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ABSTRACT

RNA molecules function as messenger RNAs (mRNAs) that encode proteins and noncoding tran-
scripts that serve as adaptor molecules, structural components, and regulators of genome orga-
nization and gene expression. Their function and regulation are largely mediated by RNA binding
proteins (RBPs). Here we present RNA proximity labelling (RPL), an RNA-centric method comprising
the endonuclease-deficient Type VI CRISPR-Cas protein dCas13b fused to engineered ascorbate
peroxidase APEX2. RPL discovers target RNA proximal proteins in vivo via proximity-based bioti-
nylation. RPL applied to U1 identified proteins involved in both U7 canonical and noncanonical
functions. Profiling of poly(A) tail proximal proteins uncovered expected categories of RBPs and
provided additional evidence for 5'-3' proximity and unexplored subcellular localizations of
poly(A)* RNA. Our results suggest that RPL allows rapid identification of target RNA binding
proteins in native cellular contexts, and is expected to pave the way for discovery of novel

RNA-protein interactions important for health and disease.

Introduction

RNA molecules include both messenger RNAs (mRNAs) that
encode proteins and noncoding RNAs (ncRNAs) such as adaptor
tRNAs and long noncoding RNAs (IncRNAs). While only ~2% of
the human genome encodes mRNAs [1,2], up to 80% of the
human genome encodes ncRNAs [3,4], including IncRNAs that
are widely considered as a large group of potential regulators [5-
7]. However, most IncRNAs remain uncharacterized, largely due
to the technical challenges in determining the function of tran-
scripts for which the canonical genetic code does not apply [8].
The function and regulation of RNA transcripts are
mediated by other molecules they associate with, particularly
RNA binding proteins (RBPs) [9-12]. Discovery of the inter-
acting proteins for a given transcript plays a pivotal role in
unveiling its function. Mechanistic studies of IncRNAs can be
achieved by applying methods such as antisense probe-based
ChIRP [13] or RAP [14] to enrich a transcript of interest and
its associated proteins, through hybridization and purification
after crosslinking via UV light or chemical crosslinking agents.
However, crosslinkers such as formaldehyde also crosslink
pprotein—proteininteractions, which may lead to false-positive
associations [15]. UV has very low crosslinking efficiency,
necessitating large numbers of cells (~100-800 million) be
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used as input [14,16], which may not be feasible for slow-
growing model systems such as primary cell cultures.
Moreover, UV-crosslinking induces RNA modifications [17]
that can alter the binding affinity of RNA to certain RBPs
[18] and impair downstream protein analysis [19]. An alter-
native approach, tagging of endogenous RNA, requires genetic
manipulation and may interfere with endogenous RNA func-
tion [20]. Therefore, methods to discover endogenous RNA
interacting proteins without genetic manipulation are needed.

We developed the RPL (RNA proximity labelling)
method to identify in vivo target RNA proximal proteins
without crosslinking or genetic manipulation. First, we
profiled proteins proximal to Ul, recovering RBPs related
to Ul canonical and noncanonical roles. Second, we cata-
logued the universe of poly(A) tail proximal proteins in
a mammalian cell. In addition to retrieving expected cate-
gories of RBPs, poly(A) tail proximal proteins provided
additional support for the poly(A)* RNA 5'-3' proximity
[21,22]. Poly(A) tail proximal proteins also provided evi-
dence that poly(A)" transcripts likely reside in a more
diverse array of subcellular localizations than previously
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appreciated. Thus, the RPL method can be readily applied
to discover target RNA binding partners in vivo and is
expected to pave the way to novel insights into the role of
IncRNAs in health and disease.

Materials and methods
Plasmids and cloning

pC0046-EF1a-PspCas13b-NES-HIV was a gift from Dr. Feng
Zhang (Addgene plasmid number: 103,862). pCMV-
dPspCas13b-FLAG-APEX2-HA (RPL plasmid) was constructed
by replacing ADAR2DD-delta-984-1090 in pC0053-CMV-
dPspCas13b-GS-ADAR2DD  (E488Q)-delta-984-1090 (a gift
from Dr. Feng Zhang, Addgene plasmid number: 103,869)
with FLAG-APEX2-HA subcloned from pcDNA3-APEX2-NES
(a gift from Dr. Alice Ting, Addgene plasmid number: 49,386)
using the following primers: dPspCas13b-For:
5"TACCCATACGATGTTCCAGATTACGCTTAAGCGGCC-
GCTCGAGTC3,

dPspCas13b-Rev:
5'GTCGTCATCCTTGTAGTCGGATCCCAGTGTCAGTCT-
TTCAAGS3/,

FLAG-APEX2-HA-For:
5'GACTACAAGGATGACGACG3/,

FLAG-APEX2-HA-Rev:
5'TGGAACATCGTATGGGTACTGCAGGGCATCAGCAA-
AC3'.

PCR was performed using Q5 High-Fidelity DNA
Polymerase (New England Biolabs, Catalogue number:
MO0491L). PCR fragments were assembled using NEBuilder
HiFi DNA Assembly Master Mix (New England Biolabs,
Catalogue number: E2621S) according to manufacturer’s
instructions. The following spacer sequences were used to
express gRNAs using pC0043-PspCas13b crRNA backbone
(a gift from Dr. Feng Zhang, Addgene plasmid number:
103,854):

NTC (scrambled): ATGTCTTCCTGGGACGAAGACAA,

Ul-1.30:
ATCATGGTATCTCCCCTGCCAGGTAAGTAT,

UI-2101-130:
CAAATTATGCAGTCGAGTTTCCCACATTTG,

UI-310g-137:
ACTACCACAAATTATGCAGTCGAGTTTCCC,

Poly(A): TTTTTTTTTTTTTTTTTTTTTTITTTITTTTT,

Poly(U):
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA.

