protein complexes purified by CLIP at different
RNase concentrations (Related to Figure 1).......cccoeevvcinienieieenenen. 50
10. CLIP identifies many PRC2-RNA interactions that could not have
occurred in vivo (Related to Figure 1) ......ccooveiieiieiiiieieececees 51
11. Sources of UV- and protein-dependent non-specific RNA associations

(Related to FIGUIE 2)..c.iiiiiiieiecieseeieee et s 53

X



12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

CLIP and CLAP results are robust across independent replicate
experiments (Related to Figure 3).......cccovvveeieiieiieiceeeceeeeees 55
CLAP of PRC2 components does not recover detectable amounts of
RNA (Related to FIGUIe 4) .....ccoooveeeieieiieeceeceeeeeeeeee e 56
PRC2 components do not appear to bind RNA in vivo (Related to Figure

Quantification of protein yields for CLIP and CLAP experiments
(Related to FIGUIE 4).....cocviiiieieeieceeeee et 60
Tagged PRC2 components are successfully purified after CLAP
(Related to FIGUIE 4).....cocviiiieiecieeeieeeeteseee et 62
Tagged PRC2 components UV-crosslink to RNA when assembled in
vitro (Related to FIGUIE 4) .....ccvivieiieiieeceeeeeeeeee e 63
Controls for Spy-tagged PRC2 experiments (Related to Figure 4)..... 65
Other chromatin regulators do not appear to directly bind RNA in vivo
(Related to FIGUIE 5)..cuiiiiiiieiecieeeieee et 67

Confirmation of Halo-V5-tagged protein expression (Related to Figure

CLAP resolves RNA-binding capacity of proteins across a wide range
of functional domains (Related to Figure 6)........cccccovevevievieecienceennnnns 70
Specific chromatin-associated proteins bind to RNA in vivo (Related to
FIGUIE 6) .ottt 72
TET?2 is a chromatin-associated RNA-binding protein (Related to Figure

Background CLIP signal is non-random and comparable across different
proteins (Related to Discussion and Figure 1).......ccccceevvvecienienieennnnne. 75
CLIP signal for PRC2 components is dramatically lower relative to bona
fide RBPs (Related to Discussion and Figure 1) .......c.cccoeevevvenrennenne. 76
Both CLIP and CLAP quantitatively separate PRC2 from bona fide
RBPs (Related to Discussion, Figure 1, and Figure 4)........................ 78



Chapter 3
Number Page
1. SPIDR (Split and Pool Identification of RBP targets) — a highly
multiplexed method to map protein-RNA interactions ..................... 147
2. SPIDR accurately maps binding of a diverse set of RBPs................ 149
3. SPIDR data is highly comparable to previous eCLIP datasets ......... 151
4. SPIDR enables high-resolution RBP mapping at single nucleotide
TESOIULION L.t 153
5. LARPI binds to 18S rRNA near the mRNA entry channel and at TOP-
motifs contained within the 5’UTRs of mMRNAS .......ccccooeviniiininne. 155
6. 4EBPI1 binds specifically to LARPI-bound mRNAs upon mTOR
TNRIDITION. ... 157
7. Schematic of our multiplexed antibody-bead labeling strategy ........ 159
8. Multiplexed IP of dozens of RBPs accurately recovers targeted proteins
............................................................................................................ 160
9. Uniqueness of beads and number of oligos per bead of the experiment
............................................................................................................ 161
10. Mapped unique reads per RBP and significant binding sites identified
PEERBP ..o 162
11. Background COTTECtION .........cecveeveeieriieiieie et 163
12. Autoregulatory binding between RBPs targeted by SPIDR and their
RINAS ettt 164
13. Global comparison of annotations (intron, exon, etc.) of binding sites per
RBP as called by ENCODE versus SPIDR ..........cccoovevieiinieien, 165
Chapter 4
Number Page
1. SPIDR enables identification of novel RNA-binding sites when

interpreted relative to other RBPs........cccoccveiiiiiiiiie 196

x1



A

Cryo-EM structure of human LARP1 bound to the 40S subunit...... 197
RBR of LARP1 is required for 40S binding..........cccccvevvecveecieneennns 199
TET2 forms spatial compartments in the nucleus ...........c.ccoceveenee.e. 200
RBPs and chromatin regulators are recruited by RNA to specific

GENOMIC SIEES ..vveeereeeieeeresteesteeteetesseesseenseeseessesseesseeseessesseesseensenssennes 201

xii



Chapter 1

REGULATORY NON-CODING RNAS: EVERYTHING IS POSSIBLE,
BUT WHAT IS IMPORTANT?

J.K. Guo and M. Guttman

A modified version of this chapter was published as “Regulatory non-coding RNAs:
everything is possible, but what is important?” in Nature Methods 19: 1156—1159. doi:
10.1038/s41592-022-01629-6.



1.1 ABSTRACT

In recent years, the number of annotated non-coding RNAs (ncRNAs) and RNA-binding
proteins (RBPs) has increased dramatically. The wide range of RBPs identified highlights
the enormous potential for RNA in virtually all aspects of cell biology, from transcriptional
regulation to metabolic control. Yet, there is a growing gap between what is possible and
what has been demonstrated to be functionally important. Here we highlight recent
methodological developments in studying RNA-protein interactions, discuss the challenges
and opportunities for exploring their functional roles, and provide our perspectives on what

is needed to bridge the gap in this rapidly expanding field.

1.2 INTRODUCTION

Mammalian genomes encode thousands of non-coding RNAs (ncRNAs), with ~20,000
annotated long ncRNA genes, a number that rivals and may ultimately exceed the total
number of protein-coding genes in the human genome'. Yet, most ncRNAs remain
functionally uncharacterized and the diversity of biological roles they play are largely
unexplored. Identifying what proteins interact with a ncRNA can provide critical insights
into its possible functions and mechanisms, enabling formation of experimentally testable
hypotheses. For example, mapping various protein interactions to ncRNAs have led to
proposed models whereby specific ncRNAs can: (i) guide regulatory proteins to specific
genomic DNA sites??, (ii) tether multiple protein components into macromolecular
complexes*, (iii) mediate and stabilize three-dimensional chromatin loops®3, (iv) activate’
or inhibit'? specific enzymatic functions, and (v) compete proteins away from their mRNA!!

or genomic DNA targets'>'4,

Over the past decade, the development of global RNA-centric proteomics methods (Figure
1a), such as RBR-ID'S and RBDmap'®, have enabled unprecedented exploration of which
proteins bind to RNA. These efforts have vastly expanded the number of identified RBPs,
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with >4,000 human proteins (~20% of the human proteome) currently annotated as “RNA-

binding” by UniProt!”. These RBPs include many that lack canonical RNA-binding domains,
such as RRMs or KH domains, and encompass critical chromatin and transcriptional
regulators, nuclear structure proteins, and metabolic enzymes'>'®. The large number of
putative RBPs representing such a diverse functional spectrum suggests a vast potential for

regulatory ncRNA function.

Despite this, it remains mostly unknown how many of these RBPs interact with ncRNAs,
and which specific ncRNAs they might associate with. Typically, defining the RNAs that
proteins bind in vivo requires protein-centric approaches, such as CLIP'® (Figure 1a). When
paired with high-throughput sequencing!®-?°, CLIP can comprehensively define specific sites
on RNAs that interact with a protein of interest. This approach utilizes UV-light to create a
covalent photo-crosslink between a protein and its bound RNAs, but not between pairs of
proteins. Because these crosslinks can be formed in a living cell, a specific protein can be
purified — usually via an antibody — under stringent washing conditions that disrupt non-
crosslinked RNA-protein and protein-protein interactions. However, because CLIP can only
map a single protein at a time, it is technically challenging to explore the thousands of
annotated RBPs. Additionally, CLIP relies on high-quality antibodies, which are not always
available — especially for non-canonical RBPs. Accordingly, there have been limited efforts
to map most of these proteins to specific RNAs. Moreover, even in cases where interactions
between specific non-canonical RBPs and RNAs have been identified, the functional

relevance of these interactions have been questionable.

1.3 A CAUTIONARY TALE FROM XIST AND PRC2

The Xist IncRNA represents a valuable case study illustrating some of the practical
challenges in deciphering ncRNA-protein interactions and function. Briefly, Xist is required
for initiating chromosome-wide transcriptional silencing on the X chromosome to balance

gene expression between male (XY) and female (XX) mammals?'. Although Xist was first
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identified in 199122, the molecular components required for initiation of chromosome-wide

silencing were not identified until 2015225,

In the intervening years, extensive characterization of Xist showed that: (i) Xist coats the
inactive X?°, (ii) Xist is sufficient to initiate transcriptional silencing on the X?’, (i) initiation
of Xist corresponds to accumulation of PRC2 and its associated H3K27me3 repressive mark
over the inactive X2 (iii) the A-repeat region of Xist is required for transcriptional
silencing?, and (iv) the A-repeat of Xist interacts with PRC23°, Because PRC2 was known
to be involved in transcriptional silencing in other contexts?!, this led to a model where Xist

binds directly to PRC2 via the A-repeat to silence transcription (Figure 1b).

While this model seemingly explained these observations, there was a problem: deletion of
PRC2 did not impact Xist-mediated transcriptional silencing?*3%*3 (Figure 1b). Because
Xist-PRC2 interactions were identified using either in vitro measurements® or native RIP**,
they might represent in-solution associations rather than bona fide interactions that occur in
vivo. In a classic experiment, Mili and Steitz showed that native IP methods can identify
RNA-protein interactions that could not have occurred in vivo®. Similarly, mammalian
PRC2 was shown to interact with bacterial RNAs with comparable affinity to that of other

mammalian RNAs, including the A-repeat'.

In fact, PRC2 has been reported to bind promiscuously to virtually all RNAs and the
biological significance of this remains a topic of debate®. While most studies of RNA
interactions with PRC2 rely on in vitro measurements and RIP, there have been recent
attempts to map PRC2 using CLIP'>'337; these reported further evidence of promiscuous
PRC2 binding to RNA, including to Xist. However, while experimentally stringent, these
studies highlight another critical issue related to the analysis of CLIP data. It is well-
documented that the number of reads mapping to an RNA is proportional to its overall
abundance and therefore simply identifying reads does not indicate binding!®. For this
reason, it is not possible to distinguish between promiscuous binding of a protein to all RNAs
from the lack of binding to any RNAs. In addition, because of the low efficiency of UV-

crosslinking and stringency of CLIP, the complexity of the underlying sequencing library is
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often extremely low, leading to read pileups at specific locations due to PCR duplications.

Indeed, many of the reported interactions between PRC2 and specific RNA regions in CLIP

experiments appear to be PCR duplicates rather than enrichment of true binding events®’.

Consistent with the idea that the Xist-PRC2 association might not represent an in vivo
binding event, several studies purified Xist using different in vivo crosslinking strategies
coupled with high stringency washes and mass spectrometry?>2°. None of these methods
identified an association between Xist and any previously reported PRC2 components. In
contrast, these studies all independently identified SPEN (also known as SHARP)?*2° a
transcriptional co-repressor. Follow-up studies have demonstrated that SPEN is required for
Xist-mediated transcriptional silencing in cell-based models?*?* and in early development™.
SPEN has been shown to bind to the A-repeat region of Xist via CLIP**#!| congruent with
the finding that Xist lacking the A-repeat cannot silence transcription” (Figure 1b).

Importantly, the discrepancy between biochemical evidence supporting specific RNA-
protein interactions and genetic evidence demonstrating that these same interactions are often
dispensable for function is not limited to Xist and PRC2. For example, recent evidence
indicates that PRC2 is dispensable for HOTAIR-mediated gene silencing®?, even though it
was initially reported to bind to PRC2 using RIP>*. Similarly, the YY1 transcriptional
regulator was reported to bind to Xist to tether the RNA to chromatin**, 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 transcriptional silencing.
Consistent with this, stringent purification of Xist followed by mass spectrometry failed to

identify YY1 as an Xist binding protein?*2,

These examples highlight the practical issues associated with deleting an identified “binding
site” as evidence supporting the functional role of an RNA-protein interaction (Figure 1a).
Specifically, deletion of a binding site on an RNA may result in phenotypic effects due to
disruption of a different protein (e.g. SPEN rather than PRC2 to the A-repeat). Similar issues
may occur when disrupting the RNA-binding region of a protein, which could impact its

overall structure and other essential functions. For example, deletion of the RNA-binding
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region of CTCF impacts formation of chromatin loops®’, yet because it overlaps a zinc finger

motif (a known DNA-binding motif), it is unclear if the observed impacts are solely due to
RNA-binding. Because of these potential issues, alternative approaches that directly test the
importance of the RNA-protein interaction are critical. One way to do this is by reconstituting
the RNA-protein interaction via a synthetic fusion upon disruption of the RNA binding
region and/or protein binding site and measuring whether this can rescue the expected
phenotype (Figure 1a). For example, synthetically tethering an RNA-binding mutant of

SPEN directly to Xist was shown to rescue transcriptional silencing on the X*° (Figure 1b).

1.4  BRIDGING THE GAP BETWEEN DISCOVERY AND FUNCTION

Many additional non-canonical RBPs such as metabolic enzymes (e.g. ENO1%) and various
chromatin complexes including DNA methylation enzymes (e.g. DNMT1'0, TET2!),
repressive (e.g. PRC1%%) and activating (e.g. WDR5*7) chromatin modifiers, transcription
factors (e.g. SOX2%*), and three-dimensional DNA structure proteins (e.g. CTCF®7) have
been reported to bind to RNAs. Based on these observations, chromatin regulators have
emerged as central players in the mechanisms by which ncRNAs regulate gene expression
(Figure 1c). While an attractive model due to the intrinsic high local concentrations that
ncRNAs can form in the nucleus?, the functional importance of RNA binding in chromatin
regulation remains untested in most cases. As the number of proteins reported to bind to
RNA continues to increase, we are faced with a growing chasm between the potential for

what ncRNAs can do and the reality of what functional roles they play.

Motivated by the lessons learned from the examples discussed above, we propose a
comprehensive framework — including new experimental methods — that will be useful for
bridging this gap. This framework consists of: (i) Stringent experimental methods to define
high confidence RNA-protein interactions — including high stringency and/or denaturing
purification for RNA-centric proteomic discovery and protein-centric RNA mapping. (ii)

Scalable methods that can characterize the large numbers of putative RBPs. This will require
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development of new tools that utilize the stringency and binding site precision of CLIP, but

with dramatically improved throughput. Moreover, we anticipate needing additional affinity
reagents or alternative purification strategies to map proteins that are currently inaccessible
via existing antibodies. (iii) Rigorous computational and statistical methods to identify
meaningful regions of RNA binding that account for abundance, complexity, and other
sources of artifacts. (iv) Quantitative measurements of protein and RNA binding affinity*’
and occupancy frequency®® in living cells. Such approaches will enable more precise
characterization of true binding events through establishing quantitative criteria, including
accurate measurements of potentially promiscuous RBP interactions. (v) Precise functional
characterization of an RNA-protein interaction through targeted disruption of the interaction

and rescue through reconstitution.

With a reliable framework such as this, we anticipate being able to define classes of ncRNA
and protein functions to fully understand the scale and scope of ncRNA-mediated functions.
This information will allow us to explore what intrinsic properties of RNA make it such a
widespread and versatile molecular regulator. Moreover, it will allow us to begin to address
more global questions, such as why a large fraction of the human proteome has evolved to

bind to RNA, and why the genome encodes so many distinct ncRNA species.
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Figure 1: Identification and functional characterization of RNA-protein interactions.

(a) Left: methods for mapping RNA-protein interactions in vivo using UV crosslinking,
including: (i) protein-centric approaches in which a specific protein is selectively purified
and its associated RNAs are mapped using high-throughput sequencing; and (ii) RNA-
centric approaches where a specific RNA or set of RNAs are selectively purified and the
bound proteins are identified by mass spectrometry. Right: experimental framework for
dissecting the functional relevance of an RNA-protein interaction illustrated by a ncRNA-
protein complex that acts to repress transcription. Schematic of methods to disrupt an RNA-
protein interaction via: (i) deletion (A) of a protein-binding region on the RNA; or (i)
deletion (A) of the RN A-binding region on the protein; and (ii1) rescuing a phenotype through
synthetically tethering the effector protein to the RNA. (b) Experimental evidence for (green
tick) or against (red cross) the functional interaction between Xist and either SPEN (left) or
PRC2 (right). (¢) A range of proposed roles for RNA-mediated regulation of cellular
processes,

including mediation of three-dimensional DNA structure, recruitment of

transcription factors (TFs) to genomic sites, feedback inhibition of metabolic pathways, and
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subcellular compartmentalization of proteins and RNA. m/z, mass-to-charge ratio; P,

phosphate group.
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2.1 ABSTRACT

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 (IncRNAs) regulate gene
expression. Yet, there is a growing discrepancy between the biochemical evidence
supporting specific IncRNA-PRC2 interactions and functional evidence demonstrating that
PRC2 is often dispensable for IncRNA function. Here we revisit the evidence supporting
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.

2.2 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-binding proteins (RBPs) that do not contain canonical RNA-binding domains'~
4 including chromatin and transcriptional regulators as well as metabolic proteins. This has
led to intense interest in understanding 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 proteins®® and many chromatin regulators have been reported
to act as central players in the mechanisms by which long non-coding RNAs (IncRNAs)

regulate gene expression’ !,

One of the most widely-studied chromatin complexes that is reported to interact with RNA

is the Polycomb Repressive Complex 2 (PRC2), which deposits the repressive trimethylation
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of lysine 27 on histone H3 (H3K27me3) modification'®!°, PRC2 components have been

reported to bind broadly to many RNAs, including IncRNAs and mRNAs?*22. These
observations have led to the proposal that many canonical PRC2 functions are mediated by
its interactions with RNA>20:2324 including PRC2 recruitment to genomic DNA sites'!?323-
28 tethering of PRC2 components®’, and activation of PRC2 enzymatic activity?’. Additional
proposals include that PRC2 binding to nascent pre-mRNAs precludes binding to DNA at
active genes>?!?? and that PRC2 can act as a nuclease to degrade specific RNAs*’. These
observations have prompted studies of several other chromatin complexes and reports that
they too bind broadly to many RNAs to achieve various functions; examples include DNA
methylation enzymes (e.g., DNMTI1)*!33, PRC1 components (e.g., RING1, CBX7)!3
trithorax components (e.g., WDRS5),323° transcription factors (e.g., SOX2)*¢38 and
chromatin structure proteins (e.g., YY1 and CTCF)®33%9-41,

The paradigm example for the functional relevance of chromatin protein-RNA interactions
is the Xist IncRNA®%*?, Xist initiates X chromosome inactivation (XCI) by localizing across
one of the two X chromosomes, recruiting numerous chromatin-modifying complexes
(including PRC2 and its associated H3K27me3 mark***) and mediating chromosome-wide
silencing®***. PRC2 was reported to bind to the A-repeat of Xist>*, a region that is required
for Xist-mediated silencing®. This led to a model whereby Xist directly binds to PRC2 and
recruits this repressive chromatin complex to the X to mediate silencing®**#’. Other
IncRNAs, such as HOTAIR, were similarly reported to directly bind PRC2 to silence

transcription' %4849,

However, genetic studies raised important questions about the functional relevance of many
of these chromatin-RNA interactions. For example, deletion of PRC2 components that
prevent its recruitment to, and deposition of H3K27me3 on, the X does not impact initiation
of Xist-mediated silencing>*>!, and deletion of the A-repeat from Xist does not prevent PRC2
recruitment to, or H3K7me3 accumulation on, the X>>3, Similarly, deletion of PRC2 does
not impact HOTAIR-mediated silencing®>°%>7. Importantly, this discrepancy is not limited

to PRC2-RNA interactions: the YY1 transcriptional regulator was reported to bind to Xist to
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tether the RNA to chromatin'#, 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*®>>. These examples highlight a critical discrepancy between the
biochemical evidence supporting specific chromatin-RNA interactions and the genetic
evidence demonstrating that these same interactions are often dispensable for IncRNA

function.

Most biochemical evidence of RNA interactions with chromatin proteins comes from in vitro
binding assays, which measure binding between purified proteins and RNA3%° and RNA
immunoprecipitation (RIP), which utilizes native purification conditions in crosslinked or
non-crosslinked cells to immunoprecipitate a protein and measure its associated RNAs®%-61,
Because of the low stringency required to preserve native protein-RNA interactions, these

methods can identify RNA-protein interactions that do not occur in vivo%?.

More recently, several of the interactions detected by RIP>!° have been confirmed using
crosslinking and immunoprecipitation (CLIP) methods”#2%2!, CLIP utilizes UV-crosslinking
to form covalent 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%3-¢7

. 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®’.

However, several observations suggest that many of the RN A-chromatin protein interactions
reported, including by CLIP, may not represent interactions that occur in vivo: (i) We and
others have purified Xist using denaturing conditions after in vivo crosslinking and failed to
identify the previously reported interactions between Xist and any of the PRC2 components
or YY 13688 (ii) 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®>®>. (iii) visualization of labeled protein-RNA complexes separated on

an SDS-PAGE gel after CLIP of PRC2 components fails to show the expected RNase-
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dependent size shift typically observed for RBPs?!?2. (iv) CLIP studies that have reported

specific 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 specific RNA fragments being mistaken for specific binding interactions?!2>70,
(v) 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’.