The sequences of all constructs have been confirmed using
Sanger sequencing.

Transfection and In vivo proximity-dependent
biotinylation

For validation of Ul gRNAs in directing the RPL protein to
target Ul, HEK293T cells were seeded into 12-well plates and
transfected with 1.5 pug the RPL plasmid and 0.5 pug Cas13b
gRNAs (NTC, Ul-1, UI-2, Ul-3) while ~80% confluency
using Lipofectamine 3000 (Thermo Fisher Scientific,
Catalogue number: L13000015). For RIP experiments,

HEK293T cells were seeded into 6-well plates and transfected
with 2.5 pg the RPL plasmid and 1.5 pug Cas13b gRNAs while
~80% confluency using Lipofectamine 3000. For proximity-
dependent biotinylation, HEK293T cells were seeded into
a 150 mm plate and transfected with 25 ug the RPL plasmid
and 15 pg Cas13b gRNAs (NTC, Ul-1, UI-2, Ul-3, poly[A],
poly[U]) while ~80% confluency using Lipofectamine 3000.
HEK293T cells were incubated with 25 mL of DMEM media
containing 25 pL of 500 mM biotin-phenol (Iris Biotech,
Catalogue number: LS-3500.1000) in DMSO for 30 min at
37°C 24 h post transfection. Cells were then treated with
1 mM hydrogen peroxide (H,0O,) (Sigma Aldrich, Catalogue
number: H1009) for 1 min on a horizontal shaker at room
temperature. The labelling solution was then aspirated and
cells were washed twice with 25 mL of quencher solution
(10 mM sodium azide, Sigma Aldrich, Catalogue number:
S2002-5 G; 10 mM sodium ascorbate, Sigma Aldrich,
Catalogue number: PHR1279-1 G; and 5 mM Trolox, Sigma
Aldrich, Catalogue number: 238,813-1 G) in DPBS (Thermo
Fisher Scientific, Catalogue number: 14,040,182). Cells were
washed three times with 15 mL of DPBS and were pelleted by
centrifugation at 1,500 g for 5 min at 4°C. Cell pellets were
snap frozen and stored at —80°C.

Streptavidin enrichment of biotinylated proteins

Cell pellets from two 150 mm plates of transfected HEK293T
cells were lysed in 2 mL cell lysis buffer (10 mM HEPES,
pH7.5 by KOH, 150 mM NaCl, 0.1% NP-40, 5 mM EGTA,
5 mM Trolox, 10 mM Sodium ascorbate acid, 10 mM Sodium
azide, 1 mM PMSF). Streptavidin magnetic beads (Thermo
Fisher Scientific, Catalogue number: 88,817) were washed
twice with cell lysis buffer and 3.5 mg of each whole cell
lysate sample were incubated with 100 puL magnetic bead
slurry with rotation for 2 h at room temperature. After
enrichment, the flowthrough was removed and beads were
washed with 2 x 1 mL cell lysis buffer, 1 mL 1 M KCl, 1 mL
0.1 M Na,CO3, 1 mL of 2 M urea in 10 mM Tris-HCI (pH
8.0), and again with 2 x 1 mL cell lysis buffer. Biotinylated
proteins were then eluted by boiling the magnetic beads in
30 puL 4 x Laemmli sample buffer (Bio-Rad, Catalogue num-
ber: 1,610,747) supplemented with 20 mM DTT and 2 mM
biotin.

LC-MS/MS and label-free quantitative mass spectrometry
proteomic analysis

The streptavidin-enriched proteins were profiled using label-
free quantitative mass spectrometry as previously described
[23] at Cedars-Sinai Medical Center Biomarker Discovery
Platform Core.

Data analysis for RNA proximal proteins

Data were first filtered to exclude non-human proteins and
proteins that were detected in only one or none of the Ul
replicates or poly(A) replicates. Then, proteins detected with
two or greater unique peptides were subjected to log, trans-
formation. Only the top gene name was kept from multiple



candidates. Since Ul has compact structure in the pre-B
complex and its size is much smaller than the biotinylating
range of APEX2, experiments using three UI gRNAs (UI-1,
UI-2, Ul-3) were considered as technical replicates to com-
pare with nontargeting controls (NTC1, scrambled; NTC2,
targeting poly[A]; NTC3, targeting poly[U]). Moderated
t-test with a paired design was used to compare the log,-
transformed iBAQ values between Ul and NTC or between
poly(A) and poly(U) using limma package [24]. p values were
adjusted using the Benjamini-Hochberg (BH) method [25] for
multiple comparisons. Proteins with p < 0.05 were considered
statistically significant. There are 226 UI proximal proteins
with p < 0.05, log,FC > 2, FDR < 0.25 and 786 poly(A) tail
proximal proteins with BH-adjusted p < 0.05, log,FC > 2.

Cellular fractionation

Cells were fractionated as previously described with slight
modifications [16]. Six million HEK293T cells were treated
with plasma membrane lysis buffer (10 mM Tris-HC, pH 7.5,
0.15% NP-40, 150 mM NaCl) on ice for 4 min after homo-
genization by flicking. Lysates were loaded onto a 24% sucrose
cushion (24% RNase-free sucrose in plasma membrane lysis
buffer) using large orifice tips, and centrifuged at 15,000 g for
10 min at 4°C. The supernatant (cytoplasmic fraction) was
retained, and the pellet (nuclear fraction) was washed with 1
x PBS/1 mM EDTA and resuspended in 200 uL of 1 x PBS/
1 mM EDTA. Fractionation efficiency was validated by wes-
tern blot using antibodies against B-tubulin (Sigma Aldrich,
Catalogue number: T8328, 1:2,000) as cytoplasmic marker
and U1-70k (EMD Millipore, Catalogue number: 05-1588,
1:1,000) as nuclear marker.

RNA immunoprecipitation (RIP)

RIP was performed as previously described with slight mod-
ifications [16]. Twelve microlitre Dynabeads Protein
A (Thermo Fisher Scientific, Catalogue number: 10001D) or
Dynabeads Protein G (Thermo Fisher Scientific, Catalogue
number: 10004D) were washed with 200 uL HBS (150 mM
NaCl, 10 mM HEPES, pH7.5 by KOH) and incubated with
2 ug antibody (anti-HA, Santa Cruz, Catalogue number: sc-
7392; anti-GTF2F2, Developmental Studies Hybridoma Bank,
Catalogue number: PCRP-GTF2F2-1B3; anti-KPNB1, Bethyl
Laboratories, Catalogue number: A300-482A; anti-AMOT,
Bethyl Laboratories, Catalogue number: A303-305A; rabbit
IgG isotype, Thermo Fisher Scientific, Catalogue number:
10,500 C; mouse IgG isotype, Santa Cruz, Catalogue number:
sc-2025) in the presence of 80 uL HBS buffer at room tem-
perature for 1 h. Eight million HEK293T cells were lysed with
800 pL cell lysis buffer (HBS, 0.1% NP-40, 5 mM EGTA,
supplemented with 1 x protease inhibitor cocktail [Roche,
Catalogue number: 11,873,580,001], 1 x PhosSTOP protease
inhibitor cocktail [Roche, Catalogue number: 4,906,837,001],
1 mM PMSF [Sigma Aldrich, Catalogue number: 93,482], and
50 U Superase-in [Ambion, Catalogue number: AM2696]) at
4°C for 1 h. Cell debris and insoluble proteins were removed
by centrifugation at 4°C, 12,000 g for 10 min. Supernatants
were incubated with specific antibody-conjugated or isotype
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control IgG-conjugated Dynabeads at 4°C for 1 h. The
Dynabeads were then washed 3 times with wash buffer
(HBS, 0.1% NP-40) and aliquoted into two halves. Proteins
associated with half of the Dynabeads were eluted with 22 pL
4 x Laemmli sample buffer (Bio-Rad, Catalogue number:
1,610,747) by boiling at 95°C for 5 min. RNA was extracted
from the other half of Dynabeads using TRIzol LS (Thermo
Fisher Scientific, Catalogue number: 10,296,028).

RT-gPCR

M-MLYV reverse transcriptase (Promega, Catalogue number:
M5301) and random hexamers (Promega, Catalogue number:
C1181) were used for reverse transcription of RNA extracted
from RIP experiments. Gene expression was quantified by
RT-qPCR using iQ SYBR Green supermix (Bio-Rad,
Catalogue number: 170-8886). The relative gene expression
was calculated using the 27**“* method and normalized to
GAPDH. Five nanograms cDNA was used for RT-qPCR ana-
lysis on CFX96 Touch Real-Time PCR Detection System (Bio-
Rad) using the following primer pairs:

U1-RT-For: 5’CCAGGGCGAGGCTTATCCATT3', Ul-RT
-Rev: 5’ GCAGTCCCCCACTACCACAAAT3;

U2-RT-For: TTCTCGGCCTTTTGGCTAAG; U2-RT-Rev:
CTCCCTGCTCCAAAAATCCA;

U6-RT-For: GCTTCGGCAGCACATATACTAAAAT; Ue6-
RT-Rev: CGCTTCACGAATTTGCGTGTCAT;

5.85-RT-For: GGTGGATCACTCGGCTCGT; 5.85-RT-Rev
: GCAAGTGCGTTCGAAGTGTC;

18S-RT-For: 5’CAGCCACCCGAGATTGAGCA3', 18S-RT
-Rev: 5TAGTAGCGACGGGCGTGTG3';

28S-RT-For: CCCAGTGCTCTGAATGTCAA;
Rev: AGTGGGAATCTCGTTCATCCG;

GAPDH-RT-For:
5"TGCCAAATATGATGACATCAAGAA3'; GAPDH-RT-Rev
: 5’GGAGTGGGTGTCGCTGTTG3'.

28S-RT-

Enriched KEGG pathways in RNA proximal proteins and
comparison of RNA proximal proteins with proteins from
different gene ontology (GO) terms

Analysis of KEGG pathways enriched in RNA proximal pro-
teins was conducted using SRTING [26]. Lists of human
proteins were retrieved (04/13/2020) from QuickGO (https://
www.ebi.ac.uk/QuickGO/) via searching corresponding GO
terms and selecting ‘Homo sapiens (9606) under Taxon,
except P-bodies and stress granule, which were both curated
using data summarized from Wikipedia (04/24/2020) (https://
en.wikipedia.org/wiki/P-bodies, https://en.wikipedia.org/wiki/
Stress_granule). The venn diagrams were generated using
online tools (http://bioinformatics.psb.ugent.be/webtools/
Venn/).