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
experimental 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 critical new framework for studying non-canonical RNA-protein

interactions in vivo.

23 RESULTS

2.3.1 CLIP IDENTIFIES MANY PRC2-RNA INTERACTIONS THAT COULD NOT
HAVE OCCURRED IN VIVO

Because PRC2 has been reported to bind directly and promiscuously 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 designed an experiment — modeled after Mili and Steitz®? — 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
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covalent photo-crosslinks between directly interacting RNAs and proteins (+tag). We then

mixed this lysate (+tag) with lysate from UV-crosslinked cells of a different species that do
not express the V5-tagged proteins (-tag) and performed eCLIP (a specific implementation
of CLIP"!) 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 interactions 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 reported to bind directly to RNA by RIP!3-17:3272 CLIP?!??, and in

Vitro>+-»

experiments. We confirmed that the tagged proteins are (i) well-expressed (Figure
S1A, S1B), (i1) specifically purified using a V5 antibody (Figure S1C), (iii) properly
incorporated into the endogenous PRC2 complex (Figure S1D), and (iv) retain their RNA
binding activity in vitro (Figure S2). Consistent with previous observations?!?, we observed
that radioactive isotope (*’P)-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 to the same RNAs, we transfected the tagged protein into a
human cell line (+tag) and mixed it with untransfected mouse cells (Figure 1B), and in
parallel, transfected the tagged protein into a mouse cell line and mixed it with untransfected
human cells (-tag) (Figure 1C). We performed CLIP on each PRC2 component 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 samples relative to their expression levels in total RNA
(~6,300 RNAs, p<10°, Figure 1D, S4A). For example, we observe strong enrichment for all

3 PRC2 components across several IncRNAs that have previously been reported to bind to
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PRC2 including XIST, MALATI173, and NEAT17* (Figure 1B, S4C). In addition, we

observed strong binding to NORAD, a IncRNA that is predominantly localized in the
cytoplasm (Figure S4C)7>7°,

Surprisingly, we also observed significant PRC2 binding in the -tag samples with >850
RNAs containing significantly enriched binding sites for all 3 PRC2 components (Figure
1E, 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., MALATI, NEATI1, 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 enriched in the +tag samples (Spearman correlation = 0.625, Figure 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 reported®!® (Figure 1B,

1C).

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.
Furthermore, 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 protein (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
(Figure 1C, 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 accurately
determining which of the detected PRC2-RNA interactions (if any) may represent bona fide

interactions that occur in vivo.

2.3.2 DENATURING PURIFICATION REMOVES NON-SPECIFIC ASSOCIATIONS
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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-dependent non-specific
associations might be detected. These include potential protein-dependent sources of
background where (i) the captured protein may associate with other proteins that are
crosslinked to RNA or (ii) other proteins that are crosslinked to RNA may be retained after
immunoprecipitation (Figure 2A). Additionally, we considered potential RNA-dependent
sources of background where (ii1) the captured protein may interact with RNA that is
crosslinked to another RBP or (iv) the captured protein may interact with free, non-
crosslinked RNA (Figure 2A). Any of these non-specific associations that remain after
immunoprecipitation would be detected because the protein purification
(immunoprecipitation) and denaturation steps (gel electrophoresis) 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 targets would be present in vast excess relative to
bona fide targets (sece STAR Methods, Possible explanations for UV- and protein-

dependent non-specific associations).

To address these possibilities, we utilized a method that enables purification of RNA-protein
interactions using fully denaturing conditions, called Covalent Linkage and Affinity
Purification (CLAP)””7® (Figure 2B). CLAP, like other methods that utilize covalent

linkage”®!

, integrates an epitope tag that enables covalent coupling to a resin (e.g.,
HaloTag??, SpyTag®®) 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 (i) protein purification and (ii) crosslinked RNA purification relative to

CLIP-conditions (Figure 2C, 2D, SS5A, S5B). Specifically, we found that CLAP washes
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significantly reduce non-specific protein binding (“protein-dependent background’, Figure

2C) and the amount of non-crosslinked RNA (‘RNA-dependent background’, Figure 2D,
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 background, 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
recovered for all 3 of the PRC2 components relative to CLIP (Figure 2E, 2F, S5C). In fact,
virtually all of the RNA regions that were significantly enriched in the -tag CLIP samples
were depleted when measured by CLAP (Figure 2E-2H, S5C). These results demonstrate
that CLAP accurately removes non-specific RNA-protein associations that do not occur in

Vivo.

2.3.3 DENATURING PURIFICATION ACCURATELY RETAINS IN VIVO
CROSSLINKED RNA-PROTEIN INTERACTIONS

To ensure that CLAP can still identify bona fide RNA-protein interactions that occur in vivo,
we explored two well-defined RNA binding proteins (RBPs) that are known to interact with
RNA through distinct binding modes: (i) PTBP1 is an RBP that contains multiple RNA
Recognition Motif (RRM) domains, binds predominately within intronic regions, and has
high selectivity towards a defined RNA sequence motif (HYUUUYU)* and (ii) 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-mRNA with a broad

localization profile®’.
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We performed CLIP and CLAP on each protein across replicates (Figure 3A, S6A, S6B),

sequenced the RNA, and observed the expected binding sites with PTBP1 binding primarily
at intronic regions containing its known motif (Figure 3B, 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 (Figure 3D-3F, 3G-3I) and highly
reproducible between replicates (Figure S6A, S6B). Consistent with this, when we
visualized *’P-labeled RNA co-purifying with PTBP1, we observed a clear RNase-dependent
size shift that resolves to the protein size (Figure S3C) with similar RNA sizes and amounts

observed by CLIP and CLAP (Figure 3A).

These results demonstrate that CLAP accurately and sensitively 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 interactions, there is no intrinsic difference between the
two approaches in their ability to detect interactions of different affinities or stability (see
STAR Methods, Failure of CLAP to identify RNA-protein interactions identified by

CLIP cannot be due to differences in assay sensitivity).

234 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 (*?P), 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 (Figure 4A, S7A), despite successfully 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 (Figure 4A, S7A, S7B).
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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 in binding of all 3
of the PRC2 components to RNA (Figure 4B-4E, S8A) with >99.97% of the RNA regions
that were significantly enriched by CLIP being depleted in the CLAP 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 and were
not reproducible across replicates (Figure S8A)). For example, PRC2 binding that was
observed over XIST by CLIP was depleted when measured by CLAP (Figure 4B, 4C, S8C).
These results are strikingly different from the RNA binding profiles observed by CLAP for
PTBPI1 or SAF-A (Figure 4B, 4C), regardless of the precise p-value cutoff utilized (Figure
S7C). Instead, we find that the overall signal observed for each of the 3 PRC2 components
is comparable to the level observed when we perform CLAP on GFP (Figure 4C, S8B),
which does not bind RNA in vitro (Figure S2, 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 protein from the same lysate and CLAP purified more protein
than CLIP in all cases (Figure S9A-S9D). In addition, we confirmed that the Halo-tagged
PRC2 components (i) were successfully purified in all cases (Figure S10), (i1) could still be
properly incorporated into the endogenous PRC2 complex (Figure S1D), (iii)) were
expressed at levels that exceed endogenous levels (Figure S1A, S1B), (iv) retain their
reported RNA binding activity in vitro (Figure S2), and (v) can form UV-induced crosslinks
with RNA when 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 exogenous PRC2 components might disrupt the complex and

therefore impact RNA binding. While this possibility cannot explain why CLIP observes
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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 kDa vs 30 kDa) into both alleles of
the endogenous Eed, Ezh2, or SuzIl2 genes in mouse embryonic stem cells (mESCs) using
CRISPR/Cas9 (Figure 4G, 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-RNA binding, these PRC2 components properly localize to chromatin and
deposit H3K27me3 at the expected 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 enriched RNA regions corresponding to known PTBP1
binding sites (Figure S12C, 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.

2.3.5 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*32:38689 including
repressors and activators of transcription!®3637%0 DNA-binding proteins®3®, and proteins
involved in 3D chromatin organization®4%#1°1. Given our observations 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 proteins — CTCF, YY1,
and WDRS — that are known to play distinct roles in chromatin regulation and have been

widely-reported to bind RNA.

(i) CTCF is a zinc finger domain-containing protein that directly binds DNA and is critical

for the formation of topologically-associated domain structures®>”3. Recently, CTCF has
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been reported to bind RNA to guide CTCF to specific locations on genomic DNA’, locally

constrain CTCF mobility on chromatin®, and shape higher-order chromatin structure’84%4!,
The evidence for CTCF as an RNA-binding protein comes from CLIP data indicating that
CTCF binds many different RNA targets including IncRNAs such as Tsix, Firre, and others’.
Yet in contrast to what is observed for other well-defined RNA binding proteins, CLIP
analysis of CTCF shows strong RNA association even in the absence of in vivo UV-
crosslinking’. Moreover, disruption of a specific region of CTCF that was reported to ablate
interaction with RNA in vitro (termed the ‘RNA binding region®) still leads to detection of
an appreciable amount of RNA by CLIP*!.

To explore whether CTCF interacts with RNA in vivo, we generated 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 IncRNA region (including FIRRE)
that was enriched in either of two independent CLAP experiments, even though we
successfully purified the protein in both cases (Figure SA, S13B, S13E). Because RNA
binding to CTCF has been proposed to impact CTCF localization, we performed genome-
wide mapping of Halo-tagged CTCF by ChIP-seq and observed highly comparable
localization patterns to those of endogenous CTCF proteins (Figure 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.

(i) YY1 is a DNA-binding protein that is thought to play an important role in mediating
enhancer-promoter loop interactions®. YY1 was reported to bind broadly to RNA based on
CLIP data, and these widespread RNA interactions were proposed to be important for
tethering YY1 to DNA%*. To explore if YY1 interacts directly with RNA in vivo, we

generated a mESC line with an in-frame SpyTag integrated into the endogenous Yy!/ allele
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and performed CLAP (Figure S13C). When we sequenced the associated RNA, we failed

to identify a single 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 those previously reported for the endogenous protein (Figure SD). We observed a
similar global depletion of RNA binding when we performed CLAP on an expressed Halo-
tagged YY1 in HEK293T cells (Figure S13D, S13E). Together, these results indicate that
YY1 does not appear to bind directly to RNA in vivo and that RN A-binding is not critical for

YY1 localization on chromatin.

(iii) WDRS5 is a component of the MLL complex which deposits the H3K4me3 modification,
a mark of transcriptionally active chromatin®®. RIP experiments have shown that WDR35
binds to many different IncRNAs, including HOTTIP, leading to the proposal that IncRNAs
act to guide the MLL complex to maintain an active chromatin state®. To determine whether
WDRS binds directly to RNA, we expressed a Halo-V5-tagged WDRS protein in human
HEK293T cells and performed CLAP. Similar to our observations with PRC2, CTCF, and
YY1, we did not identify any RNAs that were significantly enriched for interactions with
WDRS, including HOTTIP, despite successfully purifying the protein (Figure SE, S13B,
S13E). Given the proposed role for WDRS5-RNA interactions in guiding WDRS5 to
chromatin, we performed ChIP-seq on Halo-WDRS5 and observed highly comparable
localization patterns to those observed for the endogenous WDRS complex (Figure SF).
These results demonstrate that RNA interactions are not essential for WDRS localization and

function on chromatin.

Taken together, these data suggest the need for a critical evaluation of the RNA binding

properties of these and other chromatin proteins.

2.3.6 SPECIFIC CHROMATIN PROTEINS CAN BIND DIRECTLY TO RNA IN VIVO
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Although several chromatin proteins do not appear to bind directly to RNA in vivo, we

explored whether other specific chromatin proteins might. To do this, we analyzed previously
published data generated from RNA purification in UV-crosslinked cells followed by global
protein identification using mass spectrometry>*8788979 to gselect a list of 20 additional
proteins with annotated roles in a range of chromatin functions, including 3D structure,
histone modifications, DNA modifications, and transcription'® (Figure 6A, see STAR
Methods). We expressed Halo-V5-tagged versions of these proteins and performed 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, EWSRI1, CHTOP, PSPCI1, and TET2 — that are robustly
expressed (Figure S14) and bind to specific RNA regions in vivo across multiple replicates

using CLAP (Figure 6B, S15A).

(i) SPEN (also called SHARP) interacts with the SMRT/NCOR2 corepressor to activate
histone deacetylase activity of HDAC3 and recruit it to specific genomic sites>>!!. We and
others identified SPEN as the critical protein that binds to the A-repeat of Xist and that is
essential for initiation of silencing on the X3%68102.103 " 'While the interaction between Xist
and SPEN was previously observed by CLIP experiments’>!%19  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 Xist’®!04
106 (Figure 6D). We also identified binding sites within several other IncRNAs, including
Kcenglotl and Chaserr (Figure 6D, S16A). Because Kcnglotl and Chaserr have been shown
to repress expression of their neighboring genes'?!197-19 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 protein-coding genes, including within the second intron
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of the Spen pre-mRNA (Figure 6D); these interactions might act to modulate transcription

of these genes.

(ii) EWSR1 is a multifunctional protein belonging to the FET (FUS, EWSR1, TAF15) family
of proteins that bind DNA and regulate gene expression''%!'!, EWSRI1 is known to associate
with the basal transcriptional machinery!!? (transcription factor IID and RNA polymerase
I1'"3) and transcriptional coactivators (CREB-binding protein and histone acetyltransferase
p300) to stimulate transcriptional activation!'*. EWSR1 functions have been attributed in
part to its ability to undergo oligomerization through RNA-dependent phase separation in
cells'®, We performed CLAP on EWSRI1 and observed >700,000 significantly enriched
binding sites within thousands of RNAs. The majority of these EWSRI1 binding sites occur
within intronic regions of pre-mRNAs (Figure S15B, S15C), consistent with previous
reports by CLIP!'>-'7_ Because RNA is thought to seed the binding of FET proteins to RNA
polymerase II''®!"° and depletion of EWSRI1 leads to a global reduction in nascent
transcription'?’, 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 EWSR1 might act to autoregulate

its own expression as well as the closely related and functionally redundant FET proteins

121,122

(iii) CHTOP is a component of an arginine methyltransferase complex'?* containing PRMT1
and PRMTS5 that promotes methylation of arginine 3 of Histone H4 (H4R3), a histone
modification associated with transcriptional activation'?*, CHTOP has also been reported to
bind to DNA sequences containing 5-hydroxymethylcytosine (5hmC)'?*125126  an
intermediate of DNA methylation and an epigenetic mark that recruits DNA-binding
proteins'?”128, Beyond its reported DNA and chromatin roles, CHTOP was also recently
identified as a novel component of the TREX mRNA export complex!?>126, To explore
CHTOP binding, we performed CLAP and identified >40,000 enriched sites within ~7,000
RNAs, including within the introns of ALYREF (Figure 6E, 6F), a core factor of the TREX
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complex!?*130_ Globally, CHTOP intronic binding sites were predominately located at the 5’

end of the first intron (Figure 6F, S16C), possibly due to co-transcriptional recruitment to
pre-mRNAs via splicing, similar to previous observations for TREX binding to mRNA!3!,
The association between CHTOP and nascent pre-mRNAs may act to facilitate its

recruitment to the genomic DNA region of actively transcribed genes'?®.

(iv) PSPCI is a nuclear protein enriched within paraspeckles, a nuclear structure thought to
fine-tune gene expression by sequestering proteins away from their target genes'??. In
addition, PSPC1 has been reported to localize at promoters'?®!3* and guide chromatin

regulators'?*

, including TET2 and HDACI1/2, to transcriptionally active genomic loci
through its interactions with nascent RNAs. We performed CLAP on PSPC1 and observed
binding to NEAT1 (Figure S15D, S16A), a IncRNA that is essential for paraspeckle
assembly'*3. Beyond NEATI1, we identified significant PSPC1 binding sites within the
introns and 3°-UTRs of >10,000 mRNAs (Figure S15B, S16B); these binding preferences
are consistent with those observed by previous CLIP experiments’+!3¢. These include
specific enrichment within the introns of HDAC- and TET-related mRNAs, such as SIN3B
and HDACS (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.

(v) TET2 is a dioxygenase that catalyzes stepwise DNA demethylation by converting 5-
methyl cytosine (5mC) to 5-hydroxymethyl cytosine (5ShmC) on DNA'Y7. To explore TET2
binding to RNA, we performed CLAP and uncovered >7,000 binding sites within ~1,500
RNAs (Figure 6G, 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 substrate'3® (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 hundreds of antisense RNAs at promoters, including at its own mRNA
locus (Figure 6H, S17D). These RNA binding sites often overlapped CpG islands (~80%
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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'3*'43, Because TET2 functions as a DNA demethylase, and because TET2 lacks
a known DNA-binding domain'#*, these RNA interactions may recruit TET2 to DNA to
enact its enzymatic functions. Consistent with this, TET2 localization on chromatin has been
shown to be sensitive to transcriptional inhibition'**. Importantly, our global RNA-binding
maps for TET2 contrast with those previously reported by CLIP, which were predominantly
enriched for transfer RNAs, ribosomal RNAs, and murine endogenous retrovirus-L
(MERVL transcripts'34143:146 " The highly specific binding sites we identified on lower
abundance RNAs will be critical for dissecting potential RNA-dependent functions of TET2.

Together, these results indicate that while not all previously reported 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).

24  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 promiscuously to RNA in vitro but does
not appear to bind directly in vivo, there are several critical differences between in vitro
reaction conditions and the in vivo context of PRC2 in the nucleus. For example, in contrast
to in vitro experiments where protein and RNA are well-mixed at defined concentrations, the
nucleus is highly compartmentalized'#’ 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”)!*¥-10, Additionally,
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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 affinity 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 conditions®®; 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*?!2270.151 ' 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 others®
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 indicate 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.

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!32, a RBP that
binds many RNAs'>3, Moreover, previous reports of a global role for RNA in PRC2
localization to chromatin?® were shown to be primarily due to a technical issue and that, once

corrected, PRC2 localization is independent of RNA 34153,

Beyond PRC2 and the chromatin proteins explored here, many additional proteins lacking
classically defined RNA binding domains — including transcription factors, chromatin

regulators, and metabolic proteins - have been reported to bind RNA, suggesting the potential
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for a vast regulatory role for RNA. Yet, to date, few of these proteins have been demonstrated

to function through their interaction with RNA'%¢, 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
functional 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®*-67-157158  Qur results demonstrate that CLIP can
quantitatively separate bona fide interactions that occur in vivo from non-specific
associations for well-characterized RNA binding proteins (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 protein-
specific “peaks” that could be mistaken for legitimate binding sites using standard analytical

methods.

Despite these issues, the CLIP procedure itself is not the problem; rather, complications can
arise from how the data are interpreted. 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 developed®’ and
for which it is most commonly used'>°. 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 “significant”

enrichments when analyzed in isolation. This is likely due to the fact that background signal
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is non-random and can be comparable even across different proteins'!”-1%16! 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).

Yet, even in these cases, we observe that there are clear qualitative 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 (Figure 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 observations 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
denaturing CLIP (dCLIP)**7°, and those reported here. Accordingly, extreme care is needed
especially when evaluating proteins that: (i) lack canonical RNA-binding domains, (ii)
exhibit binding profiles that approximate those of input RNA, or (ii1)) 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 background measurements.
Limitations of the study

Our results demonstrate that CLAP significantly reduces non-specific signal while accurately
mapping known RNA-protein interactions for well-characterized RBPs. CLAP has several
additional technical advantages: (i) it takes significantly less time to perform because it does
not require gel extraction, (ii) it allows for fragmentation of RNA using heat and so

eliminates structural biases associated with RNase digestion, and (iii) it can be used with an
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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

1627 prOXimity labeling163*165’ and

RNA and protein association (adenosine-to-inosine editing
reverse transcribe and tagment (RT&Tag)'®). In addition, because CLAP does not require
size-based gel extraction, it can be used with orthogonal 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-

167 either because of the inherent UV

RNA contacts are capable of forming UV crosslinks
bias for aromatic amino acids or due to differences in the type of RNA contacts that might
occur (i.e., phosphodiester backbone), or because of the transient nature of specific
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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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, and mixed with UV-crosslinked cell lysate from cells of a
different species not expressing the tagged protein (-tag, grey). 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, C) CLIP
enrichment profiles for each PRC2 protein (EED, EZH2, SUZ12) are plotted across XIST in
the +tag (red) samples (b) and in the -tag (grey) samples (c). Input reads for the EZH2
samples are plotted in light grey. (D, E) Scatter plots of input RNA abundance (log scale, x-
axis) compared to CLIP enrichment (log scale, y-axis) across 100-nucleotide windows of all

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

components are plotted in Figure S4A and S4B. (F) Density scatter plot comparing the levels
of significant (p<107) +tag CLIP enrichments (x-axis) to significant -tag CLIP enrichments

(y-axis) for all 3 PRC2 components across all human RNAs.
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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 (grey 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
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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 RNAs
measured. (*) denotes the lower marker used for sizing. (E, F) Scatter plots (left, CLIP; right,
CLAP) of input RNA abundance compared to enrichment across 100-nucleotide windows of
all human RNAs in the -tag experiments. Plots include all 3 PRC2 components; individual
components are plotted in Figure S4B and SS5C. (G, H) Enrichment profiles for each PRC2
protein (EED, EZH2, SUZ12) in the -tag samples are plotted across the human XIST IncRNA
for CLIP (left, same as Figure 1C) and CLAP (right). Input reads from EZH2 samples are
plotted in light grey (CLIP and CLAP input are identical because they come from the same
lysate).
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Figure 3: CLAP accurately maps in vivo crosslinked RNA-protein interactions.