Western blot

Protein samples were run on 4-20% gradient precast protein
gel (Bio-Rad, Catalogue number: 456-1096) and transferred
onto PVDF membrane (Bio-Rad, Catalogue number:
1,704,157). After 1 h blocking, membranes were incubated
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with anti-FLAG (Santa Cruz, Catalogue number: sc-166,384,
1:1,000), anti-HA (Santa Cruz, Catalogue number: sc-7392,
1:1,000), anti-AMOT (Bethyl Laboratories, Catalogue number:
A303-305A, 1:1000); anti-KPNB1 (Bethyl Laboratories,
Catalogue number: A300-482A, 1:2000); anti-GTF2F2,
Developmental Studies Hybridoma Bank, Catalogue number:
PCRP-GTF2F2-1B3, 1:50), anti-biotin (Santa Cruz, Catalogue
number: sc-57,636, 1:1,000), or anti- P-actin (Santa Cruz,
Catalogue number: sc-47,778, 1:2,000) at 4°C overnight.
Membranes were washed three times with Tris-buffered saline
containing 0.2% Tween 20 (TBST) before incubating with
HRP-conjugated secondary antibody at room temperature
for 2 h. Clean-Blot IP detection reagent (Thermo Fisher
Scientific, Catalogue number: 21,230) was used for blotting
immunoprecipitated samples except GTF2F2. Then the mem-
branes were incubated briefly with ECL Western Blotting
Substrate (Thermo Fisher Scientific, Catalogue number:
32,106) after three times of wash with TBST. The membranes
were exposed to HyBlot Autoradiography Film (Denville
Scientific, Catalogue number: E3018).

Distance calculation

The distances between Ul snRNA and its proximal proteins
identified by RPL in the pre-B complex structure (PDB ID:
6QX9) were measured using PyMOL [27]. The maximum
distance from Ul snRNA (nucleotide 1) to the distant resi-
dues of Ul proximal proteins was used to estimate the actual
distance (D1). Since no structure is currently available for
PspCas13b, the structure of PbuCasl3b (PDB ID: 6DTD)
was used to infer the distance between Ul proximal proteins
and APEX2 in the RPL protein. The average distances
between gRNA (nucleotide 1, 12, and 23 of spacer) and the
C-terminus of PbuCas13b, where the APEX2 was fused to,
were measured (D2). The inferred distances between APEX2
and Ul proximal proteins were then calculated as absolute
values of the differences between D1 and D2.

Data availability

Raw images for western blots and raw and processed mass
spectrometry data are included as supporting files.

Results
Design and development of the RPL method

Inspired by applications of the RNA-targeting Type VI
CRISPR-Cas systems [28-31] and proximity-dependent label-
ling with engineered soybean ascorbate peroxidase [32,33] or
biotin ligase [34-36], we designed RPL, an RNA-centric
approach based on a fusion protein of endonuclease-
deficient Casl3 (dCasl3) and proximity labelling enzyme
APEX2 (Figure 1(a)). The fusion protein can be directed to
target RNA with a sequence-specific guide RNA (gRNA). In
the presence of hydrogen peroxide (H,O,), APEX2 in the
fusion oxidizes substrate biotin-phenol (BP) into short-lived
biotin-phenoxyl radicals which covalently react with electron-
rich amino acids (e.g. tyrosine) on proteins within the

biotinylating range of the fusion protein (Figure 1(a)). The
biotinylated proteins, which will include proteins that bind to
the target RNA directly or indirectly and potentially other
proteins present within the biotinylating range, can be readily
enriched using streptavidin beads and profiled by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) (Figure
1(a)).

To construct the fusion protein, Cas13b was used for its high
efficacy in RNA knockdown with minimal off-target effect [28]
and high specificity in RNA labelling[37]. APEX2 was chosen as
proximity labelling enzyme for its fast kinetics and high activity
[32]. Catalytically dead Casl3b from Prevotella sp. P5-125
(dPspCas13b) [28] was fused to APEX2, with FLAG and HA
tags incorporated (Figure 1(b)). The expression of the fusion
protein dCas13b-APEX2 (from hereon in called the RPL protein)
was confirmed by western blot using an anti-FLAG or anti-HA
antibody (Figure 1(c)). The subcellular localization of the RPL
protein was examined when ectopically expressed in HEK293T
cells. Efficient separation between cytoplasmic and nuclear frac-
tions was confirmed by blotting for cytoplasmic marker -
Tubulin and nuclear marker Ul-70k. The RPL protein was
detected in both the cytoplasmic and nuclear fractions (Figure 1
(d)). To test if the peroxidase activity of APEX2 is maintained in
the RPL protein, HEK293T cells were treated with BP and H,O,
24 h post transfection with the RPL plasmid. The detection of
biotinylated proteins required both BP and H,0,, indicating that
APEX2 in the RPL protein retains peroxidase activity (Figure 1
(). The results also suggest that endogenous biotinylated pro-
teins are rare in HEK293T cells and efficient biotinylation was not
triggered by endogenous H,O,. These data indicate that the RPL
protein has intact peroxidase activity and can be applied to target
both cytoplasmic and nuclear transcripts.

Design and validation of gRNAs targeting U7 snRNA

To test our approach, we applied PRL to catalogue the Ul
snRNA proximal proteins. The

Ul snRNA was selected for three reasons: (1) its high
abundance [38], (2) structures of the human UI small nuclear
ribonucleoprotein (snRNP) and spliceosome are available
[39-41], and (3) interacting proteins in both Ul snRNP [42]
and spliceosome [43] have been well documented.

Since Cas13b targets only single-stranded RNA [28,44], three
gRNAs (UI-1, UI-2, and Ul-3) targeting single-stranded regions
of Ul were designed based on its structure in the pre-B complex
[39] (Figure 2(a)). We first tested whether UI gRNAs direct wild-
type PspCas13b to Ul and cleave it by measuring Ul expression in
HEK293T cells cotransfected with plasmid expressing wild-type
PspCas13b and plasmid expressing UI gRNA or scrambled non-
targeting control (NTC) gRNA at a 1:1 molar ratio. The expres-
sion of Ul was significantly lower in Ul gRNA-transfected cells
compared with NTC gRNA-transfected cells (Figure 2(b)). The
expression of a group of nontargets with a wide range of abun-
dance was not affected (Figure 2(b)), except U2, which may be
caused by Cas13b collateral activity [45] since Ul and U2 are in
close contact during spliceosome assembly. The result indicated
that UI gRNAs can specifically direct PspCas13b to Ul. We then
tested if Ul gRNAs deliver the RPL protein to Ul using RNA
immunoprecipitation. Since the U6 promoter is slightly stronger
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Figure 1. Designing and developing the RPL method. (a) Schematic illustration of the RPL workflow. A sequence-specific gRNA directs dCas13-APEX2 to target RNA
and APEX2 in the fusion biotinylates target RNA proximal proteins in vivo in the presence of biotin-phenol and H,0,. Biotinylated RNA proximal proteins are then
enriched using streptavidin beads and analysed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). (b) Diagram of the fusion protein dPspCas13b-
FLAG-APEX2-HA (dCas13b-APEX2, or the RPL protein) expression construct. (c) Expression validation of the RPL protein by western blot. HEK293T cells transfected
with or without the RPL plasmid were harvested 24 h-72 h post transfection and whole cell lysates were blotted with an anti-FLAG or anti-HA antibody. (d) The RPL
protein is expressed in both the cytoplasm and the nucleus. HEK293T cells transfected with the RPL plasmid for 24 h were fractionated into cytoplasmic (Cy) and
nuclear (Nu) fractions. Fractionation efficiency was evaluated by blotting for cytoplasmic protein B-Tubulin and nuclear protein U1-70k. (e) Validation of enzymatic
activity of APEX2 in the RPL protein. HEK293T cells transfected with the RPL plasmid were treated with different combinations of biotin-phenol (BP) and H,0,.
Proximity labelling was performed using different batches of HEK293T cells for lane 2 and lane 4. Whole cell lysates were blotted with anti-biotin antibody. -actin in

(C) and (E) was used as loading control.

than the CMV promoter in HEK293T cells [46], a 1:2 molar ratio
between the RPL plasmid (CMV promoter) and gRNA expressing
plasmid (U6 promoter) was used to limit non-specific targeting
due to excess RPL protein. The RPL protein was efficiently
retrieved by anti-HA but not isotype control IgG (Figure 2(c)).
Analysis of immunoprecipitated RNA showed that anti-HA
pulled down ~5 times more RNA than control (Figure 2(d)),
certifying RNA binding activity of the RPL protein. Although
there is no significant difference among the amount of RNA
pulled down by the RPL protein with NTC or Ul gRNAs
(Figure 2(d)), UI gRNAs significantly enriched Ul for ~2-3-fold
compared with NTC gRNA (Figure 2(e)). The fact that much
more abundant 18S was not enriched (Figure 2(e)) suggests that
Ul gRNAs specifically direct the RPL protein to Ul.

RPL-MS identified UT RBPs related to U7 canonical and
noncanonical roles

We next enriched proteins proximal to Ul using RPL. Ul has
a compact structure in the pre-B complex [39] (Figure 2(a))
and its size (<10 nm in diameter) is much smaller than the
biotinylating range of APEX2 (~20-40 nm or larger in dia-
meter) [33,47,48], so we considered experiments performed
using our three Ul gRNAs as technical replicates. We profiled
streptavidin-enriched biotinylated proteins with LC-MS/MS
(RPL-MS). Using label-free intensity-based absolute quantifi-
cation (iBAQ) values to measure enrichment in Ul gRNA
sample relative to protein amounts in the NTC gRNA sample,
Ul RPL-MS identified 226 proteins (p < 0.05 and log, fold
change [FC] > 2, false discovery rate [FDR] <0.25, Benjamini-
Hochberg method). No proteins were enriched in NTC gRNA
transfected cells using the same criteria (Figure 3(a), Table
S1). UI proximal proteins included known direct Ul binding
partners (e.g. SNRNP70, also known as U1-70k) [42] and
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***¥p < 0.001, ns, not significant. Student’s t test.

proteins in the spliceosome (e.g. SNRPA1 and SNRPB2) [43]
that interact with U1 indirectly (Figure 3(a)). We verified the
enrichment of Ul-70k using western blot and found that it
was significantly enriched ~2-fold by all three UI gRNAs
(Figure 3(b)), consistent with the RPL-MS results (Figure 3
(a)). Analysis of KEGG pathways [26] enriched in Ul prox-
imal proteins showed that ‘Spliceosome’ is the most signifi-
cantly enriched pathway (FDR < 107[8]) (Figure 3(c)), which
aligns with UI canonical role in spliceosome assembly, sug-
gesting that RPL enriches the most relevant proteins to target
RNA. Indeed, proteins proximal to Ul included 99 splicing
and related factors [49], 56 proteins found by Ul ChIRP-
MS [13], and 58 proteins revealed by XLIP-MS using an anti-
UlA and/or anti-U1-70k antibody [50] (Figure 3(d)). The
binding between Ul and four Ul proximal proteins that
were also revealed by ChIRP-MS and/or XLIP-MS was further
supported by crosslinking immunoprecipitation sequencing
(CLIP-Seq) data as shown in ENCORI [51] (Figure 3(e)).
For the novel Ul proximal proteins identified, we gener-
ated additional experimental evidence supporting their
interactions with Ul. Three candidates with different rank-
ings based on log,(FC) and p value were chosen for