(A) Visualization of radiolabeled RNA (*?P) 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 0-3,000nt) 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, E) Scatter plots of input RNA abundance compared to
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enrichment across 100-nucleotide 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-°) between CLIP (x-axis) and CLAP (y-axis) across all human
RNAs. (G, H) Scatter plots of input RNA abundance compared to enrichment across 100-
nucleotide windows of all human RNAs identified for SAF-A by CLIP (left) or CLAP (right).
Windows with significant enrichment (binomial p<10-°) are shown in red. (I) Density scatter
plot comparing the levels of significant SAF-A enrichment (p<10) between CLIP (x-axis)
and CLAP (y-axis) across all human RNAs.
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Figure 4: PRC2 components purified using denaturing conditions do not appear to bind

RNA.
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(A) Visualization of radiolabeled RNA (*’P) purified by CLAP from Halo-V5-tagged

versions of PTBP1 and EZH?2 across independent biological replicates. Protein capture was
verified by western blot (below). (B, C) Enrichments for PTBP1, SAF-A, EED, EZH2,
SUZ12, and GFP plotted across XIST in the +tag experiments for CLIP (left; EED, EZH?2,
and SUZ12 same as Figure 1B) or CLAP (right). (D, E) Scatter plots of input RNA
abundance compared to PRC2 enrichment across 100-nucleotide windows of all human
RNAs 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-nucleotide windows of all
human RNAs. (G) Integration strategy at endogenous locus for generating V5-Spy-tagged
proteins (top). Scatter plot of input RNA abundance compared to CLAP enrichment for all
endogenous Spy-tagged PRC2 proteins across 100-nucleotide windows of all mouse RNAs.
(H) ChIP-seq against each V5-Spy-tagged PRC2 component (top, purple). ChIP-seq on
H3K27me3 from each tagged (middle, orange) and untagged cell line (bottom, yellow). Read
coverage is plotted across the HOXD cluster along with input (light grey).
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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 to CLAP enrichment across 100-
nucleotide windows of all human RNAs for Halo-CTCF-VS5. (B) ChIP-seq of endogenous
CTCF versus Halo-V5-tagged CTCEF. (C) Scatter plot of input RNA abundance compared to
CLAP enrichment across 100-nucleotide windows of all mouse RNAs for V5-Spy-YY 1. (D)
ChIP-seq of endogenous YY1 versus V5-Spy-tagged YY 1. (E) Scatter plot of input RNA
abundance compared to CLAP enrichment across 100-nucleotide windows of all human
RNAs for Halo-WDRS5-V5. (F) ChIP-seq of endogenous WDRS versus Halo-V5-tagged
WDRS.
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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-nucleotide windows across all RNAs for

chromatin proteins measured by CLAP. (C, E, G) Scatter plots of input RNA abundance

compared to CLAP enrichment across 100-nucleotide windows of all RNAs for a set of Halo-

V5-tagged chromatin proteins (SPEN, CHTOP, TET2). (D) Examples of CLAP enrichment
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profiles for SPEN across Xist (top), Kenglotl (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, arrows indicate

direction of transcription (black, sense; red, antisense).
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Figure S1: Controls for tagged PRC2 components (Related to Figure 1).

(A) Western blots performed against endogenous proteins within HEK293T cell lysates that
were transfected with Halo-V5-tagged proteins (PTBP1, EED, EZH2, SUZ12). (*) denotes

the molecular weight of the tagged version of the protein of interest (POI) (endogenous

protein + ~33 kDa HaloTag + ~1.5 kDa V5 tag), black arrow depicts the molecular weight

of the endogenous protein. “Tx” and “UTx” refer to transfected and untransfected cells,

respectively. (B) Quantification of (A), depicting fold enrichment of tagged protein
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expression relative to endogenous protein. (C) Western blots performed against V5 epitope

after CLIP captures (via heat elution) of tagged PRC2 components (EED, EZH2, SUZ12,
PTBP1) shown in replicate. Black arrows depict the molecular weight of the tagged proteins.
An untransfected control was subject to V5 IP and run in replicate on the same blot as PTBP1
(and SUZ12, which is cropped) to demonstrate the specificity of the V5 antibody. (D)
Endogenous PRC2 components (EZH2 or SUZ12) were immunoprecipitated from cell
lysates expressing Halo-EED-V5, Halo-EZH2-V5, or Halo-SUZ12-V5 protein. The amount
of tagged protein that was associated with the endogenous protein was visualized using a

fluorescently labeled Halo-ligand (AlexaFluor-660) on a gel.
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Figure S2: Tagged PRC2 components bind to RNA in vitro (Related to Figure 1).

HaloTag fusion proteins were immobilized on a Biacore chip functionalized with HaloTag

ligand. In vitro transcribed RNA was injected and the affinity of RNA for HaloTag fusion

proteins was measured. RNA substrates were the Maltose Binding Protein (MBP) fused with

five tandem repeats of BoxB RNA hairpin or the Xist A-repeat. Sensorgrams for negative
control (HaloTag-GFP-V5) and Halo-tagged proteins of interest (GFP-3xLambdaN, PTBPI,
EED, EZH2, SUZ12) are shown. Panels show one data set (colored lines) fit globally to a

1:1 Langmuir binding interaction model with bulk refractive index (RI).
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Figure S3: Visualization of RNA-protein complexes purified by CLIP at different

RNase concentrations (Related to Figure 1).

(A, B) CLIP was performed from cells expressing proteins tagged with N-terminal Halo and
C-terminal V5 tags with (+UV, right) and without UV-crosslinking (-UV, left). RNase I
titration was carried out to resolve RNA-protein complexes at RNase I dilutions of 1:50,
1:3,000, and 1:50,000. (A) Tagged EED, EZH2, SUZ12, and (B) untransfected lysates were
captured and visualized using the same CLIP conditions. Captured RNA was radiolabeled
(**P), run on an SDS-PAGE gel, and transferred to nitrocellulose membrane. Red arrow
indicates the expected size of the immunoprecipitated protein. Protein inputs are shown for
each lane by Halo-ligand labeling (below). (C) (Left) Same as in (A, B), but with tagged
PTBPI1. (Right) Quantification of 3*P Halo-PTBP1-V5 CLIP intensity for each RNase
condition (High, Mid, Low, corresponding to 1:50, 1:3,000, and 1:50,000) measured by
ImagelJ (y-axis), integrated across the length of the gel which is scaled to expected molecular
weights (x-axis). (D) Crosslink-induced truncation frequency (percentage) of Halo-PTBP1-
V5 CLIP relative to known PTBP1 motif (HYUUUYU, shown in blue).
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Figure S4: CLIP identifies many PRC2-RNA interactions that could not have occurred

in vivo (Related to Figure 1).
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(A) Scatter plots of input RNA abundance (log scale, x-axis) compared to CLIP enrichment

(log scale, y-axis) across 100-nucleotide windows of all annotated human RNAs identified
for each individual PRC2 component (EED, EZH2, SUZ12) in the +tag experiments.
Windows with significant enrichment (binomial p<10) are shown in red. (B) Same as in
(a), but for -tag experiments. (C) CLIP enrichment profiles for each PRC2 component in the
+tag (red, left) or -tag (grey, right) samples plotted across several human IncRNAs
(MALATI1, NEATI1, NORAD).
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Figure S5: Sources of UV- and protein-dependent non-specific RNA associations

(Related to Figure 2).

(A) Schematic overview of experiment comparing stringency of CLIP-washes to CLAP-

washes. Equivalent amounts of crosslinked (+UV) or non-crosslinked HEK293T (-UV)

whole cell lysate were coupled to amine-reactive beads and washed with either CLIP or

CLAP wash buffers. (B) Remaining bound RNA-protein complexes were eluted using
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Proteinase K and associated RNAs were purified and measured using the Agilent

TapeStation High Sensitivity RNA assay. The ratio of +UV to -UV RNAs measured in CLIP
conditions (top, left) was determined to be 1.9. The ratio of +UV to -UV RNAs measured in
CLAP conditions (top, right) was determined to be 23. Because +UV samples contain both
RNA that is crosslinked and non-crosslinked, to directly compare reduction in non-
crosslinked we compared the -UV levels in CLIP and CLAP. We found that the ratio of -UV
RNA levels measured in CLIP conditions relative to CLAP conditions (bottom, center) was
~207. (*) denotes the lower marker peak for sizing in all graphs. The -UV to -UV comparison
plot is reproduced from Figure 2D. (C) Scatter plots of input RNA abundance (log scale, x-
axis) compared to enrichment (log scale, y-axis) across 100-nucleotide windows of all
annotated human RNAs identified for all 3 PRC2 components (EED, EZH2, SUZ12) in the
-tag CLAP experiments. Windows with significant enrichment (binomial p<10) are shown
in red. (D) To determine how much non-crosslinked RNA is removed by separation on a
nitrocellulose membrane, HEK293T whole cell lysate was run through an SDS-PAGE gel
and transferred to a nitrocellulose membrane. RNA was eluted from the membrane using
Proteinase K and quantified using the Agilent TapeStation High Sensitivity RNA assay. (*)

denotes the lower marker peak for sizing.
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Figure S6: CLIP and CLAP results are robust across independent replicate

experiments (Related to Figure 3).

(A) Genome-wide pairwise comparisons of reads across 100-nucleotide windows of all

mapped reads (i.e., all annotated human, mouse, rRNA, and repetitive RNAs) for all

independent biological replicates of tagged CLIP experiments. Pearson’s correlation

coefficients (r) are shown. (B) Genome-wide pairwise comparisons of reads across 100-

nucleotide windows of all mapped reads (i.e., all annotated human, mouse, rRNA, and

repetitive RNAs) for all independent biological replicates of tagged CLAP experiments.

Pearson’s correlation coefficients (r) are shown.
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Figure S7: CLAP of PRC2 components does not recover detectable amounts of RNA
(Related to Figure 4).

(A) Visualization of radiolabeled RNA (*?P) purified by CLAP from tagged versions of
PTBPI1, EED, EZH2, and SUZ12 after SDS-PAGE and transfer to a nitrocellulose membrane
(performed in independent biological replicate). Protein capture was verified for each by
western blot (below). (B) Quantification of *?P CLAP intensities for all proteins and all
replicates depicted in (A) measured by Imagel (y-axis), integrated across the length of the
gel which is scaled to expected molecular weights (x-axis). PTBP1 replicates show high
concordance in terms of overall size distribution, despite slightly lower intensity in the

second replicate. (C) (Top) Bar plot illustrating number of significant RNA windows
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detected by CLAP (y-axis) across a range of p-values (10~ to 10°) for all PRC2 components,

PTBPI, and SAF-A (x-axis). (Bottom) Zoom-in of the bar plot to visualize number of

significant windows for PRC2 components.
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Figure S8: PRC2 components do not appear to bind RNA in vivo (Related to Figure 4).

(A) Scatter plots of input RNA abundance (log scale, x-axis) compared to enrichment (log

scale, y-axis) across 100-nucleotide windows of all annotated human RNAs identified for
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each individual PRC2 component (EED, EZH2, SUZ12) in the +tag CLAP experiments (top,

Replicate 1) and independent biological replicates without the +tag/-tag system (bottom,
Replicate 2). Windows with significant enrichment (binomial p<10°) are shown in red. (We
found one gene, DNAJBI, that consistently showed higher levels in the EZH2 CLAP
samples relative to input across the entire gene. Because this was uniformly higher across
the entire gene and did not show any specific enriched regions, we suspect it is an artifact
and manually masked it in our plots to avoid confusion). (B) Scatter plots (left, CLIP; right,
CLAP) of input RNA abundance (log scale, x-axis) compared to enrichment (log scale, y-
axis) across 100-nucleotide windows of all annotated human RNAs identified for Halo-GFP-
V5 in the +tag experiments. Windows with significant enrichment (binomial p<10) are
shown in red. (C) CLIP (left) and CLAP (right) enrichments for EED, EZH2, and SUZ12

plotted across the mouse Xist IncRNA in the -tag experiments.
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Figure S9: Quantification of protein yields for CLIP and CLAP experiments (Related

to Figure 4).

(A) Schematic overview of method to quantitatively measure protein capture efficiency

between CLIP and CLAP methods. The amount of tagged protein within the Input (Total)

and Flowthrough (Unbound) samples can be directly measured using a fluorescently labeled

Halo-ligand (AlexaFluor-660) on a gel. Thus, the Capture (Bound) amount can be computed

by subtracting the Input (Total) and Flowthrough (Unbound) measurements (Capture = Input

— Flowthrough). (B) Protein gels quantifying the amounts of Halo-V5-tagged proteins (by

Halo-ligand AlexaFluor-660) within the Input, Capture Flowthrough, and Washes fractions
of CLIP and CLAP for each protein (EED, EZH2, SUZ12, PTBP1) in replicate. Capture

Flowthrough represents the flowthrough immediately saved after affinity purification.

Washes (imaged at a higher contrast to show protein bands) represent the sum of all CLIP-



61
or CLAP-washes performed throughout the protocols. Black arrow depicts the expected

molecular weight of the tagged protein. (C) Bar plots of protein capture levels (determined
by Capture = Input — Flowthrough) for either CLIP or CLAP, for all proteins assayed (EED,
EZH2,SUZ12, PTBP1) (error bars = S.D.). In all cases, CLAP captured more tagged protein
than CLIP. (D) Bar plots of protein wash levels for either CLIP or CLAP, for all proteins
assayed (EED, EZH2, SUZ12, PTBP1) (error bars = S.D.). In all cases, CLIP and CLAP

wash levels were comparable.
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Figure S10: Tagged PRC2 components are successfully purified after CLAP (Related
to Figure 4).

Western blots performed against V5 epitope after CLAP captures (via TEV protease elution)
of tagged PRC2 components (EED, EZH2, SUZ12) shown in replicate. The TEV cleavage
releases the remainder of the HaloTag-bound portion of the protein (Elution) from the resin,

which migrates ~33 kDa lower than the uncleaved protein (Input).
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Figure S11: Tagged PRC2 components UV-crosslink to RNA when assembled in vitro
(Related to Figure 4).

(A) (Top) Schematic overview of strategy to assess degree of in vitro UV-crosslinking for
Halo-tagged proteins. Halo-tagged proteins were expressed in HEK293T cells, lysed, and
Halo-tagged proteins were captured on HaloLink resin under native conditions, incubated
with in vitro transcribed RNA (XIST A-repeat), and then either crosslinked (UV) or not
crosslinked (No UV) in solution with 254 nm UV light. Samples were then washed with

standard CLAP denaturing washes to remove non-crosslinked material. The remaining
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protein-bound RNA was released from resin by Proteinase K, reverse transcribed, amplified

by PCR, and read out on an Agilent TapeStation High Sensitivity DNA assay (see STAR
Methods). (Bottom, left) Agilent TapeStation size profiles shown for each Halo-tagged
protein assayed (GFP, EED, EZH2, SUZ12, PTBP1). (Bottom, right) Quantification (in pM)
of each sample from the in vitro crosslinking assay. (*) indicates sample was undetectable
on TapeStation. (B) Purified PRC2 complex (Active Motif) was incubated with short
biotinylated RNA sequences (GGAA, CCUU, combination of annealed GGAA+CCUU),
crosslinked with 254 nm UV light, run on SDS-PAGE, transferred to nitrocellulose
membrane, and visualized with a streptavidin-conjugated infrared dye (see STAR Methods).
Halo-GFP-AN was used as a positive control for RNA-binding and crosslinking. Crosslinked
RNAs are indicated at the expected sizes of each protein (i.e., EED, EZH2, SUZ12, Halo-
GFP-AN). Free RNAs are indicated at the bottom of the gel, which separate from crosslinked
RNA-protein complexes in the denaturing gel.
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Figure S12: Controls for Spy-tagged PRC2 experiments (Related to Figure 4).

(A) Genotyping PCR for the endogenous, homozygous V5-Spy-tagged proteins, including
PRC2 components (Eed, Ezh2, SuzI2) and Ptbpl. Asterisk (*) indicates the expected size
shift corresponding to the combined length of V5 and SpyTag sequences (81 nucleotides).
(B) RNA-FISH-Immunostaining performed against a cell line expressing endogenous Spy-
tagged EZH2 (red) under inducible expression of Xist RNA (green, driven by Dox-inducible
promoter). Panels i-iii are from Dox-induced cells for Xist expression; panel iv is from non-

induced cells. Individual fluorescent channels are shown in grey-scale. Scale bars, 2 pm. (C)
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Cumulative Distribution Function (CDF) plot for the top 10,000 enriched 100-nucleotide

windows across annotated mouse RNAs for Spy-tagged PTBP1, EED, EZH2, and SUZ12
measured by CLAP. (D) CLAP enrichment profiles for Spy-tagged PTBP1 (top) and Halo-
tagged PTBP1 (bottom) plotted across two mRNAs (Mdm4, Mga). PTBP1 recognition
motifs (HYUUUYU, blue lines) are shown.
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Figure S13: Other chromatin regulators do not appear to directly bind RNA in vivo
(Related to Figure 5).

(A) HEK293T cells expressing Halo-CTCF-V5 (left) or Halo-PTBP1-V5 (right) were either
crosslinked via UV irradiation (+UV) or not crosslinked (-UV) and subject to
immunoprecipitation with V5 antibody and subsequent labeling of captured protein with a
fluorescent Halo-ligand (AlexaFluor-660). Immunoprecipitated RNA was labeled through
T4 RNA ligation of an IRDye-800 labeled RNA adapter. Immunoprecipitated complexes
were run on an SDS-PAGE gel, transferred to a nitrocellulose membrane, and imaged on the
LI-COR imaging system. Proteins (red) and RNA (green) were visualized simultaneously.
(B) Western blots performed against V5 epitope after CLAP captures (via TEV protease
elution) of Halo-V5-tagged chromatin proteins (CTCF, WDRS) shown in replicate. Black
arrows indicate the expected molecular weight of the protein after TEV cleavage. (C)
Genotyping PCR for the endogenous, heterozygous V5-Spy-tagged Yy! cell line. Asterisk
(*) indicates the expected size shift corresponding to the combined length of V5 and SpyTag

sequences (81 nucleotides). (D) Scatter plot of input RNA abundance (log scale, x-axis)
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compared to CLAP enrichment (log scale, y-axis) across 100-nucleotide windows of all

annotated human RNAs for Halo-tagged YY1. Windows with significant enrichment
(binomial p<107) are shown in red. (E) CLAP enrichment profiles for Halo-tagged versions
of YY1, CTCF, and WDRS5 plotted over respective IncRNAs (XIST, FIRRE, HOTTIP) that
each protein was previously reported to interact with. In these plots, there are no significant

enrichments.
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Figure S14: Confirmation of Halo-V5-tagged protein expression (Related to Figure 6).

(A) Protein expression gels of Halo-V5-tagged proteins corresponding to the proteins used
in the +tag/-tag experiments. Expression was visualized via AlexaFluor-660 conjugated
Halo-ligand. Black arrows indicate expected tagged protein molecular weights. (B) Same as
in (A), but for the screened chromatin proteins by CLAP. Black arrows indicate expected

tagged protein molecular weights.



>

CHTOP CLAP
Pearson = 0.86 f‘:
3

EWSR1 CLAP
Pearson = 0.83 "

s

5 f 15 20

PSPC1 CLAP
Pearson = 0.79

N
S

20 20

o
o
o

Replicate 2
log, (Read Count)
5
Replicate 2
log, (Read Count)
5
Replicate 2
log, (Read Count)

o 3
Replicate 2
log, (Read Count)
3

o
o

o

T T

5 10 15 20

5] :
il
olil
)

5 1o 15 20 0

o
on

SPEN CLAP
Pearson = 0.98 v

70

TET2 CLAP
Pearson = 0.99

Replicate 2
log, (Read Count)

. H
5 10 15 20 10 15 20

log, (Read Count) log, (Read Count) log, (Read Count) log, (Read Count) log, (Read Count)
Replicate 1 Replicate 1 Replicate 1 Replicate 1 Replicate 1
B Cc D
Feature Annotations EWSR1 CLAP PSPC1 CLAP
1.00 1024 4 1024
| ®p<10°®
§ 0.75 [ Intron E 32 1 E 324
[ - 8
s B CDs '§ R, 'é
5 0504 Bl 5 UTR g 14---- ;= g 1
’é 3'UTR % Ly %
& 0254 [ IncRNA o 1/32- o O 1/321
0.00 J J
S S D& K 171024 r T T T T T T ! 171024 r T T T T T T !
A %‘2&%0‘2{\ Q@Q & 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
log, (RNA Abundance) log, (RNA Abundance)
E
RRM-containing Non-RRM-containing
PSPC1 —mmmar—1—— 523 CHTOP ——-248
PTBP1 —mm-mm—mm 557 SAF-A B——eeHme-{+— 825
EWSR1 ————mm3—656 TET2 ¢ 1912
SPEN p—mm =1 3644
Protein Domains
1GAR Motif =@ RRM C—INOPS
C——1SYGQRich @©ZF m®mSAP

e SPRY @ ATPase 0 RGG
1DBD Y¢ Putative RBR = SPOC

Figure S15: CLAP resolves RNA-binding capacity of proteins across a wide range of

functional domains (Related to Figure 6).