validation using RNA immunoprecipitation: GTF2F2 (also
previously identified by ChIRP-MS), UI nuclear import
factor KPNB1 (recovered by RPL but not by XLIP-MS nor
ChIRP-MS) and AMOT (an Ul proximal protein identified
only by RPL). All three proteins were efficiently pulled
down by the corresponding antibody (Figure 3(f)).
GTF2F2 and KPNBI enrich significantly more Ul compared
with isotype control IgG but not AMOT (Figure 3(f)),
indicating that GTF2F2 and KPNBI1 are true UI RBPs but
not AMOT, consistent with our previous notion that AMOT
does not bind to UI'®. We then turned to enhanced CLIP
sequencing (eCLIP-Seq) data [52] from the ENCORE pro-
ject. Among the 104 unique Ul proximal proteins (Figure 3
(d)), there were 3 RBPs with eCLIP-Seq data available
(EIF4G2, METAP2, and FKBP4), all of which have reads
mapped to Ul (Figure 3(g)), confirming that they are true
Ul RBPs. The positive rate for novel Ul proximal proteins
examined to be Ul RBPs is estimated to be 75% (3/4). Next,
a group of 15 proteins that are candidate RBPs uniquely
associated with IncRNA UCA1 [16] but not with Ul
[13,16,50] were used as true negatives for Ul to estimate
false-positive rate of the RPL method (Figure 3(h)). Three
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Figure 3. U7 RNA Proximity Labelling-Mass Spectrometry. (a) U7 proximal proteins revealed by RPL-MS include known U7 RBPs. Volcano plot shows UT/NTC iBAQ
ratio (fold change, FC) of protein quantification in U7 gRNA cells compared with NTC gRNA cells. RPL-MS enriched 226 U7 proximal proteins (orange dots, p < 0.05
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strand of chr1:149,224,044-149,224,238 (hg19) are shown in dense mode for both replicates. (h). Estimation of false-positive rate for the RPL method. A list of 15
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U1 proximal proteins related to U7 canonical and noncanonical functions.

proteins including AMOT were significantly enriched in Ul
proximal proteins, while the other twelve were not (Figure 3
(h)). We estimate

that the ffalse-positiverate for the RPL method to be
around 20% (3/15). It should be noted that both estimations
are based on a small proportion of the data and additional
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experimental evidence will be required to accurately deter-
mine the specificity of the method.

We then used the 6sixRBPs occurring in the pre-B complex
[39] that were enriched by Ul RPL-MS (Figure 3(a)) to infer
the biotinylating range for the RPL protein, recognizing that
accuracy may be impaired by the dynamic participation of Ul
snRNA in the pre-B complex [53]. The inferred distances
between APEX2 in the RPL protein and those six RBPs are
all smaller than 15 nm and the average is 7.2 nm (Figure 3(i)),
suggesting that APEX2 biotinylates proteins within 15 nm.
The inferred distances between UI and those six RBPs range
from 8.4 nm to 23.3 nm with an average of 16.4 nm (Figure 3
(1)), suggesting that RPL can biotinylate proximal proteins
within ~25 nm of target RNA.

Proximal proteins identified by Ul RPL-MS also included
previously reported Ul interactor RNA polymerase II [54,55]
(Figure 3(j)), which is required for a noncanonical function of
Ul in chromatin retention of ncRNAs [56,57]. The interaction
between GTF2F2 and Ul (Figure 3(f)) may relate to its role in
regulation of transcription initiation [58,59] (Figure 3(j)).
This role likely extends beyond, as UI RPL retrieved a total
of 15 proteins involved in chromatin remodelling, DNA mod-
ification, histone modification, and transcription (Table S1)
[60,61]. These data indicate that RPL enables efficient identi-
fication of validated UI RBPs associated with both Ul cano-
nical and noncanonical functions.

RPL-MS recovered expected categories of proteins for
poly(A) tails

To further test the generality of RPL, we applied it to poly(A)
tails, which are adenosines added to the 3’ ends of the major-
ity of eukaryotic mRNAs and many IncRNAs in the absence
of template [62-65]. Poly(A) tails play a critical role in mRNA
translation and stability [66] and their removal triggers
mRNA decapping and decay [67-69]. Although the 5" and 3’
ends of pre-translational mRNAs [70] and actively deadeny-
lating mRNAs [71] are distant (Figure 4(a), 5-3" distal
model), the physical distances between the two ends of diverse
RNAs are incredibly close regardless of their nature [21,22]
(Figure 4(a), 5'-3' proximal model). Since oligomers of 30 nt
poly(U) rarely occur in the human transcriptome [72,73],
poly(U)-targeting gRNA, or poly(U) gRNA, was used as nega-
tive control. The RPL plasmid was cotransfected with plasmid
expressing poly(A) or poly(U) gRNA into HEK293T cells at
a 1:2 molar ratio and RPL was performed. Using label-free
iBAQ values to measure enrichment of proteins in poly(A)
gRNA transfected samples relative to the poly(U) gRNA
transfected samples, RPL-MS enriched 786 proteins as poly-
(A) tail proximal proteins (Benjamini-Hochberg-adjusted
p < 0.05 and log,FC > 2). No proteins were enriched in the
negative control (Figure 4(b), Table S2). Poly(A) tail proximal
proteins included 7 poly(A) binding proteins, 15 3'UTR bind-
ing proteins, 10 5'UTR binding proteins, and 1 cap binding
protein (Figure 4(b), Table S3), all of which are known to
associate with poly(A) tails. Retrieval of proteins from both 5’
and 3' ends by RPL within a small radius provided additional
evidence for poly(A)™ RNA 5'-3' proximity [21,22]. Poly(A)
tail proximal proteins include 117 proteins associated with

Ul, which were most enriched in the ‘Spliceosome’ pathway.
The majority of poly(A) tail proximal proteins are unique to
poly(A) tail RPL-MS and contain the majority of known
categories of proteins associated with poly(A) tails (Figure 4
(c)). At least 48% of poly(A) tail proximal proteins were
poly(A)" RBPs [74-78] (Figure 4(d)). In theory, poly(A)
gRNA can direct the RPL protein to any transcript with
a poly(A) tail no shorter than 30 nt (Figure 4(a)), including
transcripts actively undergoing polyadenylation, readenyla-
tion, deadenylation, or translation. Indeed, poly(A) tail RPL-
MS enriched five cleavage and polyadenylation factors for
poly(A)" RNA (Figure 4(e)) but none of the factors unique
for poly(A)” RNA (e.g. SLBP and ZNF473) [79] (Table S3).
Moreover, poly(A) tail proximal proteins included three exo-
some proteins [80], 2 deadenylase complex proteins [81], and
decapping factor EDC3 [82] (Figure 4(e), Table S3).
Importantly, 20 translation initiation factors, 15 translation
elongation factors, 70 ribosomal subunits, and 18 tRNA
ligases were also

identified by poly(A) tail RPL-MS (Figure 4(e), Table S3),
putatively supporting a model that the poly(A) tail recruits
translation initiation factors to initiate translation at the 5’ end
like their viral counterparts [79,83]. Moreover, poly(A) tail RPL-
MS revealed 12 proteins involved in degradation of AU-rich
element-containing mRNAs and 66 nonsense-mediated decay
proteins (including 58 ribosomal subunits) [84-86] (Table S3),
further suggesting that RPL enables efficient discovery of most
relevant and validated RBPs proximal to poly(A) tails.

Poly(A) tail RPL-MS expands the repertoire of subcellular
compartments occupied by polyadenylated transcripts

Poly(A) tails are important for RNA nuclear export [87] via
the nuclear pore complex [88]. This is further supported by
the presence of 90 mRNA processing factors, 20 mRNA
nuclear export proteins, and 13 nuclear pore complex pro-
teins in poly(A) tail RPL-MS (Figure 5(a)). Poly(A) tail
proximal proteins included eight tRNA processing factors,
five tRNA nuclear export factors [89], three pri-miRNA
processing factors, and two pre-miRNA export factors
[90-92] (Table S3), supporting that their processing is
coupled with export [93,94]. tRNA and pre-miRNA nuclear
export factors were expected since their precursors are also
polyadenylated [95,96]. Poly(A) tail RPL-MS recovered 27
proteins involved in mRNA transport (including zipcodes
binding protein IGF2BP1) and 48 microtubule proteins,
and 139 plasma membrane proteins that are used by
mRNAs to direct subcellular localization [97,98] (Figure 5
(a)), possibly suggesting a role for the poly(A) tail in RNA
subcellular localization.

Many of the poly(A) tail proximal proteins we identified are
known to have high fidelity to discrete localization patterns
in vivo. We reasoned that we could leverage this knowledge to
construct a putative localization map for poly(A)” RNA across
different subcellular compartments (Figure 5(b), Table S3). The
results are generally consistent with previous reports that both
mRNAs and noncoding RNAs have multiple subcellular locali-
zations [47,99-101] and also support the presence of mRNAs in
P-bodies, stress granule, and the exosome [80,102]. Interestingly,
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translation elongation factors.

poly(A) tail RPL-MS also identified marker proteins of the
endosome, lysosome, proteasome, and Golgi apparatus, indica-
tive of expanded subcellular localizations for poly(A)* RNA
(Figure 5(b), Table S3). Discovery of lysosomal and proteasomal
proteins associated with poly(A) tails is consistent with the
existence of an RNA degradation pathway ‘RNautophagy’ in
the lysosome [103] and degradation function of proteasomes
for AU-rich element-containing mRNAs [85,86]. The identifica-
tion of endosomal proteins supports emerging evidence that late
endosomes can be used by mRNAs as a platform for translation
[104]. Poly(A) tail proximal proteins included Golgi marker cis-
Golgi matrix protein GOLGA2 [105] (Table S3), which has
recently been annotated as an RBP by multiple groups [106-

108], suggesting that Golgi may be an unexplored subcellular
location for poly(A)™ RNA. More experimental data are needed
to determine which specific transcripts are associated with
GOLGA2 in the Golgi apparatus and the biological significance
of those interactions.

Discussion

RPL: an RNA-centric approach for identification of RRNA-
protein interactions in living cells

We present an RNA-centric method, RPL, for cataloguing pro-
teins proximal to transcripts of interest and evaluate the approach
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in two distinct contexts—first interrogating a specific ncRNA Ul
and second surveying the heterogenous group of poly(A)" RNA
in living human cells. Both analyses demonstrated that RPL
enables efficient discovery of functionally relevant RBPs for target
transcripts. Compared with alternative methods, RPL needs no
crosslinking or sonication, requires far fewer cells (~20-40 million
vs ~100-800 million) and involves no genetic manipulation, which
may interfere with target RNA functions [20]. The short pulse of
labelling potentially permits RPL to be applied to study dynamic
RRNA-proteininteractions. Recently, APEX2 has also been
reported to biotinylate proximal nucleic acids [47,48,109], sug-
gesting that RPL could be applied to identify RNA and DNA in
addition to proteins proximal to the target RNA (together as
‘RNA proximitome’) within living cells.