(A) Genome-wide pairwise comparisons between independent biological replicate

experiments for set of chromatin RNA-binding proteins identified by CLAP (CHTOP,
EWSRI1, PSPC1, SPEN, TET2). Pearson’s correlation coefficients (r) are shown. (B)

Distribution of input and CLAP reads mapping to distinct transcript features (introns, coding

sequences, 5° UTRs, 3 UTRs, IncRNAs) for each chromatin protein (SPEN, EWSRI,
CHTOP, PSPCI1, TET2). (C, D) Scatter plots of input RNA abundance (log scale, x-axis)

compared to CLAP enrichment (log scale, y-axis) across 100-nucleotide windows of all

annotated human RNAs for Halo-V5-tagged EWSRI1 (left) and Halo-V5-tagged PSPCI
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(right). Windows with significant enrichment (binomial p<10) are shown in red. (E)

Diagram depicting the functional protein domains (from UniProt) of all proteins that we
successfully mapped to RNA (scaled to protein length) in this study. Proteins are separated
based on whether they contain an annotated RRM (RNA recognition motif) or not. “Putative

RBR” refers to the RNA-binding region previously reported for TET2%,
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Figure S16: Specific chromatin-associated proteins bind to RNA in vivo (Related to
Figure 6).

(A) Additional examples of binding events detected by CLAP (top, IncRNA; bottom,
introns). CLAP enrichment profiles are plotted for SPEN across the Chaserr IncRNA, PSPC1
across the NEAT1 IncRNA, EWSRI1 across the CCDC6 pre-mRNA, and PSPC1 across the
SIN3B pre-mRNA. (B) Examples of potential autoregulatory binding of EWSR1 and PSPC1
to their own mRNAs in addition to mRNAs of closely related family members. CLAP
enrichment profiles are shown for EWSR1 across the FUS, EWSRI1 (first intron, ~3.9 kb),
and TAF15 mRNAs (FET family), and PSPCI across the SFPQ, NONO, and PSPC1 (all
introns, spanning ~78 kb) mRNAs (DBHS family). (C) (Left) Metagene plot displaying
mean coverage of CHTOP peaks (y-axis) across all exon-intron boundaries (x-axis),

spanning +/- 500 nucleotides flanking the 5’ splice site centered at 0 (5’ss, grey line). (Right)
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CLAP enrichment profiles for CHTOP across the ATF3 pre-mRNA (top) and SNXS5 pre-

mRNA (bottom, first intron, ~11 kb).
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Figure S17: TET2 is a chromatin-associated RNA-binding protein (Related to Figure
6).

(A) Top 10 enriched GO terms (y-axis, biological process) for the mRNAs containing TET2
binding sites identified within RefSeq genes. p-values are from the binomial distribution (log
scale, x-axis). (B) Top 5 significant motifs identified within TET2 CLAP peaks (right, p-
value threshold < 104°). (C) Metagene plot displaying mean coverage of TET2 peaks (y-
axis) across +/- 2,000 nucleotides flanking all transcription start sites (TSS) centered at 0
(grey line). (D) Examples of TET2 antisense RNA binding. CLAP enrichment profiles are
shown for TET2 across the antisense RNA transcribed from the SSBP3 promoter (top) and
CTBP1 Divergent Transcript (bottom, CTBP1-DT). Blue boxes indicate CpG islands, arrows
indicate direction of transcription (black, sense; red, antisense). (E) CLAP enrichment
profiles for TET2 across the PDCD7 mRNA (top) and DAZAP1 pre-mRNA (bottom, intron

6, ~3.5 kb). Blue boxes indicate CpG islands, black arrows indicate direction of transcription.
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Figure S18: Background CLIP signal is non-random and comparable across different

proteins (Related to Discussion and Figure 1).

(A) CLIP enrichments for PTBP1, SAF-A, EED, EZH2, and SUZ12 plotted across the

human XIST IncRNA in the +tag experiments (red). Panel is reproduced from Figure 4B.

(B) Same as in (A), but for -tag experiments (grey). EED, EZH2, and SUZ12 panels are

reproduced from Figure 1C.
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Figure S19: CLIP signal for PRC2 components is dramatically lower relative to bona

fide RBPs (Related to Discussion and Figure 1).

(A) CLIP was performed on lysates from UV-crosslinked cells expressing proteins tagged
with an N-terminal Halo and C-terminal V5. RNase I (NEB, RNase If) was used at a fixed
dilution of 1:500 to digest RNA. Captured RNA from protein complexes was end-labeled
with a phosphorylated cytidine conjugated to an infrared dye (see STAR Methods), run on
an SDS-PAGE gel, and imaged directly on a LI-COR Odyssey. Black arrows indicate the
expected size of the immunoprecipitated protein. (Left) Halo-V5-tagged PTBP1 and SUZ12
were run on the same gel and imaged at identical contrast. (Right) Halo-V5-tagged SAF-A,
GFP, EZH2, and EED were run on the same gel and imaged at identical contrast. (B) Same
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gels as in (A), except individually imaged at high contrast in all cases in order to visualize

low amounts of infrared RNA (IR-RNA) signal. Corresponding western blots are shown
alongside each IR-RNA gel depicting successful protein capture. Western blots are
reproduced from Figure S1C.
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Figure S20: Both CLIP and CLAP quantitatively separate PRC2 from bona fide RBPs
(Related to Discussion, Figure 1, and Figure 4).

(A) Fold enrichment of +tag RNAs in CLIP (relative to +tag RNA proportions in the input)
for each tagged protein (GFP, EED, EZH2, SUZ12, PTBP1, SAF-A) where the protein was
expressed in human cells (error bars = S.D.). (B) Same as in (A), but for CLAP (error bars =

S.D.).
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2.7 METHODS

2.7.1 EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell Culture

CLAP experiments were performed on either Human Embryonic Kidney Cells expressing
T-antigen (HEK293T cell line) or male mouse embryonic stem cells containing a
doxycycline-inducible Xist (bs/ps pSM33 cell line). HEK293T cells were cultured in
HEK293T media consisting of 1 X DMEM media (Gibco), | 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!¢®.

2.7.2  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 proportional to the abundance of the RNA in the input
sample (background) and the enrichment of protein binding to that RNA (signal)!**. 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 reads will 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 ~ background); 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
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proteins that do not bind to RNA in vivo and those that bind promiscuously 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””.

Additional chromatin proteins were selected based on the criteria that they were either (1)
enriched in at least one of 40+ global proteomics studies identifying RBPs, as catalogued by
the comprehensive RBP2GO database®’ 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 the ORFeome entry clone library'® (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 RBP2GO website

(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 amplicon (primers:
GGGGACAAGTTTGTACAAAAAAGCAGGCTTTatggaacaggacagaaccacc and
GGGGACCACTTTGTACAAGAAAGCTGGGTTtacaaatgtgttgtaaggecc; template:

pcDNA3-Tet2, a gift from Yi Zhang!” (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””. pSM33 cells were trypsinized using 0.025% trypsin (Gibco), pelleted, and

transferred to tubes at a ratio of 2 million cells/transfection and pelleted by centrifugation.
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Cells were then resuspended in resuspension buffer R (Invitrogen) and mixed with 12 pg of

DNA. The mixture was transfected with the following settings using 100uL tips on the Neon
Transfection Device (Invitrogen): 1400 V, 3 pulses, and a 10 ms pulse width. Transfected
cells were pipetted directly onto a 10 cm culture plate. After 24 hours, the media was changed
on the samples and 1 pg/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™ (UV 2.5k) of UV at 254 nm in a Spectrolinker
UV Crosslinker. 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

HEK?293T cells expressing the Halo-tagged proteins were harvested and lysed as described
before in 1 mL of cold lysis buffer (50 mM HEPES pH 7.4, 100 mM NacCl, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate). 20 uL of lysate was diluted to 1X final concentration of
LDS loading buffer (4 uL. 10X Bolt reducing agent, 10 uL. 4X NuPAGE LDS Sample Buffer,
4 uL H20), 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,
E5028, 1:1000 dilution).

Co-immunoprecipitation of PRC2 components and AlexaFluor labeling

5 ng of Rabbit IgG (CST, 2729S), anti-EZH2 (Active Motif, 39933), or anti-SUZ12 (Active
Motif, 39357) antibodies were coupled to 50 uL of Protein G beads (Dynabeads) at room

temperature for 30 minutes. Beads were washed three times with 300 pL. mammalian lysis

buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% sodium
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deoxycholate). HEK293T cells expressing Halo-V5 fusion proteins of EZH2, EED, or

SUZ12 were lysed as in the CLAP procedure except that ImL 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 pL of
mammalian lysis buffer + 2 pL of a 1:60 dilution of diluted HaloTag Alexa Fluor 660 Ligand
(Promega). This was incubated at room temperature in the dark for 20 minutes. The reaction
was quenched by adding 4X LDS loading buffer and heating at 70°C for 7 minutes. After
heating, the beads were placed on a magnet 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 CMS5 (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 (5 mg/mL) and diluted to 2.5 mg/mL in 1x HBS-N Buffer (GE Healthcare) 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

puL/minute to block remaining active sites on the chip.

HEK293T cells transfected with DasherGFP (ATUM Biosciences, FPB-27-609),
DasherGFP-3x-AN, 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 pg of
RNase A and 100 U of RNase T1 mix (Ambion, EN0551), and incubated on ice for 10
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minutes. Cells were then sonicated (Branson Ultrasonics) for 30 seconds at SW (0.7 seconds

on, 0.7 seconds off) then incubated at 37°C for 10 minutes at 1100 RPM on a ThermoM ixer.
Samples were then placed on ice for 2 minutes 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 protein 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 uM 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 temperature. RNA was then stored on ice or at 4° C prior to
injection over all four flow cells at 25°C at 100 uL/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 pL/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).
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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, k), analyte binding capacity (Rmax), and the equilibrium dissociation constant (Kp).

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

Enhanced Crosslinking and Immunoprecipitation (eCLIP)

eCLIP was performed as previously described’!, with slight modifications. Cells were lysed
in 1 mL lysis buffer (50mM Tris pH 7.5, 100mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 1 X Promega PIC). RNA was 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 pg of antibody coupled to
40 pL of Protein G beads in 100 pL 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 TrisHCI 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 (20 mM Tris-HCI pH 7.4, 10 mM
MgCl2, 0.2% Tween-20). RNA and protein were eluted by incubating in NLS elution buffer
(20 mM Tris-HC1 pH 7.5, 10 mM EDTA, 2% N-lauroylsacrosine, 2.5 mM TCEP)
supplemented with 100 mM DTT at 50°C for 20 minutes. Samples were then run through an
SDS-PAGE gel and transferred to a nitrocellulose membrane using the iBlot transfer system.
The region 70 kDa above the molecular weight of the protein of interest was isolated and
treated with 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
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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’!,

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.,
PTBPI1, 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 (Figure S3A, 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 background RNA signal?'??. This preferential RNA signal near the size of the

protein itself has been shown to occur for other non-RBPs!”!.

Despite these clear differences relative to other RBPs like PTBPI1, 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
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antibody. These conditions have been shown to retain non-crosslinked protein-protein

interactions in the case of PRC2 components??> 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 withstand 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 nitrocellulose 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®®22.

(ii) The detected RNAs may 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®”. 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 from UV-crosslinked cells and non-crosslinked cells (Figure SSD).
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 interactions may be due
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in part to the abundance of free RNA and protein from the low efficiency of RNA-protein

crosslinking by UV light (~1-5%)%.

(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
(1) 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 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 vitro®>*>*%>° (Figure S2). Furthermore, the association 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!”!!”2 observe

this qualitatively with CLIP gels of PRC2 and other non-RBPs (Figure S3A, S19B).

All three of these issues arise in CLIP because the protein purification and denaturation steps

must be decoupled to protect antibodies from denaturation. Despite this, we expect that the
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signal from in vivo crosslinked RNA-protein interactions will be strongly enriched over

background for hona 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 present 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 pL of flowthrough lysate
and adding 500 pL 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)

CLAP was performed on HEK293T and pSM33 cells as previously described”’. Briefly,
post-crosslinking, cells were resuspended in 1 mL of cold lysis buffer (50 mM HEPES pH
7.4, 100 mM NacCl, 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/calcium mix (0.5mM CaClp, 2.5 mM MnCl,). 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 puL of 25% HaloLink Resin (50 pL of HaloLink Resin total) was
used per 10 million cells. Resin was washed three times with 2 mL of 1X TBS (50 mM Tris
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pH 7.5, 150 mM NaCl) and incubated in 1X Blocking Buffer (50 mM HEPES, pH 7.5, 10

pg/mL Random 9-mer, 100 pg/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 pL of HaloLink Resin and incubated at 4°C overnight with
continuous rotation. The captured protein bound to resin was washed 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 NacCl), 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 Resin was resuspended in 100 puL of
ProK/NLS buffer + 10 uL of Proteinase K (NEB) and incubated at 50°C for 20 minutes while
shaking at 1200 rpm. Elutions were then transferred to microspin 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 5° end
dephosphorylated by incubating in 100 pL FastAP mix (1X Fast AP buffer, 8 uL FastAP
Enzyme, 2 pLL Murine RNase Inhibitor, 5 uL. TURBO DNase) at 37°C for 15 min. RNA was
then end repaired using T4 PNK. 300 pL of the end repair reaction buffer (1X T4 PNK
Bufter, 7 uL T4 PNK Enzyme, 1 uL. Murine RNase Inhibitor, I pL 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 5’ end phosphorylation. We collected
200 pL (20%) of beads or resin from the previous step and removed the supernatant. RNA
was radiolabeled using 4 pL of hot PNK mix (0.2 uL T4 PNK, 0.4 uL y-*?P-ATP, 0.4 uL
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10x PNK buffer, 3 uLL H20) 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 pL of high salt wash buffer, low salt wash buffer, and 1X PNK
buffer. Samples were then either cleaved with TEV protease (CLAP samples) or directly
resuspended in 40 pL of 1X NuPAGE loading buffer by pipetting (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 nitrocellulose membrane using the iBlot 1.0
system. After the transfer, the membrane was 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 3?P CLIP and CLAP experiments are deposited in Mendeley

Data (doi: 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 two methods 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 captures 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.
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Protein quantification by Halo-licand

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 uL of each sample (input, flowthrough, and washes) was
combined with 1.5 pL 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 pL 10X Bolt reducing agent, 10 uL 4X
NuPAGE LDS Sample Buffer, 4 uL. H20), 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 bands were quantified on Image

Studio.

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




92
To verify successful purification of Halo-tagged proteins after CLAP, we performed an

additional three final washes on HaloLink Resin using TEV buffer (50 mM HEPES, pH 7.4,
I mM EDTA, 0.1% NP-40). The resin was resuspended in 83 pL of Elution Buffer and split
into a 75 pLL (ProK elution) and 8 uLL (TEV elution) reaction. 25 uL. of 4X ProK/NLS Buffer
and 10 pL 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 uL. 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 was mixed with 1X LDS Sample Buffer (Invitrogen) and 1X
Reducing Agent (Invitrogen) and heated for 6 minutes 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
nitrocellulose membrane using an iBlot Transfer Device (Invitrogen). The nitrocellulose
membrane was blocked with Odyssey Blocking Buffer (LI-COR) for 30 minutes. We
incubated the membrane in Anti-FLAG mouse monoclonal antibody (Sigma, F3165) and V5
rabbit polyclonal 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 CLAP was 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.
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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 components
(Figure S2). Specifically, we immobilized Halo-tagged PRC2 components on a Biacore chip
and flowed in different concentrations 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
(Kp), between each of the PRC2 components (EED, SUZ12, and EZH2) with the A-repeat
of Xist that range from 107 M to 10> 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 AN protein and BoxB
RNA (Kp of 3.9 x 10® M) and PTBP1 with its known Xist binding site on the E-repeat (Kp
of 6.00 x 10 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 uncrosslinked 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
samples 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 others *° 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
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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 proteins 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 pL ice cold lysis buffer supplemented with 20 pL Protease Inhibitor
(Promega PIC) and 5 pL of RiboLock RNase inhibitor, followed by incubation on ice for 3
minutes. Each lysate was then bound to 50 puL 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 pL binding buffer as previously described~®, with slight modifications (50 mM Tris-
HCl pH 7.5, 100 mM KCl, 5 mM MgCl,, 0.1 mM CaCly). 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
0.25J 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.
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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 pg of recombinant PRC2 complex (Active Motif, 31337) was resuspended in 50 puL of
native lysis buffer (1X HBS-EP+ Buffer supplemented with 100 mM KCI), then incubated
with 25 pL of a 50 mM mix of 40-mer RNAs (chemically synthesized by IDT) of either
GGAA sequences, CUCU sequences, or a mix of both that were denatured and rapidly
annealed together (95°C for 1 minute 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 Xist 33196168 (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 ultramer sequences
used for insertion templates). N-terminal V5-Spy targeting was performed for Eed, Ezh2,
and Ptbp1 alleles, and C-terminal V5-Spy targeting was performed for Suz/2 and Yy 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 isolation and PCR

confirmation for the tagged version of the protein.

CLAP on Spy-tagged proteins (SpyCLAP
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CLAP on endogenous Spy-tagged proteins was performed previously described”” 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”’. Per
capture, 250 pg of HaloTag-SpyCatcher was incubated with 50 uLL 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 pLL 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 2 mM DSG (Thermo #2059). Briefly, cells were washed with room
temperature 1X PBS and then incubated in crosslinker solution in PBS at room temperature
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,
7.5 mL 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 resuspended in 1 mL of Gagnon HLB Buffer'’? + 1X PIC
and incubated on ice for 10 minutes. Samples were briefly vortexed and centrifuged at 1250g
for 3 minutes at 4°C. Samples were then resuspended in 600 pL of mammalian lysis buffer
(1% TritonX-100, 0.1% sodium deoxycholate, 0.1% SDS, 150mM NacCl, and 50mM HEPES
pH 7.5) + PIC and transferred to 15 mL 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%
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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 pL
HBSS (Thermo Scientific) + 1X PIC and 2400 uL 2X RIPA + 1X PIC. Lysate was incubated
overnight with Invitrogen M-280 Sheep Anti-Rabbit IgG Dynabeads coupled with 5 pg of
H3K27me3 antibody (Active Motif, 39155) or 5 pug 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,
2ug/mL). After overnight Xist induction with 2 pg/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 performed 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 um; step size, 0.2 um).

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 HEK?293T cells for ChIP
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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 WDRS5 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 pug/mlL.

Expression confirmation

Expression testing of Halo-tagged constructs was performed as previously described’’. The
same method of labeling and visualization 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®>%78105 Despite this, there are
several lines of orthogonal evidence indicating that this Halo-SPEN fusion protein is correct.
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’.

CLAP on Halo-tagged SPEN

CLAP on pSM33 cells expressing Halo-V5-tagged SPEN was performed as previously
described”’ with slight modifications. After overnight Xist induction with 2 pg/mL
doxycycline and UV-crosslinking, cell pellets were resuspended in 1 mL ice-cold Gagnon
HLB buffer!”® 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)
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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’!, with slight modifications. 1 mL of
HEK?293T 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 ng
of antibody coupled to 40 uL 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 pLL of 20 uM 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 were treated as previously described’!!’*. Briefly, after immunoprecipitation
and wash steps, RNA was dephosphorylated (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 3” and 5” ligated adapters.
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CLAP samples and input RNA samples: 50 plL of lysate was taken prior to

immunoprecipitation for input processing. Libraries were constructed using the same steps
as outlined 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!?!. Briefly, purified DNA was end repaired and dA-tailed using 1X NEBNext Ultra
IT 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 > 35 x 35
nucleotides or Illumina NextSeq 2000 with read length > 50 x 50 nucleotides. Sequencing

depth for each sample is reported in terms of raw read counts in Table S3.

2.7.3 QUANTIFICATION AND STATISTICAL ANALYSIS

Read processing and alignment

CLIP/CLAP samples: Paired-end RNA sequencing reads were trimmed to remove adaptor

sequences using Trim Galore! v0.6.2 and assessed with FastQC v0.11.8. Read pairs were

then aligned to a combined genome reference containing the sequences of repetitive and
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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'”>. PCR duplicates were
removed using the Picard MarkDuplicates function. For mixing experiments, only reads that
mapped uniquely in the genome and unambiguously to the human or mouse genomes were
kept for further analysis. For experiments done in a single species, the appropriate reference

genome and alignments were used (mm10 for mouse and hg38 for human).

ChIP samples: Paired-end DNA sequencing reads were aligned to the appropriate reference
genome (mm9 for mouse and hgl9 for human) using Bowtie2 v2.3.1'7° 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 nucleotide 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 median 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 windows 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).
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To directly compare the number of reads within each window between sample and input, we

normalized each window 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 £ (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 samples, 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 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
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Data was visualized using the Integrative Genomics Visualizer'”” (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 window.
Single reference transcripts were chosen for display based on the “knownCanonical”
annotation in GENCODE V40. All transcripts are shown left-to-right as 5’ to 3’ 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, 5’ untranslated,
or 3’ untranslated regions defined by RefSeq. IncRNA 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 coefficients were computed

for each set of replicate experiments.