RPL may also permit the identification of novel RNA-
proteins interactions, as shown by the recovery and validation
of novel Ul proximal proteins. We noted that KPNB1 was
identified as a Ul interactor by RPL but not by ChIRP or
iRAP methods [13,16], suggesting that RPL allows to detect
transient and/or weak interacting proteins [110,111] usually
missed by existing antisense probe-based methods due to their
harsh conditions.

During the preparation of our manuscript, similar strate-
gies using different fusion proteins of endonuclease-deficient
Casl3 protein (dLwaCasl3a, dPspCas13b, and dRfxCas13d)
and proximity labelling enzyme (APEX2, BioID2, BASU, and
PafA) were reported [112-115]. Applications of these meth-
ods together with ours to both mRNAs and ncRNAs with
wide range of abundance (~10° ~ 10° copies/cell) demonstrate

that these methods have broad potential to identify functional
relevant RBPs for diverse transcripts.

Proteins recovered by RPL are expected to include three
classes of proteins: proteins that directly bind to target RNA,
proteins that are associated with target RNA indirectly via
pprotein—proteininteractions, and proteins just present within
the biotinylating range. More biological replicates ( > 3) are
expected to help enrich the first two groups of RBPs and
reduce non-interacting ffalse-positivehits that are not
expected to be enriched repeatedly. In addition, an optimal
molar ratio between the fusion protein and gRNA, which
enables efficient proximity-based biotinylation and prevents
non-specific labelling due to excess fusion protein, is crucial
for separating signal from noise. When possible, lower expres-
sion of the fusion protein, coupled with carefully selected
negative control gRNAs, are expected to reduce the back-
ground signal. A validated set of gRNAs that can specifically
direct the fusion protein to the target RNA with low off-target
activity is also key. As complementarity between the gRNA
spacer and targeted region as well as local RNA accessibility
aisessential for RNA targeting [28,29,31,44], general principles
for gRNA designing can provide critical help in choosing
spacer sequence and length for gRNA aiming at single-
stranded regions of the target RNA [116,117]. Validation of
interacting proteins using protein-centric methods such as
RNA immunoprecipitation or cross-linking immunoprecipi-
tation in concert with RT-PCR or sequencing will provide
crucial orthogonal evidence for newly discovered RRNA-
proteininteractions.



Limitations and directions for improvement

Although the 1 minute treatment with 1 mM H,0, used in
the RPL method did not cause

enrichment of oxidative RBPs (such as PNPT1, SF3B4, and
DAZAPI) in our two applications, such high concentration of
H,0, may cause oxidative stress and necrosis to the cells
[118] and may preclude the application of RPL to systems
sensitive to oxidative stress and cell harm. An alternative
option is to use biotin ligase in the fusion protein instead of
APEX2 to avoid introducing oxidative damage.

The large size (~1130 kDa of the RPL protein and other
similar fusion proteins may pose steric hindrance to restrict
access to the target RNA and may increase the biotinylating
range and reduce specificity. This could potentially limit the
application to high-resolution mapping of RNA functional
domains [119] for some transcripts. In such scenarios, smaller
Casl3 proteins by structure-guided truncations may be more
appropriate [120]. Alternatively, the CIRTS strategy could be
applied to assemble a smaller gRNA-dependent RNA proxi-
mity labelling enzyme [121].

Another limitation is that RPL and similar tools may not
be as efficient as antisense probe-based methods. This is
exemplified by the discrepancy in recovery of UI snRNA
direct binding proteins in Ul snRNP: antisense probe-based
methods ChIRP or iRAP identified eight or six Ul snRNA
direct binding proteins while RPL recovered only 3'*[16].
Likely, this could be improved by increasing the number of
replicates to increase the power of the method, as seven Ul
snRNA direct binding proteins were detected by Ul gRNAs
but four of these were not enriched relative to the
scrambled control. In addition, using gRNAs with higher
specificity and lower off-target effect and/or controllable
proximity labelling enzymes (such as split APEX2 [122]
and/or chemical inducers of dimerization [123]) are poten-
tial ways to improve sensitivity by increasing the signal-to-
noise-ratio. The lower efficacy of RPL in part could be due
to the requirement for electron-rich amino acids like tyr-
osine to be exposed on the surface and within the biotiny-
lating range [33]. The same limitation also applies to other
proximity labelling enzymes including BioID and its rela-
tives and PafA, which all favour lysine as labelling substrate
[124,125]. Another possible reason is that the RPL protein
can only access single-stranded regions of target RNA
[28,44] and it has to compete with the RBPs bound to the
target transcript [117].

Perspectives

Since both Casl3s and proximity labelling are very active
research areas, further optimization and refinements of
RPL and similar methods are expected. We anticipate
that with further improvements RPL and similar methods
will be widely applied to identify in vivo interacting pro-
teins and associated nucleic acids of diverse categories of
RNAs including both mRNAs and ncRNAs in multiple cell
types and organisms. RPL and related technologies are
expected to be particularly helpful in discovering transient
and/or weak interactors of target RNAs. Combined with
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existing hybridization-based purification methods, RPL
and similar tools will allow identification of a more com-
plete interacting proteome of target RNAs, which facilitate
their functional characterization and mechanistic dissec-
tion. Use of these tools together with protein-centric
methods [126,127] and annotation of RNA structure
[128,129] will shed light on the mechanisms and regula-
tion of IncRNA functions, RRNA-proteininteractions,
RRNA-RNAinteractions, RNA-DNA/chromatin interac-
tions, RNA functional domains, and binding specificities
for RBPs.
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