Quantification of 3P gels

Full-length 3P gel images were imported into Image)'”® for quantification. For each gel lane,
the straight-line tool was used to measure the *?P 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 analvsis

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!”,
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

Reads mapping to nascent pre-mRNAs are defined as paired sequencing reads with 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 “promiscuous” 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 from windows (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 < 1073, and (iii) minimum
enrichment 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 (doi: 10.17632/wmsbzv6kg5.2).

Mean coverage of binding sites

Visualization of binding site coverage across transcript features was performed using the

RCAS tool'8 (version 1.26.0) using R software (version 4.3.1).
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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

Filtered CLAP peaks were used as input for de novo motif analysis by HOMER
(http://homer.ucsd.edu/homer/) using options -rna -len 6. Motifs with a reported p-value <
10 were considered significant. Searching background (-bg) was set as all human

transcripts.
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2.8 SUPPLEMENTAL INFORMATION

Table S1. ORFeome entry clones of screened chromatin proteins, related to Figure 6 and

STAR Methods; can be found online!8!.

Table S2. Sequences of reagents used for CRISPR-targeting, related to STAR Methods; can

be found online!8!.

Table S3. Read count statistics for all CLIP and CLAP samples, related to STAR Methods;

can be found online'®'.
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3.1 ABSTRACT

RNA binding proteins (RBPs) play crucial roles in regulating every stage of the mRNA life
cycle and mediating non-coding RNA functions. Despite their importance, the specific roles
of most RBPs remain unexplored because we do not know what specific RNAs most RBPs
bind. Current methods, such as crosslinking and immunoprecipitation followed by
sequencing (CLIP-seq), have expanded our knowledge of RBP-RNA interactions but are
generally limited by their ability to map only one RBP at a time. To address this limitation,
we developed SPIDR (Split and Pool Identification of RBP targets), a massively multiplexed
method to simultaneously profile global RNA binding sites of dozens to hundreds of RBPs
in a single experiment. SPIDR employs split-pool barcoding coupled with antibody-bead
barcoding to increase the throughput of current CLIP methods by two orders of magnitude.
SPIDR reliably identifies precise, single-nucleotide RNA binding sites for diverse classes of
RBPs simultaneously. Using SPIDR, we explored changes in RBP binding upon mTOR
inhibition and identified that 4EBP1 acts as a dynamic RBP that selectively binds to 5°-
untranslated regions of specific translationally repressed mRNAs only upon mTOR
inhibition. This observation provides a potential mechanism to explain the specificity of
translational regulation controlled by mTOR signaling. SPIDR has the potential to
revolutionize our understanding of RNA biology and both transcriptional and post-
transcriptional gene regulation by enabling rapid, de novo discovery of RNA-protein

interactions at an unprecedented scale.

3.2 INTRODUCTION

RNA binding proteins (RBPs) play key roles in controlling all stages of the mRNA life cycle,
including transcription, processing, nuclear export, translation, and degradation'~. Recent
estimates suggest that up to 30% of all human proteins (several thousand in total) bind to
RNAS!0 indicative of their broad activity and central importance in cell biology. Moreover,

mutations in RBPs have been causally linked to various human diseases, including
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immunoregulatory and neurological disorders as well as cancer>*!!. Yet, we still do not

know what specific roles most of these RBPs play because the RNAs they bind remain

mostly unknown.

In addition, there are many thousands of regulatory non-coding RNAs (ncRNAs) whose
functional roles remain largely unknown'?!3; understanding how they work requires defining
the proteins to which they bind'*~!°. For example, uncovering the mechanism by which the
Xist long noncoding RNA (IncRNA) silences the inactive X chromosome required
identification of the SPEN/SHARP RBP that binds to Xist'2? — a process that took >25
years after the IncRNA was discovered'*. Given the large discrepancy between the number
of ncRNAs and putative RBPs identified, and the number of RNA-protein interactions

demonstrated to be functionally relevant, there is an urgent need to generate high-resolution

binding maps to enable functional characterization'*.

Currently, the most rigorous and widely utilized method to characterize RBP-RNA
interactions is crosslinking and immunoprecipitation followed by next generation sequencing
(CLIP-seq)?'~?°. Briefly, CLIP works by utilizing UV light to covalently crosslink RNA and
directly interacting proteins, followed by cell lysis, immunoprecipitation under stringent
conditions (e.g., 1M salt) to purify a protein of interest followed by gel electrophoresis,
transfer to a nitrocellulose membrane, and excision of the protein-RNA complex prior to
sequencing and identification of the bound RNAs. CLIP and its related variants have greatly
expanded our knowledge of RNA-RBP interactions and our understanding of gene

expression from mRNA splicing to microRNA targeting?'~2°.

Yet, CLIP and all of its variants (with one recent exception®’ which we discuss in more detail
below; see Note 1) are limited to mapping a single RBP at a time. As such, efforts to generate
reference maps for hundreds of RBPs in even a limited number of cell types have required
major financial investment and the work of large teams working in international consortiums
(e.g., ENCODE)*2%2°_ Despite these herculean efforts and the important advances they have
enabled, there are critical limitations: (i) Only a small fraction of the total number of

predicted RBPs have been successfully mapped using genome-wide methods (ENCODE has
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so far characterized the binding patterns of < 10% of known RBPs); (i1) Of these, most have

been mapped in only a small number of cell lines (mainly K562 and HepG?2); (iii) Because
each protein map is generated from an individual experiment, a large number of cells is
required to map dozens, let alone hundreds, of RBPs — this is particularly challenging for
studying primary cells, disease models, or other populations of rare cells. Further, because
these datasets are highly cell type-specific, the generated maps are not likely to be directly
useful for studying these RBPs within other cell-types or model systems (e.g., patient
samples, animal models, or perturbations). Thus, it is critically important to enable the
generation of comprehensive RBP binding for any cell type of interest in a manner that is

accessible to any individual lab.

To overcome these challenges, we developed SPIDR (Split and Pool Identification of RBP
targets), a massively multiplexed method to simultaneously profile the global RNA binding
sites of dozens to hundreds of RBPs in a single experiment. SPIDR is based on our split-pool
barcoding strategy that maps multiway nucleic acid interactions using high throughput
sequencing’®-2; the vastly simplified version of split-pool barcoding we present here, when
combined with antibody-bead barcoding, increases the throughput of current CLIP methods
by two orders of magnitude. Using this approach, we can reliably identify the precise, single
nucleotide RNA binding sites of dozens of RBPs simultaneously and can detect changes in
RBP binding upon perturbation. Using this approach, we uncovered a mechanism driven by
dynamic RBP binding to mRNA that may explain the specificity of translational regulation
controlled by mTOR signaling. Thus, SPIDR enables rapid, de novo discovery of RNA-
protein interactions at an unprecedented scale and has the potential to transform our
understanding of RNA biology and both transcriptional and post-transcriptional gene

regulation.

33 RESULTS

3.3.1 SPIDR: A highly multiplexed method for mapping RBP-RNA interactions
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We developed SPIDR to enable highly multiplexed mapping of RBPs to individual RNAs

transcriptome-wide. Briefly, SPIDR involves: (i) generating highly multiplexed antibody-
bead pools by tagging individual antibody-bead conjugates with a specific oligonucleotide
(tagged bead pools), (ii) performing RBP purification using these tagged antibody-bead
pools in UV-crosslinked cell lysates, and (iii) linking individual antibodies to their associated

RNASs using split-and-pool barcoding (Figure 1A and Supplemental Figure 1).

We first devised a highly modular scheme to generate hundreds of tagged antibody-beads
such that each unique bead population is labeled with a specific oligonucleotide tag and all
bead populations are combined to generate an antibody-bead pool (Figure 1A and
Supplemental Figure 1). Because this approach does not require direct chemical
modification of the antibody, we can utilize any antibody (in any storage buffer) and rapidly
link it to a defined sequence on a bead at high efficiency using the same coupling procedure
utilized in traditional CLIP-based approaches (see Methods). Using this pool, we perform
on-bead immunopurification (IP) of RBPs in UV-crosslinked lysates using standard
conditions and assign individual protein identities to their associated RNAs using split-and-
pool barcoding, where the same barcode strings are added to both the oligonucleotide bead
tag and immunopurified RNA (Figure 1A). We dramatically simplified our split-and-pool
tagging method such that the entire protocol can be performed without the need for

specialized equipment in ~1 hour (see Methods).

After split-and-pool tagging and subsequent library preparation, we sequenced all barcoded
DNA molecules (antibody-bead tags and the converted cDNA of RNAs bound to
corresponding RBPs). We then matched all antibody-bead tags and RNA reads by their
shared barcodes; we refer to these as SPIDR clusters (Figure 1A). We merged all SPIDR
clusters by protein identity (specified by the antibody-bead tag) to generate a high-depth
binding map for each protein. The resulting datasets are analogous to those generated by

traditional individual CLIP approaches.

To ensure that IP using a pool containing multiple antibodies can successfully and

specifically purify each of the individual proteins, we performed an IP in K562 cells using a
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pool of antibodies against 39 RBPs and measured the purified proteins by liquid

chromatography tandem mass spectrometry (LC-MS/MS). We confirmed that 35 of the 39
targeted RBPs enriched at least 2-fold relative to a negative control, showing that multiplexed
enrichment of several RBPs simultaneously is possible (Supplemental Figure 2). The few
exceptions were RBPs that were simply not detected (neither in the pooled IP nor under
control conditions) and likely reflect either a poor antibody or lack of RBP expression in this

cell line.

3.3.2 SPIDR accurately maps dozens of RBPs within a single experiment

To test whether SPIDR accurately maps RBPs to RNA, we performed SPIDR in two widely
studied human cell lines (K562 and HEK293T cells). Specifically, we generated antibody
bead pools containing 68 uniquely tagged antibody-beads targeting 62 distinct RBPs across
the RNA life cycle, including splicing, processing, and translation factors (Figure 1B,
Supplemental Tables 1, 2). As negative controls, we included antibodies against epitopes
not present in endogenous human cells (GFP and V5), antibodies that lack affinity to any

epitope (mouse IgG), and oligonucleotide-labeled beads lacking any antibody (empty beads).

Using these pools, we performed SPIDR on 10 million UV-crosslinked cells. Focusing on
the K562 data (which were sequenced at greater depth), we generated a median of 4
oligonucleotide tags per SPIDR cluster with the majority of clusters (>80%) containing tags
representing only a single antibody type (Supplemental Figure 3), indicating that there is
minimal ‘crosstalk’ between beads in a SPIDR experiment. This specificity enables us to
uniquely assign RNA molecules to their corresponding RBPs. After removing PCR
duplicates, we assigned each sequenced RNA read to its associated RBP and identified high
confidence binding sites by comparing read coverage across an RNA to the coverage in all
other targets in the pooled IP (Supplemental Figure 4, Supplemental Figure 5,
Supplemental Table 1; see Methods for details). Using this approach, we detected the
precise binding sites for SAF-A, PTBP1, SPEN, and HNRNPK on the XIST RNA!720-23
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(Figure 1C). Although most proteins (38/53 RBPs in K562) contained more than 2 million

mapped RNA reads (Supplemental Figure 4), we observed specific binding to known target
sites even for RBPs with lower numbers of reads. For example, SLBP (Stem Loop Binding
Protein) had only 1.5 million mapped reads yet displayed strong enrichment specifically at

the 3” ends of histone mRNAs as expected?’ (Figure 1D).

To systematically assess the quality, accuracy, and resolution of our SPIDR binding maps

and the scope of the SPIDR method, we explored several key features:

(i) Accurate mapping of classical RNPs. We targeted RBPs of diverse functionality, such
as those which bind preferentially to RNAs coding for proteins and/or IncRNAs, to introns,
exons, miRNAs, etc., as well as more “classical” ribonuclear protein (RNP) complexes, such
as the ribosome or spliceosome (Figure 2A). We observed precise binding to the expected

RNAs and binding sites. For example, we observed binding of:

e LSMII to the U7 small nuclear RNA (snRNA)** and the telomerase RNA
component (TERC)** (Figure 2A and 2B).

e WDRA43, a protein that is involved in ribosomal RNA (rRNA) processing, to the 45S
pre-rRNA and the U3 small nucleolar RNA (snoRNA), which is involved in rRNA
modification®’ (Figure 2A and 2C).

e LIN28B to a distinct region of the 45S pre-rRNA, consistent with recent reports of
its role in ribosomal RNA biogenesis in the nucleolus®® (Figure 2A and 2C).

e NOLCI (also known as NOPP140), a protein that localizes within the nucleolus and
Cajal bodies*”*, to both the 45S pre-rRNA (enriched within the nucleolus) and
various small Cajal-body associated RNAs (scaRNAs) (Figure 2A).

e DDX52, a DEAD-box protein that is predicted to be involved in the maturation of
the small ribosomal subunit*>*° and RPS3, a structural protein contained within the
small ribosomal RNA subunit, to distinct sites on the 18S rRNA (Figure 2A).

e FUS and TAF15 to distinct locations on the Ul snRNA**? (Figure 2A).

e SMNDCI specifically to the U2 snRNA* (Figure 2A).
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e SSB (also known as La protein) binding to tRNA precursors consistent with its

known role in the biogenesis of RNA Polymerase I1I transcripts**> (Figure 2A).
e LIN28B to the let-7 miRNA* (Figure 2D).
e LARP7 binding to 7SK>' (Figure 2A, Supplemental Figure 5).

(ii) Many RBPs bind their own mRNASs to autoregulate expression levels. Many RBPs have
been reported to bind their own mRNAs to control their overall protein levels through post-
transcriptional regulatory feedback>?-4. For example, SPEN protein binds its own mRNA to
suppress its transcription®>, UPF1 binds its mRNA to target it for Nonsense Mediated
Decay®%, TARDBP binds its own 3’-UTR to trigger an alternative splicing event that results
in degradation of its own mRNA>"*%, and DGCRS, which together with DROSHA forms the
known microprocessor complex, binds a hairpin structure in DGCRS mRNA to induce
cleavage and destabilization of the mRNA>® (Figure 2E). In addition to these cases, we
observed autoregulatory binding of proteins to their own mRNAs for nearly a third of our

targeted RBPs (15 proteins) (Supplemental Figure 6).

(iii) Different antibodies that capture the same protein or multiple proteins within the same
complex show similar binding. We considered the possibility that including antibodies
against multiple proteins contained within the same complex, or that otherwise bind to the
same RNA, within the same pooled sample could compete against each other and therefore
limit the utility of large-scale multiplexing. However, we did not observe this to be the case;
in fact, antibodies against different proteins known to occupy the same complex displayed
highly comparable binding sites on the same RNAs. For example, DROSHA and DGCRS,
two proteins that bind as part of the microprocessor complex, showed highly consistent
binding patterns across known miRNA precursors with significant overlap in their binding
sites (odds-ratio of 316-fold, hypergeometric p-value < 10-'%%). Similarly, when we included
two distinct antibodies targeting the same protein, HNRNPL, we observed highly
comparable binding profiles for both antibodies (Figure 2F) and significant overlap in
defined binding sites (odds-ratio of 15-fold, hypergeometric p-value < 10'%). Taken
together, our results indicate that SPIDR can be used to map different RBPs that bind to the
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same RNA targets and can successfully map multiple antibodies targeting the same protein.

As such, SPIDR may be a particularly useful tool for directly screening multiple antibodies

targeting the same protein to evaluate utility for use in CLIP-like studies.

(iv) Transcriptome-wide SPIDR maps are highly comparable with CLIP. Because K562
represents the ENCODE-mapped cell line with the largest number of eCLIP datasets, we
were able to benchmark our SPIDR results directly to those generated by ENCODE. To do
this, we compared the profiles for each of the 33 RBPs that overlap between SPIDR and
ENCODE datasets in K562 cells**?%2° (see Methods). We observed highly overlapping
binding patterns for most RBPs, including HNRNPK binding to POLR2A (Figure 3A),
PTBP1 binding to AGO! (Figure 3B), RBFOX2 to NDELI (Figure 3C), and the binding of
several known nuclear RBPs to XIST (Figure 3D). To explore this data on a global scale, we
compared RNA binding sites for each RBP and observed significant overlap between
SPIDR- and ENCODE-derived binding sites for the vast majority of proteins (29/33, p<0.01,
Figure 3E). Moreover, we observed that in virtually all cases each RBP preferentially binds
to the same RNA features (e.g., introns, exons, CDS, miRNAs, 5’ and 3’UTRs) in both
datasets (Figure 3F, Supplemental Figure 7). Finally, the binding motifs identified within
the significant SPIDR-defined binding sites match those defined by CLIP and in vitro
binding assays®’ (e.g., RNA Bind-N-Seq, Figure 3G).

(v) SPIDR enables high-resolution RBP mapping at single nucleotide resolution. Next, we
explored whether SPIDR can provide single nucleotide resolution maps of precise RBP-
RNA binding sites, as is the case for some current CLIP-seq approaches. Specifically, UV
crosslinking creates a covalent adduct at the site of RBP-RNA crosslinking, which leads to
a preferential drop-off of the reverse transcriptase at these sites (Figure 4A). To explore this,
we computed the number of reads that end at each position of an RNA (truncations) and
compared these counts to those expected by chance. We observed strong positional
enrichments at known protein binding sites. For example, we observe strong enrichment for
RPS2 and RPS6 — two distinct structural components of the small ribosomal RNA subunit —

at the precise locations where these proteins are known to contact the 18S rRNA in the
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resolved ribosome structure (Figure 4B). Moreover, examining individual mRNAs bound

by HNRNPC (Figure 4C) or PTBP1 (Figure 4D) showed that the precise binding site
corresponds to the known motif sequence. When we computed this enrichment more
globally, we observed that HNRNPC (Figure 4E) and PTBP1 (Figure 4F) reads tend to

terminate immediately proximal to these well-known binding sequences?’.

Taken together, our data demonstrate that SPIDR generates highly accurate single nucleotide
RBP-binding maps for dozens of RBPs within a single experiment. Moreover, SPIDR can
simultaneously map RBPs representing diverse functions and binding modalities, including
RBPs that bind within thousands of RNAs (e.g. CPSF6), RBPs that bind only a few very
specific RNAs (e.g. SLBP), as well as RBPs that bind primarily within intronic regions
within the nucleus (e.g. PTBP1) and RBPs that bind primarily to exonic regions within the
cytoplasm (e.g. UPF1).

3.3.3 LARPI binds to the 40S ribosome and mRNAs encoding translation-associated

proteins

In addition to the three known structural components of the small ribosomal subunit (RPS2,
RPS3, and RPS6), we noticed that LARP1 also showed strong binding to the 18S ribosomal
RNA (Figures 2A, 5A). LARP1 is an RNA binding protein that has been linked to
translational initiation of specific mRNAs. It is known to bind to the 5° end of specific
mRNAs, primarily those encoding critical translation proteins such as ribosomal proteins and
initiation and elongation factors, via recognition of a terminal oligopyrimidine (TOP)
sequence in the 5° UTR of these transcripts®. The exact role of LARPI in translation has
been debated because it has been reported to both promote and repress translation of mRNAs

containing a TOP-motif®%-66,

Although LARP1 is known to bind TOP-motif containing mRNAs, how it might promote

translation initiation of these mRNAs is mostly unknown. Because we identified a strong
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binding interaction between LARP1 and the 18S ribosomal RNA, we explored where in the

initiating ribosome this interaction occurs. Interestingly, the LARP1 binding site on the 18S
ribosomal RNA (1698-1702 nts) is at a distinct location relative to all other 18S binding
proteins that we explored and corresponds to a position within the 48S structure that is
directly adjacent to the mRNA entry channel (Figure 5B). More generally, we observed
strong binding of LARP1 at the TOP-motif sequence within the 5° UTR of translation-
associated mRNAs (Figure 5C).

These results suggest that LARP1 may act to promote increased translational initiation of
TOP-motif containing mRNAs by directly binding to the 43S pre-initiation complex and
recruiting this complex specifically to mRNAs containing a TOP-motif. Because LARPI is
positioned immediately adjacent to the mRNA in this structure, this 43S+LARP1 complex
would be ideally positioned to access and bind the TOP motif to facilitate efficient ribosome
assembly and translational initiation at these mRNAs. This mechanism of direct ribosome
recruitment to TOP-motif containing mRNAs through LARP1 binding to the 43S ribosome
and the mRNA would explain why the TOP-motif must be contained within a fixed distance

from the 5’ cap to promote translational initiation®’ (Figure 5D).

3.3.4 4EBPI binds specifically to LARP1-bound mRNAs upon mTOR inhibition

Translation of TOP motif-containing mRNAs is selectively repressed upon inhibition of the
mTOR kinase, which occurs in conditions of physiological stress®®7!. Recent studies have
shown that under these conditions, LARP1 binds the 5’-UTR of TOP-containing mRNAs,
and it has been postulated that this binding activity is responsible for the specific translational
repression of these mMRNAs®""2, Yet, the mechanism by which LARP1 binding might repress

translation remains unknown.

The canonical model for how mTOR inhibition leads to translational suppression is through

the selective phosphorylation of 4EBP1%%7!. Specifically, when phosphorylated, 4EBP1
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cannot bind to EIF4E, which is the critical initiation factor that binds to the 5> mRNA cap

and recruits the remaining initiation factors through direct binding with EIF4G">7*. When
4EBP1 is not phosphorylated (i.e., in the absence of mTOR), it binds to EIF4E and prevents
it from binding to EIF4G and initiating translation. While this differential binding of 4EBP1
to EIFAE upon mTOR modulation is well-established and is central to translational
suppression, precisely how it leads to selective modulation of TOP mRNA translation has
remained unclear. Specifically, direct competition between 4EBP1 and EIF4G for binding to
EIF4AE should impact translation of all EIF4E-dependent mRNAs, yet the observed
translational downregulation is specific to TOP-containing mRNAs®®7!-7> and this specificity

is dependent on LARP1 binding®°.

To explore the mechanism of translational suppression of TOP-containing mRNAs upon
mTOR inhibition, we treated HEK293T cells with torin, a drug that inhibits mTOR kinase.
We adapted SPIDR to map multiple independent samples within a single split-and-pool
barcoding experiment (Figure 6A, Supplemental Table 2, sce Methods) and used this
approach to perform SPIDR on >50 distinct RBPs, including LARP1, numerous translational

initiation factors, and 4 negative controls in both torin-treated and untreated conditions.

To ensure that mTOR inhibition robustly leads to translational suppression of TOP-
containing mRNAs, we quantified global protein levels in torin-treated and untreated cells
using quantitative mass spectrometry (see Methods) to determine protein level changes
globally. Although the level of most proteins does not change upon torin-treatment, we
observed a striking reduction of proteins encoded from TOP motif-containing mRNAs.
Indeed, this translational suppression was directly proportional to the strength of the TOP-
motif contained within the 5’-UTR of each mRNA (Figure 6B, Supplemental Table 3).

Next, we explored changes in RBP binding upon mTOR inhibition. We measured the number
of RNA reads observed for each protein upon torin treatment relative to control. While the
majority of proteins showed no change in the number of RNA reads, the sole exception was
4EBP1, which showed a dramatic increase (>20-fold) in the overall number of RNA reads

produced upon mTOR inhibition (Figure 6C). Interestingly, this increase corresponded to
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increased binding specifically at mRNAs containing a TOP-motif (p-value < 8 x 107!, Mann-

Whitney, Figure 6D and 6E). Notably, this did not simply reflect an increased level of
4EBP1 binding at the same sites, but instead corresponded to the detection of many
statistically significant binding sites only upon mTOR inhibition that were not observed in
the presence of mTOR activity (control samples). Consistent with these observations, a
previous study observed that 4EBP1 can be in proximity to translationally suppressed

mRNAs upon mTOR inhibition’.

In contrast to 4EBP1, which showed a dramatic transition in binding activity to mRNA upon
mTOR inhibition, we did not observe a global change in the number of RNA reads purified
by LARP1 upon mTOR inhibition (Figure 6C). Indeed, in both torin-treated and untreated
samples we observed strong binding of LARP1 to TOP motif mRNAs as well as to the 18S
ribosomal RNA suggesting that this interaction with the 40S ribosome and TOP mRNAs
occurs independently of mTOR activity. However, we did observe a 1.7-fold increase in
levels of binding of LARP1 at TOP mRNAs upon mTOR inhibition (p-value < 5.4 x 1076,
Mann-Whitney, Figure 6D and 6F). This increased enrichment at TOP mRNAs could reflect
more LARP1 binding at these specific mRNAs or could reflect the fact that the LARPI

complex might be more stably associated with each mRNA due to translational repression.

Together, our results suggest a model that may reconcile the apparently divergent
perspectives about the role of LARP1 as both an activator and repressor of translational
initiation and explains how selective mTOR-dependent translational repression is achieved
(Figure 6G). Specifically, LARP1 binds to the 40S ribosome and 5’ untranslated region of
mRNAs containing a TOP motif regardless of mTOR activity. In the presence of mTOR (Fig
6G, right side), this dual binding modality can act to promote ribosome recruitment
specifically to TOP-containing mRNAs and promote translation of these mRNAs. In the
absence of mTOR (Fig 6G, left side), 4EBP1 can bind to TOP-containing mRNAs,
potentially via the LARPI protein already bound to these mRNAs. Indeed, most of the
significant 4EBP1 binding sites are also bound by LARP1 under Torin treatment (60%
overlap, odds-ratio of 12-fold, hypergeometric p-value < 10-'°). By binding selectively to



142
these TOP-containing mRNAs, 4EBP1 can bind to EIF4E and prevent binding between

EIF4E and EIF4G, a necessary requirement for initiation of translation. In this way,
LARP1/4EBP1 binding to specific mRNAs would enable sequence-specific repression of
mRNA translation. This model would explain the apparently divergent roles of LARP1 as
both an activator and repressor of translation as it indicates that LARP1 may act as a selective
recruitment platform that can either activate or repress translation through the distinct factors

that co-bind in the presence or absence of mTOR activity.

34  DISCUSSION

Here we present SPIDR, a massively multiplexed method to generate high-quality, high-
resolution, transcriptome-wide maps of RBP-RNA interactions. SPIDR can map RBPs with
a wide-range of RNA binding characteristics and functions (e.g., mRNAs, IncRNAs, rRNAs,
small RNAs, etc.) and will enable the study of diverse RNA processes (e.g., splicing,
translation, miRNA processing, etc.) within a single experiment and at an unprecedented

scale.

While we show that SPIDR can accurately map dozens of RBPs within a single experiment,
the numbers used mostly reflect the availability of high-quality antibodies. As such, we
expect that this approach can readily be applied to even larger pool sizes for hundreds or
thousands of proteins simultaneously. As such, we expect that this approach can readily be
applied to even larger pool sizes for hundreds or thousands of proteins simultaneously.
Because of this, we expect that SPIDR will represent a critical technology for exploring the
many thousands of human proteins that have been reported as putative RNA binding proteins
but that remain largely uncharacterized®'?. Similarly, we expect that this technology will be
crucial for assessing the putative functions of the >20,000 annotated ncRNAs which have

remained largely uncharacterized.
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Because the number of cells required to perform SPIDR is comparable to that of a traditional

CLIP experiment, yet a single SPIDR experiment reports on the binding behavior of dozens
(and likely hundreds) of RBPs, this approach dramatically reduces the number of cells
required to map an individual RBP. Accordingly, SPIDR will be a valuable tool for studying
RBP-RNA interactions in many different contexts, including within rare cell types and

patient samples where large numbers of cells may be difficult to obtain.

We showed that SPIDR generates single nucleotide contact maps that accurately recapitulate
the RNA-protein contacts observed within structural models. This suggests that SPIDR will
also be well-suited to add high-resolution binding information for entire RNP complexes in
a single experiment, as it will allow simultaneous targeting of all proteins within a complex.
We envision that, in conjunction with more traditional structural biology methods, this
approach will help elucidate the precise structure of various RNP complexes, including for
mapping proteins that are not currently resolved within these structures (e.g. LARP1 binding
within the 48S ribosome).

In addition to accurately measuring multiple proteins simultaneously, because of the nature
of the split-and-pool barcoding strategy used, this approach also allows for multiple samples
to be pooled within a single experiment. This ability to simultaneously map multiple proteins
across different samples and conditions will enable exploration of RBP binding patterns and
their changes across diverse biological processes and disease states. Until now, systematic
comparative studies of RBP-RNA interaction changes at scale have been impossible, even
for large consortia (e.g., ENCODE), which have invested massive amounts of time and effort
to generate CLIP-seq data for only two cell lines. Our 4EBP1 results highlight the critical
value of SPIDR for enabling exploration of RBP dynamics across samples. Specifically,
4EBP1 was not commonly thought to directly bind to mRNA, nonetheless, including 4EBP1
within our larger pool of target proteins allowed us to uncover changes across two different
experimental conditions that may explain how specificity of mTOR-mediated translational

suppression is achieved.
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Although we focused on the differential RNA binding properties of 4EBP1/LARP1, there

are many additional insights into RBP biology that we expect can be uncovered from
exploration of this dataset. For example, we observe that TARDBP (TDP43) shows strong
binding to U6 snRNA and to multiple scaRNAs, a class of ncRNAs that play critical roles in
spliceosome-associated snRNA biogenesis’’. TDP43 is an RBP of great interest because of
its well-known genetic link to various neurodegenerative disorders, such as amyotrophic
lateral sclerosis (ALS)”88!. These observations could provide new mechanistic insights into

how disruption of this RBP impacts splicing changes and pathogenesis in neurodegeneration.

Thus, we expect that SPIDR will enable a fundamental shift for studying mechanisms of
transcriptional and post-transcriptional regulation. Rather than depending on large
consortium efforts to generate reference maps within selected cell-types, SPIDR enables any
standard molecular biology lab to rapidly generate a comprehensive and high-resolution
genome-wide map within any cell-type or experimental system of interest without the need

for specialized training or equipment.

3.5 SUPPLEMENTAL NOTES
Note 1: Comparison to a previous multiplexed CLIP method

A recent study reported a variant of CLIP called Antibody-Bead eCLIP (ABC) that utilizes
direct chemical conjugation of an oligo sequence to an antibody followed by proximity
ligation between the antibody-oligo and RNA to enable multiplexed mapping of 10 proteins
simultaneously?’. Our approach differs from this strategy in several key practical and

conceptual ways.

Antibody labeling: The ABC method utilizes direct chemical modification of each antibody.
First, this requires large excess of each antibody and selective purification of each conjugate
to generate each labeled reagent. This necessitates a more elaborate, multi-step chemical

modification and purification procedure for each antibody and therefore is not readily
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accessible for labeling large numbers of distinct antibodies. Second, because ABC utilizes

chemical modification of the antibody using NHS chemistry, the precise site of oligo
conjugation on each antibody is random. This could impact both epitope recognition (when
modified within the recognition site) and protein-G binding to the FC region of the antibody;
both will decrease the efficiency of IP. In contrast, SPIDR utilizes labeling of the protein G
bead instead of direct modification of the antibody. As such, SPIDR is a rapid, efficient, and
highly modular strategy already utilized in standard IP strategies to couple antibodies to
beads. Because of this distinction, the SPIDR approach can work with the same amounts of
antibody used in standard approaches and with antibodies produced and stored in any buffer

condition, without the need for specific purification or chemical modification.

Proximity-ligation versus split-pool detection: The ABC method utilizes proximity-ligation
to link an antibody sequence to its RNA target. There are several conceptual limitations to
this strategy. First, the efficiency of proximity-ligation is limited as ligation must occur
between each oligo and RNA end at 1:1 stoichiometry, resulting in many failed ligation
events. This will decrease the efficiency of the overall RNA detection rate, an issue that will
primarily impact RNAs of low abundance or in low cell numbers. Second, proximity-ligation
methods are highly sensitive to distance constraints between the two ligating components.
Accordingly, the success of this approach will depend on the distance between the RBP and
the RNA and where on the RBP the specific antibody binds. Therefore, there are likely to be
antibodies for which this approach will not produce comparable results to standard CLIP.
Moreover, this approach is highly sensitive to the RNA fragment size generated. If fragments
are too long, this will be problematic because there might be multiple proteins that can ligate;
if the fragments are too short, the ends might not be capable of ligation. In contrast, the
SPIDR method utilizes split-pool barcoding which is not dependent on the distances between
the antibody, RBP, and RNA and therefore not susceptible to these distance constraints.
Because of this, SPIDR could be used for analyzing RBP-RNA interactions within higher-
order assemblies and in the presence of additional crosslinkers beyond UV. Finally, because

SPIDR utilizes barcodes on the beads and because split-pool barcoding is not limited to
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pairwise contacts, a single barcode can provide information on the identity of multiple RNAs

simultaneously thereby increasing the resolution detected per sequenced read.

For these reasons, SPIDR enables a greater level of multiplexing of proteins, is more broadly
applicable to wide-range of antibodies, and is readily accessible to any molecular biology

lab.

Note 2: Features and Limitations of the Method

First, similar to CLIP and other immunoprecipitation methods, SPIDR is constrained by the
availability of antibodies that have been validated to specifically enrich for RBPs of interest.
We note that SPIDR may offer the opportunity to partly alleviate this problem as its
multiplexing capability allows for the inclusion of several distinct antibodies, including those
that may not have been previously validated, against an RBP of interest without increasing

the experimental burden.

Second, the SPIDR protocol requires that each experiment is performed under the same IP
conditions for all RBPs. Although we show that standard conditions work for many diverse
proteins, they may not be suitable for all RBPs. One possible solution is to match antibodies

(and target RBPs) by similar IP conditions.

Finally, in the current protocol, we used the same antibody amount for each RBP of interest,
which may in part explain the uneven coverage of RNA reads measured for each RBP.
Although we do identify well-known binding sites for nearly all RBPs targeted, higher
sequencing coverage might be needed for RBPs at the lower end of this distribution. An
alternative solution would be to adapt the antibody amount to equalize coverage for each

RBP after performing an initial pre-screen and low-depth sequencing run.
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Figure 1: SPIDR (Split and Pool Identification of RBP targets) — a highly multiplexed

method to map protein-RNA interactions.

(A) Schematic overview of the SPIDR method. The bead pool is incubated with UV
crosslinked lysate in a single tube. After immunopurification, each bead is uniquely labeled
by split-and-pool barcoding. The complexity of the barcode generated depends on the

number of individual tags used in each split-pool round and the number of split-pool rounds.
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For example, after 8 rounds of split and pool barcoding, using 12 barcodes in each round, the

likelihood that two beads will end up with same barcode is ~ 1 in 430 million (1/12%). Oligos
and RNA molecules and their linked barcodes are sequenced and RNAs are matched to
proteins based on their shared barcodes. (The bead labeling strategy was adapted from ChIP-
DIP, a Guttman lab protocol used for multiplexed mapping of hundreds of proteins the DNA,
https://github.com/GuttmanLab/chipdip-pipeline). (B) Schematic list of the different RBPs
mapped by SPIDR in K562 and/or HEK293T cells, functional assignments based on
literature review. (C) An example of the raw alignment data for the pool (all reads before
splitting by bead identities) and for specific RBPs (all reads assigned to specific RBP beads)
across the XIST RNA. Blocks represent exons, lines introns, and thick blocks are the
annotated XIST repeat regions (A-E). (D) Raw alignment data for SLBP across the H3C2
histone mRNA. Top track is pooled alignment data; tracks below are reads assigned to SLBP

or other RBPs and controls.
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Figure 2: SPIDR accurately maps binding of a diverse set of RBPs.

(A) RNA binding patterns of selected RBPs (rows) relative to 100nt windows across each
classical non-coding RNA (columns). Each bin is colored based on the enrichment of read
coverage per RBP relative to background. (B) Sequence read coverage for LSM11 binding
to U7 snRNA. For all tracks, “pool” refers to all reads prior to splitting them by paired
barcodes (shown in gray), and individual tracks (shown in teal) reflect reads after assignment
to specific antibodies. (C) Enrichment of read coverage relative to background for WDR43
and LIN28B over the 5° ETS region of 45S RNA. (D) Sequence reads coverage for LIN28B
binding to let-7 miRNAs. (E) Sequence reads coverage for DROSHA/DGCRS, UPF1,
SPEN, and TARDBP to their respective mRNAs. (F) Sequence reads coverage for two
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distinct antibodies to HNRNPL in a single SPIDR experiment. For comparison, HNRNPL

coverage from the ENCODE-generated eCLIP data is shown (bright green).
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Figure 3: SPIDR data is highly comparable to previous eCLIP datasets.

Examples of concordant binding identified by eCLIP (ENCODE consortium) and SPIDR.

Sequence reads coverage is shown for individual proteins measured by ENCODE (green)
and SPIDR (teal) along with a negative control (IgG). (A) HNRNPK, (B) PTBP1, and (C)
RBFOX2. (D) Comparison of ENCODE and SPIDR data for multiple proteins bound to the
XIST IncRNA. Sequence reads coverage for PTBP1, HNRNPU (SAF-A), and HNRNPK are

shown. (E) Significance of overlap between binding sites detected by SPIDR and those

identified within paired proteins in the ENCODE data. Each bin represents the paired protein

between both experiments; blue represents a hypergeometric p-value of less than 0.01. (F)

Peak annotation in matched SPIDR and ENCODE data. Stacked bar plot showing the
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percentage of peaks detected in the SPIDR (S) or ENCODE (E) datasets in various

annotation categories. (G) Comparison of significant motifs identified within SPIDR peaks
(right, p-value threshold < 1e€*°) to those reported for RNA Bind-n-Seq (left) or eCLIP
(middle)®.
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Figure 4: SPIDR enables high-resolution RBP mapping at single nucleotide resolution.

(A) Schematic showing how reverse transcription pause sites can be used to map RBP-RNA

interactions at single nucleotide resolution. UV light crosslinks the RBP to the target RNA

at points of direct contact. During reverse transcription, the enzyme preferentially stalls at

the crosslinking site, leading to termination of cDNA synthesis (STOP). Mapping the 3’-end

of the cDNA (truncations) may identify the RBP binding site at single nucleotide resolution.
(B) The SPIDR determined binding sites of RPS2 and RPS6 overlayed on the known 80S

ribosome structure. RPS2 protein is shown in light blue and RPS6 protein in green; direct
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RNA contacts of each of these two ribosomal proteins detected by SPIDR are shown in red.

SPIDR data shown is from HEK293T cells. (C) HNRNPC binding sites for STRN3 (left) and
MRPLS5?2 (right). Both raw read alignments (“Reads”, top) and 3’-end truncations of the
cDNA (“Truncations”, bottom) are shown. The upper two panels show the mapped reads and
truncations for the whole gene, the lower two panels are zoomed-in on the indicated region.
The known binding motifs for HNRNPC are depicted in magenta. (D) Examples of PTBP1
binding sites for PTBP] itself (left) and XIST (right). Both raw read alignments and 3’-end
truncations of the cDNA reads are shown. Known binding motifs for PTBP1 are in magenta.
(E) Truncation frequency (3’ ends of the mapped cDNA reads) over all significantly enriched
HNRNPC peaks is shown centered on the motif position. The region of the steep frequency
rise of truncations is shown by the blue line on the y-axis and corresponds to the sequence
shown in blue. (F) The truncation frequency (3’ ends of the mapped cDNA reads) over all
significantly enriched PTBP1 peaks is shown relative to the motif position within each peak.
The region of the steep frequency rise of truncations is shown by the orange line on the y-

axis and corresponds to the sequence shown in orange.
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Figure 5: LARP1 binds to 18S rRNA near the mRNA entry channel and at TOP-motifs
contained within the S’UTRs of mRNAs.

(A) Frequency of 3’-end truncations of LARP1 reads plotted across the 18S rRNA. Zoom-
in shows accumulation near nucleotide position 1700 (indicated by the red bar). Data shown
is from HEK293T cells. (B) The structure of the 40S ribosomal subunit bound to the 5’-end
of an mRNA molecule (green). The first nucleotide of the mRNA is indicated in orange.
RPS2 (purple) and RPS3 (blue) are indicated for orientation and the mRNA is shown in
green. The LARP1 binding site detected on the 18S rRNA is indicated in red. (C) Examples
of LARPI1 binding for three different mRNAs containing TOP motifs in their 5’UTRs: TPT1
(left), RPS8 (middle), and EEF1G (right). Both read alignments (“Reads”, top) and 3’end
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truncations of the cDNA reads (“Truncations”, bottom) are shown. TOP motifs within the

5’-UTRs are depicted in magenta. (D) Model of LARP1 interactions based on SPIDR data.
LARP1 shows preferential binding to both the 18S rRNA (close to the mRNA entry channel
of the 40S subunit) and the TOP motifs within the 5S’UTR of specific mRNAs. In this way,
LARP1 could facilitate recruitment of the 40S subunit to TOP motif-containing mRNAs.
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Figure 6: 4EBP1 binds specifically to LARP1-bound mRNAs upon mTOR inhibition.

(A) Schematic of experimental approach for the mTOR perturbation experiment. HEK293T
cells were treated with either 250nM torin or control (solvent only) for 18 hours. SPIDR was
performed on both samples. The multiplexed IP was performed separately, and the samples
were mixed after the first round of barcoding (see Methods for details). (B) Cumulative
Distribution Function (CDF) plots of protein changes in torin versus control treated samples
as determined by LC-MS/MS. log, ratios (Torin/Control) are shown on the x-axis and
fraction of total (from O to 1) is shown on the y-axis. Proteins were grouped into four
categories based on their TOP motif score as previously published®®. The analysis was
performed on the 2000 most highly expressed genes (based on RNA expression, see
Methods). (C) Number of SPIDR reads assigned to each RBP in the torin-treated samples
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versus control samples. 4EBP1 (pink line), EIF4A, LARP1, and LARP4 are also indicated.

Dashed line corresponds to enrichment of 1. (D) Raw alignment data for selected RBPs
across RPS2, an mRNA with a strong TOP motif. For each protein “control” and “torin”
treatment tracks are shown. (E) Violin plots of the log, ratios (torin/control) of significant
binding sites for 4EBP1 are shown. The RNA targets are grouped based on their TOP motif
score as published in (Philippe et al., 2020)®°. (F) Violin plots of the log, ratios
(Torin/Control) of significant binding sites for LARP1 are shown. The RNA targets were
grouped based on their TOP motif score as published in (Philippe et al., 2020). For (E) and
(F) the asterisks indicate statistical significance (p-value < 0.00001, Mann-Whitney). (G)
Model of mTOR-dependent repression of mRNA translation. LARP1 binds to the 40S
ribosome and to 5’ untranslated region of TOP-containing mRNAs independent of mTOR
activity. When mTOR is active (i.e., in the absence of torin; right side), this dual binding
modality can recruit the ribosome specifically to TOP-containing mRNAs and promote their
translation. When mTOR is inactive (i.e., in the presence of torin), 4EBP1 can bind to TOP-
containing mRNAs (possibly through an interaction with LARP1) and to EIF4E. The
interaction between 4EBP1 and EIF4E prevents binding between EIF4E and EIF4G, which
is required to initiate translation. In this way, LARP1/4EBP1 binding specifically to TOP-

containing mRNAs would enable sequence-specific repression of translation.
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Supplemental Figure 1: Schematic of our multiplexed antibody-bead labeling strategy.

Populations of biotinylated protein G beads are incubated with a streptavidin-biotin oligo

complex. Each population of beads is labeled with an oligo with a specific sequence and then

incubated with one type of capture antibody such that each population has a unique capture

antibody and a corresponding oligo tag that can be recognized after sequencing. Populations

are combined to create the bead pool.



160

®RPS3 TARDBP ®

©DDX52 HNRNPK & °
© SMNDC1 DDX3X;DDX3Y ® HNRNPC

© UBAP2L o HNRNPAT;HNRNPA1L2
©DGCR8

1At o U2AF1

DHX30 . PTBP1
FY EFTUD2e

Pooled IP Log, IBAQ

RBFOX2;RBFOX1

FXR2

"PUMZ

o AQR
© SPEN

0 - ©AKAP1 s msemes 9o = o

T
0 5 10 15
VS5 IP Log, IBAQ

Supplemental Figure 2: Multiplexed IP of dozens of RBPs accurately recovers targeted

proteins.

Scatter plot showing log, transformed IBAQ (intensity based absolute quantification)??
values for all identified proteins in either the pooled IP with 39 targets (y-axis) versus those
detected with a V5 negative control IP (x-axis) by LC-MS/MS. Target proteins that should
be detected by the antibodies included in the pool of 39 used are marked in red.
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Supplemental Figure 3: Uniqueness of beads and number of oligos per bead of the

experiment.

Observed distributions of labeled beads after sequencing. Each bead is defined in sequencing
by a particular, unique combinatorial barcode acquired during split-pool. A SPIDR cluster
represents any set of molecules, oligo or RNA, that share the same bead combinatorial
barcode. Left: CDF plot showing the number of independent oligos matched within an
individual SPIDR cluster. Right: CDF plot describing the degree of heterogeneity of these
detected oligos within each SPIDR cluster, as determined by oligos with a shared
combinatorial barcode. X-axis represents the homogeneity of the oligo types with 1

indicating that all oligos are of the same type.
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Supplemental Figure 4: Mapped unique reads per RBP and significant binding sites
identified per RBP.

Number of deduplicated mapped reads and number of significant binding sites within

uniquely mapped genomic regions per IP. The order is determined by the number of unique

mapped reads in both plots.
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Supplemental Figure 5: Background correction.

—esmulll
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RN7SK

An example of our background correction method that utilizes the total read coverage across

all proteins to normalize each individual protein. Shown are example tracks on RN7SK before

and after background correction. Left: Raw alignment data for the entire pooled dataset (top
track) and for representative antibodies against U2ZAF1, TARDBP, SHARP, LARP7, and
HNRNPK on RN7SK. Right: Background corrected data for the same set of antibodies.

Signal that was not antibody-specific has been normalized out. The reads in the right are

binned in 5 nucleotide windows. RN7SK is known to be bound by LARP7°!.
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Supplemental Figure 6: Autoregulatory binding between RBPs targeted by SPIDR and
their RNAs.

Auto-regulatory binding matrix with protein (x-axis) binding to each mRNA (y-axis) shown.
Each target protein included in SPIDR performed in K562 cells marked by whether it has
significantly enriched binding within its own RNA, or in any of the other SPIDR target
RNAs. Proteins that bind their own RNA are marked in black, and instances of binding to
genes of other SPIDR targets are marked in gray.
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Supplemental Figure 7: Global comparison of annotations (intron, exon, etc.) of

binding sites per RBP as called by ENCODE versus SPIDR.

(A) Heatmaps showing the percentage of significant binding sites in each of the annotation
categories for SPIDR performed in K562 cells and ENCODE (see Methods for details). (B)
Quantitative assessment of the similarity of heatmaps between SPIDR and ENCODE. The
Euclidean distance (L2 norm) between the ENCODE and SPIDR percentage tables/heatmaps
was calculated. The calculated distance is indicated by the dashed line. The statistical

significance was calculated by randomly shuffling the columns of either the SPIDR
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percentage table and keeping the original ENCODE table or vice versa, meaning shuffling

the columns of the ENCODE table and keeping the original SPIDR table. This was done
1000 times in each direction and every time the Euclidean distance was calculated. The
values are represented by the two histograms. The Euclidean distance of all of the randomly
shuffled 2000 comparison was always larger than of the true pair, which shows that the two
original annotation tables from SPIDR and ENCODE are highly significantly similar (p-
value < 0.0005).
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3.8 METHODS

3.8.1 EXPERIMENTAL CONDITIONS

Experimental conditions

Cell culture

K562 cells (ATCC, CCL-243) and HEK293T cells (ATCC, CRL-3216) were purchased
from ATCC and cultured under standard conditions. K562 cells were cultured in K562 media
consisting of 1X DMEM (Gibco), 1 mM Sodium Pyruvate (Gibco), 2 mM L-Glutamine
(Gibco), 1X FBS (Seradigm), 100 U/mL Penicillin-Streptomycin (Life Technologies).
HEK?293T cells were cultured in HEK293T media consisting of 1X DMEM media (Gibco),
1 mM MEM non-essential amino acids (Gibco), | mM Sodium Pyruvate (Gibco), 2 mM L-
Glutamine (Gibco), and 1X FBS (Seradigm).

UV-crosslinking

Crosslinking was performed as previously described?. Briefly, K562 cells were washed once
with 1X PBS and diluted to a density of ~10 million cells/mL in 1X PBS for plating onto
culture dishes. HEK293T cells were washed once with 1X PBS and crosslinked directly on
culture dishes. RNA-protein interactions were crosslinked on ice using 0.25 J cm? (UV 2.5k)
of UV at 254 nm in a Spectrolinker UV Crosslinker. Cells were then scraped from culture
dishes, washed once with 1X PBS, pelleted by centrifugation at 330 x g for 3 minutes, and
flash-frozen in liquid nitrogen for storage at -80°C.

Torin-1 treatment

HEK293T cells were treated at a final concentration of 250 nM Torin-1 (Cell Signaling
Technology, #14379) in standard HEK293T media for 18 hours prior to UV-crosslinking

and harvesting.

Bead biotinylation
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The bead labeling strategy was adapted from ChIP-DIP, a Guttman lab protocol used for

multiplexed mapping of hundreds of proteins the DNA
(https://github.com/GuttmanLab/chipdip-pipeline). Briefly, 1 mL of Protein G Dynabeads
(ThermoFisher, #10003D) were washed once with 1X PBST (1X PBS + 0.1% Tween-20)
and resuspended in 1mL PBST. Beads were then incubated with 20 puL of 5 mM EZ-Link
Sulfo-NHS-Biotin (Thermo, #21217) on a HulaMixer for 30 minutes at room temperature.
Following NHS reaction, beads were placed on a magnet and 500 pL of buffer was removed
and replaced with 500 puL of 1M Tris pH 7.4 to quench the reaction for an additional 30
minutes at room temperature. Beads were then washed twice with 1 mL PBST and

resuspended in their original storage buffer until use.

Labeling biotinylated beads with oligonucleotide tags

Unique biotinylated oligonucleotides were first coupled to streptavidin (BioLegend,
#280302) in a 96-well PCR plate. In each well, 20 puL of 10 uM oligo was added to 75 uL.
I1X PBS and 5 pLL 1 mg/mL streptavidin. The 96-well plate was then incubated with shaking
at 1600 rpm on a ThermoMixer for 30 minutes at room temperature. Each well was then

diluted 1:4 in 1X PBS for a final concentration of 227 nM.

For each experiment, the appropriate amount of biotinylated Protein G beads (10 puL beads
per capture antibody) was washed once in 1X PBST. Beads were then resuspended in oligo
binding buffer (0.5X PBST, 5 mM Tris pH 8.0, 0.5 mM EDTA, 1M NacCl). 200 pL of the
bead suspension was aliquoted into individual wells of a 96-well plate, followed by addition
of 4 uL of 227nM streptavidin-coupled oligo to each well. The 96-well plate was then
incubated with shaking at 1200 rpm on a ThermoMixer for 30 minutes at room temperature.
Beads were then washed twice with M2 buffer (20 mM Tris 7.5, 50 mM NaCl, 0.2% Triton
X-100, 0.2% Na-Deoxycholate, 0.2% NP-40), twice with 1X PBST, and resuspended in 200
uL of 1X PBST.

Binding antibody to labeled Protein G beads



169
2.5 pg of each capture antibody was added to each well of the 96-well plate containing

labeled beads in 1X PBST. The plate was incubated with shaking at 1200 rpm on a
ThermoMixer for 30 minutes at room temperature. After incubation, beads were washed
twice with 1X PBST + 2 mM biotin (Sigma, #B4639-5G), resuspended in 200 pL of 1x
PBST + 2mM biotin, and left shaking at 1200 rpm for 10 minutes at room temperature. All
wells containing beads were then pooled together and washed twice with 1 mL 1X PBST +
2 mM biotin. At this stage, each bead in the bead pool contains a single type of capture

antibody with a corresponding unique oligonucleotide tag.

Pooled immunoprecipitation

For each experiment, 10 million cells were lysed in 1 mL RIPA buffer (50mM HEPES pH
7.4, 100mM NaCl, 1% NP-40, 0.5% Na-Deoxycholate, 0.1% SDS) supplemented with 20
uL Protease Inhibitor Cocktail (Sigma, #P8340-5mL), 10 pL of Turbo DNase (Invitrogen,
#AM2238), 1X Manganese/Calcium mix (2.5 mM MnCl, 0.5 mM CaCl,), and 5 pL of
RiboLock RNase Inhibitor (Thermo Fisher, #£E00382). Samples were incubated on ice for
10 minutes to allow lysis to proceed. After lysis, cells were sonicated at 3-4 W of power for
3 minutes (pulses 0.7 s on, 3.3 s off) using the Branson sonicator and then incubated at 37°C
for 10 minutes to allow for DNase digestion. DNase reaction was quenched with addition of
0.25 M EDTA/EGTA mix for a final concentration of 10 mM EDTA/EGTA. RNase If (NEB,
#M0243L) was then added at a 1:500 dilution and samples were incubated at 37°C for 10
minutes to allow partial fragmentation of RNA to obtain RNAs of approximately ~300-400
bp in length. RNase reaction was quenched with addition of 500 pL ice cold RIPA buffer
supplemented with 20 uL Protease Inhibitor Cocktail and 5 pL. of RiboLock RNase Inhibitor,
followed by incubation on ice for 3 minutes. Lysates were then cleared by centrifugation at
15000 x g at 4°C for 2 minutes. The supernatant was transferred to new tubes and diluted in
additional RIPA buffer such that the final volume corresponded to 1 mL lysate for every 100
uL of Protein G beads used. Lysate was then combined with the labeled antibody-bead pool
and 1 M biotin was added to a final concentration of 10 mM as to quench any disassociated

streptavidin-coupled oligos. Beads were left rotating overnight at 4°C on a HulaMixer.



170
Following immunoprecipitation, beads were washed twice with RIPA buffer, twice with high

salt wash buffer (50 mM HEPES pH 7.4, 1 M NaCl, 1% NP-40, 0.5% Na-Deoxycholate,
0.1% SDS), and twice with Tween buffer (50 mM HEPES pH 7.4, 0.1% Tween-20).

Ligation of the RNA Phosphate Modified (“RPM”) tag

After immunoprecipitation, 3’ ends of RNA were modified to have 3 OH groups compatible
for ligation using T4 Polynucleotide Kinase (NEB, #M0201L). Beads were incubated at
37°C for 10 minutes with shaking at 1200 rpm on a ThermoMixer. Following end repair,
beads were buffer exchanged by washing twice with high salt wash buffer and twice with
Tween buffer. RNA is subsequently ligated with an “RNA Phosphate Modified” (RPM)
adaptor (Quinodoz et al 2021) using High ConcentrationT4 RNA Ligase [ (NEB, M0437M).
Beads were incubated at 24°C for 1 hour 15 minutes with shaking at 1400 rpm, followed by
three washes in Tween buffer. After RPM ligation, RNA was converted to cDNA using
SuperScript III (Invitrogen, #18080093) at 42°C for 20 minutes using the “RPM Bottom”
RT primer to facilitate on-bead library construction and a 5’ sticky end to ligate tags during
split-and-pool barcoding. Excess primer is digested with Exonuclease I (NEB, #M0293L) at
37°C for 15 minutes.

Split-and-pool barcoding to identify RNA-protein interactions

Split-and-pool barcoding was performed as previously described?! with minor modifications.
Specifically, beads were split-and-pool ligated over > 6 rounds with a set of “Odd,” “Even,”
and “Terminal” tags. The number of barcoding rounds performed for each SPIDR
experiment was determined based on the complexity of the given bead pool. All split-and-
pool ligation steps were performed for 5 minutes at room temperature and supplemented with
2 mM biotin and 1:40 RiboLock RNase Inhibitor to prevent RNA degradation. We ensured
that virtually all barcode clusters (>95%) represented molecules belonging to unique,
individual beads. See Supplemental Table 4 for a template to calculate the number of

barcoding rounds required to resolve a given number of starting beads.
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Compared to previously published approaches, we reduced the number of barcodes per

round, but increased the rounds of split and pool barcoding as we optimized the ligation step.
Therefore, the barcoding procedure was significantly simplified in contrast to previous
versions. For example, for the K562 cells pooled experiment, 6 rounds of 24 barcodes were
used for combinatorial barcoding (with a scheme of Odd, Even, Odd, Even, Odd, Terminal
tag). For the HEK293T cells mTOR inhibition experiment, 6 rounds of 36 barcodes were
used for combinatorial barcoding to achieve sufficient barcode complexity. Of the 36
barcodes used in round one of the ligations, 18 were used to label the control condition and
the remaining 18 were used to label the torin treated condition. The samples were then pooled

together for the remaining 5 rounds of ligation.
Library preparation

After split-and-pool barcoding, beads were aliquoted into 5% aliquots for library preparation
and sequencing. RNA in each aliquot was degraded by incubating with RNase H (NEB,
#MO0297L) and RNase cocktail (Invitrogen, #AM?2286) at 37°C for 20 minutes. 3’ ends of
the resulting cDNA were ligated to attach dsDNA oligos containing library amplification
sequences using a “splint” ligation as previously described (Quinodoz et al 2021)3!. The
“splint” ligation reaction was performed with 1X Instant Sticky End Master Mix (NEB
#MO0370) at 24°C for 1 hour with shaking at 1400 rpm on a ThermoMixer. Barcoded cDNA
and biotinylated oligo tags were then eluted from beads by boiling in NLS elution buffer (20
mM Tris-HCI pH 7.5, 10 mM EDTA, 2% N-lauroylsarcosine, 2.5 mM TCEP) for 6 minutes
at 91°C, with shaking at 1350 rpm.

Biotinylated oligo tags were first captured by diluting the eluant in 1X oligo binding buffer
(0.5X PBST, 5 mM Tris pH 8.0, 0.5 mM EDTA, 1M NaCl) and subsequently binding to
MyOne Streptavidin C1 Dynabeads (Invitrogen, #65001) at room temperature for 30
minutes. Beads were placed on a magnet and the supernatant, containing cDNA, was moved
to a separate tube. Biotinylated oligo tags were amplified on-bead using 2X Q5 Hot-Start
Mastermix (NEB #M0494) with primers that add the indexed full Illumina adaptor

sequences.
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To isolate barcoded cDNA, the supernatant was first incubated with a biotinylated antisense

ssDNA (“anti-RPM”) probe that hybridizes to the junction between the reverse transcription
primer and splint sequences to reduce empty insertion products. This mixture was then bound
to MyOne Streptavidin C1 Dynabeads at room temperature for 30 minutes. Beads were
placed on a magnet and the supernatant, containing the remaining cDNA products, was
cleaned up on Silane beads (Invitrogen, #37002D) as previously described®’. Finally, cDNA
was amplified using 2X Q5 Hot-Start Mastermix (NEB #M0494) with primers that add the

indexed full [1lumina adaptor sequences.

After amplification, libraries were cleaned up using 1X SPRI (AMPure XP), size-selected
on a 2% agarose gel, and cut at either ~300 nt (barcoded oligo tag) or between 300-1000 nt
(barcoded ¢cDNA). Libraries were subsequently purified with Zymoclean Gel DNA
Recovery Kit (Zymo Research, #4007).

Sequencing

Paired-end sequencing was performed on either an Illumina NovaSeq 6000 (S4 flowcell),
NextSeq 550, or NextSeq 2000 with read lengths > 100 x 200 nucleotides. For the K562 data,
37 SPIDR aliquots were generated and sequenced from two technical replicate experiments.
The two experiments were generated using the same batch of UV-crosslinked lysate
processed on the same day. For the HEK293T data, 9 SPIDR aliquots were generated from
a single technical replicate. Each SPIDR library corresponds to a distinct aliquot that was
separately amplified with different indexed primers, providing an additional round of
barcoding as previously described?!. Minimum required sequencing depth for each
experiment was determined by the estimated number of beads and unique molecules in each
aliquot. For oligo tag libraries, each library was sequenced to a depth of observing ~5 unique
oligo tags per bead on average. For cDNA libraries, each library was sequenced with at least

2x coverage of the total estimated library complexity.



173
3.8.2 ANALYSIS AND PROCESSING PIPELINE

Read processing and alignment

Paired-end RNA sequencing reads were trimmed to remove adaptor sequences using Trim
Galore! v0.6.2 and assessed with FastQC v0.11.8. Subsequently, the RPM
(ATCAGCACTTA) sequence was trimmed using Cutadapt v3.4 from both 5’ and 3’ read
ends. The barcodes of trimmed reads were identified with Barcode ID v1.2.0
(https://github.com/GuttmanLab/sprite2.0-pipeline) and the ligation efficiency was
assessed. Reads with or without an RPM sequence were split into two separate files to

process RNA and oligo tag reads individually downstream, respectively.

RNA read pairs were then aligned to a combined genome reference containing the
sequences of repetitive and structural RNAs (ribosomal RNAs, snRNAs, snoRNAs, 45S
pre-TRNAs, tRNAs) using Bowtie2. The remaining reads were then aligned to the human
(hg38) genome using STAR aligner. Only reads that mapped uniquely to the genome were
kept for further analysis.

Barcode matching and filtering

Mapped RNA and oligo tag reads were merged, and a cluster file was generated for all
downstream analysis as previously described. MultiQC v1.6 was used to aggregate all
reports. To unambiguously exclude ligation events that could not have occurred
sequentially, we utilized unique sets of barcodes for each round of split-and-pool. All
clusters containing barcode strings that were out-of-order or contained identical repeats of
barcodes were filtered from the merged cluster file. To determine the amount of unique
oligo tags present in each cluster, sequences sharing the same Unique Molecular Identifier
(UMI) were removed and the remaining occurrences were counted. To remove PCR
duplication events within the RNA library, sequences sharing identical start and stop

genomic positions were removed.

Splitting alignment files by protein identity
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Barcode strings from filtered cluster files were then used to assign protein identities to the

alignment file containing all mapped RNA reads. Because each cluster represents an
individual bead, the frequency of oligo tags (each representing unique protein type) was used
to determine protein assignments. Specifically, for each cluster we required > 3 observed
oligo tags and that the most common protein type represented > 80% of all observed tags.
RNA reads were then split into separate alignment files by barcode strings corresponding to

protein type.

Background correction and peak calling

In order to determine what portion of the observed signal is specific to a particular capture
antibody, rather than common pileups regardless of the protein captured, we normalized
coverage for each protein relative to the coverage detected for all other proteins. Specifically,
for a protein of interest, we computed the number of reads that were mapped to that protein.
We then randomly downsampled all reads not assigned to that protein such that it had a
comparable number of reads as the protein of interest. To measure the expected variance in
the control sample, we repeated this downsampling procedure at least 100 independent times.
We then computed read counts per window across the transcriptome (either 10nts or 100nts)
for the protein of interest and each of the randomized control samples. We computed a
normalized enrichment as the number of observed reads within the window (observed)
divided by the average of the read counts overt that window across the >=100 permutations
(expected). To assess the significance of this enrichment score, we measured how often the
observed score was seen in the >=100 permutations. A p-value was assigned as the number
of random scores greater than or equal to the observed scores divided by the number of
random permutations used (we included the actual observed score in the numerator and
denominator). All windows that had at least 10 observed reads and a p-value less than 0.05

were considered significantly enriched.

Peak annotation
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Enriched windows were first filtered to only include regions resulting from reads that could

be uniquely mapped in the second STAR alignment, and then poor alignments to rRNA
regions (chr21: 88206400-8449330) were removed. These filtered peaks were then annotated
based on overlap with GENCODE v41 transcripts. In the case of overlapping annotations,
the final assigned annotation was chosen based on the following priority list: miRNA, CDS,
5’UTR, 3°’UTR, proximal intron (within 500 nt of the splice site region), distal intron (further
than 500 nt of the splice site region), non-coding exon, and finally non-coding intron.
Windows for which the primary gene annotation was a miRNA host gene were marked as

miRNA proximal.

SPIDR comparison to ENCODE

ENCODE datasets

43 of the proteins included in SPIDR also had a matched K562 ENCODE eCLIP experiment
with paired-end sequencing data. The raw FASTQ files for these datasets were downloaded
from the ENCODE website (https://www.encodeproject.org/) and aligned to the genome

using the same parameters as in the SPIDR dataset.

For comparison of matched SPIDR and ENCODE datasets, the larger of the pair of alignment
files was downsampled to the depth of the smaller alignment file. Windows of enrichment in
ENCODE datasets were then determined using the same background correction strategy and
thresholding as in SPIDR (minimum read count of 10, p-value < 0.05). As was done in the
SPIDR data, all ENCODE datasets were used as negative controls for one for one another

when determining background correction factors and calling windows of enrichment.

Motif enrichment analysis

Filtered SPIDR peaks were used to subset the corresponding SPIDR alignment files, such

that only reads that fell within enriched windows were kept. These reads were then used as
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input for de novo motif analysis by HOMER (http://homer.ucsd.edu/homer/). Motifs with a

reported p-value < 10*° were considered significant.
Comparison of bound RNA features

Enriched windows for both SPIDR and ENCODE, as determined using the SPIDR workflow
of background correction and thresholding, were annotated based on overlap with
GENCODE v41 transcripts. Peaks annotated as intergenic were removed, and then both the
SPIDR and ENCODE datasets were filtered to include only proteins that had greater than
100 peaks.

The likelihood of seeing a similarity between SPIDR and ENCODE in the region annotations
is visualized by comparing the observed values to randomly shuffled values. The inputs for
this method are two matrices, one for SPIDR and one for ENCODE, with the percentage of
annotations observed for a given region type for a given RBP. Shuffling is performed by
randomly switching percentages across RBPs, keeping the relative values between regions
constant. This can be thought of as randomly shuffling the columns of one of the input
matrices. A distance is calculated by flattening the two input matrices into vectors, taking the
difference between the two vectors, and calculating an L2-norm on that difference. In
Supplemental Figure 7 the histogram of L2-norms shows the distribution we would expect
if RBPs had no effect on the L2-norm between SPIDR and ENCODE. The dashed vertical

line represents the L2-norm when the input matrices were flattened but not shuffled.
The basic algorithm is as follows:

1. Calculate the true L2-norm between SPIDR and ENCODE

2. Keeping SPIDR constant, randomly switch probabilities between RBPs while
keeping the percentages within an RBP the same for ENCODE

3. Repeat step 2, shuffling SPIDR and keeping ENCODE constant

4. Repeat steps 2 and 3 for 1000 samples

Single nucleotide resolution analysis
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We computed the frequency of reads ending at the 3’ end of the cDNA. We computed

enrichment for each of these counts by randomly downsampling all reads not assigned to the
specific protein and computing the same 3’ end coverage. Enrichments and p-values were

computed as described above and as previously reported in (Banerjee et al. 2020)34.

mTOR analysis

Background corrected bedgraphs were generated from control and +Torin conditions for
each RBP in each condition. These bedgraph values were then mapped on to Refseq genes
using the bedtools map command (arguments: -c 4 —o absmax). Where multiple isoforms
were present for the same gene, the isoform with the highest map count was used. To
normalize for possible detection bias due to fewer antibody beads in one condition versus the
other we adjusted the map value by the ratio of antibody beads as determined by number of
bead clusters corresponding to each antibody in each respective condition. Number of
antibody (bead clusters) were defined and calculated using the same values used to generate
the split bam files for each protein (options: minimum number of oligos=3,fraction
unique=0.8, max number of RNAs in clusters=100). The ratio of cluster-corrected values for
each gene across the two conditions was then compared per gene and separated based on

TOP score. Published TOP scores®® were used to generate categories for violin plots.

For the protein changes CDF plots, we first selected for the 2000 highest expressed genes
based on previous RNA-seq data®*. Input TPM values for HEK293 cells were taken from
input CLAP (sub_input.merged.bam) data from HEK293T cell in (Banerjee et al.
2020)*.The input samples were downsampled to 20M reads prior to TPM calculation.
Featurecounts was used to calculate read overlaps with hg38 protein coding refseq genes and
further converted to TPM values. The top 2000 expressed genes (based on HEK293 input
TPM) were used to plot the average protein log2 fold changes (Torin versus control) vs TOP

score. Published TOP scores®® were used to plot CDF values.



178
Mass spectrometry

Multiplexed Immunopurification (IP) for mass spectrometry

10 million K562 cells were lysed in 4mL of RIPA on ice for 10 minutes. The lysate was
clarified by centrifugation at 15000g for 2 minutes, and then split in half for either the pooled
IP with 39 antibodies or the negative control IP with an anti-V5 antibody. Each half of the
lysate was combined with 10ug total antibody (0.25ug per each antibody for the pooled IP)
and 100uL of Protein G beads and left rotating at 4C overnight. The beads were then washed
twice with RIPA, twice with High Salt Wash Buffer, twice with Clap-Tween, and finally
three times with Mass Spec IP Wash Buffer (150mM NaCl, 50mM Tris-HCI pH 7.5, 5%
Glycerol). Each sample was then reduced, alkylated, Trypsin digested, and desalted as
described in (Parnas et al, 2015)%. Peptides were reconstituted in 12ul 3% acetonitrile/0.1%

formic acid.
mTOR proteomics

5 million cells each of control and 250nM Torin-1 treated HEK cells were lysed in 250ull
Mass Spec Lysis Buffer (8M urea, 75SmM NaCL, 50mM Tris pH 8.0, ImM EDTA) for 30min
at room temperature. Samples were then clarified by centrifugation at 23000g for 5 minutes,
and the protein content in the supernatant was measured by BCA assay (ThermoFisher,
#P123227). 40ug of protein for each sample was reduced with SmM final dithriothreitol
(DTT) for 45 minutes at room temperature and subsequently alkylated with 10mM final
iodoacetamide (IAA) for 45 minutes in the dark at room temperature. 5S0mM Tris (pH 8.0)
was then added to each sample such that the final concentration of urea was less than 2M.
Samples were digested overnight with 0.4ug Trypsin (Promega, #V5113) for a 1:100 enzyme
to protein ratio. Peptides were desalted on C18 StageTips according to (Rappsilber et al.,
2007)8%6.

LC-MS/MS
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LC-MS/MS analysis was performed on a Q-Exactive HF. 5ulL of total peptides were

analyzed on a Waters M-Class UPLC using a C18 25¢cm Thermo EASY-Spray column (2um,
100A, 75um x 25cm) or lonOpticks Aurora ultimate column (1.7um, 75um x 25cm) coupled
to a benchtop ThermoFisher Scientific Orbitrap Q Exactive HF mass spectrometer. Peptides
were separated at a flow rate of 400 nL/min with a linear 95 min gradient from 5% to 22%
solvent B (100% acetonitrile, 0.1% formic acid), followed by a linear 30 min gradient from
22 t0 90% solvent B. Each sample was run for 160 min, including sample loading and column

equilibration times. Data was acquired using Xcalibur 4.1 software.

The IP samples were measured in a Data Dependent Acquisition (DDA) mode. MS1 Spectra
were measured with a resolution of 120,000, an AGC target of 3e6 and a mass range from
300 to 1800 m/z. Up to 12 MS2 spectra per duty cycle were triggered at a resolution of
15,000, an AGC target of 1e5, an isolation window of 1.6 m/z and a normalized collision

energy of 28.

The Torin treated and control total lysate samples were measured in a Data Independent
Acquisition (DIA) mode. MS1 Spectra were measured with a resolution of 120,000, an AGC
target of 5e6 and a mass range from 350 to 1650 m/z. 47 isolation windows of 28 m/z were
measured at a resolution of 30,000, an AGC target of 3e6, normalized collision energies of

22.5,25,27.5, and a fixed first mass of 200 m/z.

Database searching of the proteomics raw files

Proteomics raw files were analyzed using the directDIA method on SpectroNaut v16.0 for
DIA runs or SpectroMine (3.2.220222.52329) for DDA runs (Biognosys) using a human
UniProt database (Homo sapiens, UP000005640), under BSG factory settings, with
automatic cross-run median normalization and imputation. Protein group data were exported

for subsequent analysis.
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39 SUPPLEMENTAL INFORMATION

Supplemental Table 1: Overview of the SPIDR experiment in K562 cells; can be found
online®’. The protein targets are listed, as well as the vendors and product numbers of the
corresponding antibodies. The bead oligo used to represent each protein in sequencing is also
included, along with the number of deduplicated mapped reads and number of significant

binding sites within uniquely mapped genomic regions.

Supplemental Table 2: Overview of the SPIDR experiment HEK293T cells treated with
Torin or Control (solvent only); can be found online®’. The protein targets are listed, as
well as the vendors and product numbers of the corresponding antibodies. The bead oligo
used to represent each protein in sequencing is also included, along with the number of
deduplicated mapped reads and number of significant binding sites within uniquely mapped
genomic regions. Read counts and peaks are provided for “Torin” and “Control” treatments

separately.

Supplemental Table 3: Protein measurements of HEK 293 HEK293T cells treated with
Torin or Control (solvent only); can be found online®’. The average protein log2 ratios
(Torin versus Control) are listed for the 2000 highest expressed genes as based on previous
RNA-seq data® (see Methods). As a gene selected from the RNA-seq data could be present
in several protein groups, all protein log2 ratios for the protein groups where this gene was
present are listed. Proteins were grouped into four categories based on their TOP motif score
as previously published in (Philippe et al., 2020)%°. The TOP motif score for each gene is

also listed.

Supplemental Table 4: Barcode Calculator; can be found online®’. A template to
calculate the number of split-and-pool barcoding rounds required to resolve a given number

of starting beads.
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4.1 CONCLUSION

RNA-protein interactions are crucial for many cellular processes, extending beyond well-
characterized roles in post-transcriptional gene regulation to influencing chromatin states and
transcription itself. In the context of the nucleus, RNA has been demonstrated to seed local
high-concentration gradients to facilitate the binding and recruitment of regulatory proteins
to specific spatial territories'. With the emerging focus on RNA as a central player in these
mechanisms, it is imperative to systematically define the universe of RBPs and their RNA
interactions in order to begin dissecting these functions. Existing methods to globally explore
these interactions include various RNA-centric proteomic approaches that have led to the
identification of thousands of putative human RBPs?. Typically, these candidate RBPs are
validated by protein-centric approaches to map their specific binding sites genome-wide,
such as CLIP. Yet despite the vast strides made in profiling these proteins, including valiant
efforts by international consortiums (i.e., ENCODE), only a small fraction (<10%) of all
putative targets has been validated to-date*. Furthermore, these experiments are often limited
to 1-2 cell types and in some specific cases, the functional relevance of these reported
interactions has been questionable. Thus, there is a pressing need for new experimental
frameworks that are 1) highly specific and stringent to confidently define bona fide RBPs,

and 2) higher-throughput to profile RBPs at scale across multiple cell lines and cell states.

In this thesis, we showed that many widely reported RNA-protein interactions for chromatin
proteins such as PRC2 and CTCF do not occur in vivo. Using fully denaturing purifications
by CLAP, we abrogated all non-specifically enriched RNAs detected by CLIP while
retaining true interactions for known RBPs. Importantly, our findings are consistent with
emerging orthogonal evidence that RNA is not essential for PRC2 localization on
chromatin®®. We then expanded the utility of the CLAP method to additionally screen for
bona fide chromatin RBPs, identifying several non-canonical RBPs with annotated RNA-
dependent functions in chromatin organization and gene regulation. Despite our findings, we
emphasize that the issue does not lie inherently with the CLIP method, but rather how it is

often utilized and interpreted. Specifically, CLIP data is standardly interpreted in isolation
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(i.e., within its own experiment, with normalization to an input control’). We showed that

CLIP, like any other molecular biology technique, is susceptible to background signal that is
commonly shared across different proteins (i.e., potentially due to abundant spurious RNAs
or RNAs crosslinked to abundant non-specific proteins). This can lead to the identification
of non-specific RNAs as being specifically enriched, especially when proteins do not bind to
RNA in vivo. However, when explored relative to true RBPs (i.e., by an RNA gel), we
observed dramatically lower overall CLIP signal for non-RBPs like PRC2 and GFP. This
suggested to us that direct, quantitative comparisons between proteins would allow us to

resolve issues of CLIP specificity.

This is best highlighted with our SPIDR method, which effectively multiplexes CLIP
experiments by several orders of magnitude. With each SPIDR experiment, we observed a
moderate degree of shared background RNAs across different proteins within our targeted
pools. This is likely due to the same reasons that individual CLIP is prone to detecting non-
specific signal, which we fully explored in Chapter 2 (i.e., from necessitated non-denaturing
washes). There may additionally be off-target effects due to variable antibody quality, which
is inherent to all immunoprecipitation (IP)-based methods. Regardless of the exact source of
background, we normalized for this by leveraging the fact that each SPIDR experiment is
inherently performed in pools of various different proteins. Specifically, we employed a
background correction method that allowed us to perform quantitative comparisons across
each protein in the pool, accounting for variables such as target read depth. Indeed, it was
only with this approach that we uncovered a novel LARP1 binding site on the 18S ribosomal
RNA with single-nucleotide resolution, which was otherwise obscured when analyzing the
raw data (Figure 1). Because each protein within a set is subject to identical IP and wash
conditions, this normalization strategy is more appropriately applicable to SPIDR than

individual CLIP experiments which are subject to high batch variation.

Another point of emphasis we highlighted in Chapter 1 was the importance of validating
RNA-protein interactions using orthogonal approaches, including precise functional domain

perturbations. To explore the specific LARP1-40S binding identified by SPIDR, we purified
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recombinant human LARP1 and assembled it with the 40S ribosome from HEK293T cell

lysate. We then used single-particle cryo-electron microscopy (cryo-EM) to determine the
structure of the human LARP1-40S complex and resolved it to an overall resolution of 2.7
A (Figure 2). We found that the recently identified Ribosome Binding Region (RBR) of
LARP18 bound the mRNA entry channel in the 40S structure at a site corresponding to the
exact binding site identified by SPIDR (Figure 2). This corroborated our unique model in
which the 40S-bound LARP1 complex is capable of binding simultaneously to TOP-motif
containing mRNAs to regulate their translation, as we explored in detail in Chapter 3.
Furthermore, we found that deletion of the RBR, which is distinct from the domain
responsible for binding TOP mRNAs (DM15), abrogates LARP1 binding to the ribosome
(Figure 3). Together, this highlights the power of the SPIDR method to identify novel RBP
binding sites with functionally relevant implications, as LARP1 is widely known to modulate

translation yet has not been directly linked to ribosome binding before.

More generally, we expect methods such as SPIDR and CLAP to define a new framework
for evaluating in vivo RNA-protein interactions. On one hand, SPIDR enables rapid
identification of novel RBPs and RBP-binding sites for hundreds of targets within a single
experiment, allowing for broad characterization of RBPs at an unprecedented scale. In
addition, SPIDR can measure global changes in RBP binding across different cell states and
treatment conditions, such as the mTOR inhibition experiment described in Chapter 3 in
which we uncovered a potential translational suppression mechanism of sequence-specific
mRNAs. On the other hand, CLAP serves as an invaluable method for targeted validation of
putative RBPs, especially RBPs with reported non-canonical RNA-binding domains
(RBDs). CLAP has additional utility for profiling RBPs that lack existing high-quality
antibodies or affinity reagents, by virtue of fusing a covalent tag to each protein of interest.
We anticipate the combined synergy of these tools to pave the way for defining new classes

of RBPs and, by proxy, the multitude of ncRNA functions.

4.2  FUTURE DIRECTIONS
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As alluded to in Chapter 1, one key open question is why such a large fraction of the human

proteome has evolved to bind RNAs. Of particular interest is the potential of RNA to
specifically recruit regulatory proteins to chromatin to modulate gene expression. It is now
clear that many noncoding RNAs achieve this by seeding the formation of spatial
compartments in the nucleus to bind and recruit proteins into them'. RNA molecules are
uniquely suited to this role as they accumulate at high concentrations at their transcriptional
loci and adopt structural conformations to bind specific proteins. One prime example of this
is the mechanism by which SPEN, an RBP, directly interacts with the Xist IncRNA to
specifically recruit HDAC3 to the inactive X chromosome (Xi)°. This discovery highlights
how chromatin regulators (SPEN) and chromatin-modifying complexes (HDAC3) can be
recruited to specific DNA regions through interactions with RNA. SPEN has additionally
been shown to localize to hundreds of other nuclear compartments in an RNA-dependent
manner'. In Chapter 2, we demonstrated that SPEN binds to hundreds of RNAs beyond
Xist, including IncRNAs and notably many nascent pre-mRNAs that remain enriched on
chromatin near their genomic locus. Because the silencing of the Xi is dependent on HDAC3
and the interaction between SPEN and Xist, other SPEN-bound RNAs may be regulated in
the same manner. TET2, which we uncovered as a bona fide chromatin RBP in Chapter 2,
is another protein that appears to form nuclear compartments in a similar manner as SPEN
(Figure 4). It has also been shown to localize to chromatin in a transcription-dependent
manner'?, though the RNA-dependence of this compartment formation has yet to be
explored. While TET?2 itself functions as a DNA demethylase, it has also been reported to
bind to HDAC1/2, which may represent another example in which HDAC complexes (which
lack DNA-binding domains) are indirectly recruited to chromatin by RNA.

The specific examples highlighted here with SPEN and TET2 may represent a more
widespread mechanism of gene regulation by which the cell achieves precise modulation of
gene targets through RNA-protein interactions (Figure 5). Further validation of these
mechanisms may involve precise genetic perturbations of SPEN or TET2 RNA-binding sites
(i.e., by CRISPR-Cas9) followed by measurements of gene expression or chromatin states

(i.e., H3K27ac for SPEN/HDAC3; 5ShmC for TET2). Large-scale functional screens to
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identify additional chromatin proteins with RNA-dependent functions (i.e., by proteomics)

will also be crucial for understanding how generalizable this principle of RNA-guided gene

regulation is.

Analogous to the dismantling of old structures to lay foundations for lasting strength, we
expect a paradigm shift in the near future for understanding what constitutes a biologically
meaningful RNA-protein interaction. The continued innovation of high-stringency and high-
throughput technologies to profile RBPs, coupled with careful dissection of their functions,
will pave the way for more accurate and reproducible findings. Together, this will be critical

for exploring the universe of all things RNA.
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4.3 FIGURES
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Figure 1: SPIDR enables identification of novel RNA-binding sites when interpreted
relative to other RBPs.

(Left) SPIDR RNA read coverage of LARP1, RBFOX2, hnRNPC, SAF-A, and IgG on the
18S ribosomal RNA before background correction. (Right) Background-corrected data for
the same set of proteins. Pink arrow denotes the previously reported LARP1 binding site

between the 1,698-1,702 nucleotide position.
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Figure 2: Cryo-EM structure of human LARP1 bound to the 40S subunit.

(A) The overall view of the 40S-LARP1 structure is shown in three different orientations.
RBR of LARP1 (blue) fitted into the cryo-EM map (blue) to highlight its position within the
mRNA channel in the 40S. (B-C) Cryo-EM map and atomic model to highlight the
interaction between LARP1 and ribosomal proteins uS3 and eS30 located at the mRNA entry
site. (D-E) LARPI interacts with the ribosomal protein uS5 within the mRNA channel. (F-
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G) Close-up to highlight the interaction between LARPI and the universal conserved

decoding bases in the P site and the A site, as identified by SPIDR.
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Figure 3: RBR of LARP1 is required for binding to 40S.

Recombinant wild-type (WT) LARP1 and a mutant LARP1 containing the RBR deletion
(Mut) (top, right) were expressed, purified, and incubated with HEK293T whole cell lysate.
40S complexes were isolated by sucrose density gradient ultracentrifugation, then subject to
western blot of both LARP1 and the control ribosomal protein uS17 (40S fractions). “—”
denotes the 40S fraction from a lysate without LARP1. Rightmost two lanes depict positive
controls probed against the recombinant proteins, demonstrating that the LARP1 antibody

recognizes both forms of LARPI.
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Figure 4: TET2 forms spatial compartments in the nucleus.

Immunofluorescence (IF) staining performed against TET2 (Abcam, anti-Tet2) in pSM33

mouse embryonic stem cells (green). Scale bars, 10 pM.
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Figure 5: RBPs and chromatin regulators are recruited by RNA to specific genomic

sites.

Model for how RBPs and effector chromatin complexes (HDAC shown here as an example)
are recruited to specific genome territories within RNA-mediated spatial compartments to

enact their functions.
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